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Increasing TRPV4 expression
restores flow-induced dilation
Impaired in mesenteric arteries
o with aging
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The flow-stimulated intracellular Ca?* concentration ([Ca?*];) rise in endothelial cells is an important
early event leading to flow-induced blood vessel dilation. Transient receptor potential vanilloid subtype

4 (TRPV4), aCa%*-permeable cation channel, facilitates the flow-stimulated [Ca?*]; rise. To determine

. whether TRPV4 is involved in age-related flow-induced blood vessel dilation impairment, we measured
blood vessel diameter and nitric oxide (NO) levels and performed Ca?* imaging, immunoblotting, and
immunostaining assays in rats. We found that the flow-induced and TRPV4 activator 4a.-PDD-induced

. dilation of mesenteric arteries from aged rats were significantly decreased compared with those from

: young rats. The flow- or 4a-PDD-induced [Ca?*]; rise was also markedly reduced in primary cultured

. mesenteric artery endothelial cells (MAECs) from aged rats. Inmunoblotting and immunostaining
results showed an age-related decrease of TRPV4 expression levels in MAECs. Additionally, the
4o-PDD-induced NO production was significantly reduced in aged MAECs. Compared with lentiviral
GFP-treated aged rats, lentiviral vector delivery of TRPV4 increased TRPV4 expression level in aged
MAECs and restored the flow- and 4a-PDD-induced vessel dilation in aged mesenteric arteries. We

. concluded that impaired TRPV4-mediated Ca”* signaling causes endothelial dysfunction and that

- TRPV4is a potential target for clinical treatment of age-related vascular system diseases.

Shear stress generated from blood flow is an important physiological stimulus that triggers endothelial cell
(EC)-mediated vascular dilation'. In this process, Ca*" signaling is also a well-documented component*™*. An
* increase in intracellular Ca?* concentration ([Ca**];) evokes the synthesis and release of endothelial vasodi-
. lators, including nitric oxide (NO), prostacyclin, and endothelium-derived hyperpolarizing factors (EDHFs),
. which subsequently act on smooth muscle, leading to vessel dilation. Several studies have demonstrated that the
transient receptor potential vanilloid subtype 4 (TRPV4), a Ca?" permeable cation channel, facilitates the shear
stress-mediated [Ca*"]; increase>>?. Shear stress activates TRPV4 channels in TRPV4-overexpressing HEK293
. cells, human umbilical vein endothelial cells, or renal epithelial cells>*!°. Moreover, TRPV4 forms a channel com-
. plex with TRPC1, TRPP2, or both to mediate Ca?* influx’. Elimination of TRPV4 in TRPV4 knockout (—/—)
: mice significantly reduces endothelium-dependent vascular dilation initiated by blood flow and slightly lowers
. baseline mean arterial pressure'!.
: Impaired endothelial function is considered a primary factor in aging, and it is a very early and important event
. leading to cardiovascular disease, such as vascular bed disorder, reported in both elderly animals and humans'2-',
: Without the presence of other cardiovascular risk factors, aging serves as an independent factor associated with
- endothelial dysfunction!’. The current understanding of the mechanism underlying age-dependent endothelial
dysfunction focuses on reduced NO bioavailability, enhanced oxidative stress, increased vasoconstrictor factor
activity, and the development of a low-grade pro-inflammatory environment'®. However, age-dependent changes
of Ca?* channels in ECs and the corresponding flow-stimulated [Ca*"]; increase are largely uncharacterized. In
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Figure 1. Age-related changes in flow-induced vessel dilation and intracellular Ca>* concentration ([Ca?*];)
rise in mesenteric artery endothelial cells (MAECs). (A-C) Representative traces showing mesenteric artery dilation
in response to flow challenge in young (A) and aged (B) rats. Vessels were preconstricted with phenylephrine (Phe)
to approximately 60% of the preconstricted diameter. Solid bars above traces show the period of the flow. (C) Summarized
data of peak flow dilation in young and aged vessels. (D) Representative traces of the flow-induced [Ca**]; rise in
primary cultured MAECs derived from young and aged rats. (E) Summarized data showing the flow-induced
[Ca**]; rise in young and aged MAEC:s. Values are mean & SE (n=5-6); *P < 0.05, young (3 months old) vs. aged
(22 months old) rats.

the present study, we investigated the role of TRPV4 in flow-induced dilation impairment with aging and the
potential value of TRPV4 in the clinical treatment of aging-related vascular system diseases.

