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Background & Aims: Histamine, gasttin, and acetylcho-
line are known to be the primary secretagogues of
gastric acld secretion, but how the roles are shared
among these secretagogues remains to be fully clari-
fied. To evaluate the cooperation between histamine
and the other secretagogues, acid secretion responses
Induced by each secretagogue were measured in L-
histidine decarboxylase (HDC)-deficient mice. Methods:
Acid secretion was measured by the titration of acid
under anesthesia. The expresslon of selected genes in-
volved in acid secretion was determined by Northern
blot and/or immunoblot analysis. Histamine-2 (H,) re-
ceptor binding In the gastric mucosa was investigated
using [®Hltiotidine. Results: HDC-deficient mice showed
low basal and high exogenous histamine-stimulated
acid secretion. The mutant mice showed hypergastrine-
mia and did not undergo acid secretion upon treatment
with exogenous gastrin. However, carbachol stimulated
weak and transient acid secretion in the mutants. The
Bmanx values for H; and the expression of Gsa In gastric
mucosal membranes were higher in the mutants than in
the wild-type mice. Conclusions: This study confirms the
concept that histamine production Is essential for gas-
tric acid secretion induced by gastrin, but not for that
induced by carbachol. HDC-deficient mice should be a
suitable model for further functional analyses of the
correlation between histamine and the other acid secret-
agogues.

he central role of histamine in gastric acid secretion

has been studied by many investigators.! In 1972,
Black et al. reported for the first time that histamine
stimulated gastric acid secretion via the histamine-2 (H;)
receptor, and then they successfully developed antago-
nists that were selective for this receptor.? These antag-
onists have potent effects in the treatment of peptic
ulcers and the gastroesophageal reflux diseases. Accumu-
lated evidence shows that gastric histamine involved in

acid secretion is released from enterochromafhn-like
{ECL) cells in rats, and subsequently stimulates the H;
receptors on the parietal cells.># In addition to hista-
mine, gastric acid secretion is regulated by a complex set
of mechanisms involving the neurocrine, endocrine, para-
crine, and autocrine pathways.! Regarding the peripheral
regulation of gastric acid sectetion, it is now considered
that the major stimuli acting on the parietal cells are
histamine, acetylcholine, and gastrin. Gastrin has been
reported to stimulate acid secretion in 2 ways: (1) by
acting on ECL cells to stimulate histamine release and
the de novo formation of histamine, and (2) by acting
directly on parietal cells to stimulate acid secretion.>¢
Acetylcholine has been found to stimulate acid secretion
in 2 ways: (1) by the activacion of the muscarinic-3 (M)
receptors on parietal cells, and (2) by stimulating hista-
mine release from ECL cells via the activation of the M,
receptors.”® It must be noted, however, that the inter-
action between these secretagogues in acid secretion is
complex and not fully understood. It has been difficult to
evaluate the function of one of the secretagogues sepa-
rately from that of another, because one secretagogue
often induces another and because the efficacy of antag-
onists is incomplete and does not last for long periods of
time. Mutant mice that genetically lack a specific recep-
tor or enzyme tepresent ideal models for such analyses.
Recently, gastrin-deficient and gastrin/cholecystokinin
(CCK)-B receptor—deficient mouse strains were gener-
ated and their phenotypes with respect to gastric acid
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histamine-2; HDC, histidine decarboxylase; M3, muscatrinic-3; PGK,
phosphoglycerate kinase; PMSF, phenylmethylsulfonyt fluoride; RT-
PCR, reverse-transcription polymerase chain reaction; SDS, sodium
dodecyl sulfate; TBS, Tris-buffered saline.
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secretion and mucosal cellular compartments were exam-
ined.?-'2 In gastrin-deficient mice, the induction of acid
sectetion was undetectable after stimulation with any of
the secretagogues that were examined, which suggests a
fundamental requirement for gastrin in acid secretion.?
Histochemical scudies and the analyses of parietal and
ECL cell marker expression showed some defects in both
cell types in the gastrin-deficient mice.'® Because the
histamine content and the expression of histidine decar-
boxylase {HDC) messenger RNA in gastric mucosa was
markedly reduced in the gastrin-deficient mice, the pa-
rietal cell defect may be caused by a reduction in hista-
mine, in addition to the absence of gastrin.® Because
gastrin- and gastrin/CCK-B recepror—deficient mice had
defects in the acid secretory machinery, the funcrion of
histamine and its cooperation with gastrin in acid secre-
tion could not be fully clarified in studies with these
mice.

We recently generared an HDC-deficient mouse strain
by gene targeting in embryonic stem cells.'> HDC has
been considered to be the only enzyme that forms hista-
mine in mammals. Consistently, our murant mice exhib-
tted extremely low levels of tissue histamine content, and
the de novo synthesis of histamine was undetectable in
these mice. We have analyzed the effects of exogenously
administrated histamine, gastrin, and carbachol on gas-
tric acid secretion in these HDC-deficient mice.

Materials and Methods
HDC-Deficient Mice

HDC-deficient mice were generated as described else-
where.!3 We designed the HDC targeting construct to replace
a ~2.4-kb fragment extending from intron $ to exon 9 with
a phosphoglycerate kinase (PGK) promoter-nes® cassetre. We
then replaced exons 6-8 with an inverted PGK promoter-
driven neomycin phosphotransferase (ne0) gene. This replace-
ment should resulc in a loss-of-function mutacion because exon
8 contains the coding sequence for the putative binding site
(TFNPSK W) for pyridoxal 5°-phosphate, the coenzyme of the
HDC protein.'4 Eight vo 12-week-old wild-type and HDC™/~
mice, bred and maintained independently, were used in all
experiments. Mice were fasted for 24 hours before each exper-
iment with free access to tap watet. The HDC-deficient mice
developed without any gross abnormalities and exhibited nor-
mal weight gain and fertility in comparison with the wild-type
mice.

Histidine Decarboxylase Assay

The stomach of each mouse was minced, suspended in
lysis buffer (10 mmol/L HEPES, pH 7.3, containing 1.5
mmol/L MgCl,, 10 mmol/L KCl, 0.5 mmal/L dithiothreitol,
1% Triton X-100, 1 mmol/L EDTA, 1 mmol/L ethylene
glycol bis [B-aminoethyl echer}-N,N,N’ N'-tetraacetic acid, 0.2
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mmol/L phenylmethylsulfonyl fluoride [PMSF], 0.1 mmol/L
benzamidine, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10
pg/mL E-64, and 1 pg/mL pepstatin A), and homogenized
by 40 strokes with a Teflon/glass homogenizer. The homoge-
nate was centrifuged at 1000g for 10 minuces at 4°C to remove
the debris. The supernatant was recentrifuged ac 100,000z
for 1 hour at 4°C. The resultant supernatant was assayed for
HDC activity as described previously.!* Briefly, the assay
mixture (1 mL) was comprised of 0.8 pmol L-histidine, 0.2
pmol dithiothreitol, 0.01 wmol pyridoxal 5'-phosphate, 10
mg polyethylene glycol #300, 100 pmol potassium phosphace
{pH 6.8), 0.2 pmo! aminoguanidine, and enzyme. The reac-
tion was catried out at 37°C for 4 hours and was terminated
by adding 0.05 mL of 60% perchloric acid. The histamine
formed was separated on a WCX-1 cation exchange col-
umn (Shimadzu, Kyoto, Japan) by high performance liquid
chromatography and then measured by the o-phralaldehyde
method, 16

Protein Assay

Protein concentrations were determined by the method
of Bradford using bovine serum albumin for the standards.!’

Immunohistochemical Analysis

Stomachs were collected from wild-type and mutant
mice that had been fasted for 24 hours and were treated wich
Carnoy’s fixative (Muto Pure Chemicals, Tokyo, Japan) for 14
hours at 4°C and then paraffin-embedded. Sections 4 pm in
thickness were cur and deparaffinized in xylene. The sections
were immersed in 0.3% hydrogen peroxide in methanol for 30
minutes to block endogenous peroxidase activity, The sections
wete incubated with 1% notmal goat serum ar 4°C for 1 hour
for blocking, foliowed by incubation with an anti HY, K*-
adenosine triphosphatase {ATPase) o subunit antibody (1:200)
(MBL, Nagoya, Japan)'® or with an anti-chromogranin A
antibody (1:500) {(Santa Cruz Biotechnology, Santa Crue,
CA)"? for 14 hours at 4°C. Afrer incubation with a biotinyl-
ated secondary antibody against immunoglobulin G (1:200;
Vector, Burlingame, CA) for 2 hours, the antibodies were
detected with the avidin-biotin-peroxidase complex {diluted
1:200; Vector). Development was performed by incubation
with 50 mmol/L Tris-HCl, pH 7.6, containing 0.02% 3,3’-
diaminobenzidine, 0.0045% H,0,, and 0.6% nickel ammo-
nium sulfate for 3 minutes to obtain brown-stained products.
The sections were counterstained with hemaroxylin. H&E
staining was performed o obtain a general appearance of the
sections.

