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Abstract

In the present study we reported the expression of the 5-HT2C receptor (5-HT2C-R) in the aorta and
the pulmonary artery in rats exposed to hypoxia, and examined its role in vascular smooth muscle cells.
Immunochemistry, quantitative RT-PCR, and western blot were used to examine 5-HT2C-R expression.
Small interfering RNA (siRNA) was used to explore the role of 5-HT2C-R in vascular smooth muscle cells
proliferation and contraction induced by 5-HT.5-HT2C-R immunoreactivity was confined predominantly
to the plasma membrane in the rat aortic smooth muscle cells (ASMCs) and the pulmonary arterial
smooth muscle cells (PASMCs).  5-HT2C-R mRNA expression in the aorta of hypoxic pulmonary hypertension
(HPH) rats was more than that in the pulmonary artery.  Hypoxia-induced 5-HT2C-R protein expression
in the aorta was less than that in the pulmonary artery, indicating that 5-HT2C-R might mediate different
responses of the aorta and the pulmonary artery to 5-HT in HPH. We also demonstrated that RNA
editing may not be involved in the different expression levels of 5-HT2C-R in the aorta and the pulmonary
artery.  The higher expression of 5-HT2C-R in the pulmonary artery versus the aorta of HPH rats was
partly due to the increased protein stability.  siRNA was used to knock down the expression of 5-HT2C-
R. 5-HT2C-R-specific siRNA reduced the proliferation and contraction of vascular smooth muscle cells
induced by 5-HT.  In conclusion, the different expression patterns of 5-HT2C-R protein in the aorta and
the pulmonary artery suggest that this 5-HT receptor may be involved, at least partly, in modulating
different responses of systemic vessels and pulmonary vasculature to 5-HT in HPH.
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Introduction

Chronic hypoxia induces hypoxic pulmonary
hypertension (HPH), which results from persistent
vasoconstriction and structural remodeling of
pulmonary vessels.  In comparison, the effects of
hypoxia on systemic vascular cells are quite different
(38), and the underlying mechanism is unknown.
Several studies have indicated an involvement of
serotonin (5-hydroxytryptamine, 5-HT) in the etiology
of HPH (21, 23).  5-HT is distributed throughout the

airway and vasculature in the lung.  In response to
hypoxia, a sustained increase in 5-HT is found in the
plasma of HPH patients (15).  However, exposure of
rats to intermittent hypoxia results in enhanced smooth
muscle responsiveness to specific vasoconstrictors,
especially 5-HT, in the pulmonary artery, but not in
the aorta (30).  These differing responses to 5-HT
between the pulmonary artery and the aorta under
hypoxic conditions may be one of the reasons why the
pulmonary and the systemic circulation respond
differently in HPH.
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The diversity of the actions of 5-HT is made
possible by the existence of specific cell-surface
receptor subtypes and their coupling to distinct
intracellular messenger systems or ion channels.
5-HT receptors (5-HT-R) have been divided into seven
classes and at least ten subtypes(9).  The 5-HT2-R
subtype is important, and has been shown to mediate
smooth muscle cells contraction (8, 30) and stimulate
smooth muscle cells proliferation (25, 27).  The three
subtypes of 5-HT2 receptors 5-HT2A-R, 5-HT2B-R,
and 5-HT2C-R share considerable structural homology
and display considerable similarities in their
pharmacology (28).  The 5-HT2A-R and 5-HT2B-R
were thought to have an effect on the development of
pulmonary hypertension (17, 22).  The 5-HT2C-R is
localized mainly in the central nervous system.
Although there is less data available on the 5-HT2C-R
in peripheral tissues, its ability to induce cell growth/
differentiation (12, 29) suggests that it may, just like
the other 5-HT2-R subtypes, also mediate the prolifera-
tion of vascular smooth muscle cells.  It was re-
ported that SB 206553 (5-HT2B-R/5-HT2C-R receptor
antagonist) inhibited 5-HT-induced vasoconstriction
in the hindquarters of spontaneously hypertensive
rats, while the 5-HT2B-R agonist BW723C86 did not
induce vasoconstriction (4), indicating a vasocon-
strictor effect of the 5-HT2C-R in peripheral tissues.

