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Abstract. During agonist-dependent long-term stimula-
tion of cells, histamine receptor subtypes are frequently
down-regulated. However, the mechanisms underlying
the modulation of receptor expression during long-term
histamine stimulation have yet to be resolved. Based on
our recently reported results showing an H,-mediated
down-regulation of histamine H, receptor mRNA in en-
dothelial cells, our aim was to characterize the mecha-
nism controlling rapid and long-term histamine-mediated
modulation of H, receptor expression in more detail. We
were able to show that the histamine-induced down-regu-
lation of H, receptor mRNA and cell surface expression

lasting for 24 h was accompanied by augmentation of the
receptor protein level in the cytoplasmatic fraction of en-
dothelial cells for this time period. Furthermore, changes
in receptor protein levels in whole-cell lysate were negli-
gible, indicating that the rapid and prolonged modulation
of cell surface H, receptor levels by histamine was regu-
lated solely via internalization. The role of nitric oxide
(NO) as a key mediator in histamine-stimulated cell re-
sponses was underlined by subsequent studies showing
the attenuation of histamine-induced H, receptor mRNA
down-regulation and protein trafficking following NO
synthase isozyme inhibition.
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Histamine, a biogenic amine, has been associated with a
variety of early inflammatory responses such as expres-
sion of endothelial cell adhesion receptors, adhesion and
rolling of leukocytes along endothelial cell walls, as well
as migration of adherent leukocytes into the tissues at the
site of inflammation. These effects have been shown to be
mediated by the binding of histamine to specific G pro-
tein-coupled cell surface receptors (GPCRs), designated
H, to H, [1-5]. Density, distribution and functional sta-
tus of the specific histamine receptor subtypes are
thereby important determinants for the receptiveness of
cells and tissues to histamine stimulation. Binding and
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functional studies have provided a vast amount of indirect
evidence for histamine receptor subtype expression in
different tissues and organs. However, studies reporting
direct detection or differential regulation of histamine re-
ceptor mRNA or protein expression are still scarce.

Differential modulation of histamine receptor expression
has been observed particularly during inflammatory con-
ditions, during cellular differentiation and following ago-
nist stimulation. [6—9]. Our own investigations into the
differential regulation of histamine receptor subtype ex-
pression demonstrated a rapid histamine induced down-
regulation of H, receptor mRNA in endothelial cells that
lasted for 24 h [10]. Although these studies underline the
putative role of receptor expression and density for the re-



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

sponsiveness of cells and tissues during pathophysiologi-
cal conditions and agonist stimulation, they do not ad-
dress the mechanism underlying the regulation of hista-
mine receptor expression.

Regulation of GPCR expression has been shown to in-
volve a variety of complex processes such as regulation
of mRNA expression and protein synthesis, desensitiza-
tion due to internalization and resensitization of receptor
protein [11—13]. Desensitization is one of the processes
that has been generally implicated as an important mech-
anism of short-term H, receptor regulation [14—17].

Our aim was to determine the mechanism of histamine-
induced H, receptor regulation during long-term stimula-
tion. To quantify the cell surface level of H, receptor pro-
tein and analyze the mechanisms underlying H, receptor
regulation, we generated polyclonal anti-H, receptor an-
tibodies and studied the cellular distribution of H, recep-
tor protein by Western blot analysis and ELISA.

A key role of nitric oxide (NO) in histamine-induced in-
flammatory cell responses and gene expression in en-
dothelial cells was reported by us previously [18, 19].
Furthermore, our results are in accordance with studies
reporting that shock conditions such as vascular dilation
[20], hyperemia [21, 22] and hypotension [23] are gener-
ated via H, [24, 25] or H, [21] receptor-stimulated for-
mation of NO [26]. Additionally, a large number of stud-
ies have demonstrated a direct NO-induced regulation of
gene expression [27—30].

The vast amount of evidence indicating NO as a key me-
diator in histamine-stimulated early inflammatory re-
sponses and the evidence showing NO-induced regula-
tion of gene expression [27—29, 31—-34] led us to analyze
the role of NO in the rapid and long-term regulation of H,
receptor mRNA and protein expression. The role of en-
dogenous NO in histamine-induced regulation of H, re-
ceptor expression was established by using NO synthase
(NOS) isozyme inhibitors during histamine stimulation
of endothelial cells.

Our results indicate that the histamine-induced rapid and
long-term down-regulation of H, receptor mRNA in en-
dothelial cells is accompanied by a reduction in cell sur-
face receptors. At the same time, we observed a signifi-
cant increase in H, receptor protein in the cytoplasmic
fraction. Furthermore, the significant down-regulation of
H, receptor mRNA and cell surface receptor lasting for
24 h was not paralleled by a decrease in the overall
amount of H, receptor protein, indicating that the down-
regulation of cell surface receptor-induced levels during
histamine stimulation was solely regulated via the inter-
nalization of the receptor.

Internalization as a long-term mechanism of cell surface
reduction of GPCRs has to our knowledge not been re-
ported to date.

Inhibition of NOS isozymes during histamine stimulation
prevented the histamine-induced down-regulation of H,
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receptor mRNA and the internalization of H, receptor
protein. Our previous results showing a key role of the
histamine-stimulated activation of NOS isozymes and the
synthesis of endogenous NO for histamine-induced cel-
lular responses were thereby underlined. The precise
mechanism by which NO mediates the regulation of H,
receptor expression has yet to be elucidated.

Materials and methods

Cell culture and stimulation procedures

Human umbilical vein endothelial cells (HUVECsS; Clo-
netics, Heidelberg, Germany) were cultured in EBM
medium (Clonetics) supplemented with 0.01 pg/ml hu-
man epidermal growth factor (hEGF), 1 pg/ml hydrocor-
tisone, 50 pg/ml gentamycin sulfate, 50 pg/ml ampho-
tericine B, 12 pg/ml bovine brain extract and 10% fetal
calf serum (FCS) (Life Technologies, Egenstein, Ger-
many) at 37°C, 5% CO,, 95% air. Medium was ex-
changed every 48 h. Endothelial cell cultures were used
at the second through the seventh passage.