Northern Blot Analysis

Stomachs were collected from each mouse and imme-
diately frozen in liquid nirrogen and stored at —80°C until
use. Total RNA was extracted by the acid guanidium thiocy-
anate-phenol-chloroform method.?® Poly(A*) RNA was fur-
ther purified from rotal RNA by oligo (dT) Latex (TaKaRa,
Kyoto, Japan). Poly(A*) RNA (5 pg) was separated by elec-
trophoresis on a 1.5% agarose gel and transferred onto a nylon
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membrane (Biodyne-A, Pall, Port Washingron, NY). Hybrid-
ization was performed with a [**P]l-labeled complementary
DNA (cDNA) fragment specific for the genes indicated below
at 68°C in 6 X standard saline citrate, 0.5% sodium dodecyl
sulfate (SDS), and 5 X Denhardr’s solution. After hybridiza-
tion, flters were washed at 68°C in 2 X standard saline citrate
and 1% SDS, and the hybridized bands were detected by
autoradiography. The filters were then rehybridized with a
[3?P}-labeled ¢cDNA fragment specific for glyceraldehyde-3-
phosphate dehydrogenase (CLONTECH, Palo Alto, CA). The
template cDNAs for the other genes were generated by PCR
amplification and subcloned using the specific primers listed
below. The mouse H; receptor probe (747 base pairs) was
reverse-transcription polymerase chain reaction (RT-PCR) am-
plified with primers 5'-ACG GAT CCG TCA ACG AGG
TAT ATG GAC TGG-3' and 5'-ACG AGC TCC TCT GGA
GTG AGT GAG TAA CAT TCT-3'. The mouse M receptor
probe (630 base pairs) was RT-PCR amplified with primers
5'-ACG GAT CCC AGA GAG TCA CAA TGA CCT TGC-3'
and 5'-ACG AGC TCG CCA GAA CAA GAT GGC AGG
AG-3'. The gastrin/CCK-B receptor probe (767 base pairs)
was RT-PCR amplified with primers 5'-ACG GAT CCT GTC
CAC TCT AAA TCT CGC GGC CAT C-3" and 5'-ACG AGC
TCC GGA ATC GGC GGT GCA TGA AAC AGT A-3'. The
gastrin probe (469 base pairs) was RT-PCR amplified with
primers 5'-ACG GAT CCG TAC ATG CTG GTC TTA GTG
CTG GCT C-3' and 5'-ACG AGC TCT GTT TTG TAA
GGA CGG AGC TGG GGG A-3". The H*, K*-ATPase o
subunit probe (877 base pairs) was RT-PCR amplified with
primers 5'-ACG GAT CCA AGG AGA AGC TGG AGA
ACA TGA AGA AGG-3' and 5'-ACG AGC TCA TGG CCC
GAA GGA AGG TAT AGC CAA T-3'. RT-PCR-amplified
products were verified by nucleotide sequence analysis.

Gastric Acid Secretion

Each mouse was fasted for 24 hours, with free access to
tap water, and anesthetized with an incraperitoneal injection of
urethane at 1.25 g/kg. After tracheotomy, a polyethylene tube
was inserted into the trachea to ensure a patent airway. The
abdomen was incised and the stomach and duodenum were
exposed. An acute fistnla was made by the insertion of 2
polyethylene tube toward the antrum through an incision of
the duodenum. Four hundred microliters of saline was injected
and collected every 15 minutes, and acid output {(pmol H*/15
min) was determined by titration with 10 mmol/L. NaOH.
Mice were injected with 100 pL of each reagent solurion
subcuraneously. Drugs were prepared as follows: histamine
dihydrochloride, {Leu!3} human gastrin I, carbachol and atro-
pine in saline, famotidine in 0.1% carboxymethyl cellulose,
and YF-476 and YM-022 in polyethylene glycol #300. Con-
trol animals were injected with vehicle sclution. Although it
has been reported that polyethylene glycol causes suppression
of the acid output in rats,?! we used chis solvent because of the
insolubility of the gastrin/CCK-B antagonists into aqueous
solution.
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Scatchard Analysis of [2H]Tiotidine Binding

Sromachs were collected from mice fasted for 24 hours,
minced, and homogenized by 20 strokes with a Teflon/glass
homogenizer in homogenization buffer {10 mmol/L sodium
phosphate, pH 7.4, containing 0.25 mol/L sucrose, 10 mmol/L
MgCl,, 1 mmol/L EDTA, 1 mmol/L dithiothreitol, and 0.1
mmol/L PMSF). The homogenate was centrifuged atr 1000g for
10 minutes at 4°C. The supernatant was recencrifuged at
100,000¢ for 1 hout at 4°C. The resulcant precipitate fraction
{designated as gastric mucosal membranes) was resuspended in
binding buffer (150 mmol/L sodium phosphate, pH 7.4). One
hundred microliters of membranes containing 100 g protein
was incubated in triplicate with various concentrations (2-24
nmol/L) of [*H ltiotidine {(~90 Ci/mmol; New England Nu-
clear, Boston, MA) in the presence or absence of 0.1 pmol/L
unlabeled tiotidine (for the determination of nonspecific bind-
ing). Incubations were carried out at 4°C for 40 minutes and
terminated by dilution with 2 mL of ice-cold binding buffer.22
The mixture was immediately filtrated under reduced pressure
onto Whatman GF/B glass-fiber filters followed by 2 washes
with ice-cold binding buffer. The filters were dried and their
radioactivities determined by liquid scintillation counting.

Assay for Gastrin Peptides

The serum of each mouse was collected and the gastrin
peptide content was determined by a radicimmunoassay (Mit-
subishi Kagaku Bio-Clinical Laboratories, Inc., Tokyo, Japan).

Immuncblot Analysis

The stomach of each mouse was collected and homog-
enized by 20 strokes with a Teflon/glass homogenizer in 25
mmol/L sodium phosphate, pH 7.4, containing 10 mmol/L
HEPES-NaOH, pH 7.3, 5 mmol/L MgCl;, and 0.1 mmol/L
PMSF. The homogenates were further homogenized with a
Polytron homogenizer and centrifuged at 800g for 15 minutes
at 4°C. The supernatant was recentrifuged at 30,000z for 30
minutes at 4°C. The resultant precipitate was resuspended in
the same buffer. The aliquot containing 50 g of membrane
proteins was boiled for 15 minutes in SDS sample buffer (62.5
mmol/L Tris-HCl, pH 6.8, containing 2% SDS, 10% glycerol,
0.01% bromopheno! blue, and 5% 2-mercaptoethanol). SDS-
polyacrylamide gel electrophotesis was performed on slab gels
{10%). Protein samples were subjected to SDS~polyacrylamide
gel electrophoresis, and the separated proteins were transferred
electrophoretically onto a polyvinylidene difluoride membrane
{Millipore, Bedford, MA) in 25 mmol/L Tris base containing
40 mmol/L 6-aminchexanoic acid, 0.02% SDS, and 20%
methanol at room temperature for 45 minutes at 15 V. The
membrane was rinsed in Tris-buffered saline (TBS; 20 mmol/L
Tris-HCl, pH 7.5, containing 150 mmol/L NaCl) and then
preincubated overnight in TBS containing 5% non-far milk ac
4°C. The membrane was then incubated with an anti-H™,
K*-ATPase o subunit antibody (1:200), an anti-chromogranin
A antibody (1:200), an anti-Gsa antibody (1:200) (Santa Cruz
Biotechnology, Santa Cruz, CA),?® or an anti-Gie antibody
{1:1000) (NEN Research Products, Boston, MA)4 in TBS
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containing 5% non-far milk for 1 hour at 37°C. The mem- |

brane was washed 3 times with TBS containing 0.05% Tween
20 (TTBS) at room temperature, then incubated with an
anti-mouse (goat or rabbit} immunoglobulin G antibody con-
jugated with horse radish peroxidase (DAKO, Glostrup, Den-
mark) in TTBS for 1 hour at room temperature, and then
stained with an ECL staining kit (Amersham Pharmacia, Upp-
sala, Sweden).

Materials

YMO22 and YF476 were kindly provided by Yaman-
ouchi Pharmaceutical Industries, Led. (Tokyo, Japan). The
following materials were purchased from the sources indicared:
histamine dihydrochloride from Wako Pure Chemicals (Osaka,
Japan), famotidine, {Leu'*] human gastrin I and atropine from
Sigma (St. Louis, MO), carbachol from CARBIOCHEM (San
Diego, CA), and tiotidine from TOCRIS (Bristol, England).
All other chemicals were commercial products of reagent
grade.

Results
General Appearance of HDC-Deficient Mice

The murine HDC gene contains 12 exons and
spans 23 kilobases of genomic DNA.?* Using gene tar-
geting, we replaced exons 6—8 with an inverted PGK
promoter-driven neomycin phosphotransferase (ze0) gene,
Homologous recombination was confirmed by Southern
blot analysis and genomic PCR (Qhtsu et al.!? and data
not shown). Northern blot analysis showed the absence of
HDC transcripts (2.7 kilobases) in the stomachs of the
HDC-deficient mice (data not shown). HDC-deficient
mice showed no HDC activity and a negligible amount
of histamine (<50 ng/g tissue) in their gastric mucous
homogenates. The level of basal acid secretion in the
mutants was slightly lower than in the wild-type mice
(Table 1). Although the mutants showed pronounced
hypergastrinemia (Table 1), no significant changes were

Table 1. General Appearance of HDC-Deficient Mice

Genotype +/+ -/

HDC activity

{pmof » min~< -

mg protein~%) 130 £ 0357 (n=4) N.D. (n = 4)
Histamine content

(reg/g tissue) 124 = 1.42(n = 4) N.D.{n = 4)
Serum gastrin

(pg/mL) 100£245(n=4) 302=*31.2%(n=4)

Basal acid secretion
{(pmol H* /156 miny 0.59 = 0.02 (n = 38) 0.52 = 0.012 (n = 45)

NOTE. Each parameter was measured in the wildtype (+/+) and the
mutant {—/—) mice as described in Materials and Methods. Values
obtained are represented as the means = SEM.

N.D., not detected.

4P < 0.01, by Alternate Welch t test.
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observed in the general histologic appearance of the
gaseric mucosal cells (Figure 1A and B), Immunohisto-
chemical staining using an anti-H*, K*-ATPase « sub-
unit antibody or an anti-chromogranin A antibody
showed similar distributions of parietal and ECL cells in
the gastric fundic region of the wild-type and mutant
mice (Figure 1C-F). No significant changes in the num-
ber of parietal and ECL cells were observed between the
wild-type and mutant mice (data not shown).

Gastric Acid Secretion Stimulated
by Histamine

Gastric acid secretion responses of the mutants
were compared with those of the wild-type mice using
various doses of histamine in the presence ot absence of
famotidine (Figure 2). In the wild-type mice, a dose of 3
mg/kg histamine did not induce significant acid secre-
tion, whereas 10 mg/kg histamine markedly increased
acid secretion, resulting in a maximal response. On the
other hand, acid secretion in the murtants was signifi-
cantly induced by treatment with 1 mg/kg histamine.
The maximal acid output in the mutant mice treated
with 3 mg/kg histamine was much higher than the
maximal secretion observed in the wild-type mice. Max-
imal acid output was about 2-fold higher in the mutants
compared with the wild-type mice. Histamine-stimu-
lated acid secretion was completely abolished in both the
wild-type mice and the mutants by pretreatment with 10
mg’kg famotidine for 1 hour before the stimulacion.
Serum histamine concentrations were significantly ele-
vated 30 minutes after the subcutaneouns injection, al-
though no significant differences were observed in the
concentration of histamine between the wild-type and
mutant mice (Table 2). Furthermore, serum gastrin con-
centrations in the wild-type mice remained unchanged
on the injection of histamine, whereas those in the
mutant mice were decreased by abour 50%.

