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The existence of a local 5-hydroxytryptaminergic
system in peripheral arteries
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Background and purpose: 5-HT is a vasoconstrictor exhibiting enhanced effects in systemic arteries from subjects with
cardiovascular disease. The effect of endogenous 5-HT on arteries is controversial, because the concentration of free circulating
5-HT is low and a 5-hydroxytryptaminergic system has not been identified in peripheral arteries. We hypothesized that a local
5-hydroxytryptaminergic system (including 5-HT synthesis, metabolism, uptake and release) with physiological function exists
in peripheral arteries.
Experimental approach: The presence of key components of a 5-hydroxytryptaminergic system in rat aorta and superior
mesenteric artery was examined using western blot analyses, immunohistochemistry and immunocytochemistry. The function
of the rate-limiting enzyme in 5-HT biosynthesis, tryptophan hydroxylase (TPH), and 5-HT transporter was tested by measuring
enzyme activity and 5-HT uptake, respectively. Isometric contraction of arterial strips was used to demonstrate the function of
released endogenous 5-HT in arterial tissues.
Key results: mRNA for TPH-1 was present in arteries, with low levels of TPH protein and TPH activity. Expression and function
of MAO A (5-HT metabolizing enzyme) was supported by immunohistochemistry, western analyses and the elevation of
concentrations of 5-hydroxyindoleacetic acid (5-HT metabolite) after exposure to exogenous 5-HT. The 5-HT transporter was
localized to the plasma membrane of freshly isolated aortic smooth muscle cells. Peripheral arteries actively took up 5-HT in a
time-dependent and 5-HT transporter-dependent manner. The 5-HT transporter substrate, (þ )-fenfluramine, released
endogenous 5-HT from peripheral arteries, which potentiated noradrenaline-induced arterial contraction.
Conclusions and implications: This study revealed the existence of a local 5-hydroxytryptaminergic system in peripheral
arteries.
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Introduction

5-HT was identified as a potent vasoconstrictor decades ago

(Green, 2006) and later was also found to be a vascular

mitogen. The effects of 5-HT are implicated in many vascular

diseases including migraine (Buzzi and Moskowitz, 2005),

Raynaud’s phenomenon (Cooke and Marshall, 2005), athero-

sclerosis (Hara et al., 2004) and hypertension (Watts and

Fink, 1999). The pulmonary system has been well investi-

gated as to the ability of pulmonary arteries to metabolize,

take up and use 5-HT as a vascular smooth muscle mitogen

through uptake via the serotonin transporter (SERT)

(MacLean et al., 2000; Wang, 2004). However, there remains

the question as to whether and how systemic, as opposed to

pulmonary, arteries handle 5-HT. A 5-HT system in systemic

arteries would encompass the ability to metabolize, take up

and release 5-HT. No study has yet suggested that systemic

arteries could be considered either as a source of or as a

storage site for 5-HT. The major sites for 5-HT storage are

circulating platelets, which contain close to a millimolar

level of 5-HT. The free 5-HT, not stored in platelets (in the

nanomolar range), and the 5-HT released following platelet

aggregation are thought to be the only sources of 5-HT

available to blood vessels. Thus, it is logical to postulate that

arteries possess means to handle and/or dispose of the 5-HT

to which they are exposed from the blood. Moreover, an

important, but controversial, issue is the ability of peripheral
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blood vessels to synthesize 5-HT, a process considered as

restricted to nerves and enterochromaffin cells of the

intestine. 5-HT affects almost every major physiological

system (Watts, 2005) by activating 5-HT receptors or by

modifying intracellular proteins (Walther et al., 2003b).

Thus, it is important to identify processes that can alter

intracellular and extracellular 5-HT concentrations. This

study strives to do so for the peripheral, that is, systemic

and non-pulmonary, arteries.

Figure 1a depicts our hypothesis that a local 5-hydroxy-

tryptaminergic system, including biochemical synthetic and

metabolic pathways, local uptake and release of 5-HT, exists

in peripheral arteries. This supports the idea that the local

5-HT concentration could be altered by the artery itself and

therefore influences the functions of 5-HT at the level of the

artery.

The synthesis of 5-HT (Figure 1b) starts with the hydro-

xylation of the aromatic amino-acid L-tryptophan by

tryptophan hydroxylase (TPH, which is the rate limiting

enzyme for 5-HT biosynthesis) to 5-hydroxytryptophan

(5-HTP). Two isoforms of TPH have been characterized,

TPH1 and TPH2, with TPH1 expressed in the periphery and

TPH2 in the brain (Walther et al., 2003a).

After decarboxylation by a ubiquitous enzyme (aromatic

L-amino acid decarboxylase), 5-HTP is transformed to 5-HT.

In the periphery, the major source of 5-HT is the intestinal

enterochromaffin cells, which account for 95% of total 5-HT

synthesis in human body. Other organs that synthesize 5-HT

include neuroendothelial cells in the lung, kidney, adrenal

gland and possibly the heart (Ni and Watts, 2006). Sites of

5-HT synthesis in systemic, non-pulmonary blood vessels

have not been revealed, but were suggested in the jugular

vein (Cohen et al., 1979). Synthesis of 5-HT by the artery

would suggest that peripheral arteries, in addition to

circulating platelets, could be a local source of 5-HT.

Metabolism of 5-HT is carried out by MAO A to form the

metabolite 5-hydroxyindolacetic acid (5-HIAA), which does

not contract blood vessels. Tissues that possess the ability for

5-HT metabolism include lung, intestine and endothelial

cells of the arterial system (Watts, 2005).