Results

Changes in flow-induced vessel dilation and mesenteric artery ECs [Ca2*]; rise with aging.
Flow-induced dilation was measured in rat mesenteric arteries derived from young (3 months old) and aged (22
months old) rats. Endothelium-intact mesenteric arteries were preconstricted to approximately 60% of their ini-
tial diameter using 1-3 uM phenylephrine (Phe). After stabilization, intraluminal flow was induced by a 10 mmHg
pressure difference to elicit vascular dilation. We found that dilation was greatly reduced in mesenteric arteries
derived from aged rats (Fig. 1A-C). Because flow-induced dilatation correlates with endothelium function?, the
decreased flow response in aged blood vessels reflects an impairment in EC function with advancing age. Ca®*
signaling is crucial to the function of ECs for regulating vessel dilation. To determine whether the flow-induced
[Ca?"]; rise changes in aged mesenteric arteries ECs (MAECs), primary cultured MAECs were seeded on rectan-
gular coverslip and mounted in a parallel flow chamber, where flow evoked a transient increase in [Ca®t];. We
found that the flow-induced [Ca?"]; rise in MAECs derived from aged rats was significantly lower than that in
MAEC:s from young rats (Fig. 1D,E). Therefore, this impaired flow-induced Ca?* signaling in ECs may decrease
flow-induced vessel dilation.

Functional roles of TRPV4 in the flow-induced vessel dilation and MAEC [Ca?*]; rise with aging.
Many studies have shown that TRPV4 contributes to flow-induced vessel dilation and flow-induced Ca®* rise>*.
To confirm the contribution of TRPV4 in flow-induced vessel dilation and [Ca?*]; rise in our hands, we used
the TRPV4 antagonist RN1734. We found that RN1734 pretreatment strongly reduced the flow-induced dila-
tion of mesenteric arteries (Fig. 2A-C) as well as the flow-induced [Ca*']; rise in primary cultured MAECs
derived from young rats (Fig. 2D,E), consistent with previous reports®”12, Next, to examine the involvement
of TRPV4 in endothelium dysfunction, we investigated vessel dilation in response to application of the TRPV4
agonist 40.-PDD. Our data showed that applying 5 uM 4a.-PDD elicited vessel dilation in Phe-precontracted
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Figure 2. TRPV4 antagonist inhibits flow-induced mesenteric artery dilation and intracellular Ca?*
concentration ([Ca®"];) rise in mesenteric artery endothelial cells (MAECs). (A,B) Representative traces
showing flow-evoked vessel dilation in control (A) or TRPV4 inhibitor RN1734-pretreated (B) mesenteric
arteries. Vessels were preconstricted with phenylephrine (Phe) to approximately 60% of the preconstriction
diameter. Solid bars above traces show the period of the flow. (C) Summarized data of the peak flow dilation
in control and RN1734-pretreated vessels. (D) Representative traces of the flow-induced [Ca?*]; rise in control
or RN1734-pretreated MAECs. (E) Summarized data showing the flow-induced [Ca**]; rise in control and
RN1734-pretreated MAECs . Values are mean £ SE (n=4-7); *P < 0.05, control vs. RN1734 pretreatment.

mesenteric arteries derived from young rats (Fig. 3A,C). However, the 4a-PDD-induced vessel dilation was
markedly decreased in mesenteric arteries obtained from aged rats (Fig. 3B,C). In addition, the 4a-PDD-induced
[Ca?*]; rise was nearly absent in aged primary cultured MAECs (Fig. 3D,E). These results indicated that the
TRPV4-mediated flow response is impaired in aged vessels.