Gastric Acid Secretion in Response
to Gastrin ‘

A dose of 1 mg/kg of [Leu'*] human gastrin |
stimmulated acid secretion in the wild-type mice. Acid
secretion reached maximal levels 30 minutes after the
stimulation and was sustained thereafter; furthermore,
acid secretion was completely inhibited by pretreatment
with famotidine. In contrast, {Leu'>] human gastrin I
could not stimulate acid secretion in the mutants, even at
a dose of 3 mg/kg (Figure 3). The acid secretion re-
sponses induced by {Leu!>] human gastrin I in the wild-
type mice were abolished by the gastrin/CCK-B receptor
antagonists, YM022 and YF476 (10 pmol/kg; data not
shown).
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Figure 1. Histologies of the gastric mucosa in the fundic region of (4, C, and E) wildtype and (B, D, and F} mutant mice. (A and B) H&E-stained
sections (4 pm in thickness). (C-F) Immunohistechemical staining of parietal cells and ECL cells (€ and D) with an antibody against the H”,
K*-ATPase o subunit (1:200) or (£ and F) with an antibody against chromogranin A (1:500). (A and B, bar = 100 pm; C~F, bar = 50 pm.)

Gastric Acid Secretion in Response
to Carbachol

Treatment with 0.1 mg/kg carbachol was found
to induce a biphasic acid secretion response in the wild-
type mice. The early phase {(~30 minutes) was charac-
terized by famotidine-insensitive secretion, whereas the
late phase was characterized by famotidine-sensitive se-
cretion (Figure 4). Both phases were completely abol-
ished by precreatment with 3 mg/kg of atropine. In
contrast, when the mutant mice were treated with car-
bachol, acid secretion was induced only in the early
phase, and not in the late phase.

Effect of Atropine or Gastrin/CCK-B
Antagonists on Histamine-Induced
Acid Secretion

In both the wild-type and the mutant mice, acid
secretion induced by 10 mg/kg of histamine was reduced
by preteeatment with 3 mg/kg atropine (Figure 5). The
degree of inhibition in the wild-type mice was about
55% in cumulative acid output, whereas that in the
murtants was about 60%. Histamine-induced acid secre-

tion in the mutants treated with atropine remained
higher than that in the wild-type mice but was not
significant when calculated as cumulative acid output
(Figure 5). Subcutaneous injection of YF476 (10 pumol/
kg) resulted in a considerable inhibition of acid secretion
induced by histamine in the wild-type mice, whereas it
did not suppress the histamine-induced acid secretion in
the mutants (Figure 6). Treatment with YM022 (10
pmol/kg) demonstrated the same tendencies as that with
YF476 (data not shown).

Expression of Genes and Proteins Involved
in Gastric Acid Secretion

In both gastrin- and gascrin/CCK-B receptor-
deficient mice, a drastic alteration in the expression of
genes involved in gastric acid secretion was observed.®!?
We investigated the expression levels of the following
genes in the mutant mice: the H;, Mj, and gastrin/
CCK-B receprors, gastrin, and the H*, K*-ATPase «
subunit. The expression levels of all these genes in the
mutants were comparable to those in the wild-type mice
(Figure 7A). Similarly, the exptession of the H*, K*-
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Acid output (uEg/15 min)

Cumulative acid output {(uEq/105 min)
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Figure 2. Gastric acid output stimulated by exogenously administrated histamine in wild-type and mutant mice. Histamine was injected subcu-
tanecusly at a dosage of 1 mg/kg (H1), 3 mg/kg (H3), 10 mg/kg with (H10+F) or without (H10) pretreatment with famotidine (10 mg/kg
subcutaneously), or 20 mg/kg {H20). The profiles of acid output in the wild-type (Wild) {H3, n = 5; H10, n = 6; H10+F, n = 3; H20, n = 3) and
the mutant mice (HOC=/~} (H1, n = 3; H3, n = 5; H10, n = 8; H10+F, n = 3; H20, n = 3) are represented as the means = SEM. The cumulative
acid output after each stimulation is represented in the right panel. Statistical differences were evaluated using the Student t test; *P < 0.05

was regarded as significant; n.d., not determined.’

ATPase a subunit and chromogtanin A was unchanged
in the mutants at the level of protein expression (Figure
7B). Nevertheless, the expression of Gsa but not that of
Gia in the gastric membranes was significantly increased
in the mutants (Figure 7B).

Binding Analysis for Gastric H, Receptors

Scatchard plot analyses demonstrated a lower
binding affinity and a higher binding maximum for
[*H}tiotidine, a specific H, antagonist in the gastric
membrane fraction of the HDC-deficient mice (Figure
8). Kd and Bmax values were as follows: Kd, 3.24 (wild-
type mice) vs. 17.5 nmol/L (mutant mice); Bmax, 1.09
(wild-type mice) vs. 1.88 pmol/mg protein (mutant
mice).

Table 2. Serum Concentrations of Gastrin and Histamine
After Histamine Injection

Gastrin Histamine

(pg/mL) {ng/mL)
Wild-type (control) 43.8 = 4,19 0.138 = 0.00201
Wild-type (+ histamine) 52.5 * 8.05 1.59 % 0.3472
HDC~/~ (control) 269 * 36.7 N.D.
HDC~/~ (+ histamine) 123 > 18.1% 1.67 + 0.182

NOTE. Serum was collected from mice 30 minutes after injection with
saline (control) or 10 mg/kg histamine (+ histamine) under urethane
anesthesia. Each parameter was measured in the wild-type and the
mutant (HDC=/~) mice as described in Materials and Methods. Val-
ues obtained are represented as the means = SEM (n = 4),

N.D., not detected,

3P < 0,05, control vs. + histamine, by the Student t test.
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Discussion

This study showed that HDC-deficient mice
acquire a high sensitivity to exogenons histamine re-
garding gastric acid secretion. After a 24-hour fasting,
the mutant mice were much mote susceptible to low
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Figure 3. Gastric acid output stimulated by exogenously adminis-
trated [Leul%) human gastrin | in wildtype and mutant mice, The
wild-type mice were injected subcutaneously with 1 mg/kg of [Leuts]
human gastrin § (G1, n = 5), whereas the mutant mice were injected
with 1 mg/kg (G1, n = 8) or 3 mg/kg human gastrin { (G3, n = 3).
Gastric acid outputs are represented as the means = SEM. Pretreat-
ment with famotidine {10 mg/kg, subcutaneously) was performed in
the wild-type mice (G1+F, n = 3).
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Acid output {LEq/15 min)

[J wie
M Hoc-

Cumulative acld output (LEQ/30 min)

Time (min)

Time (min)

-
Q
o

CO0.1+A
CO.1+F

Figure 4, Gastric acid output stimulated by carbacho! in wild-type and mutant mice. The wild-type mice (Wild: C0.1, n = 7) and the mutant mice
(HDC-/~—: C0.1, n = 7) were injected subcutanecusly with 0.1 mg/kg carbachol. Gastric acid outputs were represented as the means = SEM,
For blockade of the H; or muscarinic receptors, pretreatment with famotidine (CO.1+F; 10 mg/kg subcutaneously, n = 3) or with atropine
(CO.1+A; 3 mg/kg subcutaneously; n = 3), respectively, was performed in the wild-type and the mutant mice. The cumulative acid output after
each stimulation is represented in the right panel. No statistical differences were obtained in the values of the wild-type mice and that of the

mutants using the Student ¢ test.

doses of exogenous histamine and showed a high pla-
teau level of gastric acid secretion. This response
seems to result exclusively from an H; receptor—me-
diated reaction in the parietal cells because it was
completely suppressed by famotidine. Basal acid se-
cretion was maintained at a slightly lower level than
wild-type in the mutants. Because the mutants main-
tained their responses to carbachol, but not to gastrin,

basal acid secretion seems to be partially compensated
for by the muscarinic pathway. We observed a trace
amount of histamine in various tissues as a result of
daily ingestion upon consumption of a regular diet
(Ohtsu H and Tanaka S, unpublished observation,
June, 1999). Subsequently, we were not able to ex-
clude the possibility that a very low level of tissue
histamine may have a role in the maintenance of basal

10
—{}— H10

—O— H10+A

Acld output {(tEq/15 min)

O wud

B uoc’-

T

30

20

10

Cumulative acid output (LEg/105 min)

0 50 100 150

Time (min)

200

o <
E 3
2
£

Figure 5. The inhibitory effects of atropine on histamine-stimulated acid secretion in wild-type and mutant mice. The wild-type mice (O, H10+A;
n = 5) and the mutants (8, H10+A; n = 8) were injected subcutaneously with 3 mg/kg atropine 1 hour before stimulation with histamine (10
mg/kg subcutaneously). Gastric acid outputs are represented as the means * SEM. This experiment was performed at the same time with that
of Figure 2, and a part of the acid output profiles from Figure 2 are overlaid for comparison (O, wild-type mice; B, mutants; H10). The cumulative
acid output for each treatment is represented in the right pane! (*P < 0.05).
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gastric acid secretion in the mutant mice, although
the gastric histamine content in the mutant mice was
undetectable.