For stimulation, culture medium was removed from
tightly confluent cells and substituted by medium con-
taining | mM histamine (Sigma, Deisenhofen, Ger-
many). Histamine was dissolved in medium. The speci-
ficity of effects induced by histamine at this concentra-
tion was determined previously [10, 18, 19]. The
histamine-induced effect was also shown to be concen-
tration dependent [10]. NOS isozymes were inhibited by
incubating cells with S-ethylisothiourea (10 nM, 0.1 pM,
I pM, 10 pM) as well as L-NAME (5 nM, 50 nM,
0.5 pM) (Calbiochem, Bad Soden, Germany) during his-
tamine stimulation. NOS isozyme inhibitors were added
to endothelial cells 10 min prior to histamine. Histamine
and NOS inhibitor concentrations have been determined
previously [18, 19]. Cells were incubated for various time
periods. Stimulation was terminated with PBS (NaCl
120 mM, KH,PO, 2.7 mM, Na,HPO, 10 mM).

Designing a standard RNA for competitive RT-PCR
analysis

For competitive RT-PCR analysis, each reaction should
contain a known amount of a competitor RNA that un-
dergoes amplification with the same primers as does the
endogenous mRNA and should yield products distin-
guishable from those derived from endogenous templates
on gel electrophoresis. To construct vectors from which
such competitor RNAs are generated, we purchased two
single-stranded DNA sequences containing primer an-
nealing sites for PCR amplification of the H, receptor
gene. In addition, each single-stranded DNA sequence
possessed 20 nucleotides which were complementary to
the 5" or 3’ end of a double-stranded nonsense DNA
strand. The size of the double-stranded nonsense DNA
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strand was 282 bp. By using the following H, receptor
primer sequences: sense S5’ATGGCACCCAATG-
GCACAGC3’, antisense 5S’ACTTGCAGGACAGCTG-
GTAG3’, PCR was performed, producing an amplifica-
tion product 322 bp in length. The composition of the as-
say and the reaction conditions were as follows: 1.5
mmol/l MgCl,, 50 mmol/l KCI, 10 mmol/l Tris-HCI,
pH8.8, 1 mmol/l dNTPs, 1 U Taq polymerase + 0.02 U
PWO polymerase/50 pl, 2 ng double-stranded nonsense
DNA and 20 nmol/l of H, receptor sense and antisense
primer. After a denaturation step at 95 °C for 5 min, 15 cy-
cles of 95°C for 1 min, 60°C for 1 min, 72°C for 1 min
were performed with a finishing elongation step at 72°C
for 7 min. To exclude mismatches due to Taq polymerase
amplification, the resulting PCR product (322 bp) was se-
quenced using the ABI Prism 277 Automated Sequencer
(Seqlab, Géttingen, Germany). Subsequently, the PCR
product was cloned into the plasmid pCR4-TOPO, (Invit-
rogen, Karlsruhe, Germany) containing a T3/T7 RNA
promotor sequence. RNA transcripts of this internal stan-
dard sequence were prepared as run-off transcripts by lin-
earization at the NOTI site (Roche, Mannheim, Ger-
many). In vitro transcription was performed using a com-
mercially available kit (T3 or T4 RNA polymerase;
Roche, Mannheim, Germany) according to the manufac-
turer’s instructions. The DNA template was digested with
10 U DNasel (Promega, Madison, Wisc.) at 37°C for
20 min. After ethanol precipitation, the amount of inter-
nal standard RNA was determined at 260 nm. Absence of
contaminating traces of remaining DNA template inter-
fering in the competitive reverse transcription PCR assay
was verified by subjecting the RNA to PCR amplification
omitting the reverse transcription reaction.

Competitive RT-PCR

RNA was extracted from endothelial cells using the High
Pure RNA Isolation Kit (Roche) according to the manu-
facturer’s instruction. Reverse transcription and PCR
were performed using the Titan One Tube RT-PCR Sys-
tem (Roche). Total RNA was added to all components of
the system in a total volume of 50 pl: 0.2 mM each of
dATP, dCTP, dTTP and dGTP, 0.4 pM sense and anti-
sense primer, 40 U RNase inhibitor (Eppendorf, Ham-
burg, Germany) in a buffer of 100 mM Tris-acetate
(pH 6.5), 10 pl 5 x RT-PCR buffer (7.5 mM MgCl,),
2.5 pl dithiolthreitol (DTT) solution (100 mM) and 1 pl
Expand High Fidelity Enzyme consisting of Taq DNA
Polymerase, Pwo DNA Polymerase and AMV Reverse
Transcriptase. cDNA synthesis was carried out in three
different 50-pl reactions each containing 0.1 pg of total
RNA and various amounts of corresponding internal
standard RNA (0.1, 1, 5 and 10 pg). The temperature cy-
cles for amplifying H, receptor cDNA consisted of:
30 min reverse transcriptase reaction at 55°C, 3 min of
denaturing at 94 °C (1 cycle), 30 s of denaturing at 94 °C,
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30 s primer annealing at 60°C, 90 s of primer extension
at 68 °C (35 cycles), 7 min primer extension at 68°C (1
cycle) (Thermocycler PC-960; LTF-Labortechnik,
Wasserburg, Germany). Amplification products were 252
bp in length for the target RNA and 322 bp for the inter-
nal standard RNA.

For semi-quantitative analysis, RT-PCR conditions were
essentially the same. GAPDH was amplified as an inter-
nal control. The sequences of GAPDH primer sequences
utilized were: sense 5"CCATGGAGAAGGCTGGGG3,
antisense 5’CAAAGTTGTCATGGATGACC3".

