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Endothelial cell transient receptor potential channel C5 (TRPC5) is essential
for endothelium-dependent contraction in mouse carotid arteries
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Augmented endothelium-dependent contractions (EDC) contributes to endothelial dysfunction and vascular
disease progression. An early signal in EDC is cytosolic [Ca2+]i rise in endothelial cells, which stimulates the
production of contractile prostanoids, leading to vascular contraction. In this study, the molecular identity of
Ca2+-permeable channels in endothelial cells and its function were investigated. Vascular tension was measured
by wire myograph. EDCs were elicited by acetylcholine (ACH) in the presence of NG-nitro-L-arginine methyl ester
(L-NAME). [Ca2+]i was measured using a Ca2+-sensitive fluorescence dye. Enzyme Immunoassay (EIA) was used
for prostaglandin measurement. Immunohistochemical staining found the expression of transient receptor potential channel C5 (TRPC5) in endothelial and smooth muscle cells of mouse carotid arteries. ACH-induced EDC
in male mouse carotid arteries was found to be substantially reduced in TRPC5 knockout (KO) mice than in wildtype (WT) mice. TRPC5 inhibitors clemizole and ML204 also reduced the EDC. Furthermore, ACH-induced Ca2+
entry in endothelial cells was lower in TRPC5 KO mice than in WT mice. Moreover, the EDC was abolished by a
cyclooxygenase-2 (COX-2) inhibitor NS-398, but not affected by a COX-1 inhibitor valeryl salicylate (VAS).
Enzyme immunoassay results showed that TRPC5 stimulated the COX-2-linked production of prostaglandin F2α
(PGF2α), prostaglandin E2 (PGE2), and prostaglandin D2 (PGD2). Exogeneous PGF2α, PGE2, and PGD2 could
induce contractions in carotid arteries. Our present study demonstrated that TRPC5 in endothelial cells contributes to EDC by stimulating the production of COX-2-linked prostanoids. The finding extends our knowledge
about EDC.

1. Introduction
Vascular endothelial cells release relaxant and contractile factors,
named endothelium-derived relaxing factor (EDRF) and endotheliumderived contracting factor (EDCF) respectively, to induce endotheliumdependent relaxation (EDR) and contraction (EDC) [1]. EDC has been
demonstrated in various vascular beds of different animal species [1].
Such contraction exists in blood vessels of healthy animals [1], but is
exaggerated in disease states, such as diabetes, obesity, aging and arterial hypertension [1,2]. The augmented EDC contributes to endothelial dysfunction and vascular disease progression [1,2]. The EDC
requires intact endothelium and an increase in cytosolic calcium

concentration ([Ca2+]i) in endothelial cells. The [Ca2+]i rise, either
due to intracellular store Ca2+ release or due to extracellular Ca2+
entry, activates phospholipase A2 to generate arachidonic acid, which is
further metabolized by cyclooxygenases (COX-1 and COX-2) to produce
multiple prostanoids functioning as EDCFs [3]. The main prostanoids
include prostacyclin (PGI2), thromboxane A2 (TXA2), prostaglandin F2α
(PGF2α), prostaglandin D2 (PGD2) and prostaglandin E2 (PGE2) [3].
Each prostanoid has its own preferential receptors, namely, PGF2α on
FP receptors, PGI2 on IP receptors, PGE2 on EP receptors, PGD2 on DP
receptors and TXA2 on TP receptors [3]. However, all these prostanoids,
in low micromolar range, can also directly activate TP receptors in
vascular smooth muscle cells to induce smooth muscle [Ca2+]i rise and
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consequent contraction [4,5]. Thus, [Ca2+]i rise in endothelial cells and
smooth muscle cells are both important for EDC. While the [Ca2+]i rise
in endothelial cells stimulates the production of contractile prostanoids,
the [Ca2+]i rise in smooth muscle elicits smooth muscle contraction.
Both processes are important steps in EDC response.
Numerous reports have extensively investigated the role of [Ca2+]i
in EDR [6,7] and identified important roles of a great number of Ca2+permeable channels, which include TRPC1, -C3, -C4, -V1, -V3, -V4, -P2
and -A1, in EDR [6–8]. In contrast, there are only few studies about
[Ca2+]i signaling in EDC. Although it has been clearly shown that the
EDC is accompanied by an increase in endothelial [Ca2+]i [3,9,10],
little is known about the molecular identities of endothelial Ca2+permeable channels that contribute to EDC. Interestingly, one recent
study showed a reduced EDC response in the aorta of aging transient
receptor potential channel C5 (TRPC5) KO mice compared to those
from age-matched WT mice, suggesting possible role of TRPC5 in EDC.
Unfortunately, the mechanism of TRPC5 involvement in EDC was not
investigated in the study [11]. Furthermore, from that study, it was
unclear whether endothelial TRPC5 or smooth muscle cell TRPC5 or
both contribute to the EDC response [11].
In the present study, we extensively investigated the mechanism of
TRPC5 involvement in EDC of carotid arteries with the use of TRPC5
KO mice and TRPC5-specific antagonists. Our results demonstrated that
endothelial TRPC5 channels stimulate production of COX-2-linked
prostanoids, leading to the EDC response in mouse carotid arteries.