As a protonated molecule under physiological conditions,

5-HT cannot diffuse across the lipid bilayer of the cell

membrane. The 5-HT transporter (SERT) is the major protein

responsible for uptake and release of 5-HT, transporting 5-HT

in either direction. SERT is found on CNS and peripheral

sympathetic neurons. In non-neural systems, SERT is located

on platelets, cells in the gastrointestinal system and in lung

(Gillis and Pitt, 1982). SERT is important in that it plays a

critical role in regulating the level of activation of 5-HT

receptors via modulation of extracellular and intracellular

5-HT concentrations. Drugs that interact with transporter

proteins can be divided into two basic classes: re-uptake

inhibitors and substrate-type releasers. Selective serotonin

reuptake inhibitors, such as fluoxetine, are used in the

treatment of depression. Substrate type releasers, such as

(þ )-fenfluramine, were used as drugs to control weight.

We have demonstrated each of these components to be

present and functional in peripheral arteries. Similar

observations in rat aorta (RA, conduit vessel) and superior

mesenteric artery (SMA, a model of a resistance artery)

suggest that our findings in the peripheral arteries are

generally applicable to all systemic arteries or, at least, not

restricted to one blood vessel. Using a range of techniques,

we demonstrated the presence and activity of the crucial

elements of a 5-hydroxytryptaminergic system in peripheral

arteries at the molecular, cellular and tissue levels.

Figure 1 A summary of the working hypothesis and the 5-HT synthesis pathway. (a) Working hypothesis: a local 5-hydroxytryptaminergic
system in peripheral artery. (b) 5-HT synthesis pathway.
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Methods

All procedures that involved animals were performed

in accordance with the institutional guidelines of Michigan

State University and conform with prevailing standards in

the United Kingdom.

Animals used

Normal male Sprague–Dawley rats (250–300 g; Charles River

Laboratories Inc., Portage, MI, USA) were used. In some

experiments, animals were injected with vehicle (saline, i.p.)

or pargyline (100 mg kg�1, i.p.) 30 min before killing. Rats

were anesthetized with pentobarbital (60 mg kg�1, i.p.).

Immunocytochemistry

Whole thoracic aorta (RA) and SMAs were cleaned of

adventitial fat, dissected and cut into small rings in chilled

dissociation solution (containing (mM): NaCl 136; KCl, 5.6;

MgCl2, 1.0; Na2HPO4, 0.42; NaH2PO4, 0.43; NaHCO3, 4.2; Na

nitroprusside 2.6 mg mL�1 and HEPES, 2.38 g mL�1; pH 7.4).

Small vessel rings were incubated with a solution containing

papain (26 U mL�1), and dithiothreitol (1 mg mL�1) for

35 min (4–5 mm ring, B12 mg mL�1 dissociation solution;

37 oC) and then with another solution containing type II

collagenase (2.5 U mL�1), elastase (0.15 mg mL�1) and

soybean trypsin inhibitor (1 mg mL�1) for 45 min (4–5 mm

ring, B12 mg mL�1 dissociation solution, 37 1C). The diges-

tion solution was removed through pipetting. The cells were

triturated in Opti-MEM solution containing Na nitroprusside

(0.01 mM). Cells in Opti-MEM medium were attached

(45 min, 37 1C) to polylysine-coated coverslips and were

fixed with Zamboni’s fixative. Cells were incubated with

primary antibody for 2 h (37 1C), anti-a-actin mouse anti-

body (1:1000, Calbiochem, San Diego, CA, USA), anti-5-HT

rabbit antibody (1:200, Serotec, Raleigh, NC, USA), anti-TPH

antibody (1:200, WH-3 monoclonal antibody from Sigma,

St Louis, MO, USA) or anti-SERT-C20 (1:200, Santa Cruz

Biotechnology, Santa Cruz, CA, USA) plus pan-cadherin

antibody (1:200, Sigma) followed by 1 h incubation with an

appropriate secondary antibody. Coverslips were mounted

and photographed using an inverted Nikon or a confocal

microscope with a digital camera.

Immunolabelling for electron microscopy

Rat SMA were cleaned, fixed in fixative solution (2.0%

paraformaldehyde, 0.1% glutaraldehyde and 0.2% picric acid

in 0.1 M phosphate buffer, pH 7.4) and rinsed three times for

15 min in Tris-buffered saline (TBS) solution followed by

rinses in 50, 70, 80, 96 and 100% ethanol. Samples were

embedded in LR White (London Resin Co., London, UK).

Once polymerized, samples were ultrathin sectioned into

100 nm sections and were placed on nickel grids. These

sections were incubated in TBS containing 1.0% BSA and

0.05% Tween 20 (30 min) and then in normal goat serum

(30 min). Samples were incubated with rabbit anti-5-HT

antibody (1:50, Sigma) for 24 h followed by 24 h incubation

of 10 nm gold-conjugated goat anti-rabbit antibody (1:50,

Sigma). After being counterstained with uranyl acetate and

lead citrate, samples were observed and photographed under

a JEOL100 CXII (Japan Electron Optics Laboratories, Tokyo,

Japan).

Reverse transcriptase-PCR

Total RNA from RA, SMA, gut intestinal mucosa and dorsal

raphe were isolated using the MELT Total Nucleic Acid

Isolation System (Ambion, Austin, TX, USA). Reverse

transcriptase-PCR was performed using a GeneAmp PCR

system 9700 (Applied Biosystems, Foster City, CA, USA).