TRPV4 expression level in MAECs decreases with aging. Previous studies by others and our cur-
rent study demonstrated a TRPV4-mediated endothelial Ca?* influx and vasodilation in response to shear
stress®”1%20, Additionally, our present data indicated that the TRPV4-mediated endothelial Ca?* influx and shear
stress-induced vasodilation were largely reduced with aging. To further explore the underlying mechanism, we
evaluated TRPV4 expression levels in young and aged cultured primary MAECs. Our results showed that TRPV4
expression levels in primary cultured MAECs derived from aged rats were decreased compared with those from
young rats by Western blotting (Fig. 4A,B). Our results from immunostaining assays further confirmed this find-
ing (Fig. 4C).

NO production in MAECs is reduced with aging. The [Ca?"]; rise in ECs may induce the pro-
duction of NO, which acts on smooth muscle to induce vessel dilation?'. To explore whether processes
downstream of the TRPV4-induced [Ca?"]; rise were altered with aging, we measured the amount of NO pro-
duction stimulated by 4a.-PDD in primary cultured MAECs. The NO production was evaluated by examin-
ing the 4-amino-5-methylamino-2’, 7’ -difluorofluorescein (DAF-DA) fluorescence signal. We found that the
4a-PDD-stimulated NO production in MAECs derived from aged rats was significantly reduced compared with
that in young rats (Fig. 5), indicating that impaired TRPV4 activity lowered NO production with aging.
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Figure 3. 4a-PDD-stimulated mesenteric artery dilation and intracellular Ca®* concentration ([Ca’*];) rise
in mesenteric artery endothelial cells (MAECs) derived from young and aged rats. (A,B) Representative traces
showing the dilation response to a TRPV4 agonist (4a-PDD, 5uM) in mesenteric arteries from young (A) and

aged (B) rats. Vessels were preconstricted with phenylephrine (Phe) to approximately 60% of the preconstriction
diameter. (C) Summarized data of the peak dilation stimulated by 4c-PDD in vessels from young and aged rats.
(D) Representative traces of the 5 uM 4a-PDD-induced [Ca?"]; rise in cultured primary MAECs from young and
aged rats. E. Summarized data showing the 4a-PDD-stimulated [Ca?*]; rise in primary cultured MAECs. Values
are means =+ SE (n=5-7). *P < 0.05, young (3 months old) vs. aged (22 months old) rats.

Increasing TRPV4 expression partially restores the deficits in flow-induced and TRPV4-
mediated dilation in mesenteric arteries of aged rats. The results above show that the reduction
in the flow-induced and TRPV4-mediated dilation of mesenteric arteries from aged rats was associated with
a decrease in the TRPV4 expression level in these vessels. Therefore, we next elevated TRPV4 expression in
ECs by generating a lentiviral construct carrying TRPV4 (lenti-TRPV4) and administering it intravenously to
young and aged rats. Successful lentiviral transduction was confirmed by the observation of lenti-GFP fluores-
cence in the endothelial layer of the arteries. We found that the GFP fluorescence was enhanced significantly in
the endothelial layer of lenti-GFP transfected mesenteric arteries (Supplementary Fig. 2A). To further confirm
the transduction efficiency of lenti- TRPV4, we tested expression level of TRPV4 in young and aged MAECs.
The results showed that TRPV4 expression level was statistically increased in aged MAECs, but only slightly
increased in young MAECs when both young and aged MAECs were treated by lenti-GFP and lenti-TRPV4
(Supplementary Fig. 2B,C). More interestingly, we found that the impaired flow-evoked and 4a-PDD-induced
dilation in mesenteric arteries from lenti-TRPV4-treated aged rats were significantly rescued compared with
those from lenti-GFP-treated aged rats (Fig. 6A-D). By contrast, lenti-TRPV4 transfection did not significantly
affect flow- or 4a-PDD-induced dilation in mesenteric arteries derived from young rats (Fig. 6E,F). In addition,
lenti-TRPV4 transfection did not affect the vasoconstriction induced by application of a high K* solution in
young and aged rats (Supplementary Fig. 3). [Ca?']; rise and NO production, as the upstream signal in MAECs,
importantly contribute to the vessel dilation. To uncover the underlying mechanism of lenti-TRPV4-increased
flow-evoked dilation, we examined the effect of 4a-PDD on [Ca?*]; rise and NO production in lenti-TRPV4
transduced young and aged MAECs. Consistent to the result of flow-induced dilation, [Ca®"]; rise and NO pro-
duction were significantly enhanced or recovered by lenti-TRPV4 transduction in aged MAECs, but only slightly
increased in young MAECs without significant difference (Figs 7 and 8). These results suggest that decreased
TRPV4 expression may be a primary cause of endothelial function deficits in aged rats.
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Figure 4. TRPV4 expression profiles in mesenteric artery endothelial cells (MAECs) derived from young
and aged rats. Representative images (A) and summarized data (B) showing TRPV4 expression levels in
cultured primary MAECs obtained from young and aged rats and evaluated using Western blotting assays.
B-tubulin was used as a loading control. Protein levels are expressed as relative optical densities. Mean =+ SE
(n=3).*P<0.05, young (3 months old) vs. aged (22 months old) rats. (C) MAECs are immunostained with an
anti-TRPV4 antibody. In contrast to the control (omission of primary antibody), immunostaining for TRPV4 is
detected in MAECs from young and aged rats.