Mice were euthanized by CO2 inhalation. Common carotid arteries
were excised and placed in an ice-cold, oxygenated Krebs solution
containing (in mmol·L−1): 119 NaCl, 25 NaHCO3, 1 MgCl2, 4.7 KCl, 1.2
KH2PO4, 2.5 CaCl2, and 11.1 D-glucose. Periadventitial fat was removed. Each artery was cut into segments of 1.5–1.8 mm in length for
functional study. When needed, the endothelium was removed by
rubbing the vessel interior with a tungsten steel wire. Successful removal of the endothelium was verified by the absence of ACH-induced
relaxation in the segments pre-constricted by phenylephrine.
2.3. Vascular reactivity measurement
To record isomeric tension, arterial segments were suspended in
chambers of a Multi Myograph System (610 M, Danish Myo Technology
A/S, Aarhus N, Denmark), and bathed in oxygenated (95% O2 and 5%
CO2) Krebs solution maintained at 37 °C (pH 7.4), as described in our
lab previous works [13] and was optimized for carotid arteries here.
Briefly, two tungsten steel wires with diameter of 0.04 mm were passed
through the vessel lumen and fixed to two jaws of the myograph
chamber. Arterial segments were stretched to an optimal baseline tension of 2.5 mN for carotid arteries. After 30 min of equilibration at
baseline tension, 60 mmol·L−1 KCl solution (NaCl in Krebs solution was
substituted with an equimolar amount of KCl) was applied to confirm
the viability of the artery. In most vascular reactivity measurements,
the experiments were repeated 5–8 times (n number indicated in each
figure), each time with carotid arterial segments from different mice.
For EDC measurement, carotid arterial segments with endothelium
were exposed for 30 min to 100 μmol·L−1 L-NAME (an NOS inhibitor)
to eliminate the relaxant effect of endothelium-derived nitric oxide
(NO) before the application of ACH [3]. The contraction to ACH was
absent in segments without endothelium. The effects of various inhibitors (e.g., TRPC5 inhibitors, COX-1 and COX-2 inhibitors, TP receptor antagonist) on the ACH-induced EDC were determined by preincubating the carotid arteries with each drug together with L-NAME
for 30 min. Specificity of TP receptor antagonist was validated by its
inhibition on U46619 (100 nmol·L−1)-induced contraction but lack of
inhibition on 60 mM KCl-induced contraction. The contractions induced
by pure prostaglandin standards and cicaprost were determined following a 30-min incubation with L-NAME. EDC was expressed as active
tension F·(2x)−1, where F stands for the force in millinewtons and x for
the longitudinal length of the vessels in millimeters.

2. Materials and methods
2.1. Materials
(R)-(-)-Phenylephrine hydrochloride (Phe), NG-nitro-L-arginine methyl ester (L-NAME), acetylcholine (ACH), clemizole, ML204, indomethacin, U46619 and sodium nitroprusside (SNP) were purchased
from Sigma-Aldrich Chemical (St Louis, MO, USA). NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide) and angiotensin II
(Ang II) were from Tocris (Abingdon, UK). VAS (valeryl salicylate) was
from Cayman Chemical (Ann Arbor, MI, USA). PGF2α, PGE2, PGD2, and
PGI2 were purchased from Santa Cruz (Dallas, Texas, USA). S18886 (3[(6-amino-(4-chlorobenzensulphonyl)-2-methyl-5,6,7,8-tetrahydronapht]-1-yl) propionic acid) and cicaprost were kind gifts from Yu
Huang (The Chinese University of Hong Kong). ACH, Phe, L-NAME,
cicaprost, Ang II, clemizole and SNP were prepared in distilled water.
PGI2 was dissolved in basic buffers (pH > 10.2). All other drugs were
dissolved with DMSO. The concentrations of stock solutions were
100 mmol·L−1 for ML204, indomethacin, NS-398, VAS and S18886;
10 mmol·L−1 for U46619; 1 mg·mL−1 for PGF2α, PGE2 and PGD2. AntiTRPC5 and Anti-COX-2 antibodies were from Proteintech (Rosemont,
IL, USA). Anti-COX-1, anti-GAPDH antibodies were from Cell Signaling
Technology (Boston, MA, USA). Anti-von Willebrand factor antibody
was from Dako (Santa Clara, CA, USA).

2.4. Immunofluorescence staining of tissue sections
The methods were similar to those described elsewhere [14].
Briefly, the carotid arteries were isolated from WT mice. The tissues
were fixed with 4% paraformaldehyde, followed by embedment in
Tissue-Tek® O.C.T.™ compound (Sakura Finetek Europe B.V., AJ Alphen
aan den Rijn, the Netherlands). 5 µm cryosections were cut using a
Leica CM 1000 cryostat. After rehydration in PBS, frozen sections were
permeabilized by 0.1% Triton X-100 in PBS, followed by blocking in 5%
donkey serum in PBS at room temperature for 1 h. The sections were
incubated with or without primary anti-TRPC5 rabbit antibody (T5E3,
1:100) or anti-von Willebrand factor antibody (Dako, 1:100) overnight
at 4 °C. After washing in PBS, the sections were incubated with secondary donkey anti-rabbit IgG conjugated to Alexa Fluor 546 (1:500)
for 2 h, followed by DAPI (Thermo Fisher, Waltham, MA USA) counterstaining for 30 min at room temperature. After washing and mounting,
immunofluorescence signals were detected by FV1000 confocal system
(Olympus Corporation, Shinjuku-ku, Tokyo). In negative control, the
primary antibodies were omitted. The T5E3 antibody was raised in
rabbits using the methods developed by Xu et al. [15]. The experiments
were repeated 5 times, each time with carotid artery from different
mice.

2.2. Animals and carotid arteries preparation
All animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals issued by the US
National Institute of Health (NIH) and approved by the Animal
Experimentation Ethics Committee, the Chinese University of Hong
Kong (15/203/MIS-5-C). All animals were kept at constant temperature
(22 ± 2 °C) and humidity (55 ± 5%), with a 12-h light/dark cycle and
supplied with standard chow diet and water.
All measurement for vascular function by myograph, measurement
for
prostaglandins
by
Enzyme
Immunoassay
(EIA),
immunohistochemical staining and tissue immunoblotting experiments
were performed using carotid arteries prepared from 3 to 4 months old,
age-matched male WT and TRPC5 KO 129S1/SvImJ mice (weight at
27–35 g) [12].
12
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saline solution containing ketamine (200 mg·kg−1) and xylazine
(10 mg·kg−1). Heparin (100 U·mL−1 in PBS) was infused from the left
ventricle into the circulation. Carotid arteries were dissected in sterile
PBS, followed by incubating with collagenase type IV (Sigma-Aldrich
Chemical, St Louis, MO, USA) at 37 °C for 8 min. The detached endothelial cells were collected by centrifugation at 1,300 rpm, re-suspended and cultured in a T25 flask containing complete endothelial cell

