
Introduction

It is known that in patients with ischaemic vascular diseases col-
lateral vessels grow bypassing the occlusion site. This process is
termed arteriogenesis. However, the physiological collateral
growth is not sufficiently able to compensate the deterioration of
blood flow. Recent studies could show that collateral vessels only

attain about 40% of the maximal conductance of the artery they
had replaced [1, 2].

Thus, a major therapeutic goal is to stimulate the growth of col-
lateral vessels in order to optimize this natural process. However,
significant effects for angiogenic growth factors could not be
demonstrated in clinical trials, despite some anecdotal evidence [3].

After femoral artery ligature (FAL) in hind limbs of rabbits and
pigs with an arterio-venous anastomosis leading to a chronically
elevated fluid shear stress (FSS), it was shown that this physical
force distinctively triggers collateral growth [4, 5]. As a conse-
quence, the long-lasting growth of collateral vessels completely
restored (and overshot) the physiological function of the occluded
artery. We adapted the high shear stress model to the rat, whose
genome is known, and performed a genome-wide screening,
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ductance when compared with the non-occluded artery. Cell culture and in vivo studies demonstrate that an FSS- or a 4�PDD-induced
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sitive vasodilator, has hitherto not been implicated in active growth processes of collateral arteries. This new function may lead to new
therapeutic strategies for the treatment of arterial occlusive diseases.
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using the Whole Rat Genome Oligo Microarray Kit (Agilent
Technologies, Boeblingen, Germany). Among the up-regulated
genes, we focused on genes which were known to be dependent on
mechanical stress (e.g. shear stress). We identified the transient
receptor potential cation channel, subfamily V, member 4 (Trpv4)
as a possible mediator of physical stimuli to intracellular signals.
Previous results showed that Trpv4 is activated by changes of
osmotic pressure, temperature and changes in FSS, which are
exerted to the inner lining of the vascular wall [6, 7]. Trpv4 is
known to play an important role in the regulation of vascular tone,
and its activation leads to vasodilatation of the vessel wall via Ca2�-
influx [8]. Therefore, we tested the hypothesis whether Trpv4 plays
a crucial role in arteriogenesis by transmitting the physical stimulus
(FSS) into an active intracellular growth response thereby repre-
senting a very early event in vascular remodelling.

Methods

Animal models

The study was performed according to Section 8 of the German Law for
the Protection of Animals, which complies with the US National Institutes
of Health (NIH) guidelines.

Due to their known genomic background, rats were used for genome-
wide transcriptional profiling of growing collaterals or quantitative real-time
PCR. Because the reliability of hemodynamic measurements is greater in
larger animals, collateral conductance CCmax (ml/min/100 mmHg) was
assessed in rabbits.

Therefore, the femoral artery was ligated in New Zealand White rabbits
(3.0 � 0.3 kg body weight) and Sprague Dawley rats (275 � 25 g body
weight). They were assigned to one of the following groups (each n � 6):
(i) AV-shunt treatment, (ii) local administration of 4�-Phorbol-12,13-dide-
canoate (4�PDD) dissolved in EtOH (0.05 mg/kg body weight per day), (iii)
Ruthenium Red (RR) dissolved in NaCl (0.5 mg/kg body weight per day)
and injected into the collateral circulation via osmotic mini-pumps, (iv) FAL
without AV-shunt and (v) osmotic mini-pump solvent-controls. Six sham-
operated rabbits as well as six rats served as sham controls.

The surgical procedures were carried out under anaesthesia with keta-
mine hydrochloride (40 mg/kg body weight for rabbits and 100 mg/kg
body weight for rats) and xylazine (4 mg/kg for rabbits and 3 mg/kg for
rats) administrated i.m. for rabbits and i.p in rats. Buprenorphine 
(50 �g/kg for rabbits and 20 �g/kg for rats) was used to prevent pain. The
surgical interventions to create the AV-fistula or to implant the osmotic
mini-pumps were performed as described [1, 4, 5].

In order to perform post-mortem angiographies after 7 days, a gela-
tine-based barium sulphate contrast medium was infused into rats as
described [9]. Arteriovenous shunt experiments were carried out in rats, in
order to isolate total RNA from collateral vessels or to collect tissue for
immunohistochemistry after day 1, 3, 5, 7 and 14 (each n � 5).