For PCR analysis, 10-pl aliquots of the PCR product were
fractionated by horizontal gel electrophoresis on a 1.5%
agarose ethidium bromide-stained gel. PCR products
were quantified using high-performance liquid chro-
matography (HPLC).

High-performance liquid chromatography

PCR reaction products were quantified by size fractiona-
tion through anionic exchange HPLC in a Waters LCM 1
plus system (Waters Cooperation, Eschborn, Germany).
This includes two W600 pumps, an automated gradient
controller, a W715 autosampler, a W486 UV detector and
a W746 data module for data analysis. The column was
calibrated for 10—12 min with a buffer ratio 70/30 buffer
A (25 mmol/l Tris-HCI, pH 7.8, 1 mol/l NaCl)/buffer B
(25 mmol/l Tris-HCI, pH 7.8). The total flow rate was
1 ml/min. Ten microliters of the PCR reaction probe was
loaded on a prepacked DEAE-bonded nonporous resin
particle column (diameter: 2.5 pm). PCR products were
separated by the following gradient program: 0 min,
70/30 buffer A/B; 0.5 min, 60/40 A/B; 6.5 min, 50/50
A/B; 6.51 min, 0/100 A/B; 7.9 min, 0/100 A/B; 8 min,
70/30 A/B; 15 min, 70/30 A/B. The elution profile was as-
sessed at 260 nm. Peak areas corresponding to the PCR
products, detected at 260 nm by HPLC, were integrated
and normalized to levels of GAPDH message (Millenium
Software, Waters Cooperation).

Quantification of H, receptor mRNA

The initial amount of target and standard RNA was quan-
tified by regression analysis of the integrated peak areas
corresponding to the two respective PCR products. The
point of equivalence was determined by blotting the ratio
of standard to target DNA versus the amount of standard
RNA included in each reaction in a semi-logarithmic dia-
gram. The point of equivalence represented the equimo-
lar ratio of molecules of target and standard RNA initially
present in the assay. The results were corrected for the dif-
ferent sizes of the PCR products.

Antibodies

Rabbit polyclonal antibodies against the H, receptor were
raised using a keyhole limpet hemocyanin-conjugated
synthetic peptide with the sequence CSRNETSKGN-
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HTTSKC (PH2) (Seqlab, Goettingen, Germany) as im-
munogen. The peptide (25 pg) in PBS was emulsified
with an equal volume of Freund’s complete adjuvant
(500 pl) and injected subcutaneously. Three subsequent
injections given at 2-week intervals contained Freund’s
incomplete adjuvant. The rabbits were bled, serum-recov-
ered, and IgG was purified by affinity chromatography on
protein A-Sepharose (Sigma).

Immunocytochemistry

HUVEC monolayers were grown to confluence in Lab-
Tek II chamber slides (Nunc, Naperville, Ill.) in supple-
mented EBM medium (Clonetics) as described above.
Confluent cells were incubated in PBS supplemented
with 2% bovine serum albumin (BSA), 2% non-fat dry
milk (Sigma) and 0.03% NaNj (Sigma) for 1 h at room
temperature. Subsequently, cells were incubated with
rabbit polyclonal anti-H, receptor serum at a dilution of
1:2000 overnight at 4°C in PBS. The following day, cells
were incubated with polyclonal donkey anti-rabbit
F(ab’), fragment-Cy3-conjugated secondary antibodies
(Jackson Immunoresearch, West Grove, Pa.). Between in-
dividual incubation steps, cells were washed with PBS.
Finally, cells were mounted with a glass coverslip using
Aquatex (Merck, Darmstadt, Germany). The labeled cells
were subsequently viewed with a fluorescent microscope
(Carl Zeiss, Jena, Germany) at 578—618 nm; images
were captured using the Meta View imaging program
(Universal Imaging Corp., Downingtown, Pa.).

ELISA

HUVECS were grown on ELISA plates to confluence.
Plates were blocked with BSA (5%, w/v) at room tem-
perature for 2 h. After three washes with PBS, serum
raised to PH2 was diluted in BSA (1% w/v) and added to
the plates (dilution 1:200/well) for 1 h at room tempera-
ture. The plates were then washed three times with PBS,
and horseradish peroxidase-labeled goat anti-rabbit IgG
was added (1:2000 dilution, 100 pl/well) for 1 h at room
temperature. After further washes with PBS, 100 pl of a
chromogenic substrate solution (580 pl/ml tetramethyl-
benzidine and 0.0001% H,O, in 0.1 M sodium acetate
buffer, pH 5.2) was added per well, and color develop-
ment was allowed to proceed for 10 min in the dark. The
reaction was stopped by the addition of 2 M H,SO,
(50 pl/well), and the absorption at 450 nm was measured
using an ELISA plate reader MR 5000/MR 7000 (Dyna-
teeck Laboratories, Denkendorf, Germany).

Preparation of plasma membranes and
cytoplasmatic fractions

The method used to prepare crude plasma membranes al-
lows the separation of plasma membranes and a cytoplas-
matic fraction still containing cellular membranes such as
endoplasmatic reticulum, mitochondria, lysosomes and
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Golgi [35]. Cytosolic lysis buffer (CLB) 2.5 ml; 10 mM
HEPES, 10 mM NaCl, 1 mM KCI, 5 mM NaHCO,, | mM
CaCl,, 0.5 mM MgCl,, 1 mM PMSF and 100 U/mL apro-
tinin) containing EDTA (5 mM) was added to confluent
cells in 25-cm? Falcon flasks (Becton Dickinson, Heidel-
berg, Germany) and incubated for 5 min. Cells were re-
moved with a rubber policeman. Lysate from three Falcon
flasks was transferred to a 15-ml Falcon tube (Becton
Dickinson) and disrupted by sonication: 2 X 10 s at 70%
power (Bandolin Sonoplus, HD 2070; Bandolin, Berlin,
Germany). After removing detritus and nuclei by cen-
trifugation at 50 g, plasma membranes were pelleted at
7500 g for 15 min at 4°C. The supernatant was collected
for further preparation of protein from the cytoplamatic
fraction as described below. Membrane pellets were re-
suspended in 100—200 pl of a triple-detergent lysis buffer
[RIPA buffer: 1% Igepal (Sigma), 0.5% sodium deoxy-
cholate (Sigma), 0.1% SDS (Sigma), ImM PMSF
(Sigma) in PBs]. Protein content was measured using the
DC Protein Assay (Bio Rad, Hercules, Calif.) according
to the manufacturer’s instructions. This procedure yielded
200 pg membrane protein/5 x 10° cells.