2.5. Primary carotid arterial endothelial cell isolation
Endothelial cells were isolated from carotid arteries of 4–5 weeks
old, age-matched male WT and TRPC5 KO mice (weight at 15–20 g). Six
carotid arteries (both left and right carotid arteries) from three mice
were pooled together in a single isolation experiment. For the isolation,
the mice were anesthetized with an intra-peritoneal injection of normal

(caption on next page)
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Fig. 1. Detection of TRPC5 proteins in mouse carotid arteries by immunohistochemical studies. (A), Representative images showing the immunoreactivity to TRPC5
using T5E3 as the primary antibody (red) and to von Willebrand factor (vWF) (red) on frozen tissue slides from carotid arteries of WT and TRPC5 KO mice. Negative
control had no T5E3 primary antibodies. In the merged images, arrowheads show TRPC5 or vWF expression in the endothelial layer, whereas asterisks illustrate
TRPC5 expression in the smooth muscle layer. Insets are high magnification pictures showing endothelial cells. The blue dots were DAPI staining, which stained cell
nuclei. The green color was autofluorescence of elastin fibers. The pink color in merged images was from overlay of red color (T5E3 or vWF) and blue color (DAPI).
n = 5 per group. (B), RT-PCR detection of TRPC5 mRNA in carotid arterial endothelial cells isolated from both WT and TRPC5 KO mice. Shown were the RT-PCR
products of TRPC5 and the DNA ladder. WT mice showed a 436 bp product representing full length TRPC5 mRNA, while TRPC5 KO mice showed a 296 bp product
representing truncated version of TRPC5 mRNA with exon 5 deletion. (C), Data summary showing the comparison of mRNA expression for TRPC1, TRPC3, TRPC4,
TRPC6, TRPC7, and M3 muscarinic receptors in carotid arterial endothelial cells between WT and TRPC5 KO mice. n = 3 per group. For each TRPC member, the
mRNA expression was normalized to that of WT mice, while for M3 muscarinic receptors, the data were calculated based on the cycle threshold value and normalized
to GAPDH. NS: not significant. (D and F), Original recordings (D) and data summary (F) showing that in phenylephrine (Phe)-precontracted carotid arteries,
acetylcholine (ACH) induced concentration-dependent relaxation followed by contraction at high concentration, which was greater in WT than in TRPC5 KO mice.
n = 8 per group. *P < 0.05 compared with WT group. (E and G), Original recordings (E) and data summary (G) showing that in phenylephrine-precontracted carotid
arteries, ACH induced similar endothelial-dependent relaxation in the presence of 100 nmol·L−1 S18886 between WT and TRPC5 KO mice. n = 6 per group. (H) In
endothelium-denuded carotid arteries, ACH-induced relaxation disappeared in both WT and TRPC5 KO mice. n = 6 per group.

growth medium EGM (Lonza Walkersville, Salisbury, MD, USA) supplemented with 20% FBS. After attachment of ∼45 min, unattached
non-endothelial cells were washed away, and new complete growth
medium was added. Seven or ten days later, confluent cells were propagated into one T75 flask. The primary cultured endothelial cells
within three passages were used for in vitro assays.

AGCGT-3′, the reverse primer 5′-CAAGGCCACGACCAACACGA-3′;
TRPC4 forward primer 5′-GGTACCCTGCCTACACCTTT-3′, the reverse
primer 5′-CCTTGCCATTACCTTCGCTC-3′; TRPC6 forward primer
5′-TCTCGAGTTGGGGATGCTTT-3′, the reverse primer 5′-GCGAGAATG
ATTGGGGTCAC-3′; TRPC7 forward primer 5′-TCCCTGCTCCCTTTAAC
CTG-3′, the reverse primer 5′-TATCTGGTGGGCTTGCTGAA-3′; M3
muscarinic receptor forward primer 5′-GGGGAACTTAGCCTGTG
ACC-3′, the reverse primer 5′-CGGCTCGTTTTGTTGTTCGT-3′ and
GAPDH forward primer 5′-CGAGAATGGGAAGCTTGTCATC-3′, the reverse primer 5′-CGGCCTCACCCCATTTG-3′.

2.6. Immunofluorescence staining of cultured cells
The identity of the primary cultured carotid arterial endothelial
cells was confirmed by immunoreactivity to von Willebrand factor
(vWF), which is an endothelial cell marker. The expression of TRPC5 in
the primary cultured carotid arterial endothelial cells was determined
by anti-TRPC5 antibody (Proteintech, IL, USA). The cells were plated
onto slides one or two days before staining. On the day, slides were
fixed with 4% paraformaldehyde in PBS followed by permeabilizing
with 0.1% triton X-100 in PBS. The slides were blocked with 5% BSA in
PBS at room temperature for 1 hr, followed by incubation with primary
anti-TRPC5 antibody (1:100) or anti-von Willebrand factor antibody
(1:100) overnight at 4 °C. Next day, secondary antibody Alexa Fluor
488 donkey anti-rabbit IgG or Alexa Fluor 546 goat anti-rabbit IgG was
applied at room temperature and incubated for 2 hr, followed by DAPI
staining for 10 min. After washing and mounting, immunofluorescence
was detected by FV1000 confocal system (Olympus Corporation,
Tokyo). In negative control experiments, the primary antibodies were
omitted.

2.8. Measurement of prostaglandins by Enzyme Immunoassay (EIA)
After 30-min incubation in the presence of L-NAME with and
without COX inhibitors in a chamber at 37 °C, carotid arterial segments
with or without endothelium were transferred to microcentrifuge tubes
that contained 200 µL bath solution and 3 μmol·L−1 ACH. 4 min later,
the tissue samples were frozen at −80 °C until prostaglandin measurement. For measurement, the frozen tissue samples were thawed on
ice and ground with a glass tissue grinder. The lysate was centrifuged at
15,000 rpm for 20 min at 4 °C. The supernatant was collected and the
protein concentration for each sample was determined by Pierce™ BCA
Protein Assay Kit (Thermo Fisher, Waltham, MA USA).
The levels of arachidonic acid-derived prostanoids were measured
by EIA kits (Cayman Chemical, Ann Arbor, MI, USA) according to the
instruction of the manufacturer. The five prostanoids or their metabolites were assayed, which were 6-keto PGF1α (for PGI2) (catalogue
number, 515211), PGF2α (catalogue number, 516011), PGE2 (catalogue
number, 514010), PGD2 (catalogue number, 512031) and TXB2 (for
TXA2) (catalogue number, 501020). The left and right common carotid
arteries from five mice, a total of ten segments, were pooled and used
for each prostanoid assay.