Seven days after FAL, the capacity of the collateral system was
assessed by hemodynamic measurements in rabbits as described [5].

The femoral arteries were also ligated in 12-week-old male wild-type
mice (WT, n � 7) and Trpv4 knock-out mice (Trpv4�/�, n � 11; a kind gift
by W. Liedtke, Duke University, USA), both with a CL57BL/6 background.
The relative blood flow in the mouse foot was estimated via erythrocyte

motion detection, using laser Doppler imager (MLDI 5063 and MLDI
Sofware Version 3.01, both from Moor Instruments, Devon, UK) as
described previously [10]. In brief, the mice were anaesthetized and kept
at 37�C in a climate-controlled chamber until they reached the steady state.
The measurements were performed before and immediately after surgery
and on the 3rd, 7th and 14th post-operative day. Killed mice were used to
determine the background level for subsequent subtraction. The right-
to-left ratio (R/L ratio) was calculated for each mouse.

Cell culture

Porcine aortic endothelial cells (PAECs) were obtained from swine aortas
as previously described [11] and cultured in DMEM, 10% FCS, 20 mM L-
Glutamine, 10 mM sodium-pyruvat, 10 mM non-essential amino acids and
10 mM penicillin/streptomycin.

For activation of Trpv4 in cultured PAECs, cells were grown in 6-well
plates to 60% confluence and 4�PDD (7 �M respectively 37 �M) was
added to the medium for the duration of 30 min. and 1 hr, respectively.
Then medium was replaced, and after 6 hrs cells were harvested for RNA
isolation. For immunohistological analysis, PAECs were grown on 8-well
chamber slides (Vol. 0.2–0.5 ml, Nunc, Langenselbold, Germany) and
treated with 4�PDD for 1 hr as described above.

To investigate proliferation activity of cultured PAECs, the MTT Cell
Proliferation Assay (ATCC®, Manasses, VA, USA) was used. The yellow
tetrazolium salt (MTT) is reduced in metabolically active cells to form insol-
uble purple formazan crystals. The colour can then be quantified by spec-
trophotometric means. Prior to proliferation tests, cells were serum-
starved for 24 hrs to synchronize the cell cycle. Cells were seeded in 96-
well cell culture plates at an optimum cell density of 40,000 cells/ml and
treated with 4�PDD (7 �M and 37 �M, respectively). Absorption corre-
sponding to proliferation activity was photometrically assessed after 24, 48
and 72 hrs at a wavelength of 570 nm in a Tecan Reader Sunrise™ (TECAN
Deutschalnd GmbH, Crailsheim, Germany) and analysed with Magellan
software version 5.3.

For flow culture experiments, cells were cultured in �-Slide I slides
(Ibidi, Munich, Germany) under standard conditions (see above). 7 	 105

PAECs were plated on the slide and pre-incubated under static conditions
for 48 hrs until confluence was obtained. Then cells were either kept under
static conditions and served as controls or were treated in a flow-chamber
for 4 hrs using a peristaltic pump (Minipuls 3 MP-8-Channel, Ismatec
Laboratoriumstechnik GmbH, Wertheim-Mondfeld, Germany), which pro-
duced shear stress of 8 dyne/cm2.

RNA isolation and 
quantitative real-time PCR (qRT-PCR)

Total RNA was isolated (RNeasy Mini kit, Qiagen, Hilden, Germany) from
collaterals of the rats on day 1, 3, 5, 7 and 14 after AV-shunt treatment or
FAL without AV-shunt and sham operation (n � 5). After treatment with
DNase-I (Turbo DNAfree, Ambion, Darmstadt, Germany), cDNA was syn-
thesized according to Superscript II reverse transcriptase protocol
(Invitrogen, Karlsruhe, Germany), by using 300 ng total RNA and 200 ng
random nonamer oligonucleotides (NEB, Ipswich, MA, USA). Gene-specific
RT-PCR primers were selected using FastPCR software (Institute of
Biotechnology, University of Helsinki, Finland). qRT-PCR was performed in
a 25 �l reaction, 96-well format (1.0 �l cDNA (1:20); 200 nM each primer;
1X IQ SYBR Green Super Mix (BioRad, Munich, Germany), using an iCycler
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real time PCR system (BioRad, Munich, Germany). Samples were meas-
ured in triplicates, with a minimum of two independent experiments. The
relative amount of target mRNA normalized to 18 S RNA was calculated as
described previously [12].

