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Abstract

Histamine H, receptor (H1R) level varies under various pathological conditions, and these changes
may be responsible for some pathogenesis, such as allergic rhinitis. Previously, we showed that H1R
was heterologously down-regulated (through degradation of H1R) by prolonged stimulation with
muscarinic M receptor (M3R) in Chinese hamster ovary (CHO) cells stably expressing H1R and M3R.
However, this cell was inadequate for studying the effects on H1R gene regulation, because the cell
expresses H1R, which is under the control of the SV40 promoter. Therefore, in this study, we have
investigated the possible role of M3R stimulation in the H1R gene transcription and H1R mRNA sta-
bility by using U373 astrocytoma cells that express endogenous H1R and transfected M3R. Stimula-
tion of M3R significantly increased H1R promoter activity and H1IR mRNA level without alteration in
H1R mRNA stability. The H1R level was also up-regulated by M3R activation (150% of control by
treatment with carbachol for 24 h). These M3R-mediated events were almost completely blocked by
the protein kinase C (PKC) inhibitor, Ro 31-8220, suggesting the involvement of PKC. These results
indicated that M3R was involved in the up-regulation of H1R by activating H1R gene transcription
through a PKC-dependent process.

Introduction

The various actions of histamine are mediated through four histamine receptor subtypes,
H;, H,, H; and H, receptors (Hill etal 1997; Nguyen etal 2001). All these four histamine
receptors belong to the superfamily of G-protein-coupled receptors (GPCRs), and histamine
H; receptor (HIR) is coupled, via G,y family of G proteins, to phospholipase Cj, which
catalyses the hydrolysis of phosphatidylinositol 4,5-bisphosphate to form inositol-1,4,5-tri-
sphosphate and diacylglycerol. Inositol-1,4,5-trisphosphate causes the mobilization of cal-
cium from intracellular stores, and diacylglycerol activates protein kinase C (PKC). H1Rs
are distributed in a wide variety of tissues including: mammalian brain; smooth muscle
from airways, gastrointestinal tract, genitourinary system, and the cardiovascular system;
adrenal medulla; and endothelial cells and lymphocytes (Hill etal 1997).

The level of HIR in the brain and peripheral tissues is dynamically regulated under vari-
ous physiological and pathological conditions: up-regulation of HIR or HIR mRNA in the
electrical foci in the temporal cortex of epileptic patients (Iinuma etal 1993) and in the nasal
mucosa of patients with allergic rhinitis (Iriyoshi etal 1996; Hamano etal 1998), down-reg-
ulation of HIR in the frontal cortex of patients with chronic schizophrenia (Nakai etal
1991) and in the frontal and temporal areas of patients with Alzheimer’s disease (Higuchi
etal 2000). The altered HIR level may be related to pathological conditions such as
described above, and thus it will be important to delineate the regulatory mechanism of
HI1R expression.

The H1R level may be regulated by various processes just as indicated in the regulation
of other types of G protein-coupled receptors (GPCRs) e.g. modulation of receptor gene
transcription (Collins etal 1989), alteration of mRNA stability (Tholanikunnel etal 1995),
and receptor degradation or down-regulation (Tsao etal 2001). Among these processes,
receptor down-regulation is caused by prolonged receptor stimulation, and our previous
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studies have shown that HIR stimulation down-regulates
HIR in cultured Chinese hamster ovary (CHO) cells (Horio
etal 2004). Moreover, stimulation of M; muscarinic receptor
(M3R) also down-regulated HIR in the same type of cultured
cells expressing HIR and M3R (Miyoshi etal 2004). How-
ever, this type of cell was inadequate for studying the effects
on HIR gene regulation, because the cell expresses HIR,
which is under the control of the SV40 promoter. Therefore,
we have investigated whether M3R stimulation had any effect
on HIR gene transcription and HIR mRNA stability by using
U373 astrocytoma cells that express endogenous HIR and
transfected M3R.