Touchdown PCR was used to avoid nonspecific amplifica-

tion. The PCR conditions were step 1: 94 1C for 4 min. Step 2:

nine cycles of PCR with variable annealing temperature

(94 1C for 30 s, 30 s at annealing temperature starting at 65 1C

and drop to 57 1C with 1 1C decrease each cycle followed by

72 1C for 45 s). Step 3: 25 cycles of PCR with fixed annealing

temperature (94 1C for 30 s, 57 1C for 30 s and then 72 1C for

45 s). The rat housekeeping gene b-2-microglobulin primer

was purchased from SuperArray (Frederick, MD, USA). Rat

tph1 primer was designed based on RefSeq accession number

XM-341862.1 using the Primer 3 software and was syn-

thesized by the Macromolecular Structures and Synthesis

Facility at Michigan State University. The tph1 primer

sequence was forward: GCCTGCTTTCTTCCATCAGT and

reverse: AGACATCCTGGAAGCTTGTGA. Rat tph2 primer

was forward: TAAATACTGGGCCAGGAG and reverse:

GAAGTGTCTTTGCCGCTTCTC. Aliquots (20 mL) of the

amplified products were run on 3% agarose gels and stained

with ethidium bromide. Bands on the gel were visualized

using a Bio-Rad Fluor-S (Hercules, CA, USA).

Immunohistochemistry

Paraffin-embedded tissue sections were dewaxed, unmasked

using Unmasking Reagent (Vector Laboratories, Burlingame,

CA, USA) and taken through a standard protocol. Primary

antibody used was anti-TPH antibody (WH-3 monoclonal

antibody, 1:500, Sigma), MAO A (H-70, 5mg mL�1; Santa

Cruz Biotechnology) in 1.5% blocking serum in phosphate-

buffered saline or 1.5% blocking serum as a control.

Development of slides proceeded according to the manu-

facturer’s kit using 3, 30-diaminobenzidine as the developing

substrate (Vector Laboratories) and slides were counter-

stained with haematoxylin (Vector).

Western analysis

Standard protein isolation and western blotting procedures

were performed (Ni et al., 2004b). Membranes were blocked

for 3 h in 5% milk (4 1C, TBS-0.1% Tweenþ0.025% NaN3, to

test TPH) or blocking buffer (Li-COR Bioscience, Lincoln, NE,

USA to test MAO A). Primary antibody (TPH1 antibody

1:500, TPH PH8 antibody, 1:2000 from Dr Kuhn, or MAO A

antibody, H-70, 1:1000, from Santa Cruz Biotechnology) was

incubated with blots overnight at 4 1C. Blots were then

rinsed three times in TBSþTween (0.1%) with a final rinse in

TBS and incubated with IRDye 680 goat anti-rabbit IgG

(1:2000) for testing MAO A, goat peroxidase-linked

anti-rabbit secondary antibody for testing TPH1 (1:5000,
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Cell Signaling, Danvers, MA, USA) or sheep peroxidase-

linked anti-mouse secondary antibody (1:5000, GE Health-

care, Piscataway, NJ, USA) for testing TPH PH8, for 1h at 4 1C

with rocking. The MAO A blot was visualized using an Odyssey

Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,

USA). ECL reagents (Amersham Life Sciences, Arlington

Heights, IL, USA) were used to visualize the TPH1 blot.

Specificity of antibodies

TPH WH3: This antibody (Sigma) recognizes both TPH1 and

TPH2 protein.

TPH1: The epitope for this TPH1 antibody is

L435ARVSRWPSV444 in the C-terminal region of TPH1, a

sequence unique to the TPH1 protein.

TPH PH8: This antibody recognizes both TPH1 and TPH2

protein. The epitope for TPH1 is GSELDADHPGFKDNVYR.

MAO-A: This MAO A antibody is a rabbit polyclonal

antibody raised against amino acids 458–527 of MAO A of

human origin.

5-HT: Antibodies recognized 5-HT and were not crossreactive

with 5-HIAA, GABA, noradrenaline, 5-HTP or N-acetylsero-

tonin (less than 1% cross reaction at a titre of 1:100).

TPH activity assay

Rat aorta and SMA were minced with a scalpel and then

sonicated gently three times in 50 mM Tris-HCl, pH 7.4,

containing 1 mM dithiothreitol and 0.1% Triton X-100. The

extracts were centrifuged at 25 000 g for 15 min at 4 1C. The

supernatant was used for assays of TPH activity.

The standard assay mixture (0.5 mL) contained 50 mM Tris-

HCl, pH 7.40, 1 mM dithiothreitol, 60 mg of tissue extract,

0.05 mg mL�1 catalase, 100mM ferrous ammonium sulphate,

with or without 200 mM tryptophan and 100 mM BH4. NSD-

1015 (3-hydroxylbenzylhydrazine, amino acid decarboxylase

inhibitor, 100mM) was added to the assay mixture to prevent

conversion of 5-HTP to 5-HT. Under these conditions, the

assay measures the direct product (that is, 5-HTP) of the

enzymatic action of TPH on the substrate, tryptophan. TPH

activity was assayed for 15 min at 37 1C as previously

reported by measuring the formation of 5-HTP in the

enzyme reaction (Kuhn and Arthur, 1996, Kuhn et al.,

1997). Reactions were stopped with perchloric acid (10% v/v)

and the 5-HTP formed in the reaction was determined by HPLC.