2.7. RNA isolation, RT-PCR, and quantitative real-time PCR (qPCR)
The total RNA was extracted from the primary cultured carotid arterial endothelial cells using Trizol™ Reagent (Thermo Fisher, Waltham,
MA USA). First-strand cDNA was prepared using SuperScript™ II
Reverse Transcriptase and oligo-dT primer (Thermo Fisher, Waltham,
MA USA). For TRPC5 and other TRPC family members, PCR reactions
were performed with 2 μL first-strand cDNA, 5 μL of 10× buffer, 1.5 μL
of 50 mmol·L−1 MgCl2, 0.2 mmol·L−1 of dNTP, 1.0 μmol·L−1 of primers
and 2.5 U Taq DNA polymerase. Thirty-five cycles (94 °C for 1 min,
58 °C for 1 min, 72 °C for 1 min) were performed with a MJ Research
PTC-200 PCR machine (Bio-Rad, Hercules, California, USA). Then RTPCR products were determined by agarose gel electrophoresis (2%) at
100 V for 40 min. For M3 muscarinic receptor, quantitative PCR was
performed on Vii A 7 Real-Time PCR System (Thermo Fisher, Waltham,
MA USA) using SYBR Green master mix (Thermo Fisher, Waltham, MA
USA). The data were calculated based on the cycle threshold value and
normalized to GAPDH. The PCR primers were as follows: TRPC5 forward primer 5′-AAGTTTCGAATTTGAGGAGCAGATG-3′, the reverse
primer 5′-AATCTCTGATGGCATCGCACA-3′; TRPC1 forward primer
5′-GAATCGCGTAACCAGCTCAG-3′, the reverse primer 5′-AGTGGGCC
CAAAATAGAGCT-3′; TRPC3 forward primer 5′-AAGACACGGGCACAA

2.9. Intracellular Ca2+ ([Ca2+]i) measurement
[Ca2+]i was measured as described elsewhere with slight modification [16]. Briefly, the endothelial cells were seeded onto poly-Llysine-coated glass discs in culture media 1 day before [Ca2+]i measurement. The cells were loaded for 30 min in dark with 2 μmol·L−1
Fluo-4/AM and 0.013% Pluronic F-127 in culture media before
mounting onto a microscope chamber. To investigate ACH-induced
[Ca2+]i change, the cells were firstly incubated in a Ca2+-free physiological saline solution (0Ca2+-PSS) in the presence of 100 μmol·L−1
L-NAME. ACH was then applied to induce Ca2+ release from intracellular Ca2+ stores. After this [Ca2+]i transient (due to store Ca2+
release) returned to its basal line, 2 mmol·L−1 Ca2+ was added to the
bath solution to induce the second [Ca2+]i transient, which was from
extracellular Ca2+ entry. 0Ca2+-PSS contained in mmol·L−1: 145 NaCl;
5 KCl; 1 MgCl2; 0.2 EGTA, 10 glucose; 10 HEPES, pH 7.4. 10 µmol·L−1.
14
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Fig. 2. TRPC5 participated in ACH-induced EDC in mouse carotid arteries. (A and B) Original recordings (A) and data summary (B) showing ACH-induced contraction in carotid arterial segments with endothelium in WT mice (+ Endo). (C and D), Original recordings (C) and data summary (D) comparing concentrationdependent contractions induced by ACH (with or without the pre-incubation of 100 nmol·L−1 S18886) in intact carotid arterial segments between WT and TRPC5 KO
mice. (E and F), Data summary showing inhibitory effects of clemizole (E) and ML204 (F) on ACH-induced contraction. In all experiments, the arterial segments were
pretreated with L-NAME (100 μmol·L−1) for 30 min before ACH challenge. Data are mean ± SD of 5 experiments (n indicated in the figure). ± Endo means with or
without endothelium. *P < 0.05 compared with + Endo group in B, with WT group in D, and with control group in E and F, and †P < 0.05 comparing TRPC5-KO
with TRPC5-KO treated with S18886.

15
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Fig. 3. Comparison of contractile and relaxant properties of carotid arterial smooth muscle cells between WT and TRPC5 KO mice. (A-B) Inhibitory effects of
100 nmol·L−1 S18886 on 100 nmol·L−1 U46619-induced contractions (A) and lack of S18886 inhibition on 60 mmol·L−1 KCl-induced contractions (B) in intact
carotid arteries from WT and TRPC5-KO mice. (C-F) The endothelium-removed carotid arteries from both WT and TRPC5 KO mice showed the similar contractions
induced by U46619 (C), Phe (D), and 60 mmol·L−1 K+ (E), and similar relaxation to SNP (F). In the SNP relaxation experiments, the carotid arteries were precontracted with 3 μmol·L−1 Phe. NS: not significant. Data are mean ± SD of 5–6 experiments (n indicated in the figure). *P < 0.05 compared with respective control
group in A.

To explore A23187-induced extracellular Ca2+ influx, the cells were
firstly incubated in normal physiological saline, which contained in
mmol·L−1: 145 NaCl; 5 KCl; 1 MgCl2; 2 CaCl2, 10 glucose; 10 HEPES,
pH 7.4., followed by the challenge with 1 μmol·L−1 A23187. Change in
[Ca2+]i was measured at room temperature by fluo-4 fluorescence recorded and analyzed by the FV1000 laser scanning confocal imaging
system. The [Ca2+]i responses were expressed as a ratio of real-time