Hypoxia does not result in vasoconstriction but
rather induces vasodilation of systemic vessels.  There
are fundamental differences in oxygen sensing and
cell signaling between systemic and pulmonary artery
cells (33).  In the current study we focused on the
smooth muscle cells because hyperplasia of the
pulmonary artery smooth muscle cells (PASMCs) is
the main underlying pathological change.  In addition,
we hypothesized that 5-HT2C-R in PASMCs and aortic
smooth muscle cells (ASMCs) of HPH rats may be
involved in regulating pulmonary and systemic
vasculature different responsiveness.  To test this
hypothesis, we studied the expression of the 5-HT2C-
R in the pulmonary artery and the aorta in rats exposed
to hypoxia.  We also used small interfering RNA
(siRNA) strategy to knock down the expression of 5-
HT2C-R in PASMCs and ASMCs, and to observe the
role of this receptor in 5-HT-induced proliferation
and contraction of vascular smooth muscle cells.

Materials and Methods

Animals

Male SD rats (body weight 150-180 g at the start
of the experiment) were used.  All of the experimental
procedures were approved by the Animal Use and Care
Committee for Research and Education of the Fourth
Military Medical University (Xi’an, Shaanxi, P.R. China).

Treatment of Rats

The rats were housed intermittently in a chamber
containing 10% oxygen (30), for exposure to con-
tinuous hypobaric hypoxia.  The intermittent regime
consisted of 8 h of hypoxia per day, i.e. 8 h in the
hypoxic chamber followed by 16 h in room air (21%
oxygen).  The rats were exposed to these conditions
for a total of 14 or 21 d.  The control rats were housed
continuously in room air.

Haemodynamic Parameters Measurement

The rats were anesthetized with sodium
pentobarbitone (90 mg/kg i.p.).  The thorax was opened
and a heparin-filled blunt-ended hypodermic needle
connected to a pressure transducer was inserted into
the right ventricle to record right ventricular pressure.
The right ventricular systolic pressure (RVSP) was
measured to detect pulmonary hypertension.  The
heart was then dissected out, divided into right
ventricle (RV) and left ventricle + septum ([LV+S]),
blotted and weighed.  The ratios of RV/[LV+S] weight
and RV/BW (body weight) were determined.  Increases
in RVSP, RV/[LV+S], and RV/BW were taken as
indicators of pulmonary hypertension and right
ventricular hypertrophy.

Cell Culture

ASMCs and PASMCs of rats were isolated as
described by Chamley-Campbell (6).  Cells were used
for experiments between passages 3 and 6.  In the
hypoxic groups, ASMCs and PASMCs were transferred
into a hypoxic chamber containing 2% O2, 5% CO2,
and 93% N2 for 24 h.

Lung Histology

Right lung sagittal sections were stained with
Elastica-Van Gieson (EVG) and HE staining.  Pulmonary
arteries (≤ 100 µm external diameter) were counted.
The arteries were considered muscularized if they
possessed a distinct double-elastic lamina.

Immunohistochemistry

The ASMCs and PASMCs grown on glass
coverslips were fixed in 4% paraformaldehyde and
incubated with rabbit polyclonal anti-5-HT2C-R
antibody (Santa Cruz, CA, USA).  Goat anti-rabbit
immunoglobulin (Ig)G labeled with peroxidase was
used as the secondary antibody.  Confocal laser
scann ing  mic roscopy  (MRC-1024  confoca l
microscope with argon krypton laser excitation at 488
nm for FITC, Bio-Rad, Hercules, CA, USA) was used
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to observe the 5-HT2C-R expression in detail.  The
5-HT2C-R signal gray scale was evaluated using
software.