5-HT uptake assay

At room temperature, arteries were placed in a solution of

5-HT (1 mM, diluted in physiological salt solution (PSS)

containing 103 mM NaCl; 4.7 mM KCL; 1.18 mM KH2PO4;

1.17 mM MgSO4-7H2O; 1.6mM CaCl2-2H2O; 14.9 mM NaHCO3;

5.5 mM dextrose and 0.03 mM CaNa2 EDTA) in 1.5 mL plastic

centrifuge tubes for 0, 15, 30, 45, 60 or 90 min. Other

samples were incubated with vehicle or fluoxetine (1 mM) for

30 min before exposure to 5-HT (1 mM, 15 min). Tissues were

briefly rinsed in drug-free PSS and placed in 75 mL of tissue

buffer (0.05 mM sodium phosphate; 0.03 mM citric acid

buffer (pH 2.5) containing 15% methanol). Samples were

frozen (�80 1C) until assay.

5-HT release assay

At room temperature, dissected and cleaned arteries from

pargyline (100 mg kg�1)-treated animals were placed in

100 mL PSS (with or without 10 mM (þ )-fenfluramine)

in 250 mL microcentrifuge tubes for 20 min. Tissues were

taken out of the tubes and the PSS solution in tube were

saved on ice (PSS samples) and used to test 5-HT and

5-hydroxytryptamine transporter (5-HIAA) release. Tissues

were briefly dipped in drug-free PSS and placed in tissue

buffer (tissue sample, used to test 5-HT and 5-HIAA left in

tissues). PSS samples and tissue samples were frozen in

�80 1C until assay.

HPLC measurement

Samples were thawed, sonicated for 3 s and centrifuged for

30 s (10 000 g). Supernatant was collected and transferred to

new tubes. Tissue pellets were dissolved in 1.0 M NaOH and

assayed for protein. Concentrations of 5-HIAA, 5-HTP and

5-HT in tissue supernatants were determined by isocratic

HPLC/ESA coupled with a fluorometer (wavelengths: excita-

tion 285, emission 340).

Isometric contractions of arterial tissue

Superior mesenteric artery endothelial cell-intact helical

strips were mounted in tissue baths for isometric tension

recordings using Grass transducers and PowerLab data

Acquisitions (Colorado Springs, CO, USA). Strips were placed

under optimum resting tension (600 mg) and equilibrated

for 1 h, with washing, before exposure to compounds. Tissue

baths contained warmed (37 1C), aerated (95% O2/CO2) PSS.

Administration of an initial concentration of 10 mM pheny-

lephrine was used to test arterial strip viability. Mini-

cumulative noradrenaline concentration curves (0.1–30 nM,

with physiological relevance) were performed after tissues

were incubated with vehicle (3 min or 20 min), 5-HT (10 nM,

3 min) or (þ )-fenfluramine (10 mM, 20 min). The tissues for

testing the effect of 5-HT on noradrenaline-induced contrac-

tion were from normal rats. The tissues for testing the effect

of (þ )-fenfluramine on noradrenaline-induced contraction

were from rats treated with pargyline (100 mg kg�1, i.p.,

30 min before removal).

Data analysis and statistical procedures

5-hydroxyindoleacetic acid, 5-HTP, and 5-HT concentration

detected by HPLC was quantified using standards run

the same day, and reported as a concentration relative to

protein content. Contractions are reported as a percentage

of response to maximum contraction to phenylephrine.

When comparing two groups, unpaired Student’s t-test

was used as control and treated samples were different

tissues. All photographic images, but for electronic micro-

scopic images, were obtained through MetaMorph software.

Gel photographs were procured from scanning blots through

Image J. No gamma settings were changed in images used in

figures, although similar adjustments in brightness and

contrast were made in images placed in the same figure.
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Images from electron microscopy were transferred directly to

the manuscript file without modification.

Drugs and chemical reagants

5-HT hydrochloride, L-tryptophan methyl ester hydro-

chloride, 5-hydroxy-L-tryptophan, NSD 1015, pargyline

hydrochloride, noradrenaline, phenylephrine and (þ )-fen-

fluramine were purchased from Sigma Chemical Co

(St Louis, MO, USA).

Results

5-HT in peripheral arterial smooth muscle cells

The existence of intracellular 5-HT in peripheral arteries was

confirmed by immunocytochemical staining, using an anti-

body that recognizes 5-HT in freshly isolated rat aortic

smooth muscle cells (Figure 2a left). Using the same exposure

time, no fluorescence was observed in cells with only

secondary antibody incubation (Figure 2a middle).

Figure 2a (right) shows the staining of a-actin in another

cell from the same cell isolation, which confirmed that the

cells were smooth muscle cells. The blue stains show the 40,

6-diamidino-2-phenylindole staining of cell nuclei.

The subcellular localization of 5-HT in SMA smooth

muscle was investigated using electron microscopy. In

Figure 2b, the black dots indicate the location of 5-HT

antibody, associated in this picture with actin filaments that

run perpendicular to the cutting face of the section. We

found semiclustered and scattered 5-HT molecules in

smooth muscle cells, but no sites of vesicular storage.

5-HT synthesis in peripheral arteries

Presence of tph1 but not tph2 mRNA and TPH protein in

peripheral arteries. A single PCR product was amplified by

the tph1 but not tph2 (Sugden, 2003) primers in the RA

and SMA samples (Figure 3a). The rat raphe expresses

both tph1 and tph2 mRNA. Only tph1 mRNA was found

in this particular gut mucosa sample (Figure 3a), confirming

the appropriate specificity of the two pairs of primers

used.

The translation of tph1 mRNA was confirmed by immuno-

cytochemical, immunohistochemical and western analysis.