Western blot analysis

Protein extracts of cultured porcine aortic endothelial cells were har-
vested 4 hrs after 4�PDD (7 �M) treatment, using the following protein
buffer (300 mM saccharose, 1 mM PMSF, 20 mM PIPES, 10 mM EDTA
and 50 mM NaH2PO4). Ten �g of denatured protein were electrophoreti-
cally separated under reducing conditions on a 4–12% Bis–Tris gel
(Invitrogen, Karlsruhe, Germany) and immunoreactive bands were visu-
alized using the Super Signal West Femto Maximum Sensitivity Substrate
(Pierce Perbio, Bonn, Germany) and a polyclonal rabbit anti-rat Trpv4
(1:200, Alomone Labs #ACC-034, Jerusalem, Israel). Relative amount of
proteins was normalized to Pan-Actin (1:1000; Cell-Signalling, #4968,
Danvers, MA, USA) and was quantified using QuantityOne software
(v4.6.3, BioRad, Munich, Germany).

Immunohistochemistry

Immunostaining was performed as described previously [13]. The following
antibodies were used: Trpv4 (Alomone Labs Ltd, Jerusalem, Israel), CD31
(Antigenix, New York, NY, USA), FITC-conjugated goat-anti-chicken IgG
(Invitrogen, Karlsruhe, Germany), Biotin-SP-conjugated donkey anti-rabbit
IgG (Dianova, Hamburg, Germany), Cy2-conjugated Streptavidin (Biotrend,
Cologne, Germany). Actin was stained using Phalloidin TRITC-labelled
(Sigma, Munich, Germany) and nuclei were stained with Draq5 (Alexis
Biochemicals, Loerrach, Germany). Ki67 (clone MIB-1, Dako) was used for
proliferation activity. Sections were viewed with a confocal microscope (TCS
SP, Leica, Wetzlar, Germany). The quantification of fluorescence intensity
was performed with representative images, using ImageJ software
(http://rsb.info.nih.gov/ij/). A full range of grey values, from black to peak
white (0-pixel to 255-pixel intensity level), was set during measurements.
The intensity of fluorescence was expressed as arbitrary units AU/�m2.

Statistical analysis

All values are expressed as mean � S.E.M. Two treatment groups were
compared by the unpaired Student’s t-test. One-way ANOVA (GraphPadPrism
Software) was performed for maximum collateral conductance. Probability
values less than 0.05 were considered to be statistically significant.

Results

Chronically elevated FSS leads to growth 
of collateral arteries

Typically, the femoral artery is ligated which induces growth of
bypassing collateral arteries from pre-existing arterio-arteriolar
anastomoses. In a specific approach in rats, we chronically
increased FSS by creating an arterio-venous shunt (AV-shunt)

(Fig. 1A). According to the resulting blood pressure conditions, col-
lateral blood flow increases leading to an ongoing elevated increase
of FSS. This experimental setting resulted in a marked enhancement
of collateral growth as visualized in angiographies (Fig. 1B) and sig-
nificantly increased the number of visible collaterals from 8.3 � 0.4
(n � 8) to 16.0 � 0.7 after 7 days (n � 5) (Fig. 1C).

Mechano-sensitive Trpv4 transcription is
increased under elevated FSS

Potential FSS-dependent mRNA transcription was detected for
Trpv4 at different time points (1 day, 3 days, 5 days, 7 days and 14
days) after AV-shunt treatment and compared to FAL without AV-
shunt and sham-treated animals (Fig. 2A). Trpv4 is transiently ele-
vated 3- to 4-fold until day 5 after FAL without AV-shunt but
declines to sham levels on day 7 (fold change 1.5) and day 14 (fold
change 1.4). Compared to sham levels, Trpv4 transcription is sig-
nificantly up-regulated (
4.5-fold) in shunt-treated collateral arteries
of rats and is still increased after 14 days (fold change 4.9).

In addition, we investigated the transcriptional profile of the
shear stress responsive transient receptor potential cation channel,
subfamily M, member 7 (Trpm7) and transient receptor potential
cation channel, subfamily C, member 1 (Trpc1) in rats (Fig. 2A).
Even though, compared to controls, transcription of Trpm7 was ele-
vated (up to 3.25-fold) in collaterals of rat after femoral artery liga-
tion, there was no significant difference between simple FAL and
FAL with shunt. Compared with sham controls, Trpc1 also showed
a significant change of transcription level in collateral arteries 
14 days after ligature, but, similar to Trpm7, there was no difference
of transcriptional levels between FAL and FAL combined with shunt.