Total RNA Isolation and Quantitative RT-PCR

Total RNA was extracted respectively from fresh
adult rats brain tissues, aorta and pulmonary artery of
control rats’ and HPH rats by using Trizol (Invitrogen,
Carlsbad, CA, USA) according to the manual, and then
reverse-transcribed with M-MLV reverse transcriptase
and oligo (dT) primers.  Quantitative RT-PCR was
performed with MyiQ (Bio-Rad) using SYBER/GREEN
I Dye (Applied Biosystems, Foster City, CA, USA).
Primer pairs used in this study were as follows: β-actin,
5 ' - A T C A T G T T T G A G A C C T T C A A C A - 3 '
and 5'-CATCTCTTGCTCGAAGTCCA-3'; 5-HT2C-R,
5 ' -TTCGTTCTCATCGGGTCCTT-3 '  and  5 ' -
CACATAGCCAATCCACACAA-3'.  The comparative
threshold cycle (Ct) method was employed for
quantification of transcripts according to the manufacture
protocol.  The comparative Ct (2–∆∆Ct) method is a
mathematical model that calculates changes in gene
expression as a relative fold difference between an
experimental and reference sample (19).  Measurement
of ∆Ct was performed at least three times per sample.
Amplification of the single product was confirmed by
monitoring the dissociation curve.  We used the β-actin
control genes for normalization to control for possible
fluctuations of the target transcripts.  The products of
PCR were run on an agarose gel and then sequenced.

Western Blot Analysis

The pulmonary artery and the descending thoracic
aorta were dissected from decapitated rats.  Tissues
were placed in lysis buffer (50 mM NaCl, 50 mM NaF,
50 mM sodium pyrophosphate, 5 mM EDTA, 5 mM
EGTA, 2 mM Na3VO4, 0.5 mM phenylmethylsulfonyl
fluoride, and 10 mM HEPES at pH 7.4, along with 0.1%
Triton X-100, 10 mg/l leupeptin, and 5% aprotinin).
After sonication and centrifugation at 500 × g for 2 min
at 4°C, the supernatant was collected and then centrifuged
(36000 × g, 30 min, 4°C).  Protein concentrations were
determined with the BCA protein assay.  Western blot
analysis was performed by using the anti-5-HT2C-R
primary polyclonal antibody (Santa Cruz).  The 5-
HT2C-R protein was detected by using enhanced
chemiluminescent substrate (Pierce, Rockford, IL, USA).
5-HT2CR immunoblots were stripped with strip buffer
and reblotted for β-actin expression.  The relative gray
levels were evaluated using software.

Cloning and Sequencing Analysis

RT-PCR amplification of rat 5-HT2C-R for

estimation of RNA editing efficiency was performed
as reported previously (10).  Primers were as follows:
P1, 5'-TGGATTTCACTAGATGTGCT-3' and P2, 5'-
TTGATATTGCCCAAACGATG-3'; which produced
a product containing the following editing area:

A B E C D
5 ' -GCA ATA CGT AAT CCT ATT GAG-3'
cDNA synthesis and RT-PCR analysis were performed
in each animal sample.  After the ligation of the amplified
DNA fragments with the vector, the recombinant vector
was transformed into DH5α cells to amplify the clone.
Sequencing analysis was performed in randomly
selected 25 cDNA clones derived from single bacterial
colonies per sample (6 samples) with an ABI 377 DNA
sequencer (Applied Biosystems).

Western Blot Analysis for 5-HT2C-R Protein Stability

ASMCs and PASMCs with 80% confluency
were treated with 80 mg/l cycloheximide (CHX,
Amresco, St. Louis, MO, USA) (stock solution
prepared as 10 g/l in dH2O) for 24-84 h, and incubated
with FITC-conjugated sheep anti-rabbit  IgG
polyclonal antibody (Santa Cruz).  The presence of 5-
HT2C-R on the cell surface was determined by using
western blot analysis (24).

siRNA Strategy

The duplex oligonucleotides of siRNA targeting
5-HT2C-R were synthesized and purified in Ribobio Inc.
(Guangzhou, Guangdong, P.R. China).  5-HT2C-R sense
(5'-3') CCGUCAAACUCUGAUGUUA dTdT and
antisense (3'-5') dTdT GGCAGUUUGAGACUACAAU;
a n d  n o n - s p e c i f i c  s i R N A  s e n s e  ( 5 ' - 3 ' )
UUCUCCGAACGUGUCACGU dTdT and antisense
(3'-5') dTdT AAGAGGCUUGCACAGUGCA.  For the
transfection, ASMCs and PASMCs were seeded in 6-
well plates at a density of 5 × 105 cells per well.  The
cells were transfected with 2 µg of siRNA by
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions.  After 24 h the transfected
cells were harvested for further analysis.