Intracellular cytosolic staining was observed in freshly

isolated RA and SMA smooth muscle cells (Figure 3b), using

an anti-TPH WH3 monoclonal antibody, which does not

discriminate between TPH1 and TPH2 protein. Successful use

of this antibody has been reported (Haycock et al., 2002). We

used rat myenteric plexus as positive tissue to test this

antibody and observed a dark/brown staining (data not

shown). Using the same antibody, Figure 3c shows an

immunohistochemistry experiment performed on paraffin-

embedded RA and SMA sections. The brown/black staining

at endothelium and modest staining in smooth muscle

layers indicated the TPH protein localization. The blue

staining is the nuclei of smooth muscle cells lying between

bundles of collagen and elastin.

Western analysis was performed using the TPH1 antibody

that specifically recognizes the recombinant TPH1 protein

(Figure 3d top) with no interaction with TPH2 protein. A

TPH PH8 antibody, which recognizes both TPH1 and TPH2

(Figure 3d middle), was also used to detect TPH protein

expression. As shown in Figure 3d, both antibodies revealed

double bands migrating similarly to the positive control

Figure 2 The existence of 5-HT in arterial smooth muscle. (a) Freshly dissociated rat aortic smooth muscle cells stained with anti-5-HT
antibody (left), secondary antibody alone (middle) or with anti-a-actin antibody (right). The results shown are representative of four separate
experiments, each with a different rat. The blue stains are cell nuclei stained by DAPI. Scale bar¼10mm. (b) Electron micrographs of the cross-
section of a rat SMA stained with anti-rabbit 5-HT antibody and 10 nm gold-conjugated goat anti-rabbit antibody. Arrows pointing to the dark
dots indicate the location of 5-HT. The results shown are representative of four separate experiments, each with a different rat. DAPI, 40,6-
diamidino-2-phenylindole; SMA, superior mesenteric artery.
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recombinant TPH1 (51 kDa), suggesting the expression of

TPH1 protein in RA and SMA. Western analysis also

suggested a modestly higher expression of TPH protein in

SMA compared to RA. Each lane was loaded with 50 mg total

protein, as shown by the similar amount of a-actin expres-

sion (Figure 3d bottom).

Function of TPH in peripheral arteries. We tested cytosol

extracted from RA and SMA to determine whether the TPH1

protein present in peripheral arteries was functional. In

cytosolic homogenates, we compared the production of

5-HTP, the immediate product of TPH, with and without

incubation with the 5-HT synthesis substrate tryptophan and

cofactor tetrahydrobiopterin (BH4) (Figure 3e). A signifi-

cantly higher amount of 5-HTP was measured in RA and SMA

homogenates after incubation with tryptophan and BH4,

compared with no detectable 5-HTP after incubation with

vehicle.

5-HT metabolism system in peripheral arteries

Presence of MAO A protein in RA and SMA. Western analysis

for MAO A was performed in RA and SMA whole tissue

homogenate supernatant (Figure 4a). The bands in both RA

and SMA samples migrated at B60 kDa, consistent with our

positive control, rat gut mucosa. Immunohistochemical

experiments localized the MAO A protein to smooth muscle

and to the endothelial layer of RA and SMA (Figure 4b).

Function of MAO A in RA and SMA. To determine whether

MAO A is functional in peripheral arteries, we compared

5-HT and 5-HIAA concentrations in peripheral arteries after

in vitro incubation with vehicle or exogenous 5-HT (1 mM,

15 min). Using HPLC, we measured the basal level of 5-HT

and 5-HIAA in RA (Figure 4c, left) and in SMA (Figure 4c,

right). After incubation with 5-HT (1 mM, 15 min), the 5-HIAA

concentrations were increased markedly in RA and SMA,

with only minor changes in 5-HT concentration.

5-HT uptake in peripheral arteries

Expression of SERT on the smooth muscle cell membrane. In

this study, the presence of SERT in arterial smooth muscle

was verified by immunocytochemistry. Freshly isolated rat

aortic smooth muscle cells were double-stained using an

SERT antibody and a specific cell plasma membrane marker

Figure 3 The existence of functional TPH in peripheral arteries. (a) Final product of reverse transcriptase-PCR for detection of tph1, tph2 (top)
and b-2-microglobulin (bottom) mRNA in RA and SMA. (b) Freshly dissociated rat aortic smooth muscle cells (left) and superior mesenteric
arterial smooth muscle cells (right) stained with monoclonal anti-TPH antibody (WH-3, Sigma). The results shown are representative of four
separate experiments, each with a different rat. Scale bar¼10mm. (c) Immunohistochemical staining of TPH protein in smooth muscle
between cables of elastin/collagen in RA (top) and SMA (bottom) with monoclonal anti-TPH antibody (WH-3, Sigma). Parallel sections were
incubated with no primary (left) or anti-TPH antibody (right). Arrows indicate the placement of staining. L indicates the lumenal side of the
blood vessel. Scale bar¼50mm. (d) Western blot of TPH 1 protein in homogenates from RA and SMA using anti-TPH1 antibody (1:500, top),
anti-TPH PH8 antibody (1:2000) (antibodies provided by Dr Kuhn) or a-actin (1:5000). Rat recombinant TPH1 and TPH2 protein were used as
controls in experiments. The results shown are representative of four to six separate experiments, each with a different rat. (e) Comparison of
the 5-HTP productions in homogenates incubated with vehicle or with BH4þ tryptophan. 5-HTP, 5-hydroxytryptophan; RA, rat aorta; SMA,
superior mesenteric artery; TPH, tryptophan hydroxylase.
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(pan-cadherin) antibody. By using confocal microscopy, one

single layer of smooth muscle cell was scanned. Overlay of

the staining of the SERT antibody (red) and the pan-cadherin

antibody (green) demonstrates that most of the SERT was

localized on plasma membrane (Figure 5a).