After immunostaining small pre-existing sham-treated arteri-
oles as well as collaterals 7 days after FAL without AV-shunt, a
basal Trpv4 expression in ECs (counterstained with CD31) and
SMCs is observed (Fig. 2B). In shunt-treated collateral arteries,
Trpv4 levels in the media are unchanged, but a highly increased
expression of Trpv4 restricted to the endothelium reflects an FSS-
dependent up-regulation (Fig. 2B). A Trpv4 peptide addition prior
to an anti-Trpv4 AB abolished the binding of the AB and demon-
strated specificity (Fig. 2B).

These observations were confirmed in sheared PAECs (8
dyne/cm2 for 4 hrs). A qRT-PCR of total RNA from these cells
demonstrated a shear stress-dependent, 3.9-fold (n � 6; P � 0.01)
increase of Trpv4 trancription, when compared to static controls (no
FSS). Confocal laser images of PAECs showed a strong increase of
Trpv4-positive staining after applying FSS (Fig. 3C).

4�PDD treatment leads to increased transcription
of Trpv4 in vitro

In order to confirm the observation that activation of Trpv4 leads
to a self-induced transcriptional increase, we performed cell culture
experiments using cultured porcine endothelial cells (PAECs). The
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cells were treated with 4�PDD (37 �M), a commonly known Trpv4-
activator. qRT-PCR demonstrated an insignificant increase of Trpv4
transcription (0.97 � 0.1 after 30 min.; 1.17 � 0.07 after 1 hr) com-
pared to solvent controls (0.75 � 0.12) (Fig. 3A). However,
immunohistochemistry, using Trpv4-specific antibodies, revealed a
significant dose-dependent increase of Trpv4 protein in PAECs 
(Fig. 3B). After treatment of PAECs with 7 �M 4�PDD for 1 hr, the
amount of fluorescence signal increased by 7.5-fold (12.4 � 0.7 AU
versus 1.6 � 0.4 AU). Compared to controls, signal strength in cells
treated with 37 �M 4�PDD increased 16.9-fold (27.0 � 2.1 AU
versus 1.6 � 0.4 AU). These results were also confirmed by Western
blot analysis. After treatment with 7 �M 4�PDD, protein levels of
Trpv4 were significantly increased (2.8 � 0.2 	 105 AU) compared
to solvent (EtOH) treated controls (1.6 � 0.2 	 105 AU) (Fig. 3C).

Trpv4 activation promotes active proliferation 
of vascular cells

Osmo- and mechanosensitive Ca2�-permeable Trpv4 has previ-
ously been proposed as a regulator of vasomotion [6, 14]. We
could demonstrate that the activation of Trpv4 leads to an elevated

level of Ki67-positive cells in 4�PDD-treated cultured ECs. After
treatment, the ratio of positive/negative Ki67 nuclei increased from
0.80 � 0.07 in solvent controls to 1.43 � 0.12 (P � 0.01) 
(Fig. 4A). This indicates that Trpv4 is not only involved in vasomo-
tion but also in active proliferation of endothelial cells.

An MTT cell proliferation assay showed no significant increase
of proliferative activity of SMCs after treatment with supernatant
of Trpv4-activated ECs compared controls (0.19 � 0.004 versus
0.21 � 0.005; n � 24) (Fig. 4B). However, by using the cell lysat
of the same cells, a significant increase of proliferative activity
could be observed (0.29 � 0.017 versus 0.21 � 0.006; n � 24)
compared to solvent controls.

Trpv4 modulation in vivo

In order to address the functional implications of Trpv4 to arterio-
genesis in vivo, and to confirm the observation that Trpv4 is
involved in an active vascular growth response after elevated FSS,
we modulated channel activity in an FAL model without AV-shunt
in rabbits, using 4�PDD, a noted specific Trpv4 channel opener.