Protein from the cytoplasmatic fraction was precipitated
by adding 1 ml chloroform (Sigma) und 4 ml methanol
(Baker, Deventer, The Netherlands). After extensive vor-
texing, the solution was centrifuged at 3000 g for 5 min at
4°C. Subsequently, protein was concentrated in the inter-
phase. Supernatant was removed and 3 ml methanol was
added. Protein was precipitated by centrifugation at
3000 g. The supernatant was removed and the protein
pellet dried. Dry protein was resuspended in 1 ml
RIPA buffer. A protein yield of ca 1 mg/75 cm? was de-
termined.

Whole-cell lysate was obtained by lysing cells directly in
RIPA buffer (660—900 pl). The surface of the Falcon
flasks was scraped with a rubber policeman, the lysate re-
moved to a microcentrifuge tube, homogenized through a
21-gauge needle and incubated for 60 min on ice. Subse-
quently, samples were centrifuged at 10,000 g for 10 min
at 4°C to remove debris. Supernatant was stored at
-80°C.

Western blot analysis

Quantitative analysis of H, receptor protein expression in
different cellular fractions was performed by Western
blot. Each lane of a 4—12% NuPAGE gel (Invitrogen,
Karlsruhe, Germany) was loaded with 2.5—5 pg of pro-
tein and electrophoresed at 200 V. Protein transfer to ni-
trocellulose membranes (Hybond ECL; Amersham Bio-
science Europe, Freiburg, Germany) was performed us-
ing semi-dry conditions. Subsequently, membranes were
incubated with anti-H, receptor serum at a 1:200 dilution
at 4°C overnight and with a secondary antibody (goat
anti-rabbit [gG1 horseradish peroxidase-conjugated anti-
body; DAKO, Carpinteria, Calif.) at a dilution of
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1:10,000. The reaction was visualized on BIOMAX
light-1 film (Kodak, Rochester, Minn.) after incubation
of membranes with luminol-based chemiluminescence
reagent for 1 min. To normalize experiments, membranes
were stripped with 100 mM glycine at pH 2.5 for 10 min
and reprobed with an antibody against actin (Santa Cruz
Biotechnolog, Santa Cruz, Calif.). Results were scanned
and quantified by Gel-Pro Analyser (Media Cybernetics,
Silver Spring, Md.).

Data analysis

In general, results were normalized against internal con-
trols and displayed as percentage of control values de-
rived from untreated endothelial cells. Differences in
time course between control values and the different time
points were tested using the paired Student’s t test. Due to
multiple comparisons, only p values <0.02 were consid-
ered significant. The results are displayed as means
(£ SE).

Results

Characterization of H, receptor expression

in untreated endothelial cells

Expression of H, receptor gene and protein in untreated
endothelial cells was examined by competitive RT-PCR,
Western blot analysis and immunofluorescent staining of
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cells. Equal amplification effiency was shown for com-
petitive RT-PCR reactions of sample and standard RNA
during co-amplification in single reaction tubes (data not
shown). All amplification products proved to be in the ex-
ponential amplification phase at 37 cycles, as determined
by HPLC. Omission of reverse transcriptase mix yielded
no PCR signals. A representative gel of competitive RT-
PCR products is shown in figure 1a. The amount of H,
mRNA in HUVECs was determined by plotting the loga-
rithmic ratio of HPLC-quantified PCR products (stan-
dard/endogenous mRNA) versus the logarithm of stan-
dard mRNA (fig. 1b). The amount of H, transcript in
HUVECs was determined to be 196 + 9 amol/pg total
RNA.

Polyclonal antibodies raised against peptides correspond-
ing to 16 amino acids of the second extracellular loop of
H, receptors, designated PH2, were used to detect corre-
sponding proteins by Western blotting and immunostain-
ing. When blots were stained with anti-H, receptor anti-
bodies, two distinct signals were observed in whole-cell
lysate, as well as membrane fractions of HUVECs
(fig. 2a). In the cytoplasmatic fraction, a single signal
was detected (compare also fig. 4c). The smaller, more
pronounced signal with a size of approximately 38 kDa
coincides with the presumed size of the H, receptor
(http://www.expasy.org/tools/peptide-mass.html). Prein-
cubation of serum with PH2 caused the disappearance of
all bands, indicating the specificity of the signals.
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Figure 1. Quantitative competitive RT-PCR analysis of H, receptor mRNA levels expressed by HUVECs. Aliquots (0.1 ng) of total RNA
isolated from HUVECs were reverse-transcribed and PCR-amplified with H, receptor-specific primers. (4) The products were separated
on 1.5% agarose gels and visualized by ethidium bromide staining; lanes 2—5 represent co-amplification of sample RNA with 0.1, 1, 5 and
10 pg of H, receptor RNA mimic. Lane 1 represents bands corresponding to the DNA Molecular Weight Marker IX (Roche). The relative
amounts corresponding to the target and standard PCR products were quantified using HPLC. (B) The ratio of standard to target cDNA
was graphed as a function of the log of the amount of standard RNA included in each reaction; amplification product of endogenous H, re-
ceptor RNA, 252 bp; amplification product of added standard RNA 322 bp. The experiments were performed at least three times indepen-

dently. A representative result is shown.
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Reports showing the formation of a reducing SDS-
PAGE-resistant formation of S,AR homodimers [36]
convey the feasible notion that the larger rather weak sig-
nal is a dimerization product. However, the formation of
H, homodimers can be ruled out due to the size of the sec-
ond band (approx. 60 kDa). Furthermore, taking into ac-
count that the larger signal was not observed in the cyto-
plasmatic fraction, we would like to suggest that the
larger signal might be a result of heterodimer formation
at the membrane level. However, whether the larger-size
signal is the result of dimerization with a smaller protein
or is due to posttranslational modifications of the mem-
brane-bound H, receptor remains to be elucidated. No
signals were observed when blots were incubated with
preimmune serum.