5-HT uptake in peripheral arteries. A time course study of

arterial 5-HT uptake was performed using arteries from

pargyline-treated rats, in which 5-HT metabolism by MAO

was inhibited. RA and SMA were incubated with 1mM 5-HT

for 0, 15, 30, 45, 60 and 90 min in the presence of 1 mM

pargyline. Both RA (Figure 5b, left) and SMA (Figure 5b,

right) took up 5-HT in a time-dependent manner and

plateaued at 60 min, with minimal changes in 5-HIAA,

confirming the inhibition of MAO A in these arteries. The

maximal level of 5-HT was 8.48±0.71 ng mg�1 protein in RA

and 8.81±0.34 ng mg�1 protein in SMA. The selective

serotonin reuptake inhibitor fluoxetine was used to test the

dependence of 5-HT uptake on SERT. Incubation for 30 min

with fluoxetine before 5-HT exposure (1 mM, 15 min) sig-

nificantly reduced 5-HT uptake in RA and SMA.

5-HT release in peripheral arteries

Release of endogenous 5-HT from peripheral arteries. We

observed release of endogenous 5-HT into PSS after incuba-

tion of peripheral arteries from pargyline-treated rats (Figures

6a and b top). In the presence of the 5-HT releaser (þ )-

fenfluramine (10 mM in PSSþpargyline 1 mM), elevated levels

of 5-HT were released into the PSS for both sets of tissues.

Figure 4 The presence of 5-HT metabolism in peripheral arteries. (a) Western blot of MAO A in homogenates from rat RA and SMA. The
results shown are representative of four separate experiments, each with a different rat. Rat gut mucosa was used as a positive control. (b)
Immunohistochemical staining of the MAO A in endothelium and smooth muscle between cables of elastin/collage in the RA and SMA paraffin-
embedded section. Parallel sections were incubated with no primary antibody (secondary alone, left) or with MAO A antibody (right). Arrows
indicate the placement of staining. L indicates the lumenal side of the blood vessel. The results shown are representative of four separate
experiments, each with a different rat. Scale bar¼50mm. (c) Quantification of 5-HIAA and 5-HT in RA (left) and SMA (right) incubated with
vehicle or 1mM exogenous 5-HT for 15 min. Bars represent means±s.e.mean for the number of animals in parentheses. *Po0.05 compared
with data from vehicle-incubated tissues. 5-HIAA, 5-hydroxytryptamine transporter; RA, rat aorta; SMA, superior mesenteric artery.
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A parallel reduction in tissue 5-HT was observed in blood

vessels incubated with (þ )-fenfluramine (Po0.05 when

comparing vehicle incubation with (þ )-fenfluramine

incubation).

Release of endogenous 5-HT from peripheral arteries potentiates

noradrenaline -induced contraction. Figure 6c shows that a

low concentration of 5-HT (10 nM), which did not directly

cause contraction in the isolated SMA, potentiated noradre-

naline-induced contraction. When compared with vehicle

incubation, the noradrenaline (3 nM)-induced contraction

was enhanced by twofold in the presence of 10 nM 5-HT (as

% of 10 mM phenylephrine contraction; see the Methods

section). A similar degree of potentiation was also observed

for 0.3 and 1 nM noradrenaline. Similarly, a concentration of

(þ )-fenfluramine (10 mM), which released endogenous 5-HT

but had no direct contractile effect, markedly increased

contractions induced by noradrenaline (3 nM) (Figure 6c,

right).

Discussion and conclusion

Since its original discovery in the intestinal tract and blood,

multiple functions of 5-HT in physiological and pathological

conditions have been revealed. 5-HT is associated with many

peripheral vascular diseases (Fetkovska et al., 1990; Robiolio

et al., 1995; Reis et al., 1999; Watts, 2005), but the existence

and the role of a local 5-hydroxytryptaminergic system in

blood vessels have not been examined. In this study, we

demonstrate the existence of a local 5-hydroxytryptaminergic

system in peripheral arteries.

The existence of 5-HT in the peripheral artery

The staining in freshly isolated smooth muscle cells from

RA by a 5-HT antibody supports the existence of 5-HT in

peripheral arteries. This observation is consistent with

our earlier studies, in which we localized 5-HT to the

smooth muscle layers of fresh frozen sections of RA by

Figure 5 Uptake of 5-HT in peripheral arteries. (a) Confocal image of freshly dissociated rat aortic smooth muscle cells double stained with
pan-cadherin antibody (Sigma) and SERT antibody (C-20, Santa Cruz Biotechnology). Arrows indicate the placement of overlaid staining. The
results shown are representative of cells from six different experiments (rats). SERT, serotonin transporter. Scale bar¼10mm. (b) Time course
for 5-HT uptake in the RA (left) or SMA (right) from pargyline-treated rats incubated with exogenous 5-HT (1mM) and the effect of fluoxetine
(1 mM, 30 min incubation) on 5-HT uptake at 15 min 5-HT-incubation. Bars represent means±s.e.mean for the number of animals in
parentheses. *Po0.05 compared with data at time 0 (no incubation). #Po0.05 compared with 15 min 5-HT incubation. RA, rat aorta; SMA,
superior mesenteric artery.
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immunohistochemical experiments, and with the detection

of the basal level of 5-HT and 5-HIAA in RA and SMA by

HPLC (Ni et al., 2004b). The closer view of 5-HT in SMA

smooth muscle obtained by electron microscopic studies

described here suggested the presence of free 5-HT in cytosol

and the possibility that proteins linked to 5-HT are present in

arteries. The ability of 5-HT to link to protein (mediated by

the enzyme transglutaminase) and thus modify protein

function in platelets has been reported by Walther et al.