© 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 High FSS results in extensive collateral growth in femoral artery ligated rats. (A) Scheme of the arterio-venous shunt (left) and femoral artery lig-
ature (FAL) with implanted osmotic mini-pump (Alzet, USA) (right). The AV-shunt was created between the distal stump of the occluded femoral artery
and the accompanying vein. Because of the steep blood pressure gradient along the collateral arteries (arterial pressure at the collateral stem and venous
pressure at the reentry), collateral blood flow increases distinctively. Fluid shear stress along the collateral arteries is maximized. (B) Post-mortem
angiograms of rat hind limbs on day 7 and day 14 after indicated treatment. (C) Elevated FSS (shunt) resulted in an increase of size and number of vis-
ible collateral arteries after 7 days, which were counted (n � 5). (Values are given in mean � S.E.M.; ** P � 0.01).
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Trpv4 activation by infusing 4�PDD proximal to the FAL using
an osmotic mini-pump (Fig. 1A) resulted in an increased Trpv4-
protein expression. This was confirmed by immunostaining of col-
lateral arteries of rats 7 days after surgical treatment (Fig. 5A),
when compared to collateral arteries treated with Ruthenium Red
(RR, a TRPV-blocker).

In addition, a Ki67 staining of collateral arteries showed an
increased proliferative activity of vascular cells after Trpv4 

activation, compared to FAL without AV-shunt or RR-treated 
rabbits (Fig. 5B).

Finally, 4�PDD treatment (0.05 mg/kg body weight per day) of
rabbits increased maximum collateral conductance to 215.9 � 23
ml/min/100 mmHg versus control 140.8 � 12.5 ml/min/100
mmHg (Fig. 5C). This corresponds to a 61% recovery of blood
flow compared to a non-occluded femoral artery (345.8 � 14
ml/min/100 mmHg). RR treatment (0.5 mg/kg body weight 
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Fig. 2 FSS-dependent Trpv4 expression in vivo and in cultured cells. (A) Time course of mRNA transcription of Trpv4, Trpm7 and Trpc1 in rat collater-
als after FAL or FAL�shunt treatment using qRT-PCR (n � 5). Relative numbers of transcripts were measured in fold changes (FC) versus mRNA tran-
scription of untreated control collaterals ( � 1; sham, red line). Note that, after FAL without AV-shunt, Trpv4 transcription drops to sham levels after 
5 days. Trpv4 in shunt-treated rats is constantly up-regulated after FAL. (Values are given in mean � S.E.M.; *P � 0.05, **P � 0.01 significant versus
sham). (B) Immunofluorescence confocal microscopy of rat collateral vessels was performed using antibodies against Trpv4 (green) and the endothe-
lial marker CD31 (red) 7 days after the indicated treatments. Double labelling demonstrated unchanged staining of the media but highly increased stain-
ing of the endothelium of shunt collaterals (arrows). Right side: Immunofluorescence confocal microscopy from serial sections of M. quadriceps of rats
after ligature with AV-shunt treatment. Sections were stained with Trpv4 (green) and �SMA (red). In the right panel, an immunoabsorption, using Trpv4
peptide which was added before immunoprecipitation, was performed in order to test antibody specificity. Nuclei were counterstained with Draq5 (blue).
Scale bars: 40 �m. (C) Confocal laser microscopy of cultured PAECs under flow conditions (8 dyne/cm2/4 hrs) in �-Slides I (Ibidi). Cells were double-
labelled with Phalloidin (red) and antibody against Trpv4 (green). Nuclei were counterstained with Draq5 (blue). Scale bars: 40 �m. These results were
confirmed by qRT-PCR of total RNA isolated from these cells (n � 6). (Values are given in mean � S.E.M.; ** P � 0.01).
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Fig. 3 Increased expression of Trpv4
after 4�PDD treatment of cultured
porcine endothelial cells. (A)
Transcriptional levels of Trpv4 were not
increased significantly after treatment
of porcine endothelial cells (PAECs)
with 37 �M 4�PDD. (B) Cultures of
PAECs were double-labelled with
Phalloidin (red) and antibody against
Trpv4 (green). 4�PDD treatment stim-
ulates Trpv4 expression in a dose-
dependent manner. Fluorescence
intensity given in arbitrary units
(AU)/�m2 was quantified from repre-
sentative images (n � 6) using ImageJ
software (http://rsb.info.nih.gov/ij/).
Nuclei were counterstained with Draq5
(blue). Scale bars: 40 �m. (C) Western
blot analysis of cultured PAECs treated
with 4�PDD showed increased expres-
sion of Trpv4 protein. Trpv4 expression
was compared to solvent controls
(EtOH) and protein extracts from kid-
ney (pig), and normalized to Pan-Actin.
Relative protein levels were quantified
using QuantityOne software (BioRad)
(n � 5). (Values are given in mean �
S.E.M.; * P � 0.05)