Materials and Methods

Materials

Plasmid DNA for human M3R was kindly provided by Dr
Tom I. Bonner (National Institute of Mental Health, Bethesda,
MD). [Pyridinyl-5—*H]mepyramine ([*H]mepyramine, 20 Ci
mmol ™) and quinuclidinyl [phenyl-4-3H]benzilate (PHIQNB,
30 Ci mmol_l) were obtained from Perkin Elmer (Boston,
MA). PolyFect Transfection Reagent was from Qiagen K.K.
(Tokyo, Japan). Dual-Luciferase Reporter Assay System,
pRL-TK vector and pcDNA3.1/Zeo (+) vector were from
Promega (Madison, WI). Pre-Developed TagMan Assay Rea-
gents of Human GAPDH were from Applied Biosystems
(Foster City, CA). All other reagents, unless otherwise stated,
were of analytical grade and were from Wako Pure Chemicals
(Osaka, Japan) or Sigma (St Louis, MO).

Preparation of U373 astrocytoma cells stably
expressing M3R

U373 astrocytoma cells stably expressing M3R were pre-
pared according to the method described by Miyoshi etal
(2004) with slight modification. In brief, pcDNA3.1/Zeo (+)
vector encoding M3R was transfected into U373 astrocytoma
cells by using PolyFect Transfection Reagent. U373 astrocy-
toma cells stably expressing M3R (U373-M3 cells) were then
cloned from individual colonies cultured in Dulbecco’s modi-
fied Eagle’s medium plus 8% fetal bovine serum containing
100 ug mL™! Zeocin. Cloned cells expressing M3R were cul-
tured in the same medium without Zeocin, and the expression
of M3R was measured by binding assay using [*HIQNB.

Radioligand binding assay

Cultured cells grown to 70% confluency in 150-mm dishes
were harvested with a cell scraper into 1.5 mL ice-cold 50 mMm
Na/K-phosphate  buffer (37.8mMm Na,HPO,, 12.2mMm
KH,PO,, pH 7.4). The cell suspension was homogenized
with an ultrasonic disrupter, and the homogenate was centri-
fuged at 45000 g for 30 min. The pelleted membranes were
resuspended in 50 mM Na/K-phosphate buffer and used for
the radioligand binding assay. [*H]Mepyramine binding
assay was carried out by incubation of the membranes with
[3H]mepyramine (0.1-4nMm) in the absence or presence of
10 uMm triprolidine at 25°C for 60 min in a final volume of

500 L. [PHIQNB binding assay was performed by incubation
of the membranes with [3H]QNB (0.01-1nm) in the absence
or presence of 10 M atropine at 37°C for 60 min in a final
volume of 500 uL.. Assays were terminated by rapid vacuum
filtration through Whatman GF/B filters (Whatman, Maid-
stone, UK). In [*H]mepyramine binding assay, filters were
presoaked with 1% polyethyleneimine. Filters were soaked in
10mL Aquasol II (Packard Instrument, Inc., Meriden, CT),
and the radioactivity on the filter was counted in a liquid scin-
tillation counter.

Assay of the H1R level

Membrane preparations from U373-M3 cells that had been
treated with vehicle (control) or various drugs for appropriate
times were subjected to radioligand binding assay using 4 nM
[3H]mepyramine. Changes in HIR level were expressed as
the percentage of [°H]mepyramine binding of the treated cells
to that of vehicle-treated cells.