Immunostaining of untreated HUVECs with histamine
H, receptor antiserum allowed cellular localization of the
histamine H, receptor. Signals were concentrated at the
plasma membrane and the distribution was essentially
homogenous (fig. 2b). All specific staining was abol-

75 kDa —
50 kDa —

30 kDa —
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ished following preincubation of the antisera with the
corresponding immunogenic PH2 peptides. Incubation of
cells with the respective rabbit preimmune serum did not
generate specific signals (results not shown).

Fixation of cells with paraformaldehyde or methanol
prior to immunostaining forestalled the appearance of
specific signals. This could indicate that the antibodies
are susceptible to alterations of the corresponding epi-
topes, such as masking, which might be caused by the fix-
ation procedure.

Time-dependent histamine-induced H, receptor
regulation and internalization

In previous studies, we demonstrated a pronounced hist-
amine-induced down-regulation of histamine H, receptor
mRNA in HUVECs that was mediated via the H, recep-
tor [10]. It was our aim to investigate the effect of hista-
mine-induced H, receptor mRNA down-regulation on H,
receptor protein levels in HUVECs. Therefore, the time
course of histamine-induced modulation of cell surface

<— Histamine H, Receptor

Figure 2. Immunoblotting and immunostaining of H, receptors expressed in HUVECs and CHOrH2. (4) Whole-cell lysates (1) of
HUVECs were prepared and fractionated into membrane (2) and cytoplasmatic (3) fractions as described in Materials and methods. Whole-
cell lysate of CHOrH2 cells was prepared as a control (4). Aliquots were subjected to SDS-PAGE electrophoresis. The presence of H, re-
ceptor protein in the samples was detected by probing respective membranes with polyclonal anti-H, receptor antibodies. Simultaneously,
blots of whole-cell lysate were incubated with either preimmune serum (5) or serum preincubated with the peptide used for raising anti-H,
receptor antibodies, designated PH2 (6): (B) Living cells were processed as described in Materials and methods and stained with serum (1)
and serum preincubated with PH2 (2). Data are representative images of three independent experiments.
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H, receptor density as determined by ELISA and Western
blot analysis was compared to the time course of H, re-
ceptor mRNA down-regulation quantified by competitive
RT-PCR analysis. The quantitative analysis of histamine-
induced H, receptor mRNA down-regulation was in ac-
cordance with the results obtained in earlier studies.
Within 2 h of histamine stimulation, H, receptor mRNA
expression reached its lowest level at 43.9 £ 1.5%
(p £ 0.001) compared to the control level. After 8 h of
stimulation, we observed a steady increase in H, receptor
message. However, even after 48 h of histamine stimula-
tion, the level of H, receptor message did not reach con-
trol values. Histamine-induced down-regulation of H, re-
ceptor mRNA was still statistically significant (48 h:
74.4 £ 3.2%; p <0.002).

100 ¢ 196.6 + 9*

80+

60

% histamine H , receptor mRNA >
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When we compared the time course of histamine-induced
modulation of H, receptor protein by ELISA to the mod-
ulation of H, receptor mRNA, the decrease in mRNA
level preceded the loss of H, receptor protein from the
cell surface. Loss of H, receptor from the cell surface was
comparatively slow, with the most pronounced reduction
after 16 h of histamine stimulation (-48.3 £ 6.4%;
p £0.001). After 48 h of histamine stimulation, cell sur-
face receptor expression increased to 81.5 + 5.2%
(p < 0.02; fig. 3b), but remained lower than H, receptor
cell surface expression in unstimulated cells. The time
course of cell surface H, receptor expression determined
by ELISA was confirmed by Western blot analysis of
membrane fractions (fig. 4a), indicating the newly gen-
erated H, receptor antibodies to be beneficial for the
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Figure 3. Time-dependent effect of histamine on H, receptor expression. (4) HUVECs were stimulated with histamine (1 mM) for 2—
48 h. Aliquots (0.1 pg) of total RNA and increasing concentrations of standard mRNA were reverse-transcribed and PCR-amplified for
35 cycles with H, receptor-specific primers (competitive RT-PCR). The relative amounts corresponding to the target and standard PCR
products were quantified using HPLC. Results in the graphs are shown as percentage induction of controls. Specific concentrations of en-
dogenous H, receptor mRNA are indicated at the specific time points. (B) Cell surface H, receptor expression was determined by ELISA.
Living cells grown to confluence were incubated with anti-H, receptor antibodies and quantified with an ELISA reader. (4, B) Data of a
minimum of six experiments were averaged and are represented as the mean + SE, expressed as percentage decrease with respect to un-

stimulated HUVECs. *p < 0.02 versus time 0.
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quantification of H, receptor protein by ELISA and West-
ern blot analysis.

Further analysis of the cellular localization of the H, re-
ceptor by Western blot analysis revealed that the reduc-
tion in cell surface receptor expression is accompanied by
a progressive augmentation of H, receptor protein in the
cytoplasmic fractions during the first 8 h of histamine
stimulation (fig. 4b), indicating the long-term down-reg-
ulation of H, receptor cell surface expression to be due to
the internalization of the protein. Furthermore, the en-
hanced level of H, receptor signal in the membrane frac-
tion after 24 h of histamine induction is accompanied by
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a loss of receptor protein in the cytoplasmic fraction. The
significant increase in H, receptor level in the cytoplas-
mic fraction after 48 h of histamine stimulation might be
linked to augmentation of H, receptor transcript at this
time point (compare fig. 3a).