(2003b), important evidence indicating that intracellular 5-

HT has functions independent of interactions with 5-HT

receptors. It is not yet known which proteins in vascular

smooth muscle could be modified chemically by intracel-

lular 5-HT. As actin and myosin are substrates for transglu-

taminase (Griffin et al., 2002) and also important proteins for

vasoconstriction, it is possible that intracellular 5-HT

might be important in regulating smooth muscle tone by

modifying contractile proteins.

This basal level of 5-HT in arterial smooth muscle could be

taken up through SERT. However, 5-HT synthesized endo-

genously may be another source of cellular 5-HT for an

artery.

The existence of functional enzymes essential for 5-HT synthesis

The existence of TPH1 mRNA suggests that peripheral

arteries have the potential to synthesize TPH1 protein

locally. The lack of TPH2 mRNA in arterial samples is

consistent with a previous report, suggesting that the TPH2

isoform is restricted to the CNS (Walther et al., 2003a).

Translation of TPH1 mRNA was confirmed by immunocyto-

chemical, immunohistochemical and western analyses using

multiple TPH antibodies. The signal of TPH protein in

arterial homogenates in western analyses was weak com-

pared with the recombinant proteins (5–10 ng per lane),

suggesting a low level of TPH1 protein expression in blood

Figure 6 Release of endogenous 5-HT in peripheral arteries and its effect on contractile responses to noradrenaline. (þ )-Fenfluramine (10mM)
induced 5-HT release from RA (a) and SMA (b) obtained from pargyline-treated rats. Top: 5-HIAA and 5-HT released into PSS during (þ )-
fenfluramine incubation. Bottom: 5-HIAA and 5-HT remaining in tissue after (þ )-fenfluramine incubation. (c) The effect of 5-HT (10 nM, left) or
(þ )-fenfluramine (10 mM) on noradrenaline-induced contraction in SMA from pargyline-treated rats. Bars and points represent means ±
s.e.mean for the number of animals in parentheses. *Po0.05 compared with vehicle incubation data. 5-HIAA, 5-hydroxyindoleacetic acid;
transporter; PSS, physiological salt solution; RA, rat aorta; SMA, superior mesenteric artery.
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vessels. Furthermore, in the control blot with no TPH

antibody exposure and only secondary antibody incubation,

we also observed very faint double bands. For these reasons,

we used multiple antibodies to test the presence of TPH1

protein. Both TPH1 specific and TPH PH8 (recognizing both

TPH1 and TPH2) antibodies recognized a doublet band

around 50 kDa. A relatively higher amount of TPH1 protein

is expressed in SMA compared to RA. It is unclear why two

bands were revealed by both TPH antibodies. This could be

due to phosphorylation (Kuhn et al., 1997) or glycosylation

of the TPH1 protein. Our novel observation is that the TPH

protein present in peripheral arteries is also functional

(accumulation of 5-HTP), suggesting the ability of arteries

to synthesize 5-HT, although clearly at a lower magnitude

than intestinal or brain tissues (4.41 nM 5-HTP mg�1 15 min�1;

Kuhn and Arthur, 1996). This result is also supported by

another piece of evidence. In mice where the gene for SERT

has been inactivated (SERT knockout), there was no

detectable 5-HT in whole blood (Chen et al., 2001). If uptake

of 5-HT from blood was the only source of 5-HT in the

peripheral artery, we would expect that no 5-HT would be

found in arteries. However, we observed a measurable basal

level of 5-HT in aorta (0.42±0.19 ng mg�1 protein, unpub-

lished data from our lab) from pargyline-treated SERT-

knockout mice.

5-HT uptake and metabolism in peripheral arteries

An MAO A activity assay in arteries from normal rats showed

that after 15 min of incubation with exogenous 5-HT, the

concentration of 5-HIAA in arteries was significantly higher

than that of 5-HT, suggesting that 5-HT was taken up into

blood vessels and rapidly metabolized. This observation

indicates that peripheral arteries might play a role in the

clearance of plasma 5-HT through uptake and metabolism.

This is important, as increased circulating 5-HT is associated

with increased risk for cardiac (Robiolio et al., 1995) and

pulmonary diseases (MacLean et al., 2000), which could also

theoretically be the result of dysfunction of serotonergic

system in peripheral blood vessel (Ni et al., 2006).

The ability of arteries to clear blood 5-HT is further

supported by the fact that the 5-HT uptake in peripheral

arteries was time-dependent and saturable. The reduced 5-HT

uptake in the presence of the selective serotonin reuptake

inhibitor fluoxetine indicates that this uptake is SERT-

dependent. Similar inhibition by another selective serotonin

reuptake inhibitor fluvoxamine was reported by our group

previously (Ni et al., 2006). As the primary protein respon-

sible for 5-HT crossing the cell membrane, SERT thus

becomes a regulator capable of changing the local extra-

cellular and intracellular arterial 5-HT concentration, and

therefore 5-HT-induced effects.