Discussion

In the present study, we investigated TRPV4 expression level alterations in MAECs and the functional role of
TRPV4-mediated flow-induced mesenteric artery dilation in aged rats. Our five major findings include the follow-
ing. (1) The results from pressure myography studies showed that vessel dilation induced by flow or the TRPV4
activator 4o-PDD was significantly decreased in mesenteric arteries of aged rats compared with that in young
rats. (2) The [Ca?*]; rise induced by flow or 4a-PDD was decreased in primary cultured MAECs derived from
aged rats. (3) The immunoblotting and immunostaining data showed a significant decrease in TRPV4 expression
levels in MAECs from aged relative to young rats. (4) Aging lowered the NO production induced by 4a-PDD
in MAECs. (5) Compared with that in lenti-GFP-treated aged rats, the impaired flow- or 4a-PDD-induced ves-
sel dilation was significantly rescued in mesenteric arteries isolated from lenti-TRPV4-treated aged rats. Taken
together, these data demonstrated an age-related impairment in the TRPV4-mediated [Ca?*]; rise in MAECs and
in the flow-induced mesenteric artery dilation.

The mesenteric arteries are proximal resistance vessels that substantially contribute to the majority of blood
flow resistance in the circulation. Shear stress induced by blood flow acts on ECs to modulate smooth muscle tone
and consequently blood vessel lumen diameter*>?*. ECs function in mechanotransduction, acting as an interface
between flowing blood and the vessel wall. In ECs, sensing a flow-induced stimulus is the earliest stage in shear
stress-induced mechanotransduction. The present study showed that flow-induced vessel dilation in mesenteric
arteries derived from aged rats was significantly decreased compared with that in young rats. Therefore, vascular
endothelial dysfunction occurs during aging and may be a critical risk factor for the development of cardiovascu-
lar diseases, such as atherosclerosis and hypertension.

The present study showed that the flow-stimulated [Ca®*]; rise was decreased in aged MAECs. The [Ca*"]; rise
in vascular ECs serves as an important initial event in flow-induced vessel dilation and leads to the production
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Figure 5. 4o-PDD-stimulated nitric oxide (NO) production in mesenteric artery endothelial cells
(MAECs) from young and aged rats. (A) Representative traces showing NO production in young and aged
rat MAECs stimulated by 4a-PDD (5 uM) treatment. (B) Summarized data of the area under the curve (AUC)
measured from the addition of 4a-PDD to 180s. Values are means £ SE (n=7-8). *P < 0.05, young (3 months
old) vs. aged (22 month old) rats.

and release of dilation factors, such as NO, prostacyclin, and EDHFs. NO contributes to blood pressure regu-
lation, and the NO synthase inhibitor L-NAME increases blood pressure?*. Therefore, if the agonist- or shear
stress-induced [Ca?*]; rise is blunted, the endothelium-dependent vessel dilation may be impaired. Previous stud-
ies have demonstrated that NO and the prostacyclin mediation of endothelium-dependent dilation were impaired
in several types of vascular beds with aging®. However, the underlying molecular targets remained unknown.
Our findings suggested that the reduced flow-stimulated [Ca*"]; rise contributed to the decreased flow-induced
vessel dilation in the mesenteric arteries of aged rats. More interestingly, we identified TRPV4 as a crucial molec-
ular target responsible for endothelium dysfunction in aging.