The overall H, receptor protein level in whole-cell lysate
remained constant during the first 4 h of histamine incu-
bation (fig. 4c). However, after this time point, a slight
change in the overall cellular H, receptor protein level
was observed. Although this increase seems to be con-
comitant with the slow increase in H, receptor transcript
after 8 h of histamine stimulation, it was not statistically
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Figure 4. Time-dependent effect of histamine on H, receptor localization. HUVECs were stimulated with histamine (1 mM) for 2—48 h.
Membrane (A4) and cytoplasmatic (B) fractions of HUVECs were prepared as described in Materials and methods. Fractionated samples
and whole-cell lysate (C) were subjected to SDS-PAGE electrophoresis. The presence of H, receptor protein in the samples was then de-
tected by probing respective membranes with polyclonal anti-H, receptor antibodies. Membranes were stripped and reprobed with an an-
tibody against actin (D) to normalize experiments. Blots shown here are representative images. Results were scanned and quantified by
Gel-Pro Analyser. Results in the graphs are shown as percentage modulation of H, receptor protein as compared to untreated HUVECs.
The data represent the mean *+ SE of a minimum of three independent experiments. *p < 0.02 versus time 0; “p < 0.04 versus time 0 (al-

pha error due to multiple comparison is not considered).
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significant at any time point. Smaller signals, which
might represent degradation products, were not detected
during histamine stimulation.

Role of NO in histamine-induced regulation of H,
receptor expression and internalization

NO has been shown to be one of the key mediators in his-
tamine receptor signaling. We therefore examined the
role of endogenous NO in histamine-dependent H, recep-
tor regulation. To assess the possible role of endogenous
NO in the histamine-stimulated regulation of H, receptor
expression, cells were treated with two different NOS
isozyme inhibitors. Each agent inhibits NOS isozymes
by a different mechanism. The NO inhibitor S-ethyliso-
thiourea (ETU) is a potent and competitive inhibitor of
the inducible (ICs, = 17 nM), endothelial (IC5, = 36 nM)
and neuronal (IC;, = 29 nM) NOS isozymes at the L-
arginine-binding site [37, 38]. NS-nitro-L-arginine (L-
NAME), on the other hand, is an arginine analogue which
acts as a competitive and slowly reversible inhibitor of
endothelial NOS (IC,, =500 nM) [39]. Using agents with
differing inhibition mechanisms served as a control to ex-
clude nonspecific effects.

The incubation of endothelial cells with either ETU
(1 pM) or L-NAME (50 nM) resulted in a significant
time-dependent inhibition of histamine-induced down-
regulation of H, receptor transcript (fig. 5a, compare fig.
3a). The inhibition of histamine-induced H, receptor
mRNA down-regulation by ETU was established to be a
concentration-dependent process (fig. Sa, inset). At a
lower concentration, L-NAME (5 nM) did not exhibit any
effects on the histamine-induced modulation of H, ex-
pression.

Addition of L-NAME or ETU at these concentrations to
untreated cells had no effect on the regulation of H, re-
ceptor mRNA (data not shown). However, at higher con-
centrations, we observed that L-NAME (500 nM) and
ETU (10 pM) induced a significant time-dependent de-
crease in H, receptor transcript in untreated endothelial
cells (L-NAME: 8 h, —-13.5 £ 3.1%, p = 0.02; 48 h,
—33 £2.6%,p=20.01; ETU, 8 h, -52.5 £ 2%, p =2 0.01;
48 h, —53.4 £3.2%,p = 0.01).

These observations seem to indicate that the regulation of
H, receptor mRNA expression is dependent on the cellu-
lar level of NO, where any deviation from the steady-state
level of NO might induce the down-regulation of the tran-
script. However, at such high concentrations, L-NAME
and ETU might exhibit additional as yet undefined ef-
fects on the cellular signaling cascade.

The histamine-induced reduction in cell surface expres-
sion of H, receptors was also significantly modulated by
the inhibition of NOS inhibitors as determined by the
densitometric analysis of Western blots.

Incubation of HUVECs with L-NAME or ETU at the
most effective concentration (50 nM and 0.1 pM, respec-
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Figure 5. Role of NO in the histamine-induced modulation of H,
receptor expression and localization. Histamine- (1 mM) stimulated
HUVECs were incubated with NOS isozyme inhibitors L-NAME
or ETU for 2—48 h. (4) RT-PCR was performed using 0.1 pg of to-
tal RNA from HUVECs. H, receptor and GAPDH expression lev-
els were determined by semi-quantitative RT-PCR. RT-PCR prod-
ucts were quantified using HPLC. Results were normalized with re-
spect to GAPDH. Results in the graph are shown as percentage H,
receptor mRNA levels of the respective controls. The data represent
the mean + SE of a minimum of six independent experiments. Cell
lysates of HUVECs were prepared and fractionated into membrane
(B) and cytoplasmatic (C) fractions as described in Materials and
methods. Aliquots were subjected to SDS-PAGE. The presence of
H, receptor protein in the samples was detected by probing respec-
tive membranes with polyclonal anti-H, receptor antibodies. Re-
sults were scanned and quantified by Gel-Pro Analyser. Results in
the graphs represent the percentage decrease or increase in H, re-
ceptor protein compared to controls. The data represent the mean
+ SE of a minimum of three independent experiments; open rhom-
bus, incubation of histamine-stimulated cells with ETU (1 pM);
closed rhombus, incubation of histamine-stimulated cells with L-
NAME (50 nm).
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tively) during histamine (1 mM) stimulation resulted in a
significant inhibition of H, receptor protein translocation
from the cell surface into the cytoplasmic fractions dur-
ing long-term stimulation of cells compared to the H, re-
ceptor down-regulation induced by histamine alone (fig.
5b, c; compare fig. 3a). Incubation of unstimulated HU-
VECs with either L-NAME or ETU at these concentra-
tions did not exhibit an effect on the H, protein level in
the membrane or cytoplasmatic fraction (results not
shown). Our results indicate that the histamine-stimu-
lated activation of NOS isozymes in HUVECs seems to
be a key factor in the signal transduction events mediat-
ing long-term histamine-induced H, receptor regulation.