Fig. 4 Activation of Trpv4 using
4�PDD leads to increased prolifera-
tion of cultured porcine endothelial
cells. (A) Representative pictures of
Ki-67 stained PAECs. Cultured PAECs
were double-labelled with Phalloidin
(red) and Ki-67 (green). Nuclei of rep-
resentative visual fields (n � 10) were
counted in order to quantify the rela-
tion of Ki-67-positive versus negative
cells. 4�PDD significantly stimulates
proliferation in cultured ECs. Nuclei
were counterstained with Draq5
(blue). Scale bars: 50 �m. (Values are
given in mean � S.E.M.; ** P �

0.01). (B) Proliferative activity of
PSMCs measured with the MTT cell
proliferation assay (ATCC). PSMCs
were treated with supernatant or cell-
lysate of PAECs, which were incu-
bated for 3 hrs with 4�PDD in order to
activate Trpv4. Note that only the cell-
lysate (L) of treated PAECs-induced
proliferative activity of PSMCs; the
supernatant (S) showed no effect.
(EtOH-Control L and S: cell-lysate and
supernatant of solvent controls; ** 
P � 0.01; values are given in mean �
S.E.M.; n.s. not significant)
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per day) resulted in a trend to reduce collateral flow in comparison
to FAL without AV-shunt.

Arteriogenesis is impaired in mice lacking Trpv4

A quantification of tissue perfusion in the distal hind limbs of
femoral artery ligature showed impaired reperfusion in Trpv4�/�

mice, when compared to controls (Fig. 5D). In both Trpv4�/� as
well as WT mice with the CL57BL/6 background, the right to left
ratio decreased immediately after occlusion from 1.00 � 0.03 to
0.06 � to 0.02 in Trpv4�/� versus 0.97 � 0.02 to 0.09 � 0.01 in
controls. A continuous, of up to 97% recovery of blood flow was
observed during the entire observation period of 2 weeks in con-
trol animals, whereas Trpv4�/� did not further improve 70% of
blood flow recovery after 14 days.

Discussion

It is known that, among the physical forces that control the size of
the arterial tree, FSS is the most important one [15–19]. We have
recently developed a new animal model, in which FSS was maxi-
mized by creating an arterio-venous shunt between the distal
stump of the occluded femoral artery and the accompanying vein.
Collateral artery growth was indeed maximally stimulated in this
model and provided evidence for the first time that the collateral
circulation is not restricted to previously reported levels of adap-
tation [5], neither anatomically nor functionally.

Given the importance of collateral remodelling triggered by FSS
and due to its known mechanosensitive features [14, 20], we stud-
ied Trpv4. The vanilloid subfamily of Transient Receptor Potential
(TRPV) cation channels has been implicated into a broad range of

© 2008 The Authors
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Fig. 5 In vivo activation of Trpv4 after femoral artery ligature (A) Immunofluorescence confocal microscopy of collateral vessels of rats on day 7 after
the indicated Trpv4 modulation, using antibodies against Trpv4 (green) and endothelial marker CD31 (red). 4�PDD treatment increased Trpv4 expres-
sion in the endothelium compared to Ruthenium Red (RR) treatment. Nuclei were counterstained with Draq5 (blue). Scale bars: 30 �m. (B) Collateral
vessels on day 7 after indicated treatment in rats. Sections were labelled with Ki67 (red) in combination with the nuclear dye Draq5 (blue). Increased
proliferation activity was observed after Trpv4 activation by 4�PDD, compared to channel blockage by RR or after simple ligature. Nuclei were counter-
stained with Draq5 (blue). Scale bars: 30 �m. (Lu � vessel lumen) (C) Maximum collateral conductance (CCmax) in rabbit hind limbs after indicated
treatment. 4�PDD significantly increased CCmax compared to mini-pump solvent controls (MP control) and reaches 72.6% of the conductance of a
shunt-treated rabbit. RR showed a trend in CCmax reduction. (Values are given in mean � S.E.M.; * P � 0.05; ** P � 0.01; n.s. not significant). (D)
Blood flow measurements in Trpv4�/� mice after FAL. A 97% blood flow recovery in wild-type mice (WT, n � 7) was attained after day 14. Perfusion
was still impaired in mice lacking Trpv4 (Trpv4�/�, n � 11) after day 14 and showed only a 70% recovery, compared to the hind limb with non-ligated
femoral arteries. (Values are given in mean � S.E.M.; ** P � 0.05).
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fundamentally physiological functions [21]. At first described by
Strotmann et al. [22], Liedtke et al. [23] and Nilius et al. [24],
Trpv4 is known to be a transducer of mechanical, osmotic and
thermal stimuli [14, 20, 25–27]. In endothelial cells of the vascu-
lature, Trpv4 is assigned an important function in regulating vaso-
motion [6] and, upon dysfunction, is involved in several vascular
and cardiovascular pathologies [7, 28].