5-HT release in peripheral arteries and its physiological relevance

(þ )-Fenfluramine is a SERT substrate and releases 5-HT,

being taken up by SERT into the cytoplasm and then

releasing vesicular 5-HT in nervous and intestinal cells. With

the increased cytoplasmic 5-HT, SERT is reversed and starts to

transport 5-HT outside the cell (Rothman and Baumann,

2002). More than 30% of endogenous 5-HT (around

0.4 ng mg�1 protein for both RA and SMA, which can be

converted to 0.002 nM mg�1 protein) was released from RA

and SMA during 20 min of (þ )-fenfluramine incubation. The

releasing of endogenous 5-HT by (þ )-fenfluramine also

indicated that at least part of the intracellular 5-HT is stored

in a releasable pool. However, we have not found any 5-HT-

containing vesicles in SMA using an electron microscopic

approach, nor has vesicular monoamine transporter been

reported in vascular smooth muscle. Further studies need to

be performed to understand the mechanisms by which 5-HT

is released from an artery, but it is fair to state that (þ )-

fenfluramine is likely to exert its effect through a mechanism

other than interacting with vesicular monoamine transpor-

ters.

We tested whether the released endogenous 5-HT had a

physiological effect. The potentiation of a-adrenoceptor

agonist-induced contraction by a subcontractile concentra-

tion of 5-HT is considered to be the arterial response to 5-HT

that has physiological relevance. We confirmed this ability of

5-HT in that exogenous 5-HT (10 nM) potentiated noradrena-

line (NA) (0.1–3 nM)-induced contraction in SMA. The low

concentrations of NA were also chosen because these

concentrations are more relevant to the physiological

conditions (Popper et al., 1977). (þ )-Fenfluramine, at the

concentration of 10 mM, released arterial endogenous 5-HT

with no direct contractile effect (Ni et al., 2004a). A

reasonable explanation for the potentiated NA-induced

contraction by (þ )-fenfluramine is that (þ )-fenfluramine

released endogenous 5-HT, which in turn caused increased

NA-induced contraction. In our in vitro system, (þ )-fenflur-

amine released endogenous 5-HT about 0.002 nM mg�1

protein (see above, we observed about 6 mg protein/RA and

1.2 mg protein/SMA), which is much lower than the

concentration of exogenous 5-HT (10 nM) used in our

experiments with noradrenaline. It is possible that a local

high concentration of 5-HT, around the arteries, could be

provided by the local release of 5-HT. However, we cannot

exclude the possibility that (þ )-fenfluramine directly po-

tentiates NA-induced contraction. Further studies in our lab

will use 5-HT-depleted (chemical treatment or use TPH

knockout mice) blood vessels to answer the question of

whether this enhanced contraction to noradrenaline is

directly induced by (þ )-fenfluramine or, indirectly, by

release of endogenous 5-HT.

The important message from these particular findings is

that the regulation of 5-HT concentration could be occurring

locally. One can also speculate that this local 5-hydroxy-

tryptaminergic system could also be altered in arteries in

which 5-HT plays a role in other pathophysiological states,

such as migraine (cerebral vasculature), coronary vasospasm

and coronary artery atherosclerosis.

Potential limitations of our study

Platelets are the major sites of circulating 5-HT storage.

Moreover, Pihel et al. (1998) reported that the mast cell was

also a place for 5-HT storage. We performed electron

microscopic scans and mast cell staining of the isolated

and cleaned blood vessel. No platelet or mast cells were
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found, suggesting that the basal endogenous 5-HT and 5-HT

uptake ability we measured was not in these types of cells,

associated with the artery (Ni et al., 2004b).

We used whole blood vessels, which include the mono-

layer of endothelial cells and sympathetic nerve terminals.

Endothelial cells have the ability to take up and metabolize

5-HT (Small et al., 1977). Therefore, it is possible that part of

the 5-HT synthesis/metabolism and uptake/release we mea-

sured was owing to endothelial cells or sympathetic nerve

terminals. By using the isolated arterial smooth muscle cells,

we provide strong evidence that the elements of a 5-

hydroxytryptaminergic system, such as 5-HT, TPH and SERT,

exist in the smooth muscle cells of the artery. Moreover, no

significant difference was found when comparing the

magnitude of 5-HT uptake in endothelium-denuded SMA

with endothelium-intact SMA (Ni et al., 2004b). The

potentiation of NA (3 nM)-induced contraction by 5-HT

(5 nM) was also maintained in the endothelium-denuded

SMA (7.53±0.3 vs 27.25±1.24% of PE contraction). The

aorta was included in our study not only because it

represents a conduit vessel but also because of its minimal

sympathetic innervation. The observation of the presence of

a functional 5-hydroxytryptaminergic system in aorta in-

dicates that arterial blood vessels have a 5-hydroxytryptami-

nergic system that is likely independent of sympathetic

nerve terminals. Furthermore, similar 5-HT uptake was

observed in aorta, carotid and SMA from 6-OHDA-dener-

vated rats compared with blood vessels from normal animals

(Ni et al., 2004b). Collectively, these findings suggest that

although the endothelium and sympathetic nerve terminals

present in peripheral arteries might contribute to regulation

of 5-HT concentration, the contribution of nerve terminal-

dependent and endothelium-dependent 5-HT uptake in

whole blood vessels are arguably minimal.

In summary, our investigation of the local 5-hydroxytryp-

taminergic system in peripheral arteries will help us under-

stand the handling and functions of 5-HT in systemic

arteries in physiological conditions where 5-HT can exert

its effects both intracellularly and extracellulary. Changes in

this system may have a role in cardiovascular diseases to

which arterial changes in sensitivity to 5-HT are observed.
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