Real-time reverse transcription polymerase
chain reaction (real-time RT-PCR) for the
measurement of human H1R mRNA

Cells cultured to 70% confluency in 35-mm dishes were cul-
tured without serum for the next 24h, and then treated with
various drugs for appropriate times. After the treatment, the
cells were scraped with 700 L. TRIzol Reagent (GIBCO-BRL,
Carlsbad, CA), and 200 pL chloroform was added to the cell
suspension. After centrifugation of the cell suspension at
15000¢g for 15min at 4°C, the aqueous phase was collected
and the RNA was precipitated by the addition of isopropanol.
Total RNA was resolved in 20 pL diethylpyrocarbonate-treated
water. Each RNA sample (5pg) was reverse-transcripted to
c¢DNA in 25 uL reaction buffer (375mm KCI, 250mM Tris-
HCI, pH 8.3, 15mM MgCl,, 0.8mMm concentrations of each
deoxyribonucleoside triphosphate (dANTPs), 40 M oligo (dT)
primers, 0.1U RNase inhibitor, and 200U reverse tran-
scriptase). The transcripts were amplified by using the Gene-
Amp 5700 Sequence Detection System (Applied Biosystems)
in 28 L reaction mixture containing 20 mm Tris—HCI, pH 8.4,
50mm KCI, 3 mm MgCl,, 200 ;M dNTPs, 660nM forward and
reverse primer, 330nM probe, 14 pL Platinum Quantitative
PCR Super-Mix UDG (Invitrogen, Carlsbad, CA). The
sequences of the primers and the probe were as follows: for-
ward primer for HIR, 5-CAG AGG ATC AGA TGT TAG
GTG ATA GC-3; reverse primer for HIR, 5-AGC GGA GCC
TCT TCC AAG TAA-3’; probe, FAM-CTT CTC TCG AAC
GGA CTC AGA TAC CAC C-TAMRA (human histamine
receptor HI, HRH1, Entrez Gene ID: 3269). To standardize
starting material, human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene was used. Data were expressed by the
ratio of HIR mRNA level to GAPDH mRNA level.

Luciferase reporter assay

Human HIR reporter plasmid (pH1R) was constructed as
follows: a 2.1-kbp 5’-upstream fragment (-2029 to +64, +1
indicates the putative transcription initiation site of human
HIR gene (De Backer etal 1998)) was amplified by PCR
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using a forward primer (5-GCTAGCCGAATGTGGGAA-
GATCAGTAGTAG-3’) and a reverse primer (5-AGATCT-
GAAGGTCTTCTCCATGATGGGCTTC-3’), and ligated to
pGEM-T Easy vector (Promega). After confirming the
sequence, the fragment was then subcloned into the Nhel-
BglII site of the promoter-less luciferase reporter plasmid
pGL3-Basic vector (Promega). Cells cultured in 12-well
plates were co-transfected with pHIR and pRL-TK vector
(Promega) by a ratio of 200:1. Plasmid-mixture (1 ug) was
transfected into the cells using PolyFect Transfection Reagent
or Lipofectamine plus Reagent according to the manufac-
turer’s instructions. Following 5-h incubation, the medium
was replaced with 1 mL DMEM without serum. After a fur-
ther 24 h, the cells were stimulated with various drugs for the
appropriate time in the same medium. Pretreatment with sev-
eral drugs was performed 30 min before stimulation. After the
treatment, the cells were washed with 500 L cold phosphate-
buffered saline twice and lysed with 100 uL passive lysis
buffer (Promega). The lysates were frozen at —85°C for at
least 3h and then thawed at room temperature. The lysates
were analysed by using a Dual-Luciferase Assay System
(Promega). Luminescence was measured by photolumines-
cence reader BLR 302 (ALOKA, Tokyo, Japan). The meas-
urement was integrated over 20 s with no delay. In the case of
luciferase reporter assay using the drug, Ro 31-8220, the data
were standardized by the amount of protein, because the inhi-
bition of PKC decreased luminescence from pRL-TK vector
significantly. Data were expressed as fold increase of lumi-
nescence of treated cells over that of vehicle-treated cells.

Statistical analysis

Data are expressed as meants.e.m. Statistical analysis was
performed by Kruskal-Wallis test followed by Bonferroni’s
test, or by Mann—Whitney U-test. A value of P<0.05 was
considered statistically significant.