It has been reported that cholinergic stimulation of
acid secretion occurs via 2 distinct pathways. One path-
way is histamine-dependent and has an indirect effect on
the parieral cells, whereas the other pathway is hista-
mine-independent and has a direct effect on the parietal
cells.26 Sandor et al. have reported that carbachol stim-
ulated both the basal and gastrin-driven release of hista-
mine from isolated ECL cells, probably by the activation
of M; receptors.® On the other hand, Soll et al. have
reported that in isolated canine parietal cells, carbachol
potently stimulated aminopyrine uptake via the Mj re-
ceptors.?” Such current evidences suggest that muscarinic
stimnulation may act both directly on parieral cells to
stimulate acid secretion and indirectly via the release of
histamine from ECL cells. The relative importance of
these 2 modes of action in vivo is not clear. Cholinergic
stimulation of acid secretion in isolated gastric glands
has been reported to be weak and transient in the pres-
ence of H; antagonists.?® The residual activity of cholin-
ergic stimulation that is not inhibited by H; antagonists
has been shown to be blocked by atropine.?” The results
of che present study support these previous findings. A
rapid increase in acid secretion induced by carbachol was
observed in both the wild-type and mutant mice, indi-
cating that carbachol acts directly on the M; receptors on
parietal cells. The sustained phase in acid secretion,
which is sensitive to famotidine, was observed only in the
wild-type mice, indicating that the activation of the M,
receptors on ECL cells may stimulate histamine release.

_86_

ene glycol #300. Gastric acid
outputs are represented as the

Time (min) means * SEM.

Atropin pretreatment decreased acid secretion in both
the wild-type and the mutant mice. In the presence of
atropine, histamine-induced acid secretion in the mu-
tants was no longer significantly higher than in the
wild-type mice. These observations indicate that under
urethane anesthesia, cholinergic effects should have some
contribution to the enhancement of histamine-induced
acid secretion in the murtant mice.

It is generally accepted thac gastrin acts to induce
gastric acid secretion via 2 different pathways. One path-
way represents the stimulation of histamine release from
ECL cells, and the other pathway represents the direct
activation of parietal cells. Our results showed that nei-
ther a high level of endogenous gastrin nor the addition
of [Leu!>} human gastrin I was able to induce gastric acid
secretion in the murant mice. This indicates that gastrin-
induced acid secretion is solely mediated by endogenous
histamine formation in ECL cells. It is likely that the
activation of gastrin/CCK-B receprors on parietal cells is
unzble to induce acid secretion in the absence of hist-
amine.

To our surprise, the gastrin/CCK-B antagonists,
YF476 and YMO022, significantly inhibited acid secre-
tion induced by histamine in the wild-type mice, al-
though both antagonists were found to exhibir no inhib-
itory effect on histamine-induced acid secretion in rats
and dogs.??:3% Bliss er al. have reported that histamine
promotes gastrin release from isolated rabbit G cells via
the H; receptors.?! In our experiments, however, exoge-
nous histamine did not elevate serum gastrin concentra-
tions in the wild-type mice and rather decreased chose in
the mutant mice. This observation excludes the possibil-
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Figure 7. The expression of genes and proteins involved in gastric
acid secretion in wildtype and mutant mice. (A) Poly A* RNA (5
p.8/well) was separated on a 1.5% agarose gel and transferred onto
a nylon membrane, The probe for glyceraldehyde-3-phosphate dehy-
drogenase was used as a loading control. The relative intensity of
each band was calculated and represented as a percentage of the
mean intensity in the wild-type mice (O, wildtype mice, n = 4; W,
mutants, n = 4). The data are represented as the means =
SEM. N.S., not significant (P > 0.05). (B) Immunoblot analyses with
an antiH*, K*-ATPase « subunit, anti-chromogranin A {Chr A), anti-
Gsa, and anti-Gie antibody were performed (50 pg protein/each
lane). The relative intensity of each band was determined densito-
metrically using the NIH Image version 1.55 software and represented
as the means = SEM, n = 4. *P < 0.05. N.8,, not significant,
P > 0.05,

ity that exogenous histamine may induce endogenous
gastrin release. The inhibitory effects of the gastrin/
CCK-B antagonists on histamine-induced acid secretion
in the wild-type mice indicate that gastrin/CCK-B re-
ceptor signaling is required for acid secretion induced by
histamine. Qur observation suggests that gastrin and
histamine may be equally indispensable in the mouse
gastric acid secretion system. Our observation that the
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.gastrin/CCK-B antagonists did not suppress acid secre-

tion induced by histamine in the mutants is, however,
inconsistent with this hypothesis. Although we are not
able to resolve this inconsistency from the current re-
sults, one possible explanartion is that acid secretion in
the mutants may be compensated for by factors other
than gastrin and may differ in the mechanism from that
in the wild-type mice. Further investigations are re-
quired, such as studies on the signal cross-talk berween
H, and gastrin/CCK-B receptors in primary cultures of
parietal cells, to clarify the mechanism by which gastrin
and histamine induces acid secretion cooperatively. It has
been difficult to separate the role of gastrin from that of
histamine in acid secretion because the activation of ECL
cells by gastrin is always accompanied by histamine
release. In the studies using gastrin- or gastrin/CCK-B
receptor—deficient mice, it femains to be determined
whether the defects in acid secretion in these mice are
due to the loss of direct gastrin effects or to a decrease in
gastrin-mediated histamine release and/or synthesis, be-
cause histamine function is considered to be compro-
mised in these models.”!2

Gastrin/CCK-B  receptor-mediated signal transduc-
tion is also considered to be essential for the normal
development of the gastric mucosa.®~!* Furthermore,
elevared gastrin levels have been found to enhance the
development of parietal and ECL cells, as well as ECL
carcinoid formation.32-3% We were, however, unable to
observe parietal and ECL cell hyperplasia in the mutant
mice, although they exhibited hypergastrinemia. Hy re-
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Flgure 8. H, binding study of the membrane fraction of the gastric
mucosa from wild-type and mutant mice. Gastric mucosal membranes
(100 p.g protein) from wild-type () or mutant (M) mice were incubated
in triplicate for 40 minutes at 4°C with various concentrations (2-24
nmol/L) of [*H ltiotidine, respectively. The radioactivities were deter-
mined by liquid scintillation counting. Each value obtained from Scat-
chard analysis was represented as the means * SEM.
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ceptor—deficient mice recently have been developed by
Kobayashi et al.?* These mice also exhibit hypergastrine-
mia and are insensitive to exogenous gastrin in acid
secretion. In contrast to the HDC-deficient mice, H,
receptor—deficient mice have been found to show marked
hypertrophy of the gastric mucosa. Our hypotheses for
the trophic effect of gastrin on the gastric mucosal cells
are as follows. One possibility is that histamine may be
a negative modulator of the proliferative effect of gastrin
by suppressing hypertrophy via the H; receptors. An-
other possibility is that histamine may be essential for
hypertrophy induced by hypergastrinernia and may ace
on histamine receptors other than the H; receptors, We
propose that the latter is more likely because che HDC-
deficient mice do not exhibit gastric hypertrophy despite
their hypergastrinemia, and a higher amount of gastric
histamine was detected in the H, receptor—deficient
mice. A comparative study of the H,- and HDC-deficient
mice should provide valuable insights into the develop-
ment of cherapeutic strategies against gastric carcinoid
formation.

The maximum levels of acid secretion in HDC-defi-
cient mice wete significantly higher than that of the
wild-type mice. Maximum acid secretion is currently
considered to reflect the capacity of transiocation of the
H*, K*-ATPase from the inrracellular tubulovesicular
compartment to the canaliculi of parjetal cells.3¢:37 Al-
though the expression of the H*, K*-ATPase o subunit
was not increased in the mutant mice, increased levels of
the translocation may be achieved in the parietal cells of
the mutant mice because the decreased histamine levels
in the mutant mice may induce the translocation ma-
chinery or down-regulate the relocation machinery. Fur-
ther investigations are required to clarify this last point.

Takeuchi et al. recently demonstrated that prolonged
treatment of rabbits with an H; recepror antagonist
induced a 2-fold increase in Hj receptor density in parietal
cells, without any change in affinity for ['?°] Jaminopoten-
tidine 24 We also confirmed an increase in the number of
H; receptors with low binding affinity for a specific
ligand, [*HJriotidine, in the gastric mucosal membrane
fraction of the mutant mice. In addition, a slight increase
in Gsot expression was observed in the gasttic membranes
of the mutant mice. Our observation that there were no
differences in serum histamine concentration after hista-
mine injection in the wild-type and mutant mice ex-
cludes the possibility that the availability of histamine is
altered in the mutants. It is likely that the signal trans-
duction pathway via the H, receptors has been converted
to a highly sensitive state in HDC-deficient mice. Anal-
yses of certain phenotypes observed in HDC-deficient
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mice should contribute towards the development of ther-
apies for rebound acid hypersecretion, which is observed
after the abrupt withdrawal of prolonged H, receptor
blockades by H; antagonists,

In summary, we have shown that enhanced acid secre-
tion is induced by histamine in the HDC-deficient mice.
This study also confirms the concept that histamine
production is essential for the gastric acid secretion in-
duced by gastrin, bur nort for that induced by carbachol.
Our HDC-deficient mice should represent a suitable
model for further funcrional analyses of the correlation
between histamine and the other acid secretagogues.

References

1. Hersey SJ, Sachs G. Gastric acid secretion. Physiol Rev 1995,
75:155-189.

2. Black JW, Duncan WA, Durant CJ, Ganellin CR, Parsons EM.
Definition and antagonism of histamine Hp-receptors. Nature
1972,236:385-390.

3. Printz C, Kajimura M, Scott D, Mercier F, Helander H, Sachs G.
Histamine secretion from rat enterochromaffin-like cells. Gastro-
enterology 1993;105:449-461.

4, Sachs G, Zeng N, Prinz C. Physiology of isolated gastric endocrine
cells. Annu Rev Physiol 1997;59:243-256.

5. Waldum HL, Sandvik AK, Brenna E, Peterson H. Gastrin-histamine
sequence in the regulation of gastric acid secretion. Gut 1991;
32:698-701.

6. Chen D, Monstein H, Nylander A, Zhao C, Sundler F, Hakanson R.
Acute responses of rat stomach enterochromaffinlike cells to
gastrin: secretory activation and adaptation. Gastroenterology
1994;107:18-27.

7. Pfeiffer A, Rochlitz H, Noelke B, Tacke R, Moser U, Mutschler E,
Lambrecht G. Muscarinic receptors mediating acid secretion in
isolated rat gastric parietal cells are of M3 type. Gastroenterclogy
1950,98:218-222.

8. Sandor A, Kidd M, Lawton GP, Miu K, Tang LH, Modlin IM.
Neurohormonal modulation of rat enterochromatfin-like cell his-
tamine secretion. Gastroenterology 1996;110:1084 -1092.