Methyl Thiazolyl Tetrazolium (MTT) Assay

Cells were seeded into 96-well plates and then
incubated in medium containing 5% FBS RPMI 1640
and 5-HT (1 µM) for 24 h.  At the end of the incubation
the culture medium was replaced by a solution of MTT
(5 g/l, Sigma, St. Louis, MO, USA) in serum-free growth
medium.  After 4 h incubation at 37°C, this solution
was removed, with the resulting blue formazan solu-
bilized in Me2SO, and the optical density read at 490
nm using a microplate reader (Bio-Tek Power Wave
XS, Winooski, VT, USA).
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Functional Experiment on ASMCs and PASMCs

ASMCs and PASMCs were seeded in 12-well
tissue culture clusters with glass coverslips placed
previously and cultured for 24 h.  The confluent cells
monolayers were exposed to a single administration
of 5-HT (1 µM) for 30 min. After the supernatant was
discarded, the adherent cells on the glass coverslips
were stained with 1% of eosin, and the length was
measured under the microscope (20).

Statistical Analysis

All values were presented as means ± SD (of n
independent experiments).  All data were analyzed
using ANOVA for multiple groups.  P < 0.05 was
considered to be statistically significant.

Results

Haemodynamic Variables and Histological Remodeling

Compared with the controls, a significant
increase in RVSP was observed in rats exposed to
intermittent hypoxia for 14 d and 21 d, indicating the
rats suffered hypoxic pulmonary hypertension (Table
1).  A significant increase in the ratios of RV/ [LV+S]
and RV/BW were also observed in these rats,
indicating that right ventricular hypertrophy had
developed (Table 1).  Exposure to intermittent hypoxia
for 21 d induced more serious haemodynamic changes,
but 14 d exposure was sufficient to induce HPH.  HPH
rats of 14 d hypoxia exposure were used for the
following experiments.

Exposure to hypoxia considerably increased
structural remodeling of the pulmonary arteries resulting
from proliferation of vascular cells.  The pulmonary
arterial wall thickness was markedly increased in
HPH rats, compared with that in control rats (Fig. 1).

Localization of 5-HT2C-R

Positive immunoreactivity for 5-HT2C-R was

Table 1.  Haemodynamic variables

No. of Hypoxia n RVSP RV/[LV+S] RV/BW
Exposure+ (day) (mm Hg) (mg/mg) (mg/g)

  0 (control)   6 22 ± 0.6 0.27 ± 0.01 0.63 ± 0.04
14 11 43 ± 1.7* 0.39 ± 0.02* 0.87 ± 0.05*
21 10 49 ± 2.5* 0.41 ± 0.03* 1.02 ± 0.06*

Values are means ± SD.  RVSP = right ventricular systolic pressure.  RV= right ventricle.  [LV+ S] = [left ventricle +
septum].  BW = body weight.  +Each hypoxic exposure (in 10% oxygen) was for 8 h/day.  *P < 0.05 compared with
corresponding value in control rats.

A.

B.

a b c

a b c

Fig. 1. Effects of hypoxia on pulmonary artery morphology.  A: The lung sections were stained with Elastica-Van Gieson.  B: The lung
sections were stained with HE staining.  Arrows point to pulmonary smooth muscle layer.  (a) Control rats.  (b) Rats exposed
to hypoxia for 14 d.  (c) Rats exposed to hypoxia for 21 d.
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Fig. 2. Immunohistochemical analysis of the 5-HT2C-R in cultured ASMCs and PASMCs.  A: Positive immunoreactivity for the 5-
HT2C-R was mostly localized in the plasma membrane (arrowheads).  (a) Positive control (choroid plexus); (b) Negative control;
(c) ASMCs = aortic smooth muscle cells; (d) PASMCs = pulmonary arterial smooth muscle cells (original magnification: ×200).
B: Bar graph showed 5-HT2C-R signal gray scale obtained from immunohistochemical analysis of 15 independent experiments.
It shows that 5-HT2C-R expression in ASMCs was less than that in PASMCs.  n = 15, *P < 0.05 vs. control.  +P < 0.05 vs. ASMCs.
C: The samples of ASMCs and PASMCs show a strong immunofluorescence signal for the 5-HT2C-R in the plasma membrane,
with minimal nuclear immunoreactivity.  (a) Negative control; (b) ASMCs; (c) PASMCs (original magnification: ×760).  D: The
bar graph shows 5-HT2C-R signal gray scale obtained from immunofluorescent analysis of 15 independent experiments.
Immunofluorescent analysis revealed the similar results that 5-HT2C-R expression in PASMCs was more than that in ASMCs.
n = 15, *P < 0.05 vs. control.  +P < 0.05 vs. ASMCs.
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observed predominantly in the plasma membrane (Fig.
2A).Gray scale analysis  indicated 5-HT2C-R
expression in ASMCs was less than that in PASMCs
(n = 15, P < 0.05) (Fig. 2B). Confocal scanning
microscopy showed a strong immunofluorescence
signal for 5-HT2C-R in the plasma membrane, with
minimal nuclear immunoreactivity (Fig. 2C).
Immunofluorescent analysis revealed the similar
results that 5-HT2C-R expression in PASMCs was
more than that in ASMCs (n = 15, P < 0.05) (Fig. 2D).