Results

Expression of H1R and M3R in U373
astrocytoma cells

U373 astrocytoma cells were transfected with pcDNA3.1 vector
encoding human M3R gene. The stable expression of M3R in
the cells (U373-M3 cells) was examined by radioligand binding
assay using the muscarinic receptor antagonist ["THJQNB. The
K4 and B, values obtained by Scatchard analysis were
0.09+£0.01 nM and 2.9+0.3 pmol (mg protein)_l, respectively,
in U373-M3 cells (n=4). The expression of HIR in U373-M3
cells was measured by using the specific HIR antagonist
[*H]mepyramine, and the K, and By, values were 7.8+ 1.1nm
and 70.94 10fmol (mg protein) !, respectively (n=4).

Effects of carbachol on the expression level
of H1R

We examined the effect of M3R stimulation on the expres-
sion level of HIR in U373-M3 cells. As shown in Figure 1A,
carbachol treatment (1 mm) increased the HIR level,; the level
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Figure 1 Mj; muscarinic receptor-mediated up-regulation of HIR in
U373-M3 cells. [3HJMepyramine binding assay was used to measure
HIR expression level. A. Time course of 1mMm carbachol-induced
increase in HIR level. B. Dose-response study of carbachol-induced
increase in HIR level. U373-M3 cells were treated with 10-1000 um
carbachol for 24 h. C. PMA-induced increase in HIR level. U373-M3
cells were treated with 1 ;M PMA for 24 h. *P <0.05 vs control (n=4).

was significantly increased by 12-h treatment with carbachol
and was approximately 150% of control after 24-h treatment.
Carbachol in the concentration range of 10-1000.M was
effective in up-regulating HIR (Figure 1B). Up-regulation of
HIR by 1 mM carbachol treatment for 24 h (160.4+9.4% of
control) was significantly inhibited by 10M atropine
(103.8+6.6%), indicating the involvement of muscarinic
receptor stimulation in this process (P<0.05, n=4). M3R is
coupled, via G family of G proteins, to phospholipase C3,
which leads to the activation of PKC. Thus, we investigated
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whether PKC was involved in M3R mediated up-regulation
of H1R. As shown in Figure 1C, the treatment with the PKC
activating phorbol ester, phorbol 12-myristate 13-acetate
(PMA, 1 M) for 24 h caused a marked increase in HIR level
in U373-M3 cells, suggesting the involvement of PKC in this
process. We examined the effect of the PKC inhibitor, Ro 31-
8220 (Davies etal 2000) on carbachol-induced up-regulation of
HIR. Ro 31-8220 (1 ;) completely inhibited carbachol (1 mm)-
induced HIR up-regulation (95.5+6.8% vs 158.0+10.0%,
P<0.05, n=3). This further suggested the involvement of
PKC in this process.

Effects of carbachol on H1R mRNA level

We examined the effects of M3R stimulation on HIR mRNA
level in U373-M3 cells by using real-time RT-PCR methods.
Carbachol induced a transient increase in HIR mRNA level
that was maximal by 4 h and returned to basal levels after 12-
h treatment (Figure 2A). The treatment with 1 mm carbachol
for 4h increased HIR mRNA approximately 2-fold, and the
treatment with 1M PMA for 4h markedly increased HI1R
mRNA (Figure 2B). The PKC inhibitor, Ro 31-8220 (1 m)
completely inhibited carbachol-induced increase of HI1R
mRNA (0.87£0.10-fold vs 1.85%0.10-fold, P <0.05, n=6).
The calcium calmodulin-dependent protein kinase II inhibitor
KNO93 (Sumi etal 1991) and the protein kinase G (PKG)
inhibitor KT5823 (Hidaka & Kobayashi 1992) had no effect
on carbachol-induced up-regulation of HIR mRNA (data not
shown). The isozyme-specific PKC inhibitor Go 6976 (Davies
etal 2000) significantly inhibited carbachol-induced up-regu-
lation of HIR mRNA (0.98+0.12-fold vs 1.85%0.10-fold,
P<0.05, n=6). To investigate whether carbachol treatment
affected the degradation of HIR mRNA, U373-M3 cells were
treated with and without carbachol in the presence of actino-
mycin D (10 ug mL™"). The treatment with carbachol did not
alter the degradation rate of HIR mRNA (Figure 2C).