9. Friis-Hansen L, Sundler F, Li Y, Gillespie PJ, Saunders TL, Green-
son JK, Owyang C, Rehfeld JF, Samuelson LC. Impaired gastric
acid secretion in gastrin-deficient mice. Am J Physiol 1998;274:
G561-G568.

10. Koh TJ, Goldenring JR, lto S, Mashimo H, Kopin AS, Varro A,
Dockeray GJ, Wang TC. Gastrin deficiency resuits in altered gas-
tric differentiation and decreased colonic proliferation in mice.
Gastroenterology 1997;113:1015-1025.

11. Nagata A, Ito M, Iwata N, Kuno J, Takano H, Minowa O, Chihara
K, Matsui T, Noda T. G proteincoupled cholecystokinin-B/gastrin
receptors are responsible for physiological cell growth of the
stomach mucosa in vivo. Proc Natl Acad Sci U S A 1996:93:
11825-11830.

12. Langhans N, Rindi G, Chiu M, Rehfeld JF, Ardman B, Beinborn M,
Kopin AS. Abnormal gastric histology and decreased acid produc-
tion in cholecystokinin-B/gastrin receptor-deficient mice. Gastro-
enterology 1997;112:280-286.

13. Ohtsu H, Tanaka S, Terui T, Hori Y, Makabe-Kobayashi Y, Pejler
G, Tchougounova E, Hellma L, Gertsenstein M, Hirasawa N,
Sakurai E, Buzas E, Kovacs P, Csaba G, Kittel A, Okada M, Hara
M, Mar L, NumayamaTsuruta K, ishigaki-Suzuki S, Ohuchi K,
Ichikawa A, Falus A, Watanabe T, Nagy A. Mice lacking histidine
decarboxylase exhibit abnormal mast cells. FEBS Lett 2001:502:
53-56.

14. Yamamoto J, Yatsunami K, Ohmori E, Sugimote Y, Fukui T,



January 2002

15,

16.

17.

18.

19.

20.

21,

22.

23.

24,

25,

26.

27,

Katayama T, Ichikawa A. cDNAderived amino acid sequence of
L-histidine decarboxylase from mouse mastocytoma P-815 cells.
FEBS Lett 1990;276:214-218.

Tanaka S, Nemoto K, Yamamura E, ichikawa A. Intracellular
localization of the 74- and 53-kDa forms of L-histidine decarbox-
ylase in a rat basophilic/mast cell line, RBL-2H3. J Biol Chem
1998;273:8177-8182,

Shore PA, Burkhalter A, Cohn VH, A method for the fluorometric
assay of histamine in tissues. J Pharmacol Exp Ther 1959;127:
182-186.

Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-
tein-dye binding. Anal Biochem 19276,;72:248-254.

Morl Y, Fukushima K, Adachi Y, Shigeta K, Kannagi R, Tanaka H,
Sakai M, Kuribayashi K, Uchino H, Masuda T. Parietal cell au-
toantigens involved in neonatal thymectomy-induced murine au-
toimmune gastritis. Studies using monoclonal autoantibodies.
Gastroenterology 1989;97:364-375.

Pagani A, Papotti M, Hofler H, Weiler R, Winkler H, Bussolati G.
Chromogranin A and B gene expression in carcinomas of the
breast. Correlation of immunocytochemical, immunoblot, and hy-
bridization analyses. Am J Pathol 1990;136:319-327.
Chomczynski P, Sacchi N, Single-step method of RNA isolatien by
acid guanidinium thiocyanate-phenol-chloroform extraction, Anal
Biochem 1987;162:156-159.

Cho CH, Hui WM, Liao XG, Lam SK, Ogle CW. Polyethylene glycol:
its adverse gastric effects in rats. J Pharm Phamacol 1992;44:
518-520.

Foreman JC, Norris DB, Rising TJ, Webber SE. The binding of
[3H Hiotidine to homogenates of guinea pig lung parenchyma.
Br ! Pharmacol 1985;86:475-482.

Manivet P, Mouillet-Richard S, Callebert J, Nebigil CG, Maroteaux
L, Hosoda S, Kellermann Q, Launay JM. PDZ-dependent activa-
tion of nitric-oxide synthases by the serctonin 2B receptor. J Biol
Chem 2000;275:9324-9331.

Takeuchi K, Kajimura M, Kodaira M, Lin S, Hanai H, Kaneko E.
Upregulation of H; receptor and adenylate cyclase in rabbit
parietal cells during prolonged treatment with Hzyreceptor antag-
onists. Dig Dis Sci 1999;44:1703~1709.

Suzukishigaki S, Numayama-Tsuruta K, Kuramasu A, Sakurai E,
Makabe Y, Shimura S, Shirato K, Igarashi K, Watanabe T, Ohtsu
H. The mouse L-histidine decarboxylase gene: structure and
transcriptional regulation by CpG methylation in the promoter
region. Nucleic Acids Res 2000;28:2627-2633.

Sandvik AK, Marvik R, Dimaline R, Waldum HL. Carbachol stim-
ulation of gastric acid secretion and its effects on the parietal
cells. Br ! Pharmacol 1998;124:69-74.

Soll AH, Secretagogue stimulation of [C Jaminopyrine accumu-

28,

29.

30.

31.

32.

33.

35.

36.

Y8

GASTRIC ACID SECRETION IN HDC-KO MICE 155

lation by isolated canine parietal cells. Am J Physiol 1980,;238:
G366-G375.

Chew CS. Differential effects of extracellular calcium removal and
nonspecific effects of Ca?* antagonists on acid secretory activity
in isolated gastric glands. Biochim Biophys Acta 1985,846:370-
37s8.

Takinami Y, Yuki H, Nishida A, Akuzawa S, Uchida A, Takemoto Y,
Chta M, Satoh M, Semple G, Miyata K. YF-476 is a new potent
and selective gastrin/cholecystokinin-B receptor antagonist in
vitro and in vivo. Aliment Pharmacol Ther 1997;11:113-120.
Nishida A, Miyata K, Tsutsumi R, Yuki H, Akuzawa S, Kobayashi
A, Kamato T, Ito H, Yamano M, Katuyama Y, Satoh M, Ohta
M, Honda K. Pharmacological profile of (R}1-{2,3-dihydro-1{2"-
methyl-phenacyl}2-ox0-5-phenyl-1H-1,4-benzodiazepin-3-y1}-3-(3-
methylphenyljurea (YM-022), a new potent and selective gastrin/
cholecystokinin-B receptor antagonist, in vitro and in vivo.
J Phammacol Exp Ther 1994;269:725-731.

Bliss PW, Healey ZV, Arebi N, Dalam J. Na-methyl histamine
and histamine stimulate gastrin release from rabbit G-cells via
histamine H2-receptors. Aliment Pharmacol Ther 1999;13:
1669-1674.

Crean GP, Marshall MW, Rumsey RDE. Parietal cell hyperplasia
induced by the administration of pentagastrin (ICI 50, 123) 10
rats. Gastroenterology 1969;57:147-155,

Larsson H, Carlsson E, Mattson H, Lundell L, Sundler F, Sundell
G, Wallmark B, Watanabe T, Hakanson R. Plasma gastrin and
gastric enterochromaffinike cell activation and proliferation.
Studies with omeprazole and ranitidine in intact and antrecto-
mized rats. Gastroenterology 1986;90:391-399.

. H3kanson R, Sundler F. Proposed mechanism of induction of

gastric carcinoids: the gastrin hypothesis. Eur J Clin Invest 1990;
20:65-71.

Kobayashi T, Tonai S, Ishihara Y, Koga R, Okabe S, Watanabe T,
Abnommal functional and morphological regulation of the gastric
mucosa in histamine M, receptordeficient mice. J Clin Invest
2000;105:1741-1749.

Scott DR, Besancon M, Sachs G, Helander HF. Effect of antise-
cretory agents on parietal cell structure and H/K-ATPase levels in
rabbit gastric mucosa in vivo. Dig Dis Sci 1994,39:2118-2126.
Scott DR, Helander HF, Hersey SJ, Sachs G. The site of acid
secretion in the mammalian parietal cell. Biochim Biophys Acta
1993;1146:73-80.

Received July 26, 2000. Accepted September 17, 2001,

Address requests for reprints to: Atsushi Ichikawa, Department
of Physiological Chemistry, Graduate School of Pharmaceutical Sci-
ences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan. e-mail:
alchikaw@pharm.kyoto-u.ac.jp; fax: (81) 75-753-4557.

..89_



Biochemical and Biophysical Research Communications 200, 162-168 (2002) ®
doi:10.1006/bbrc.2001.6169, available enline at http://www idealibrary.com on I Il E "kl

Augmentation of Receptor-Mediated Adenylyl Cyclase
Activity by Gi-Coupled Prostaglandin Receptor Subtype
EP3 in a GBy Subunit-Independent Manner

Noriyuki Hatae,* Kumiko Yamaoka,* Yukihiko Sugimoto,*

Manabu Negishi,i and Atsushi Ichikawa*"

*Department of Physiological Chemistry, Graduate School of Pharmaceutical Sciences, and tDepartment of Molecular
Neurobiology, Graduate School of Bioscience, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606, Japan

Received November 29, 2001

We previously demonstrated that the mouse EP38 re-
ceptor and its C-terminal tail-truncated receptor (abbre-
viated T-335) expressed in Chinese hamster ovary cells
showed agonist-dependent and fully constitutive Gi ac-
tivity in forskolin-stimulated cAMP accumulation, re-
spectively. Here we examined the effect of the EP38
receptor or T-335 receptor on adenylyl cyclase activity
stimulated by the Gs-coupled EP2 subtype receptor in
COS-7 cells. As a result, sulprostone, a selective EP3
agonist, dose dependently augmented butaprost-
stimulated adenylyl cyclase activity in EP38 receptor- or
T-335 receptor-expressing COS-7 cells. However, such
adenylyl cyclase augmentation was not attenuated by
either pertussis toxin treatment or expression of the PH
domain of rat BARKI, which serves as a scavenger of
Gpvy subunits, but was partially attenuated by treatment
with either 1,2-bis(o-aminophenoxy)ethane-N,N,V',N'-
tetraacetic acid tetra(acetoxymethylester, an intracel-
Iular Ca®* chelator, or W-7, a calmodulin inhibitor. These
findings suggest that the C-terminal tail of the EP3
receptor is not essentially involved in activation of
EP2 receptor-stimulated adenylyl eyclase in a Ca®/
calmodulin-dependent but Gy subunit-independent
MmMAanner. © 2002 Elsevier Science

Key Words: PGE, receptor; EP3 subtype; EP2 sub-
type: adenylyl eyclase; Gi protein; Gy subunits; cal-
modulin; COS-7 cells.