Discussion

Although modulation of histamine receptor subtype ex-
pression has been reported by several investigators, stud-
ies examining the molecular mechanism underlying the
differential regulation of histamine receptor expression
are still scarce.

In an attempt to address the question of the molecular ba-
sis for agonist-stimulated modulation of histamine recep-
tor expression, we investigated the histamine-induced
regulation of H, receptor subtype expression in more de-
tail.

A prerequisite for detailed characterization of H, receptor
regulation was the generation of polyclonal antibodies di-
rected against an extracellular domain of the receptor
protein. Results obtained by Western blot analysis, im-
munostaining and ELISA disclosed the polyclonal anti-
bodies directed against the H, receptor to be specific and
beneficial for the quantification of receptor expression.
By employing the anti-H, receptor antibodies we were
able to show a histamine-stimulated reduction of cell sur-
face receptors in endothelial cells that corresponded to
the reduction in H, receptor mRNA as determined by
competitive RT-PCR and reported in previous studies
[10]. However, the reduction in cell surface receptor pro-
tein was comparatively delayed, with a maximum de-
crease after 16 h of histamine stimulation. A delayed re-
duction in H, receptor protein has also been observed
when Chinese hamster ovary cells transfected with the H,
receptor (CHOrH,) were stimulated with histamine. Ex-
posure of CHOrH, cells to 100 pM histamine resulted in
an approximately 50% decrease in ['*’I]-APT binding af-
ter 16 h [9]. H, receptor mRNA levels were reduced by a
maximum of 70% after 4 h of histamine incubation in
this study. The extent and time dependency of H, recep-
tor mRNA and protein regulation were comparable to the
effects observed in the present study. The comparability
of receptor quantification obtained by binding studies
and by applying the newly generated anti-H, receptor an-
tibodies underlines the validity of our current results.
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Although the time-dependency and extent of H, receptor
down-regulation in CHOrH, cells and HUVECsS are com-
parable, there seem to be considerable differences in the
cellular mechanisms underlying the observed effects. In
HUVECs, H, receptor reduction was determined to be
regulated via the H, receptor [40] and a subsequent acti-
vation of NOS (see below). In CHOrH, cells, H, receptor
down-regulation was shown to be regulated via a cAMP-
dependent and cAMP-independent pathway [9]. Further-
more, CHO cells do not seem to express NOS isozymes
[41].

Agonist-induced reduction of receptor levels is a well-
described mechanism of GPCR regulation [for references
see refs 13, 42, 43] and is considered an important feed-
back mechanism that prevents acute and chronic receptor
over-stimulation and allows the dynamic regulation of
cellular responses [12, 44]. Reduction of GPCR levels
has been attributed to a combination of different
processes. The rapid attenuation of receptor responsive-
ness, termed desensitization, has been considered to re-
sult from the internalization of cell surface receptors to
intracellular membranous compartments [45—-48]. Ago-
nist-induced short-term H, receptor desensitization ac-
companied by receptor internalization has been reported
previously in COS7 and HEK-293 cells transfected with
HA-tagged canine H, receptor and Flag epitope-tagged
rat H, receptor, respectively [49—-51].

Long-term regulation of receptor density, on the other
hand, has been associated with the down-regulation of the
total cellular number of receptors due to a decrease in re-
ceptor mRNA and protein synthesis as well as the lysoso-
mal degradation of preexisting receptors [52, 53].

To determine whether receptor internalization and/or
degradation are mechanisms involved in the long-term
reduction of cell surface levels of the H, receptor, we
studied the cellular distribution of H, receptors by West-
ern blot and densitometric analysis. Our results indicate
that the slow reduction of cell surface receptor (half-max-
imum loss reduction = approx. 7 h) that lasts for 48 h is
solely due to the translocation of the protein into the cy-
toplasmic fraction. This supposition is based on the ob-
servation that the reduction in cell surface receptors
within the first 4 h is correlated with a continuous in-
crease in H, receptor protein in the cytoplasmatic frac-
tion, while at the same time, the overall amount of H, re-
ceptors in whole-cell lysate remained constant. The un-
varying H, receptor level in whole-cell lysate might be
due to the stabilization of the protein, because the H, re-
ceptor mRNA was significantly down-regulated during
this time period. Furthermore, augmentation of mRNA
expression after 8 h of histamine stimulation was paral-
leled by a slight increase in receptor level in whole-cell
lysate during long-term stimulation.

The notion of H, receptor internalization as a long-term
mechanism in H, receptor responsiveness was further
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emphasized when we observed an enhanced cell surface
receptor expression that was accompanied by a decrease
in receptor level in the cytoplasmatic fraction after 24 h
of histamine stimulation. However, cell surface receptor
levels did not return to control levels even after 48 h of
histamine stimulation, suggesting a new steady-state
level of cell surface receptor during long-term stimula-
tion.