Effects of carbachol on the H1R gene promoter
activity

For HIR gene promoter assay, U373-M3 cells were co-
transfected with pGL3 basic vector encoding promoter region
of HI1R and pRL-TK vector (Promega) for luciferase reporter
assay. The HIR promoter activity was increased approxi-
mately 40% by treatment with 1 mMm carbachol for 8 h and
approximately 2-fold by treatment with 1M PMA for 8h
(Figure 3). The increase of HIR promoter activity by carba-
chol was significantly inhibited by 1M Ro 31-8220
(101.4£6.8% vs 148.0+14.2%, P<0.05, n=6) or 1 M Go
6976 (101.1£7.9% vs 138.2+2.3%, P<0.05, n=06).

Discussion

Stimulation of M3R by carbachol in U373-M3 cells increased
the HIR level in a time-dependent manner; the increase
became significant after 12-h treatment. Atropine blocked
carbachol-induced up-regulation of HIR, confirming the
muscarinic receptor-mediated effect. Carbachol treatment led
to a rapid increase in HIR mRNA level that was maximal by
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Figure 2 M; muscarinic receptor-mediated up-regulation of HIR
mRNA in U373-M3 cells. The levels of HIR mRNA were determined
by real-time RT-PCR. A. Time course of 1 mMm carbachol-induced
increase in HIR mRNA level. B. Increase in HIR mRNA level by 1 mm
carbachol or 1 ;M PMA. U373-M3 cells were treated with each drug for
4h. C. Stability assay of HIR mRNA. U373-M3 cells were incubated
with 1 mM carbachol or vehicle in the presence of 10 g mL™" actinomy-
cin D. *P <0.05 vs control (n=6).

4h and returned to basal levels after 12-h treatment. The
increase in HIR mRNA occurred well before the increase of
HIR level, indicating that increased HIR mRNA led to an
increase of receptor translation and thus receptor expression.
Stimulation of M3R for only 2—4 h may have been sufficient
to up-regulate HIR level, since such treatments increased
H1R mRNA significantly. Activation of M3R increased HIR
promoter activity, but had little effect on HIR mRNA stabil-
ity, indicating that M3R-mediated up-regulation of HIR
mRNA was a consequence of an increase of HIR mRNA syn-
thesis. The increase in the levels of HIR and HIR mRNA
after M3R stimulation was mimicked by the PKC activating
phorbol ester, PMA, suggesting that a PKC-dependent pro-
cess was involved in the up-regulation of HIR mRNA. This
was confirmed by the result that M3R-mediated up-regulation
of HIR and HIR mRNA was completely inhibited by the
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Figure 3 Effects of M3 muscarinic receptor activation on HIR pro-
moter activity in U373-M3 cells. Luciferase reporter assay was used.
U373-M3 cells were treated with 1 mm carbachol or 1 um PMA for 8 h.
*P <0.05 vs control (n=06).