The interaction of cell surface hormone receptors
with heterotrimeric G proteins is crucial for hor-

Abbreviations used: PG, prostaglandin; G protein, heterotrimeric
GTP-binding protein; CHO, Chinese hamster ovary, COOH, carboxyl;
PT, pertussis toxin; BAPTA/AM, 12-bis(c-aminophenoxy)ethane-
N N,N’ N'-tetraacetic acid tetra(acetoxymethyl)ester.

'To whom correspondence and reprint requests should be ad-
dressed at Department of Physiological Chemistry, Faculty of Phar-
maceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606, Japan.
Fax: +81.75.753-4557. E-mail: aichikaw@pharm kyoto-u.ac jp.

0006-291X/02 $35.00
© 2002 Elsevier Science
All rights reserved.

162

monal action (1). Most G protein coupled receptors
{GPCRs) share conserved structural features, con-
sisting of seven-transmembrane-spanning domains
and three intracellular loops and one C-terminal tail
(2). In a number of GPCRs, several regions in the
cytoplasmic domains were reported to contribute di-
rectly or indirectly to G protein coupling (3). The
specific regions in the second and third intracellular
loops were reported to function in G protein coupling
{4). However, the precise molecular mechanism for
regulation of the receptor-induced G-protein activa-
tion is still poorly understood.

We previously cloned the mouse prostaglandin (PG)
EP3 receptor and demonstrated that this receptor is a
G protein coupled rhodopsin-type receptor that en-
gages in inhibition of adenylyl cyclase (5). Further-
more, we identified the three isoforms of the EP3 re-
ceptor, EP3«, B, and v, with different C-terminal tails,
which were produced through alternative splicing (6, 7)
and differed in agonist-independent constitutive Gi ac-
tivity (8, 9). The EP3p receptor exhibits a full agonist-
dependent Gi activity. In addition, the C-terminal tail-
truncated receptor, T-335, showed only agonist-
independent constitutive Gi activity. This suggests
that the core of the EP3 receptor has an ability to
associate with and activate Gi, and then the
C-terminal tails of the EP3 receptor can suppress the
activation of Gi (8).

Although Gifo-coupled receptors generally act to in-
hibit adenylyl cyclase, it was also reported that long-
term activation of the inhibitory receptors with ago-
nists leads to an increase in adenylyl cyclase activity in
a time- and dose-dependent manner (10, 11). This phe-
nomenon is termed adenylyl cyclase superactivation or
sensitization, which is mediated by adenylyl cyclase
isozymes such as adenylyl cyclase II, directly being
activated by GBv subunits derived from activation of

Gi/o protein (12).
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To assess the role of the C-terminal tail of the EP3j3
receptor in regulation of receptor-medicated adenylyl
cyclase activity, we examined the effect of EP3 receptor
on adenylyl cyclase activity in EP2-receptor expressing
COS-7 cells. As a result, the adenylyl cyclase activity of
the EP2 receptor was augmented EP3 agonist-
dependently in T-335 expressing cells, and augmenta-
tion was closely related to the activity of Ca®™/
calmodulin but not the Gifo-derived GBy subunits.

MATERIALS AND METHODS

Materials. The ¢DNAs for the mouse EP2 receptor (13) and EP3
receptor (5) were cloned in our laboratory. The truncated T-335
receptor was constructed as described previcusly (14), The eDNA for
the rat LH/CG-R (15) was from Dr. D, L. Segaroff of the Department
of Physiology and Biophysies, University of Iowa College of Medicine.
LipofectAMINE PLUS was obtained from Life Technologies, Inc. M
& B 28767, butaprost, and sulprostone were from Dr. M. P. L. Caton
of Rhone-Poulenc Ltd. The *1-]labeled cAMP assay system was ob-
tained from Amersham Corp. Pertussis toxin (PT) was obtained from
Seikagaku Kogyo (Tokyo, Japan). Rabbit polyclonal anti-GRK2 (C-
15) and rabbit polyclonal anti-A cyclase III {C-20) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

DNA construction. The peptide-encoding cDNA fragment for the
PH domain of rat BARK1 (Gly**-Leu*®) (16) were constructed by
means of a polymerase chain reaction-mediated mutagenesis tech-
nique. The tDNAs encoding mouse EP2 receptor, rat LH/CG-
receptor, EP3 receptor, T-335 receptor and the PH domain of rat
BARK]1 were subcloned into pcDNAS3 (Invitrogen) eukaryotic expres-
sion vector.

Cell culture and transient expression of receptors in COS-7 cells.
COS-T cells were maintained in Dulbecco’s modified Eagle medium
{DMEM) with 10% heat inactivated fetal bovine serum under hu-
midified air eontaining 5% CO, at 37°C. For transfection using the
Lipofect AMINE PLUS reagent, cells in 60-mm tissue culture dishes
were incubated at 37°C with a transfection mixture composed of 2.5
ml of serum-free DMEM containing 8 pg of DNA/Ish, 10 pl of
Lipofect AMINE and 8 pl of PLUS reagent. After 3 h, the medium
was changed to 3 ml of DMEM containing 10% heat inactivated fetal
bovine serum. In cAMP assay COS-7 monclayers were trypsinized
24 h after transfection, and aliquots of recovered cells were trans-
ferred to 24-well tissue culture plates.

Expression of the BARK1 PH domain end adenylyl cyclase III.
COS-7 cells were transiently cotransfected with increasing amounts
of plasmid DNA encoding the PH domain of the rat BARK1. Expres-
sion of the BARK1 PH domain was determined by immunoblot anal-
ysis of whole cell detergent lysates using rabbit polyclonal anti-
GREK2 (C-15). The PH domain expressing cells were harvested and
washed twice in PBS. The cell pellet was suspended in 1 ml of RIPA
buffer containing 30 mM Hepes—NaOH (pH 7.3), 150 mM NaCl, 1%
Triton X-100, 1% deoxycholate and 0.1% SDS and incubated for 1 h
at 4°C. For protection against proteolytic degradation, a mixture of
protease inhibitors (0.2 mM PMSF, 100 uM benzamidine, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, 10 pg/ml E-64, and 1 ug/ml pepstatin
A) was added. The mixture was then centrifuged at 100,000g for 10
min at 4°C. The resulting supernatant was dissolved in Laemmli
buffer and heated for 5 min at 100°C. Aliquots (10 pg proteins) were
then subjected to SDS-PAGE (15%) as described by Laemmli (17),
and the separated proteins were transferred electrophoretically to a
PVDF membrane in 25 mM Tris base containing 40 mM
6-aminohexanoic acid, 0.02% SDS and 20% methanol at room tem-
perature for 30 min at 15 V. The membrane was rinsed in Tris-
buffered saline (TBS) containing 20 mM Tris-HCI (pH 7.5) and 150
mM NaCl, and then preincubated overnight in TBS containing 5%
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non-fat milk at 4°C. The membrane was then incubated with anti-
GRK2 (C-15) (1:200) antibody in TBS containing 5% nonfat milk for
1hat 37°C. The membrane was washed three times with TTBS (TBS
containing 0.05% Tween 20) at room temperature. The membrane
was incubated with peroxidase-conjugated anti-rabbit IgG in TTBS
for 1 h at room temperature, and then stained with the ECL Western
blot detection reagent.

Expression of the adenylyl cyclase III was determined by immu-
noblot analysis of whole-cell detergent lysates using rabbit pely-
clonal anti-A cyclase II1 (C-20).

Measurement of cAMP formation. Cyclic AMP levels in COS-7
cells were determined as reported previously (18). The receptor-
expressing COS-7 cells were pretreated with or without W-7 for 10
min in Hepes-buffered saline [140 mM NaCl, 4.7 mM KCI, 2.2 mM
CaCl,, 1.2 mM MgCl,, 1.2 mM KH,PO,, 11 mM glucose, and 15 mM
Hepes (pH 7.4)], or BAPT/AM for 30 min in Ca**-free Hepes-buffered
saline containing 5 mM EGTA in place of 2.2 mM CaCl,. The cells
were washed and preincubated for 10 min with 10 pM indo-
methacine in Hepes-buffered saline. Reactions were started by ad-
dition of test agents along with 100 uM Ro-20-1724. After incubation
for 10 min at 37°C, reactions were terminated by the addition of 10%
trichloroacetic acid. The content of cAMP was measured by radioim-
munoassay with an Amersham cAMP assay system.

ADP ribosylation of membrane with PT. The preparation and
ADP-ribosylation assay of crude membrane fractions were conducted
by the methoed of Ui et al. (19). The COS-7 cells were treated with
various doses of PT for 15 h. The treated cells were harvested and
washed twice in PBS. The cell pellet was homogenized in 1 ml of
Tris-buffered saline containing 20 mM Tris—HCl (pH 7.5), 1 mM
EDTA, 10 mM MgCl;, 1 mM DTT, 0.2 mM PMSF, 1 yg/ml aprotinin,
1 pg/ml leupeptin, and 100 pM benzamidine using a Potter-type
Teflon glass homogenizer, and then the mixture was centrifuged at
100,000 x g for 10 min at 4°C. The resulting pellets were used as the
crude membrane fractions. The crude membrane fractions (20 pg of
protein each) were incubated with 10 pg/ml of PT for 40 min at 30°C
in 50 pl of 50 mM Tris-HCI (pH 7.5) containing 1 mM EDTA, 10 mM
thymidine, 2.5 mM MgCl,;, 1 mM ADP-ribose, 15 mM isonicotinohy-
drazide, 2.5 uM [a-*P]NAD (30 Ci‘mmol), and 0.05% digitonin. The
radiolabeled membranes were dissolved in Laemmli buffer and
heated for 5 min at 100°C, Aliquots (6 ug each) were then subjected
to SDS-PAGE (10%), as described by Laemmli (17). The gel was
dried in a gel drier and exposed to X-ray film for 6 h at room
temperature.