Gene Expression of 5-HT2C-R

We used qRT-PCR to detect gene expression of
5-HT2C-R in the pulmonary artery and the aorta of the
control rats and HPH rats.  In all these samples mRNA
signal corresponding to approximately 441 bp was

detected, consistent with the positive control (Fig.
3A).  These PCR products were sequenced and found
to be identical to the corresponding published
sequences for the rat 5-HT2C-R (data not shown).
Relative quantification of qRT-PCR results showed
that hypoxia-induced 5-HT2C-R mRNA expression
increased obviously in the aorta of rats, but decreased
in the pulmonary artery (n = 9, P < 0.05) (Fig. 3B).  5-
HT2C-R mRNA expression in the aorta of HPH rats
was more than that in the pulmonary artery.

Protein Expression of 5-HT2C-R

Western blot showed a clear 5-HT2C-R protein
band at the 46 kD site (Fig. 4A).  In Fig. 4B, bar graph
showed 5-HT2C-R signal intensity obtained from
quantitative densitometry analysis of 8 independent
experiments.  The expression of the 5-HT2C-R is
normalized to the levels of β-actin.  5-HT2C-R protein
expression in the aorta was less than that in the
pulmonary artery (n = 8, P < 0.05) (Fig. 4B), which
was identical to the immunohistochemical results.
However, in HPH rats, 5-HT2C-R expression in the
pulmonary artery increased obviously, but decreased
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Fig. 3. 5-HT2C-R mRNA expression in the pulmonary artery
and the aorta analyzed by quantitative RT-PCR.  A:
Results of a representative 1% agarose gel electrophore-
sis of PCR-amplified products of the 5-HT2C-R and β-
actin.  Lane 1: positive control (rat brain); Lane 2: aorta;
Lane 3: pulmonary artery.  B: Higher 5-HT2C-R mRNA
level in the aorta of HPH rats than that in the pulmonary
artery (n = 9).  *P < 0.05 vs. HA.  +P < 0.05 vs. PA. A=
aorta of control rats; HA = aorta of HPH rats (14 d
hypoxia); PA = pulmonary artery of control rats; HPA =
pulmonary artery of HPH rats.

Fig. 4. The level of 5-HT2C-R protein in the pulmonary artery
and the aorta of rats determined by western blot analysis.
A: Clear 5-HT2C-R protein band at 46 kDa site and β-
actin at 43 kDa site.  B: Bar graph showed 5-HT2C-R
signal intensity obtained from quantitative densitometry
analysis of 8 independent experiments.  The expression
of the 5-HT2C-R is normalized to the levels of β-actin.
5-HT2C-R protein expression in the aorta was less than
that in the pulmonary artery.  However, in HPH rats 5-
HT2C-R expression in the pulmonary artery increased,
but decreased in the aorta (n = 8).  *P < 0.05 vs. A. +P <
0.05 vs. HPA.  A = aorta of control rats; HA = aorta of
HPH rats (14 d hypoxia); PA = pulmonary artery of
control rats; HPA = pulmonary artery of HPH rats.
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in the aorta (P < 0.05).  Thus, 5-HT2C-R expression in
the aorta of HPH rats was much lower than that in the
pulmonary artery (P < 0.05).