PKC inhibitor, Ro 31-8220. Furthermore, the subtype-specific
PKC inhibitor, Go 6976, blocked HIR mRNA up-regulation.
Go 6976 is a relatively specific antagonist of PKCa and PKC3,
and U373 astrocytoma cells express PKCa but not PKCg (our
private observation). Thus, PKCa was probably involved in
M3R-mediated up-regulation of HIR mRNA. The H1R gene
promoter activity was increased by PMA treatment, and Ro
31-8220 inhibited carbachol-induced increase of HIR gene
promoter activity. These results were consistent with the
effects of activator and inhibitor of PKC on the levels of HIR
mRNA described above. PKC is known to activate activating
protein-1 (AP-1), and human H1R promoter region contains
AP-1 binding sites (De Backer etal 1998), and so it was pos-
sible that HIR gene promoter activity was increased by the
activation of AP-1. However, M3R-mediated activation of AP-
1 remains to be confirmed, and the AP-1 binding site involved
in this process needs to be identified. The protein kinase inhibi-
tors of CaMKII (KN-93) and PKG (KT5823) did not affect
carbachol-induced HIR mRNA up-regulation, indicating that
neither CaMK II nor PKG were involved in this process.
Previously we showed that activation of M3R caused
down-regulation of HIR in Chinese hamster ovary (CHO)
cells (Miyoshi etal 2004). In those studies, we used CHO
cells in which HIR and M3R were expressed by stable trans-
fection, and the expression of HIR was under the control of
the SV40 promoter and not of the endogenous promoter.
Therefore, those results indicated that M3R stimulation
decreased H1R expression by accelerating HIR breakdown.
Our present results obtained in U373-M3 cells indicated that
M3R stimulation activated HIR mRNA synthesis through its
endogenous promoter. These data suggested that M3R stimu-
lation regulated HIR level mainly through two mechanisms;
one was to activate HIR mRNA synthesis and up-regulate
HIR, and the other was to accelerate the degradation of HIR
leading to H1R down-regulation. Thus, HIR expression may
depend on the balance between these two processes.
Previously we reported that stimulation of HIR regulated
HIR level; it up-regulated HIR by accelerating HIR mRNA
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synthesis (Yoshimura etal 2005), and down-regulated HIR
by accelerating HIR degradation (Horio etal 2004). Platelet-
activating factor (PAF) has been reported to increase H1R
mRNA level in rat trigeminal nerve ganglion cells (Nakasaki
etal 1999), and p,-adrenoceptor stimulation up-regulated
HIR mRNA in airway smooth muscle (Mak etal 2000). To
add to these data, we have provided evidence that M3R stim-
ulation regulated HIR level by activating HIR mRNA syn-
thesis. Thus, it is possible that many types of receptor
including H1R, M3R, f,-adrenoceptor and possibly others
are involved in the regulation of H1R level. In these cases, the
effect of each stimulant on HIR expression may be small, but
under the conditions where theses effects are combined, it is
possible that the HIR level may be altered well to affect vari-
ous physiological functions. The HIR level should be main-
tained at a steady level in the normal condition, but in some
diseases, HIR levels become abnormal; up-regulation of HIR
is observed in the temporal cortex of epileptic patients
(Iinuma etal 1993) and in the nasal mucosa of patients with
allergic rhinitis (Iriyoshi etal 1996; Hamano etal 1998), and
down-regulation of HIR is observed in the frontal cortex of
patients with chronic schizophrenia (Nakai etal 1991), and in
the frontal and temporal areas of patients with Alzheimer’s
disease (Higuchi et al 2000). Although the precise mechanism
for the changes in HIR level which occurred in these condi-
tions is unclear, it is possible that heterologous regulation of
HIR level by M3R may have played a role in these processes.

Conclusions

We have investigated the possible role of M3R stimulation in
the HIR gene transcription and HIR mRNA stability by
using U373 astrocytoma cells that express endogenous HI1R
and transfected M3R. Stimulation of M3R significantly
increased H1R promoter activity, HIR mRNA level and the
HIR level, but had no effect on HIR mRNA stability. These
M3R-mediated events were almost completely blocked by
PKC inhibitors, suggesting that M3R stimulation up-
regulated HIR by activating H1R gene transcription through
a PKC-dependent process. Such heterologous regulation of
HIR may play an important role in regulating the HI1R level
in the central nervous system and in the peripheral tissues.
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