RESULTS

Sulprostone-Induced Augmentation of Butaprost-
Stimulated cAMP Formation in EP3J Receptor-
or T-335 Receptor-Expressing COS-7 Cells

In COS-7 cells expressing the EP38 receptor to-
gether with the EP2 receptor, 10°®* M butaprost, an
EP2-specific agonist, elicited a significant cAMP accu-
mulation. 10™" M sulprostone, an EP3 agonist, further
augmented butaprost-induced cAMP accumulation
{Fig. 1A). We previously reported that a mutant of EP3
receptor with a deletion in the variable C-terminal tail,
named T-335, exhibited constitutive Gi activity in CHO
cells (8). However, in COS-7 cells expressing T-335
receptor together with EP2 receptor, butaprost in-
creased cAMP accumulation, whose level was similar
to that of cells expressing EP3g together with EP2
receptor. Sulprostone treatment resulted in enhance-
ment of butaprost-induced ¢cAMP accumulation (Fig.
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FIG. 1. Sulprostone-induced augmentation of butaprost-stimulated cAMP formation in EP3B receplor- or T-335 receptor-expressing
CQOS8-7 cells, COS-7 cells were transiently cotransfected with increasing amounts of plasmid DNA encoding EP38 receptor (A) or T-335
receptor (B) (0-3 pg/dish) with or without EP2/pcDNAS3 (1 ug/dish). They were incubated at 37°C for 10 min with 1 uM butaprost in the
absence (closed diamonds) or presence {(closed squares) of 0.1 pM sulprostone. ¢AMP formations were determined as described under
Materials and Metheds. The control cells transfected the plasmid DNA encoding EP3 receptor (3 pg/dish) were incubated at 37°C for 10 min
with 0.1 uM sulprostone in the absence (open circles) or presence (open squares) of 1 uM butaprost. Values are means * SE of triplicate

experiments.

1B). In the preliminary experiment, sulprostone dose-
dependently enhanced the butaprost-stimulated cAMP
accumulation in EP3B- or T-335- transfected COS-7
cells, but the half maximal concentration for EP38
mediated augmentation (1 X 107 M) were 2 orders of
magnitude higher than for EP38 mediated Gi activity
(1 % 107 M) (data not shown). Sulprostone alone did
not stimulate adenylyl cyclase activity in COS-7 cells
expressing the EP38 receptor or T-335 receptor alone
{open circle in Fig. 1), suggesting that the adenylyl
cyclase augmentation did not result from the direct
activation of Gs protein via the EP3 receptor. Similar
results were obtained when another EP3-agonist, M &
B 28767, was used instead of sulprostone. Further-
more, the effects of EP3 agonists were obtained when
LH/CG receptor-cDNA was used instead of the EP2-
cDNA, followed by stimulation of LH (data not shown).
These results suggested that stimulation of adenylyl
cyclase by the EP3 receptor is irrespective of the Gs
activation input signals.

Effects of Pertussis Toxin and PH Domain of Rat
BARK1 on Sulprostone-Induced Augmentation of
Butaprost-Stimulated cAMP Formation in EP3f3
Receptor- or T-335 Receptor-Expressing
COS-7 Cells

Recently, it was reported that augmentation of Gs
activity was achieved through GB+y subunits resulting
from the Gi/o protein activation in COS-7 cells (12).
Therefore, we investigated whether the current find-
ings included this machinery. Interestingly, it was

found that PT failed to reverse the augmentation in
adenylyl cyclase activity in COS-7 cells expressing the
EP3j receptor or T-335 receptors (Fig. 2). These results
suggest that EP3 receptor-involved adenylyl cyclase
activation appears to be independent of Gi activation.
Furthermore, when we transfected COS-7 cells with a
minigene containing PH domain of rat BARKI as a
“decoy” of GBy dimmers in combination with EP3 and
EP2 receptors, the treatment did not affect the levels of
sulprostone-induced augmentation (Fig. 3). These find-
ings suggested that the adenylyl cyclase augmentation
was not due to Gfy subunits resulting from the Gi
activation by the EP3J receptor.

Effect of BAPTA/AM, Intracellular Ca® Chelator,
and W.7, Calmodulin Inhibitor, on Sulprostone-
Induced Augmentation of Butaprost-Stimulated
cAMP Formation in EP383 Receptor- or T-335
Receptor-Expressing COS-7 Cells

To clarify which signaling pathways are involved in
EP3 receptor-elicited adenylyl cyclase superactivation,
we examined the effects of intracellular Ca®* chelator,
BAPTA/AM (20), and calmodulin inhibitor, W-7. As a
result, it was found that sulprostone-induced augmen-
tation was lost by treatment of each receptor-
expressing COS-7 cells with BAPTA/AM, although this
treatment slightly suppressed the basal activity by
butaprost-induced adenylyl cyclase (Fig. 4). Recently,
it was reported that the some isozymes of adenylyl
cyclase, such as types I, I, and VIII, are stimulated by
a high concentration of Ca**/calmodulin in the pres-
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FIG. 2. Effect of pertussis toxin on sulprostone-induced augmentation of butaprost-stimulated ¢cAMP formation in EP38 receptor- or
T-335 receptor-expressing COS-T7 cells. COS-7 cells were transiently cotransfected with plasmid DNA encoding EP38 receptor (A) or T-335
receptor (B) (1 pg/dish) with EP2/pcDNA3 (1 ug/dish). COS-7 cells expressing each receptor were pretreated with the indicated doses of PT
{0-100 ng/ml) for 15 h. Then the treated cells were incubated at 37°C for 10 min with 1 pM butaprost in the absence or presence of 1 pM
sulprostone. cAMP formations were determined as described under Materials and Methods. Values are shown as means * SE of triplicate
experiments, The lower panel shows the ADP-ribosylation of Gi protein. The crude membrane fractions from the cells pretreated with the
indicated deses of PT as described above were incubated with [a-**PINAD and PT, and then subjected to SDS-PAGE. The band of the 41-kDa
protein on an autoradiogram is shown. Autoradiogram was obtained after 6 h exposure to X-ray film.

ence of Gas (21, 22). When we treated the each
receptor-expressing COS-7 cells with W-7, the treat-
ment attenuated the sulprostone-induced augmenta-
tion of butaprost-stimulated cAMP formation (Fig. 5).
Furthermore, since W-7 itself had no effects on basal
activity of butaprost-induced adenylyl cyclase, stimu-
lation of adenylyl cyclase is unlikely to result from
activation of Ca®'/calmodulin-sensitive adenylyl cy-
clase.

DISCUSSION

One of the most significant findings in the present
study was that the mouse EP3 receptor could be exclu-
sively coupled to augmentation of receptor-mediated
adenylyl cyclase activity, when expressed in COS-7
cells. Augmentation of adenylyl cyclase in COS-7 cells
was previously reported in various Gi-coupled recep-
tors such as «2 adrenoceptor, and its mechanism was
suspected to be an increase of adenylyl cyclase type II
activity by direct interaction of GBy subunits resulting
from activation of Gi/o proteins (12). Such phenomena
are termed adenylyl cyclase superactivation. However,
the current superactivation of adenylyl cyclase was
insensitive to PT treatment and the PH domain over-

expression (Figs. 2 and 3), indicating that adenylyl
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FIG. 3. Effect of the PH domain of rat SARK] on sulprostone-
induced augmentation of butaprost-stimulated cAMP formation in
T-335 receptor-expressing COS-7 cells. COS-7 cells were transiently
cotransfected with increasing amounts of plasmid DNA encoding the
PH domain of rat BARK1 (0-6.4 pg/dish) with EP2/pcDNA3 (0.8
pg/dish) and T-336/pcDNA3 (0.8 pg/dish). They were incubated at
37°C for 10 min with 1 uM butaprost in the absence (closed dia-
monds) or presence (closed squares) of 1 M sulprostone, and cAMP
formations were determined as described under Materials and Meth-
ods. Values are means * SE of triplicate experiments.
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FIG.4. Effect of BAPTA/AM on sulprostone-induced augmentation of butaprost-stimulated cAMP formation in EP38 receptor- or T-335
receptor-expressing COS-7 cells. COS-7 cells were transiently cotransfected with plasmid DNA encoding EP38 receptor (A) or T-335 receptor
(B) (1 pg/dish) with EP2/pcDNA3 (1 ug/dish). After cells were pretreated with the indicated concentrations of BAPTA/AM in Ca® -free
buffered saline for 30 min, they were incubated with 1 pM butaprost with (closed squares) or without (closed diamonds) 1 pM sulprostone.
c¢AMP formations were determined as described under Materials and Methods. Values are means = SE of triplicate experiments.

cyclase superactivation by the EP38 receptor appears
to be mediated via a novel signal pathway without the
involvement of GBy subunits. The inhibitory effects of
BAPTA/AM and W-7 support the hypothesis that ad-
enylyl cyclase superactivation via the EP3 receptor
should be achieved via a signaling pathway relating to
the Ca* /calmodulin-involved reactions (Figs. 4 and 5).
We previously reported that the activation of mouse
EP3a and EP3p receptors leads to Ca** mobilization in
a PT-sensitive manner in COS-7 cells (23). Since the
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FIG. 6. Effect of W-7 on sulprostone-induced augmentation of
butaprost-stimulated cAMP formation in EP38 receptor- or T-335
receptor-expressing COS-7 cells, COS-7 cells were transiently co-
transfected with plasmid DNA encoding EP38 receptor (A) or T-335
receptor (B) (1 pg/dish) with EP2/pcDNA3 (1 upg/dish). After cells
were pretreated with the indicated concentrations of W-7 for 10 min,
they were incubated with 1 uM butaprost with or without 1 M
sulprostone, cAMP formations were determined as described under
Materials and Methods. Values are means * SE of triplicate exper-
iments.

current adenylyl cyclase superactivation by the EP383
receptor was conducted Ca*"/calmodulin pathway in a
PT-insensitive manner, indicating that EP38 receptor
could be linked to Ca®" mobilization via activation of
any PT-insensitive G proteins. Recently, nine distinct
isozymes of adenylyl cyclase have been cloned. These
isozymes differ in their properties, including their ca-
pacity to be inhibited or stimulated by G protein ai, as,
and Bv subunits, as well as by protein kinase C, and
Ca*/calmodulin (20, 21). Furthermore, the adenylyl
cyclase IIT has been reported to be stimulated by a high
concentration of Ca®'/calmodulin in the presence of
Gas, and to be unaffected by GBy subunits (24). Indeed
the adenylyl cyclase Il was expressed in COS-7 cells
(data not shown), then it can be that the activation of
EP3p receptor leads to superactivation of this cyclase.