Identification of Bases of RNA Editing

The aforementioned results suggested that RNA
editing, a possible type of post-transcriptional
mechanism, may be involved in modification of 5-
HT2C-R mRNA.  Thus, we determined the bases in the
position of RNA editing.  However, the sequencing
analysis did not show an alteration of RNA editing
sites in the pulmonary artery nor the aorta of both
HPH rats and control rats (data not shown).

Analysis of 5-HT2C-R Protein Stability in ASMCs and
PASMCs

To examine whether differences in the 5-HT2C-
R protein levels in the pulmonary artery and the aorta
were resulted from protein stability differences, we
treated the cells with the protein synthesis inhibitor
CHX at various time points, and detected the 5-HT2C-
R levels by western blot.  The results showed that the
half-life of the 5-HT2C-R in normoxic and hypoxic
ASMCs is less than 64 h, in hypoxic PASMCs is about
84 h, which is longer than that in normoxic PASMCs
(approximately 72 h) and hypoxic ASMCs (Fig. 5).

The Role of 5-HT2C-R in Proliferation and Contraction of
Vascular Smooth Muscle Cells

MTT assay showed that  5-HT induced
hyperplasia and contraction of ASMCs and PASMCs
(Table 2).  After 1 µM 5-HT treatment, the absorbance
of ASMCs at a wavelength of 490 nm increased from
0.20 ± 0.01 to 0.32 ± 0.02 (P < 0.05), and that of
PASMCs from 0.19 ± 0.02 to 0.34 ± 0.02 (P < 0.05).
The proliferation of cells transfected with 5-HT2C-R-
specific siRNA was reduced compared with cells
treated with 5-HT (0.29 ± 0.01 vs. 0.32 ± 0.02 in

ASMCs, and 0.28 ± 0.01 vs. 0.34 ± 0.02 in PASMCs,
P < 0.05).

5-HT treatment shortened the average length
of ASMCs from 178 ± 12 to 121 ± 8 µm (P < 0.05)
(Table 2), and that of PASMCs from 182 ± 9 to 106 ±
13 µm (P < 0.05).  5-HT2C-R-specific siRNA decreased
5-HT-induced contraction of ASMCs and PASMCs
(P < 0.05).

Discussion

5-HT2-R subtypes play important roles in PASMCs
DNA synthesis and hypoxic-induced vasoconstrictor
effects (17, 25, 30).  In chronic hypoxia pulmonary
hypertensive rats, 5-HT-induced vasoconstriction was

Table 2.  Role of 5-HT2C-R in proliferation and contraction of vascular smooth muscle cells

Group n Absorbance Value n1 Length of Cells (µm)

ASMCs control 6 0.20 ± 0.01 150 178 ± 12
PASMCs control 6 0.19 ± 0.02 150 182 ± 9
ASMCs+5-HT 6 0.32 ± 0.02* 150 121 ± 8*
PASMCs+5-HT 6 0.34 ± 0.02* 150 106 ± 13*
ASMCs+siRNA+5-HT 6 0.29 ± 0.01+ 150 143 ± 10+

PASMCs+siRNA+5-HT 6 0.28 ± 0.01+ 150 149 ± 15+

Values are means ± SD.  5-HT: 1 µM.  n1 = number of cells.  *P < 0.05 compared with corresponding value in control.
+P < 0.05 compared with corresponding value in 5-HT treatment groups.