We found that mRNA transcription of this Ca2� channel was
constantly up-regulated in FSS-induced collaterals after AV-shunt
treatment. In contrast, after FAL without AV-shunt, Trpv4 tran-
scriptional levels are transiently up-regulated until day 5 and drop
to control levels after day 7. The discovery that Trpv4 expression
is FSS-dependent was confirmed in sheared endothelial cells,
which showed increased levels of Trpv4 RNA and protein levels
after flow treatment of 8 dyne/cm2, when compared to static con-
trols. Elevated protein expression was localized in the FSS-sens-
ing endothelium. Surprisingly, our experiments also show that
chronic stimulation (up to 14 days) of Trpv4 is followed by active
proliferation of vascular cells. This was confirmed by 4�PDD
treatment of cultured endothelial cells and its application to rats
after FAL without AV-shunt, which showed a significant increase
of Ki67-positive vascular cells. It is intriguing to speculate whether
the positive feedback of Trpv4 expression leads to an increased
responsiveness to FSS, which at a certain level pushes the cells
beyond the point of vasodilatation and leads to active growth of
the vasculature. The observation that increased cytosolic Ca2�-
levels can stimulate proliferation of vascular cells via cal-
cium/calmodulin-dependent kinases (CamK) has already been
shown by others [29–31]. The fact that the supernatant of 4�PDD-
treated PAECs did not induce proliferative activity of PSMCs points
to a mechanism independent from cytokine release into the sur-
rounding medium (Fig. 4B).

Finally, pharmacological activation of Trpv4 by 4�PDD showed
a strong increase of collateral blood flow. Ruthenium Red, a
known TRPV-channel blocker, showed a weak reduction of collat-
eral growth, but not a complete inhibition, which we had expected.
This might reflect the complexity of underlying processes and

points to molecular pathways, which are able to compensate the
lack of Trpv4-activity. Nevertheless, FAL in Trpv4�/- showed a sig-
nificant decrease of blood flow recovery in mice.

Downstream signalling of Trpv4-triggered collateral growth
has to be further elucidated. However, it is known that, upon chan-
nel activation, three Ca2�-dependent mechanisms are considered
to play a role in transducing Trpv4 signalling across the internal
elastic lamina in order to trigger vasodilatation of the smooth
muscle cell layer: (1) the endothelial-derived hyperpolarization
factor (EDHF) via opening of Ca2�-activated K�-channels, which
represents an electrochemical stimulus [32]. (2) Prostacyclin
(PGI2) synthesis by cyclooxigenase-1, which requires Ca2�-
dependent release of arachnidonic acid [14, 33]. And (3) nitric
oxide (NO) derived from the Ca2�/calmodulin-dependent activated
endothelial nitric oxide synthase (eNOS) [34]. In the context of
arteriogenesis, it is known that eNOS-antagonsists L-NAME and 
L-NNA show a strong anti-arteriogenic response [5, 35]. Therefore,
one can speculate that Trpv4-induced growth of smooth muscle
cells, a crucial process during collateral formation, acts through
NO because known NO inhibitors impair arteriogenesis [5].

In conclusion, we herewith point out the important role of
Ca2� homeostasis in collateral remodelling during arteriogene-
sis. Furthermore, we propose a novel initial mediator for FSS-
induced arteriogenesis with a new function for the endothelial-
expressed and shear stress-regulated Trpv4. Trpv4 activation
triggers collateral growth and remodelling. As an endothelial
membrane bound protein, it is highly suitable for the develop-
ment of new therapeutic concepts in order to cure peripheral and
cardiovascular disease.
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