We previously demonstrated that EP38 receptor is
entirely coupled to Gi activation resulting in inhibition
of forskolin-stimulated adenylyl cyclase in CHO cells
(6). Furthermore, we showed that removal of the
C-terminal tail of EP3B receptor resulted in agonist-
independent constitutive Gi activity in CHO cells (8).
Indeed, similar results were obtained when we tran-
siently introduced EP3 receptor cDNA or T-335 recep-
tor ¢DNA together with EP2 receptor ¢cDNA into
HEK?293 celis; EP38 and T-335 receptors showed Gi
activity against butaprost-stimulated adenylyl cyclase
in agonist-dependent and agonist-independent man-
ners, respectively, and these activities were PT-
sensitive (data not shown). From these results together
with the previous our findings that EP3a and EP3y
receptors have different constitutive activity, it is sug-
gested that the “common” structure of EP3 receptor
contains domains necessary for the association and
activation of Gi proteins, and the C-terminal tails have
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a role for inhibition of leakage of constitutive activity.
However, in the present study, EP33 and T-335 recep-
tors raised similar profiles in the expression of adeny-
lyl cyclase superactivation in COS-7 cells. Subse-
quently, the common structure in EP3 receptors has
potential sites for eliciting two signaling pathways in
an agonist dependent manner; one is Gi activity and
the other is adenylyl eyclase superactivation, the latter
effect is unlikely to be elicited by the direct involve-
ment of Gs protein and adenylyl cyclase. Since
C-terminal tails of EP3 receptors are dispensable in
the latter signaling pathway, the conformational fea-
ture of the common structure of EP33 receptor may be
quite different at the expression of adenylyl cyclase
augmentation from the Gi activation.

Recently, Audoly ef al. reported that the rabbit EP3
receptors can couple to activation of cAMP response
element (CRE)}-mediated gene transcription, which is
PT-insensitive in HEK 293 cells (25). They also showed
that the C-terminus-truncated isoform of the rabbit
EP3 receptor can elicit this activation in an agonist-
dependent manner although their ECg, values are 15-
fold higher than that in Gi activity, Furthermore,
based on the increase in intracellular Ca**, they sus-
pected that CRE activation is mediated, in part, by a
Ca®'-dependent kinase pathway. It is currently un-
known whether the signaling pathway they found is
associated with the adenylyl cyclase superactivation in
COS-T cells, although they failed to detect cAMP accu-
mulation by sulprostone alone in HEK 293 cells. Thus,
the signal transduction properties of the EP3 receptor
appear to be dependent on the cellular background in
which they are expressed. However, it remains to be
clarified which elements of cellular background deter-
mine the signaling pathway of EP3 receptors.

In summary, the C-terminal tail of the EP38 recep-
tor is not essentially involved in activation of EP2
receptor-stimulated adenylyl cyclase in a Ca®/
calmodulin-dependent manner, while these C-terminal
regions of EP3 receptors play an important role in the
inhibition of the activation of Gi. This study will con-
tribute not only to the understanding of the heteroge-
neity of PGE, actions but also to elucidate the molec-
ular mechanism of G protein activation induced by
EP38 receptor.
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Histidine decarboxylase {HDC) synthesizes endogenous histamine from histidine in mam-
mals. To evaluate the role of histamine in skin allergic reaction, we used HDC gene knockout
mice lacking histamine. No plasma extravasation reaction was cbserved in HDC(-/-) mice
after passive cutaneous anaphylaxis (PCA) test. Compound 48/80, a mast cell granule
depletor, produced plasma extravasation in HDC(+/+) mice but no extravasation in HDC(-/-)
mice. Interestingly, orally administered histamine was distributed in the skin in HDC{-/=) mice
and in these histamine-supplemented mice the plasma extravasation reaction was observed
after the injection of compound 48/80 and the PCA test. Cultured bone marrow-derived
mast cells of HDC({-/-) mice took up histamine from the histamine-supplemented medium
into the secretory granules. The absorbed histamine was released in response to the same
antigen and antibody combination used as in PCA test. In contrast to the immediate-type
response, the delayed-type hypersensitive response, observed as a thickening of the ear
skin after trinitrochlorobenzene challenge (following sensitization), showed no differences
between HDC{+/+) and HDC(-/-) mice. Therefore, among the allergic skin reactions, hista-
mine is revealed to be an important mediator especially for the plasma extravasation in an
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immediate-type allergy model.

Key words: Mast cell / Mouse / Knockout / Hypersensitivity / Edema

1 Introduction

Histamine is synthesized by a unique enzymatic reaction
with L-histidine decarboxylase (HDC). In pathological
skin conditions, histamine is invelved in the induction of
itching, flaring and edema [1, 2]. However, there has
been no consensus about the mediator directly respon-
sible for the extravasation reaction. In addition, various

1 22742)

Abbreviations: HDC: Histidine decarboxylase TNCB: Tri-
nitrochlorobenzene FMH: Fluoromethyl histidine CH: Con-
tact hypersensitivity BMMC: Bone marrow-derived mast
cell LDH: Lactate dehydrogenase VMAT: Vesicular mono-
amine transporter bHEX: B-Hexosaminidase L diet: Low-
histamine diet L+HA: Histamine-enriched L diet PCA: Pas-
sive cutaneous anaphylaxis
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studies have suggested a close relationship between
histamine production and wound healing [3], embryo-
genesis [4], hematopoiesis [5] and malignant growth [6,
7]. Accordingly, we established knockout mice with
defective histamine synthesis by introducing a mutation’
into the HDC gene that resulted in mice without HDC
activity. The decarboxylase activity of the enzyme
depends on the presence of a co-enzyme, pyridoxal 5'-
phosphate, which binds to HDC at a putative binding site
{TFNPSKW) [8]. Based on this information, we con-
structed a targeting vector that replaces this binding site
with a neomycin-resistance cassette.

The biological role of histamine has been extensively
studied using pharmacclogical approaches with specific
receptor agonists and antagonists [9] or with histamine
synthesis inhibitors [10]. Due to the overlapping and
sometimes antagonistic function of the receptors in the
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presence of endogenous histamine, receptor-blocking
alone cannot achieve complete elimination of the
histamine system. In addition, histamine receptors might
cryptically bind to substances other than histamine.
Although the histamine synthesis blocker a-fluoromethyl
histidine (a-FMH) significantly decreases the level of
histamine in various organs, it is difficult to achieve
complete and long-lasting elimination of histamine in
vivo in this manner. Therefore, we concentrated on the
elimination of histamine biosynthesis by an ES cell-
mediated gene targeting approach.

We have aiready described gene-targeted mice lacking
HDGC activity in the assessment of histamine activity in
vivo [11]. To assess the role of histamine in models for
skin allergy, we chose two kinds of models that are fre-
quently used as models for human skin allergic disease:
one is the immediate-type skin reaction via IgE antibody
(Type | allergic reaction), the other is the contact hyper-
sensitivity (CH) reaction as a form of delayed-type hyper-
sensitivity (DTH; Type IV allergic reaction). These are
commonly used disease models for urticaria and contact
dermatitis, respectively [1]. We demonstrate that only the
immediate-type skin reaction was strongly affected by
histamine and that the CH appeared to be weakly
affected by histamine. Also we show that histamine
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could be absorbed from the digestive tract and presum-
ably distributed into the mast cell granules. These mice
provide an excellent in vivo system for gaining insight
into the essential roles of histamine in a broad range of
physiological and pathological processes with an in vivo
rescue using dietary suppiemented histamine.

2 Results

2.1 Absorption of dietary supplemented
histamine by HDC(-/-} mice

To assess absorption of dietary supplemented histarmine
in HDC-deficient animals, histamine levels and the hista-
mine synthesis activity were measured in various organs
of HDC{-/-) mice under two different dietary conditions:
a low-histamine diet (L) and a histamine-enriched- diet
(L+HA) (Table 1). The L+HA diet was prepared by adding
histamine at 80 umol per 1 g of L diet. The tissues of the
HDC{-/-) animals lacked histamine synthesis activity.
The histamine levels in various organs were practically
zero except for that of brain. However, significantly high
levels of histamine were found in every organ when the
animals were kept on the L+HA diet for 7 days.

Table 1. Histamine content (H), HDC activity (HDC) and their dependence on different dietary conditions in organs of HDC(+/+)

and HDC (~/-} mice?

L diet (0.6 nmol histamine/g food) L + HA diet
(80 pmol histamine/g food)
++ -/= -/~

Brain H 58.67+9.83 18.4122.74 83.28+32.71
HDC 0.24+0.04 0.00+0.00 -0.00+ 0.00

Stomach H 4.36+0.50 0.10+0.05 4.92+ 0.90
HDC 1.98+0.22 0.03+0.02 0.06+ 0.02

Spleen H 0.94+0.52 0.04:0.01 6.78x+ 0.97
HDC 0.01+0.00 0.01+0.00 0.01x 0.00

Kidney H 211+1.28 0.01+0.00 340+ 0.09
HDC 18.03+0.01 0.01x0.00 0.02+ 0.01

Skin H 21.22+4.25 0.26+0.06 10.53+ 0.65
HDC 2.12x0.56 0.00+0.05 0.00+ 0.00

Plasma H 0.32+0.06 0.04+0.01 11.31x 125

a) Histamine levels are given in: pmol/g tissue for brain, nmol/g tissue for stomach, spleen, kidney and skin, and nmol/mi for
plasma, HDC concentrations are given in pmol/ml protein/min, (mean + SE, n = 4).
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