Fig. 5. Analysis of 5-HT2C-R protein stability by western blot
after CHX treatments.  Cells were treated with 80 mg/l
CHX, and were grown at 37°C in 5% CO2.  A: Proteins
isolated from untreated ASMCs (lane1) were used as
control.  Hypoxic ASMCs treated for 24, 48, 64 h (lane
2, 4, 6).  Normoxic ASMCs treated for 24, 48, 64 h (lane
3, 5, 7).  B: Proteins isolated from untreated PASMCs
(lane 1) were used as control.  Hypoxic PASMCs treated
for 24, 48, 72, 84 h (lane 2, 4, 6, 8).  Normoxic PASMCs
treated for 24, 48, 72 h (lane 3, 5, 7).  The half-life of the
5-HT2C-R in normoxic and hypoxic ASMCs is less than
64 h, in hypoxic PASMCs is about 84 h, which is longer
than that in normoxic PASMCs (approximately 72 h) and
hypoxic ASMCs, indicating that hypoxia increased 5-
HT2C-R protein stability in PASMCs, and extended its
half-life compared to ASMCs.
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mediated via the 5-HT2A-R (22).  Hypoxia-induced
pulmonary arterial hypertension in mice was also
associated with an increase in the expression of 5-
HT2B-R (17).  Considering that the 5-HT2C-R shares
considerable structural homology with other 5-HT2-
R subtypes, and displays considerable similarity in
their pharmacology (28), it might mediate the similar
effect of 5-HT on vascular smooth muscle cells.  Although
the 5-HT2C-R is localized mainly in the central nervous
system, identification of 5-HT2C-R expression in alveolar
type II cells suggests an important role in the lung
(34).  Recent studies indicated that the 5-HT2C-R might
play a vasoconstrictor role in peripheral tissues (4, 8),
arousing our interest in the 5-HT2C-R in pulmonary
vessels.  Up to now, there has been no report on the
expression of the 5-HT2C-R in the vascular tissues.
The primary purpose of this study was to identify the
5-HT2C-R in the pulmonary artery and the aorta of
rats, and to assess its expression in the tissues following
intermittent hypoxia exposure, which may be correlated
with the pathogenesis of hypoxic pulmonary hyper-
tension, and also contribute to the different respon-
siveness of the pulmonary and the systemic circulation
in HPH.

We prepared the rat model of HPH as the previous
papers reported (13, 30) and cultured ASMCs and
PASMCs isolated from rats.  It was observed that
intermittent hypoxia exposure caused remarkable
changes in the functional properties of pulmonary
vascular smooth muscle.  The hypoxic regime (10%
oxygen for 8 h per day) did eventually lead to marked
right ventricular hypertrophy and RVSP elevations.
This occurred after l4 d and 21 d exposures.  This is
also true of changes in pulmonary vascular reactivity
associated with continuous hypoxia (1, 37) and with
other models of pulmonary hypertension (36).  Right
ventricular hypertrophy is frequently regarded as
evidence for the presence of pulmonary hypertension
in animal HPH models, because elevations in
pulmonary artery pressure are sufficient to stimulate
right ventricular hypertrophy.  It was reported that
pulmonary hypertension induction was achieved in
fewer than 20 d hypoxic exposure (viz. 14 d exposures),
but everyday exposure duration was 15 h (16).  In this
study, 14 d exposure was sufficient to induce HPH.

Hyperplasia of smooth muscle cells is the main
component of pulmonary vascular remodeling which
is associated with the progressive elevation in
pulmonary arterial pressure (11).  Thus we detected
expression of 5-HT2C-R in the rat pulmonary arterial
and aortic smooth muscles. Although it was reported
that the 5-HT2C-R was not expressed in vascular
tissues (32), this negative finding does not invalidate
our results demonstrating 5-HT2C-R posit ive
immunoreactivity primarily in the plasma membrane,
both in ASMCs and PASMCs.  These findings

indicated the potential role of 5-HT2C-R in vascular
function, which has not been reported previously.
This inconsistent result may be due to the experimental
set-up or the low expression of this receptor in vas-
cular tissue.

5-HT2C-R is subject to alternative splicing
between exons 5 and 6, (5, 34, 39).  The truncated
proteins (5-HT2C-tr) entire open-reading frame was
identical to the 5-HT2C-R sequence published except
for a 95-nt deletion at nt 459-553 in the 5-HT2C-R
open reading frame.  The predicted protein contains
172 amino acids, with 153 residues at the amino
terminus identical to the 5-HT2C-R and 19 amino
acids on the carboxyl terminus, subsequent to the
frameshift, that are unique.  The 5-HT2C-R splice
variant does not reveal any serotonergic binding
activity or phosphoinositide hydrolysis activity (5).
Therefore, in qRT-PCR experiment we avoided using
the primers to generate 5-HT2C-tr products.  We also
used a rabbit polyclonal anti-5-HT2CR antibody to
detect 5-HT2C receptor according to the report (2).