Multiple TRP channels participate in flow-induced Ca®" influx, including TRPV4261%20. TRPP226,
TRPV4-TRPC1%, TRPV4-TRPP2%28 and TRPV4-TRPC1-TRPP2°. However, in overexpressing systems, previous
studies have shown that flow only evokes the [Ca**]; rise in TRPV4-expressing HEK293 cells, but not in HEK293
cells expressing TRPC1 or TRPP278. Our results are consistent with those from these previous studies, further
indicating that TRPV4 is essential in shear stress-induced endothelial Ca?* influx and vasodilation. To reveal the
pathological relevance of TRPV4 in the decreased flow response of aged mesenteric arteries, we examined the
40-PDD-induced [Ca*']; rise and vessel dilation. Our data demonstrated that the 4a-PDD-induced response was
significantly decreased in aged mesenteric arteries. The NO production induced by the TRPV4-mediated [Ca*"];
rise was also decreased in aged MAECs. The immunoblotting and immunostaining data also showed that the
TRPV4 expression level in aged MAECs was significantly reduced compared with that in young rats. These results
suggested that an attenuated TRPV4-mediated [Ca?"]; rise may result from the decreased TRPV4 expression level
in aged MAECs. This hypothesis was confirmed using lenti-TRPV4 constructs to restore TRPV4 expression in
aged rats. Impaired flow- or 4a-PDD-induced dilation was significantly recovered by restoring TRPV4 expres-
sion levels in aged rats. In addition to TRPV4, other TRP family members, such as TRPC3, have been suggested
to play a role in flow-induced vasodilation in rat small mesenteric arteries®. Along with TRP channels, other
molecular elements involved in flow stimulus sensing have been identified in ECs, including the cytoskeleton,
tyrosine kinase receptors, caveolae, G proteins, and cell-matrix and cell-cell junction molecules*****!. Thus, mul-
tiple factors may contribute to the age-related impairment of ECs, and our data indicate that TRPV4-mediated
Ca?* influx is one of the contributors to age-related impairment in MAECs.

In conclusion, our data suggested that the impairment of TRPV4-mediated Ca** signaling in ECs contributed
to the age-related decrease of flow-induced vessel dilation in mesenteric arteries. The present study sheds new
light on the potential value of TRPV4 for clinical treatment of age-related vascular system diseases. But here we
only provide a clue of the pathological relevance of TRPV4. Future study on age-related vascular system diseases,
for example hypertension or atherosclerosis animal models, may benefit this important issue.

Methods

Cell preparation and culture. All animal experiments were conducted in accordance with the U.S.
National Institutes of Health (NIH publication No. 8523) and were approved by the Animal Experimentation
Ethics Committee of Anhui Medical University.
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Figure 6. Flow- and 40.-PDD-induced mesenteric artery dilation in lenti-GFP or lenti-TRPV4 viral vector-
treated young and aged rats. (A,C) Representative traces showing dilation responses to flow or 4a-PDD in
mesenteric arteries derived from aged rats infected with lenti-GFP (Control) or lenti-TRPV4 (Lenti-V4) viral
vectors. The vessel was preconstricted with phenylephrine (Phe) to approximately 60% of the preconstricted
diameter. The solid bar above the trace shows the period of flow. (B,D) Summarized data showing the peak flow
or 4a-PDD-induced dilation in lenti-GFP (Control) or lenti-TRPV4 (Lenti-V4) viral vector-treated vessels
from aged rats. (E,F) Summarized data showing the peak flow or 4a-PDD-induced dilation in lenti-GFP
(Control) or lenti-TRPV4 (Lenti-V4) viral vector-treated vessels from young rats. Values are mean & SE (n=6).
*P < 0.05, lenti-GFP (Control) vs. lenti-TRPV4 (Lenti-V4) viral vector-treated vessels.
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Figure 7. 4a.-PDD-induced intracellular Ca?* concentration ([Ca?*],) rise in lenti-GFP or lenti-TRPV4
viral vector-treated young and aged mesenteric artery endothelial cells (MAECs). (A) Representative traces
showing 5 uM 4a-PDD-induced [Ca*"]; rise in lenti-GFP (Control) or lenti-TRPV4 (Lenti-V4) viral vector-
treated aged MAECs. (B,C) Summarized data showing the peak value of 4a.-PDD-induced [Ca**]; rise in aged
(B) and young (C) MAECs. Values are means = SE (n =4-6). *P < 0.05, lenti-GFP (Control) vs. lenti-TRPV4
(Lenti-V4) viral vector-treated MAECs.