fluorescence (F1, excitation at 490 nm) relative to the intensity immediately before extracellular Ca2+ addition or A23187 application
(F0). The experiments were repeated five times.
2.10. Immunoblotting
Primary cultured carotid arterial endothelial cells and endothelium16
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Fig. 4. TRPC5 contributed to ACH-induced Ca2+ entry in carotid arterial endothelial cells. (A), Representative images (n = 5) showing positive immunoreactivity of
the primary cultured cells from mouse carotid arteries to vWF (red) and TRPC5 (green). Control experiments were in the absence of the primary anti-antibodies. Blue
dots were DAPI staining for cell nuclei. Also shown were the merged images of vWF/TRPC5 with DAPI. (B) Representative time-course of [Ca2+]i change in response
to 10 µmol·L−1 ACH in the primary carotid arterial endothelial cells from WT and TRPC5 KO mice. The cells were first bathed in a Ca2+-free saline. Application of
10 μmol·L−1 ACH induced store Ca2+ release, shown as the first [Ca2+]i transient; once the first [Ca2+]i transient returned to its base line, 2 mmol·L−1 Ca2+ was
added to the bath to induce the second [Ca2+]i transient, representing extracellular Ca2+ entry. (C) Summary of data comparing the peak magnitude of Ca2+ entry
(the second transient) in response to ACH as in B. (D) Representative time-course of [Ca2+]i change in response to 1 µmol·L−1 A23187 in the primary carotid arterial
endothelial cells from WT and TRPC5 KO mice. (E) Summary of data comparing the peak magnitude of [Ca2+]i transient in response to A23187 as in D. NS: not
significant. Data summary are mean ± SD of 5 experiments, ≥10 cells per experiment. *P < 0.05 compared with WT group in C.

removed carotid arteries were collected and lysed in ice-cold RIPA
buffer containing 1 μg·mL−1 leupeptin, 5 μg·mL−1 aprotinin,
100 μg·mL−1 PMSF, 1 mmol·L−1 sodium orthovanadate, 1 mmol·L−1
EGTA, 1 mmol·L−1 EDTA, 1 mmol·L−1 NaF, 2 mg·mL−1 β-glycerolphosphate and protease inhibitor cocktail. The lysate was centrifuged at
15,000 rpm for 20 min at 4 °C. The supernatant was collected and the
proteins were separated on a 10% SDS–PAGE gel and transferred to a
polyvinylidene difluoride membrane. Proteins on the membrane were
probed by the primary anti-COX-1 (1:500), anti-COX-2 (1:1000) or antiGAPDH (1:2000) antibodies. Immunodetection was accomplished with
horseradish peroxidase-conjugated secondary antibodies (1:2,000 dilution), followed by reaction with ECL western-blot detection system.
The densitometric analysis was performed using ImageJ software.
Protein expression level was normalized to GAPDH.

3. Results
3.1. Endogenous TRPC5 expression in mouse carotid arteries
Immunofluorescence staining was used to investigate the endogenous expression of TRPC5 proteins in mouse carotid arteries. T5E3positive immunoreactive signals of TRPC5 proteins could be detected in
both endothelial and smooth muscle layers in the carotid arteries of WT
mice but not those of TRPC5 KO mice (Fig. 1A). The identity of endothelial layer was verified by immuno-positive staining against von
Willebrand factor, which is an endothelial marker (Fig. 1A). No detectable signal was observed in negative control, in which the primary
antibody T5E3 was omitted (Fig. 1A). As expected from previous publication [12], RT-PCR detected the expression of full length TRPC5
mRNA in the primary cultured endothelial cells from WT mice but only
a truncated one in the samples from TRPC5 KO mice (Fig. 1B). As
controls, RT-PCR and qPCR detected no differences in the expression of
TRPC1, TRPC3, TRPC4, TRPC6, TRPC7 and M3 muscarinic receptors
between WT and TRPC5 KO mice (Fig. 1C).

2.11. Data and statistical analysis
Data are expressed as means ± SD of n experiments with carotid
arteries from different animals. Concentration–response curves were
analyzed by nonlinear regression curve fitting using GraphPad Prism
software (GraphPad Software Inc., San Diego, CA, USA), followed by
two-way analysis of variance (ANOVA) with Bonferroni post-test. For
statistical comparisons of two groups, unpaired Student’s t test was
applied. For comparisons of more than two groups, one-way analysis of
variance (ANOVA) with the Tukey post hoc test was used. For all
comparisons, P < 0.05 was considered to indicate statistical significant.

3.2. TRPC5 participated in ACH-induced EDC in mouse carotid arteries
In phenylephrine-precontracted carotid arteries, in the absence of LNAME, ACH induced a concentration-dependent relaxation in the range
of 3–100 nmol·L−1 in both WT and TRPC5 KO mice (Fig. 1D and F). As
expected, the relaxant effect of ACH was endothelium-dependent
(Fig. 1H). Further increase in ACH concentration from 0.3 to
3 µmol·L−1 resulted in the contraction which could be abolished by a
17
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Fig. 5. Essential role of COX-2 in the ACH-induced contraction of mouse carotid arteries. (A and B) Representative immunoblot images (A) and quantitative data (B)
comparing expressional level of COX-1 and COX-2 in the primary cultured carotid arterial endothelial cells and endothelium-denuded carotid arteries between WT
and TRPC5 KO mice. Data are mean ± SD of 3–6 experiments as indicated. (C and D) Effects of indomethacin (indo), valeryl salicylate (VAS), and NS-398 on ACHinduced contraction in the carotid arterial segments from WT (C) and TRPC5 KO mice (D). (E-F) Data summary showing concentration-dependent inhibition of NS398 (E) and lack of VAS inhibition (F) on ACH-induced contraction in the carotid arterial segments from WT mice. (G) Data summary showing lack of NS-398
inhibition on Phe-induced contraction in carotid arterial segments of both WT and TRPC5 KO mice. ACH-induced contractions were performed in the carotid arterial
segments that were pretreated with L-NAME (100 μmol·L−1) for 30 min. NS: not significant. Data in C-G are mean ± SD of 5–6 experiments. *P < 0.05 compared
with respective control group.

selective TP receptor antagonist S18886 at 100 nmol·L−1 (Fig. 1D-G).
The magnitude of ACH-induced contraction was much larger in the
carotid arteries of WT mice than those of TRPC5 KO mice (Fig. 1D and
F).
We next investigated ACH-induced contraction without phenylephrine precontraction but in the presence of L-NAME. Here, ACH
elicited concentration-dependent contraction of intact carotid arterial
segments from WT mice, with the maximal response of 1.05 mN·mm−1
(Fig. 2A-B). Removal of the endothelium abolished the contractions to