The rate and extent at which GPCRs are internalized and
recycled back to the plasma membrane surface are GPCR
subtype specific [54—56]. The diverse patterns of GPCR
desensitization and resensitization are determined by a
number of factors that include receptor structure [46, 57]
and a well-defined group of intracellular regulatory mol-
ecules [12, 58]. Regulatory proteins such as second mes-
senger-dependent [59—-62] and GPCR kinases [14, 63],
the family of arrestins [for references see refs 11, 12, 64]
and a subfamily of Ras-like small GTPases, termed Rab
GTPases [65, 66] have been shown in particular to con-
tribute to the internalization, endocytotic trafficking and
subsequent recycling of GPCRs to the cell surface.
Desensitization of the H, receptor has been described in a
variety of studies and has been linked to the expression of
the GPCR kinase 2 and 3 (GRK) [14—16, 67, 68]. Fur-
thermore, although there is no direct evidence as yet for
the regulatory function of any of these molecules in the
internalization of the histamine H, receptor, we would
like to point out that a significant up-regulation of a Rab
GTPase, identified as rab18, was observed when hista-
mine-dependent gene expression in endothelial cells was
analyzed by differential display [69]. In this study, we re-
ported a continuous increase in rab18 transcripts over a
period of 24 h of histamine stimulation that might provide
an effective starting point for further investigation into
the endocytic mechanism underlying histamine H, recep-
tor internalization.

The elucidation of the endocytic mechanism resulting in
H, receptor internalization might be of particular interest,
since differences in the patterns of endocytosis are con-
sidered to translate into physiological differences of
GPCR activity [12]. Furthermore, long-term GPCR in-
ternalization followed by a significant increase in cell
surface receptors after 24 h of agonist stimulation as ob-
served in this study has to our knowledge not yet been re-
ported.

In previous studies, we were able to show that H, recep-
tor mRNA down-regulation in endothelial cells is a het-
erologous process mediated via the activation of the H,
receptor [10]. A close link of H, receptor stimulation,
phospholipase C-mediated accumulation of cytosolic
Ca?" levels and the activation of Ca?'-dependent signal
transduction enzymes, such as endothelial NOS has been
shown in a wide variety of studies [for reference see ref.
70]. Our own results underline the association of the H,
receptor with these previously delineated signal transduc-
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tion events, since H, receptor-mediated processes such as
adhesion of neutrophils [19], mediator release [unpub-
lished observations] and the regulation of gene expres-
sion of the transcription factor HZF2 [18] were shown to
be stimulated within minutes via activation of NOS
isozymes. This evidence indicating NO as an important
signal transduction molecule in H, receptor-mediated cel-
lular responses was further emphasized by our current re-
sults showing a distinct role of NO in the histamine-in-
duced modulation of H, receptor expression and distribu-
tion, as determined by the inhibition of NOS isozymes by
two different NOS isozyme inhibitors (L-NAME and
ETU). Although there have been no studies associating
this second messenger with the regulation of GPCR in-
ternalization, there is strong evidence for the NO-depen-
dent regulation of GPCR gene expression [31, 71-73].
The long-term loss of H, receptor protein from the cell
surface might indicate a histamine-induced shift toward
H, receptor-mediated endothelial cell responses. This
supposition is underlined by our previous results showing
that H, receptor mRNA is only marginally down-regu-
lated for a short period of time during histamine stimula-
tion in endothelial cells [10]. H, receptor-mediated re-
sponses in endothelial cells include the ability of hista-
mine to directly cause vasodilation [74], increased
vascular permeability [75], the adhesion of neutrophils
[19, 76, 77] and the release of stored vasoactive factors
such as interleukin-8 [78] and P-selectin [76]. Therefore,
one can reasonably conclude that long-term internaliza-
tion of H, receptor protein might promote an enhanced
histamine-induced inflammatory response by endothelial
cells. This assumption is further emphasized by our pre-
vious studies showing that histamine-induced H,-medi-
ated adhesion of neutrophils to endothelial cells was de-
creased when forskolin, a cAMP-inducing substance, was
added [19]. Moreover, the adhesion of neutrophils to un-
stimulated endothelial cells was significantly increased
when the production of cAMP was blocked by the addi-
tion of an adenylate cyclase inhibitor, indicating an in-
hibitory effect of cAMP on neutrophil adhesion in un-
stimulated cells. The stimulation of the H, receptor sub-
type is classically associated with the activation of
adenylate cyclase and a subsequent accumulation of in-
tracellular cAMP [70]. Hence long-term down-regulation
of the H, receptor would prevent such a protective antiin-
flammatory feedback mechanism mediated via this re-
ceptor subtype in endothelial cells.

A negative feedback regulation mediated via the H, re-
ceptor in a wider variety of pathologies has been sug-
gested by studies examining histamine-dependent T cell
responses. Histamine acting through the H, receptor en-
hanced T helper 1 (T1) cell responses, whereas T;1 and
T2 responses are suppressed by signaling via H, recep-
tors [79, 80]. Furthermore, the H, receptor was recently
identified as a disease locus (Bphs) associated with au-
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toimmune T cell and vascular responses regulated by his-
tamine (VAASH) after pertussis toxin sensitization [81].
This study demonstrated that Hrhl”~ mice were com-
pletely resistant to VAASH, whereas Hrh2”~ mice were
fully susceptible. Moreover, the T cell response in Hrhl
mice was strongly T2 biased and associated with less
severe disease.

Our results indicate that the long-term modulation of H,
receptor distribution is due to internalization of the pro-
tein. The long-term internalization is an intriguing aspect
of receptor regulation, since it may provide a means for
the flexible regulation of cellular responses that might
have to be taken into consideration for long-term thera-
peutic interventions in progressing inflammatory condi-
tions such as sepsis or allergy. The effect of antagonist
blocking of H, receptor-mediated responses during these
conditions may feasibly be surpassed by simultaneous
agent-induced rapid protein synthesis-independent stim-
ulation of H, receptor relocation to the cell surface and
thereby restoration of feedback mechanisms.
Furthermore, recent findings indicating that GPCR de-
sensitization and endocytosis might result in the coupling
of GPCRs to alternative signal transduction pathways
[82, 83] could revolutionize our understanding and
thereby the potential of manipulating GPCR function.
However, any conjecture concerning therapeutic inter-
ventions based on our results can only be highly specula-
tive, since the regulation of H, receptor expression as well
as H, receptor-associated protective feedback mecha-
nisms during inflammatory conditions such as sepsis and
allergy have yet to be elucidated in vivo.
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