In  the present  s tudy,  5-HT2C-R mRNA
expression in the aorta of HPH rats was more than that
in the pulmonary artery.  However, western blot
demonstrated that 5-HT2C-R protein expression in the
aorta was less than that in the pulmonary artery.
Hypoxia induced 5-HT2C-R protein expression in the
aorta continued to decrease, but increased in the
pulmonary artery.  The expression of 5-HT2C-R mRNA
was not consistent with protein expression, indicating
that some modifications of 5-HT2C-R mRNA may
occur.  One possible type of modification is RNA
editing.  Several neurotransmitter receptors undergo
A-to-I RNA-editing, by which specific adenosine
residues in transcripts are converted into inosine by
adenosine deaminases (14, 26).  In the case of the 5-
HT2C-R, five adenosine residues (termed site A-to-E)
in the second intracellular loop are converted into
inosine, resulting in the production of several isoforms
(3).  Importantly, some of these isoforms have been
shown to possess pharmacological differences,
suggesting that RNA editing plays an important role
in the regulation of functional properties of the 5-
HT2C-R (31).  To examine this possibility, we
determined the bases in the position of RNA editing.
However, the sequencing analysis did not show an
alteration of RNA editing sites in the pulmonary
artery and the aorta of both HPH rats and normal rats,
suggesting that RNA editing might not be involved in
5-HT2C-R expression in these vessels.

In addition, we examined whether the difference
in the 5-HT2C-R protein levels in the pulmonary artery
and the aorta could be explained by a difference in
protein stability.  We treated the cells with the protein
synthesis inhibitor CHX at various time points and
detected 5-HT2C-R expression by western blot.  The
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half-life of the 5-HT2C-R in PASMCs was a little
longer than that in ASMCs, and hypoxia further
extended its half-life in PASMCs.  This indicates that
hypoxia contributed to the increased 5-HT2C-R protein
stability in PASMCs.  However, the biochemical
basis of the increased stability is not clearly known.

It is known that systemic vessels and the
pulmonary vasculature respond differently to hypoxia,
which is regulated, in part, by 5-HT (7).  Since the 5-
HT2C-R was expressed differently in the pulmonary
and the systemic vascular smooth muscles, this
receptor maybe involved in the different responses of
the pulmonary and the systemic circulation under
hypoxic conditions.  To explore the role of 5-HT2C-R
in vascular muscle cells, we used siRNA strategy.
siRNA are short, double-stranded RNA molecules
that can target mRNAs with complementary sequence
for degradation via a process termed RNA interference
(RNAi).  RNAi has been proven to be a powerful tool
to knock down specific genes in vitro (18, 40).  In our
study, 5-HT2C-R-specific siRNA was used to knock
down the expression of the 5-HT2C-R in ASMCs and
PASMCs.  The target sequence was checked in
GenBank (National Center for Biotechnology
Information, Bethesda, MD, USA) to avoid sequence
homologies to the 5-HT2A-R and 5-HT2B-R, but was
only matched in the 5-HT2C-R sequence.  The results
showed that 5-HT2C-R-specific siRNA did not totally
reduce proliferation and contraction of vascular
smooth muscle cells induced by 5-HT.  This suggests
that, at least partly, the 5-HT2C-R mediates the
proliferation and contractile function of ASMCs and
PASMCs induced by 5-HT.  Therefore, we assumed
that 5-HT, through binding to increased expression of
5-HT2C-R, induced proliferation of PASMCs when
exposed to hypoxia which can result in an increased
pulmonary vascular resistance.  In HPH, although
circulating serotonin levels are elevated, less structural
and functional changes in systemic vasculature
occurred.  This may be partly due to the decreased
5-HT2C-R expression in ASMCs.

In summary, the present study found the 5-HT2C-
R localized in the plasma membrane in rat ASMCs
and PASMCs.  RNA editing may not be involved in
different expression levels of the 5-HT2C-R in the
pulmonary artery and the aorta. The higher expression
of the 5-HT2C-R in the pulmonary artery of HPH rats
compared with the aorta is partly due to the increased
protein stability.  The 5-HT2C-R specific siRNA
analysis indicates that this receptor mediates 5-HT-
induced proliferation and contractile function of
ASMCs and PASMCs.  The different expression of
the 5-HT2C-R protein in the aorta and the pulmonary
artery suggests that this 5-HT receptor may be
involved, at least in part, in modulating different
responses of the systemic vasculature and the

pulmonary vasculature to 5-HT in HPH.  However,
the full characterization of the 5-HT2C-R in smooth
muscle cells and its role in HPH requires future
investigation.
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