ACH (Fig. 2A-B). Importantly, the EDC in carotid arterial segments
prepared from TRPC5 KO mice was substantially smaller than those of
WT mice (Fig. 2C and D). 100 nmol·L−1 S18886 abolished the ACHinduced EDC in the carotid arteries from both WT and TRPC5 KO mice
(Fig. 2D). Selective TRPC5 inhibitor clemizole and TRPC4/C5 inhibitor
ML204 each attenuated the ACH-induced contractions in a concentration-dependent manner (Fig. 2E and F).
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Fig. 6. Role of TRPC5 in the production of multiple prostanoids in endothelial cells. Shown are EIA measurement of the putative arachidonic acid metabolites, PGI2
(detected as 6 keto-PGF1α) (A), PGF2α (B), PGD2 (C), PGE2 (D), TXA2 (detected as TXB2) (E) in L-NAME-treated carotid arterial segments from WT and TRPC5 KO
mice. The arteries were treated with or without 3 μmol·L−1 ACH. Data are mean ± SD of 5 experiments. -Endo means without endothelium. *P < 0.05 compared
with respective control group; †P < 0.05compared with respective ACH-treated group; #P < 0.05 compared with ACH-treated WT group.

3.3. The reduced EDC response in TRPC5 KO mice was not due to
dysfunction in smooth muscle cell contraction

We next compared contractile and relaxant characteristics of vascular smooth muscle cells between WT and TRPC5 KO mice. U46619 at
0.1 nmol·L−1 to 100 nmol·L−1 and phenylephrine at 10 nmol·L−1 to
10 µmol·L−1 induced concentration-dependent contractions in endothelium-removed carotid arteries, without significant difference between WT and TRPC5 KO mice (Fig. 3C and D). High K+
(60 mmol·L−1)-induced contraction and sodium nitroprusside (SNP)induced relaxation in the endothelium-removed carotid arteries were

The specificity of the TP receptor antagonist S18886 was tested
against contractions induced by a TP receptor agonist U46619 and
60 mmol·L−1 KCl. As expected, treatment with 100 nmol·L−1 S18886
prevented the U46619-induced contraction without affecting the contraction to 60 mmol·L−1 KCl (Fig. 3A and B).
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Fig. 7. Role of COX isoforms in prostanoid production. Shown are EIA measurement of the putative arachidonic acid metabolites, PGI2 (detected as 6 keto- PGF1α)
(A), PGF2α (B), PGD2 (C), PGE2 (D), TXA2 (detected as TXB2) (E) in L-NAME-treated carotid arterial segments from WT and TRPC5 KO mice. The arteries were treated
with ACH with or without indomethacin (1 μmol·L−1), VAS (30 μmol·L−1) or NS-398 (3 μmol·L−1). Control had no ACH. Data are mean ± SD of 5 experiments. Indo
means indomethacin. *P < 0.05 compared with respective ACH-treated group; #P < 0.05 compared with ACH-treated WT group.

also similar between WT and TRPC5 KO mice (Fig. 3E and F). These
data suggest that contractile/relaxant characteristics of carotid smooth
muscle cells were similar between WT and TRPC5 KO mice, and that the

difference in EDC between WT and TRPC5 KO mice was not due to
smooth muscle TRPC5.
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Fig. 8. Exogenous prostaglandins-induced contractions in mouse carotid arteries. Data summary showing the responses of L-NAME–treated segments with endothelium to exogenous added PGF2α (A), PGE2 (B), PGD2 (C), PGI2 (D), and cicaprost (E) in carotid arteries from both WT and TRPC5 KO mice. In addition,
100 nmol·L−1 S18886 abolished the contractions in response to exogenous PGF2α, PGE2, and PGD2 in the carotid arteries. Data are mean ± SD of 5 experiments.
*
P < 0.05 compared with respective control group.
Fig. 9. TRPC5 participated in Ang II-induced
EDC in mouse carotid arteries. (A) Data summary showing that Ang II induced concentrationdependent contractions in intact carotid arteries
from WT and TRPC5 KO mice in the presence of
100 µmol−1 L-NAME. (B) Data summary
showing that Ang II-induced contraction was
reduced in endothelium-removed carotid arteries
from WT mice. Data are mean ± SD of 3–4 experiments (n indicated in the figure). *P < 0.05
compared with WT group.

3.4. TRPC5 contributed to ACH-induced Ca2+ influx in mouse carotid
arterial endothelial cells

10 µmol·L−1 ACH to induce Ca2+ release from intracellular Ca2+ stores,
which was shown as the first [Ca2+]i transient in Fig. 4B. 2 mmol·L−1
Ca2+ was then added to the bath to elicit extracellular Ca2+ entry,
which was shown as the second [Ca2+]i transient in Fig. 4B. Comparison between WT and TRPC5 KO data showed that, while the magnitude of intracellular Ca2+ release was similar in the endothelial cells
from both WT and TRPC5 KO mice, the ACH-induced Ca2+ entry was
greater in the cells from WT mice than those from TRPC5 KO mice
(Fig. 4B and C). As a control, a Ca2+ ionophore A23187 was used to
induce both intracellular Ca2+ release and extracellular Ca2+ entry,

The identity of the primary cultured carotid arterial endothelial
cells was confirmed by immunostaining using antibodies against von
Willebrand factor (vWF). The results showed that > 98% of the cells
were positively stained, indicating they were of endothelial origin
(Fig. 4A). These cells were immunoreactive to anti-TRPC5 antibody
(Fig. 4A). In [Ca2+]i measurement studies, the endothelial cells were
first bathed in a Ca2+-free saline solution, then challenged with
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PGD2 (1–1000 ng·ml−1), PGI2 (1–1000 ng·ml−1) and its stable analog
cicaprost (1–1000 ng·ml−1) were tested in the presence of 100 µmol−1
L-NAME. PGF2α, PGE2, and to a lesser degree PGD2, each elicited
concentration-dependent contractions of carotid arteries (Fig. 8A-C).
The contractile responses to PGF2α, PGE2 and PGD2 were of similar
magnitude between WT and TRPC5 KO mice (Fig. 8A-C). Furthermore,
the contractions evoked by those three prostaglandins was abolished by
pretreatment with S18886 at 100 nmol−1 (Fig. 8A-C). By contrast, both
PGI2 and cicaprost failed to induce any contraction even at a concentration up to 1000 ng·ml−1 in the carotid arteries from both WT and
TRPC5 KO mice (Fig. 8D and E).

which is independent of TRPC channels. As expected, A23187 at
1 µmol·L−1 induced similar magnitude of [Ca2+]i transients in the endothelial cells from both WT and TRPC5 KO mice (Fig. 4D and E).
3.5. Essential role of COX-2 in the ACH-induced EDC of mouse carotid
arteries
Immunoblotting experiments showed that WT and TRPC5 KO mice
had similar levels of COX-1 and COX-2 expression in carotid arterial
endothelial cells (Fig. 5A and B). COX-2 expression in endotheliumremoved carotid arteries was also similar in WT and TRPC5 KO mice
(Fig. 5A and B). COX inhibitors were then used to differentiate the
specific COX isoform involved in the EDC response. A nonselective COX
inhibitor indomethacin at 1 µmol·L−1 and a COX-2 selective inhibitor
NS-398 at 3 µmol·L−1 abolished the ACH-induced EDC in both WT and
TRPC5 KO mice (Fig. 5C and D). In contrast, a selective COX-1 inhibitor
valeryl salicylate (VAS) at 30 µmol·L−1 had little effect on the EDC
(Fig. 5C and D). Concentration-dependent inhibition of EDC by NS-398
at 0.3 µmol·L−1 to 3 µmol·L−1 was shown in Fig. 5E, while lack of VAS
inhibition on the EDC was shown in Fig. 5F. As a control, treatment
with 3 µmol·L−1 NS-398 had no effect either on the ACH-induced intracellular Ca2+ release [the peak magnitude of 100 ± 30% (n = 4)
without NS-398 vs. 122 ± 39% (n = 5) with NS-398, P = 0.62) or on
the ACH-induced extracellular Ca2+ entry [the peak magnitude of
100 ± 14% (n = 4) without NS-398 vs. 89 ± 13% (n = 5) with NS398, P = 0.69) in the carotid arterial endothelial cells. As another
control, 3 µmol·L−1 NS-398 had no effect on the phenylephrine-induced
contraction in mouse carotid arteries (Fig. 5G).

3.9. TRPC5 also participated in Ang II-induced EDC in mouse carotid
arteries
The role of TRPC5 in angiotensin II (Ang II)-induced EDC was investigated. In the presence of 100 µmol−1 L-NAME, Ang II elicited
concentration-dependent contraction in intact carotid arterial segments
from WT and TRPC5 KO mice, with the magnitude of contraction much
higher in WT mice than in TRPC5 KO mice (Fig. 9A). After removal of
the endothelium, Ang II still could induce contraction but at a much
smaller magnitude (Fig. 9B). These data indicate that the Ang II-induced contraction had two components, namely, endothelium-dependent one and endothelium-independent one, and that TRPC5 contributes to the endothelium-dependent one.
4. Discussion
The main findings of the present study are as follows: 1) TRPC5 was
expressed in vascular endothelial cells and vascular smooth muscle cells
in mouse carotid arteries. 2) In the absence of L-NAME, ACH at low
concentration induced vascular relaxation, but at high concentration
induced contraction in mouse carotid arteries. In the presence of LNAME, ACH always induced contraction. 3) Gene knockout or pharmacological inhibition of TRPC5 markedly reduced the magnitude of
EDC in mouse carotid arteries. 4) A COX-2 selective inhibitor NS-398
caused concentration-dependent inhibition while a COX-1 selective
inhibitor VAS had no effect on the ACH-induced EDC in mouse carotid
arteries. 5) ACH treatment caused a marked increase in the production
of PGI2, PGF2α, PGE2 and PGD2, all of which have lower production
level in TRPC5 KO mice than in WT mice. Among these four prostanoids, the production of PGF2α, PGE2 and PGD2 was inhibited by NS398 but not by VAS. 6) Exogenous PGF2α, PGE2, and PGD2 induced
contractions in mouse carotid arteries, all of which were abolished by a
TP receptor antagonist S18886. By contrast, PGI2 and its stable analog
cicaprost failed to produce any contraction even at an extremely high
concentration. Taken together, the present study demonstrated that
endothelial TRPC5 channels contribute to EDC response by stimulating
COX-2-linked production of PGF2α, PGE2, and PGD2 in mouse carotid
arteries.
Extracellular Ca2+ entry in endothelial cells is long believed to be
an initial event in EDC response [1,3]. However, the molecular identify
of endothelial Ca2+ entry channels involved in the EDC is unknown.
Recently, Li et al., demonstrated a reduced EDC response in the aorta of
aging TRPC5 KO mice compared to those of age-matched WT mice,
suggesting a possible role of TRPC5 in EDC [11]. However, from that
study, it is unclear whether the reduced EDC was caused by TRPC5
deficiency in endothelial cells or in vascular smooth muscle cells, both
of which could explain the reduced EDC. In the present study, several
lines of evidence indicate that TRPC5 channels in endothelial cells
participated in the EDC response in mouse carotid arteries. 1) ACH
elicited a [Ca2+]i rise in the primary cultured endothelial cells derived
from mouse carotid arteries, the magnitude of which was higher in the
cells from wild type mice than those from TRPC5 KO mice. 2) ACHelicited EDC in carotid arteries was greater in WT mice than in TRPC5
KO mice. This was not caused by smooth muscle cell TRPC5, because

3.6. TRPC5 was important for production of multiple prostanoids in
endothelial cells
Five possible EDCF candidates, i.e., PGI2, PGF2α, PGE2, PGD2 and
TXA2, were assayed chemically. ACH at 3 μmol·L−1 caused a significant
increase in the production of PGI2 (detected as 6-keto PGF1α), PGF2α,
PGE2, and PGD2, but not TXA2 (detected as TXB2), in carotid arteries of
both WT and TRPC5 KO mice (Fig. 6A-E). The elevation in the production of PGI2, PGF2α, PGE2 and PGD2 was abolished by removal of
the endothelium (Fig. 6A-D). Importantly, the elevated production of
PGI2, PGF2α, PGE2 and PGD2 in carotid arteries of TRPC5 KO mice was
significantly smaller than those of WT mice (Fig. 6A-D). However,
knockout of TRPC5 had no effect on TXA2 level in carotid arteries
(Fig. 6E).
3.7. Role of COX isoforms in prostanoid production
COX inhibitors were used to differentiate the specific COX isoform
responsible for the production of different prostanoids. Indomethacin at
1 µmol·L−1 almost eliminated the production of PGI2, PGF2α, PGE2 and
PGD2 (Fig. 7A-D), including their basal production and ACH-stimulated
production, in the carotid arteries of both WT and TRPC5 KO mice. The
COX-2 inhibitor NS-398 at 3 µmol·L−1 also greatly reduced the ACHinduced production of these four prostanoids (Fig. 7A-D). However, the
COX-1 inhibitor VAS only inhibited the ACH-induced production of
PGI2 but not PGF2α and PGE2 and PGD2 (Fig. 7A-D). Note that the inhibitory profiles of those two COX inhibitors on the production of
PGF2α, PGE2, and PGD2, namely, effectiveness of NS-398 and lack of
effect for VAS, correlated well with their effects on ACH-induced EDC
response (Fig. 5). On the other hand, neither NS-398 nor VAS altered
the TXA2 level in carotid arteries of both WT and TRPC5 KO mice
(Fig. 7E).
3.8. PGF2α, PGE2, and PGD2 as EDCFs
To further investigate the role of PGF2α, PGE2, PGD2, and PGI2 in
EDC, the effects of PGF2α (1–1000 ng·ml−1), PGE2 (1–1000 ng·ml−1),
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the contractile response of carotid arteries to smooth muscle TP receptor agonist U46619 was similar between WT and TRPC5 KO mice.
Other smooth muscle characteristics, including contractions to
60 mmol·L−1 K+ and phenylephrine as well as relaxation to SNP, were
also similar between WT and TRPC5 KO mice. 3) Endothelium-dependent production of prostanoids in response to ACH was higher in carotid arteries from WT mice than those from TRPC5 KO mice. Together,
these data suggest that ACH elicits TRPC5-mediated Ca2+ entry in
endothelial cells, resulting in an increased production of prostanoids in
these cells, consequently leading to EDC in carotid arteries.
However, note that there was a residual contractile response to ACH
in the carotid arteries of TRPC5 KO mice, suggesting that other Ca2+
entry channels independent of TRPC5 may also contribute to EDC. A
recent study reported that TRPV4 may mediate EDC in the aortas of
hypertensive mice but not in those of normotensive mice [17]. Further
studies are needed to determine whether TRPV4 could contribute to the
EDC in the carotid arteries of normotensive mice.
Two isoforms of COX, COX-1 and COX-2, can both generate vascular
contractile prostanoids in vascular endothelial cells [18–20]. While
COX-1 is often considered as the major prostanoid source [3,20], many
studies have also found an important role of COX-2 in EDC under
physiological [21–23] and pathological conditions [24–26]. In the
present study, the ACH-induced EDC in mouse carotid arteries was inhibited by a COX-2 inhibitor NS-398 in a concentration-dependent
manner, while a COX-1 inhibitor VAS had no effect. As control, NS-398
had no effect on ACH-induced intracellular Ca2+ release and extracellular Ca2+ entry, eliminating its off-target effect on Ca2+ signaling
pathway. Furthermore, NS-398 also had no effect on the phenylephrineinduced contraction in mouse carotid arteries. These results indicate
that ACH-induced EDC is mediated by COX-2 but not COX-1 at least in
mouse carotid arteries under normal physiological condition.
Activity of COX metabolizes arachidonic acid to generate multiple
prostanoids, including PGI2, PGF2α, PGE2, PGD2, TXA2 [4,5]. These
prostanoids can act on TP receptors to induce EDC [4,5]. It is known
that the contribution of individual prostanoids in EDCF-mediated responses varies depending on animal species, blood vessel types, ligands,
age and disease state of the animals [3]. In our studies, EIA results
showed that ACH stimulated the production of PGI2, PGF2α, PGE2 and
PGD2, all of which have lower production level in the carotid arteries of
TRPC5 KO mice than those of WT mice. Among these four prostanoids,
the production of PGF2α, PGE2 and PGD2 were sensitive to NS-398 inhibition but insensitive to VAS. This profile resembled the ACH-induced
EDC response in carotid arteries. Furthermore, exogenous application
of PGF2α, PGE2, and to a less degree PGD2 was able to elicit contraction
of carotid arteries. These results suggest that PGF2α, PGE2, and to a less
degree PGD2 were the major prostanoids that contribute to the EDC in
the carotid arteries. We speculate that participation of 2–3 different
protanoids in the EDC may allow fine tuning or better regulation of the
EDC responses.
On the other hand, although the production of PGI2 was also greatly
stimulated by ACH, the difference in PGI2 production was small between WT and TRPC5 KO mice. Furthermore, the ACH-stimulated
production of PGI2 was sensitive to both NS398 and VAS, which did not
resemble the inhibitory profiles of NS-398 and VAS in EDC response.
Moreover, exogenous application of PGI2 and cicaprost failed to induce
any contraction even at very high concentrations. These data suggest
that PGI2 may not function as an EDCF despite of its considerable release. TxA2 was reported to contribute to EDC in canine basilar arteries
and rabbit intrapulmonary arteries [27,28]. However, we only detected
some low basal level of TxA2 (Fig. 6E), which was not affected by removal of endothelium (Fig. 6E). Furthermore, ACH treatment failed to
stimulate the production of TXA2 in the artery. Therefore, it is apparent
that TxA2 did not contribute to the EDC in mouse carotid arteries.
In conclusion, the present study clearly demonstrated a key functional role of endothelial cell TRPC5 in the EDC response of mouse
carotid arteries. It is likely that TRPC5-mediated Ca2+ entry in

endothelial cells stimulates COX-2 to produce prostanoids (PGF2α,
PGE2, and PGD2), consequently resulting in the EDC in the arteries.
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