Primary cultured MAECs were isolated from male Sprague Dawley rats (weight: 250-300 g; aged: 3 or 22
months) and maintained as previously described. Briefly, the rats were killed by CO, asphyxiation, and the heart
was perfused with phosphate-buffered saline (PBS; 140 mM NaCl, 3mM KCl, and 25 mM Tris; pH 7.4) to remove
circulating blood. The small intestine was dissected. All vein branches of the mesenteric bed were rapidly excised,
and the remaining arterial branches were digested with 0.02% collagenase type I (Sigma) in PBS for 45 min at
37°C. The digested samples were centrifuged at 1600 x g for 5min, and the pelleted cells resuspended in DMEM
supplemented with 10% FBS, 100 ug/mL penicillin, and 100 U/mL streptomycin. One hour after plating the cells,
the medium was changed to remove non-adherent cells. The remaining adherent MAECs were cultured at 37°C
with 5% CO, for 3-5 days. The identity of the primary cultured rat MAECs was verified by immunostaining
using an antibody against von Willebrand factor. The results showed that 98% of cells were of endothelial origin
(Supplementary Fig. 1).

[Ca?*]; measurement. [Ca®']; measurements were performed as previously described*?. Briefly, MAECs
seeded on rectangular coverslips were loaded with 10 uM Fluo-8/AM and 0.02% pluronic F-127 for 30 min. The
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Figure 8. 4a-PDD-induced nitric oxide (NO) production in lenti-GFP or lenti-TRPV4 viral vector-
treated young and aged mesenteric artery endothelial cells (MAECs). (A) Representative traces showing NO
production in lenti-GFP (Control) or lenti-TRPV4 (Lenti-V4) viral vector-treated aged MAECs stimulated by
4a-PDD (5uM). (B,C) Summarized data of the area under the curve (AUC) measured from the addition of
4a-PDD to 180s in aged (B) and young (C) MAECs. Values are means £ SE (n= 5-6). *P < 0.05, lenti-GFP
(Control) vs. lenti-TRPV4 (Lenti-V4) viral vector-treated MAECs.

coverslip with the cells was mounted in a parallel plate flow chamber. The flow was initiated by pumping normal
physiological saline solution (NPSS) containing 140 mM NaCl, 5mM KCl, 1 mM CaCl,, 1 mM MgCl, 10mM glu-
cose, 5mM HEPES, and 1% BSA (pH 7.4). The fluorescence signals were recorded and analyzed using a Leica TCS
SP5 confocal laser system, and [Ca?"]; changes were displayed as a ratio of fluorescence (F,/F,). The endothelial
cells were challenged with 4c-PDD (5 uM) or the shear stress induced by flow that was approximately 5 dyne/cm?

Vessel diameter measurement using a pressure myography system. Lenti-TRPV4 or lenti-GFP
vector virus (1.0 x 107 copies) were intravenously injected in young and aged rats. Third-order mesenteric arteries
were dissected from the rats 72 hrs later. Successful lentiviral transduction was confirmed by the observation of
lenti-GFP fluorescence in the endothelial layer of the arteries. Vessel diameter measurements were performed as
previously described’. Briefly, the mesenteric arteries were cut into segments 2-3 mm in length and then mounted
in a pressure myograph chamber (Danish MyoTechnology, Denmark, model 110P) with two glass micropipettes.
Both cannulation pipettes were connected to independent reservoirs set to the same level to ensure equal pres-
sures and no flow in the vessel segments. The pressure myograph chamber was heated to 37°C and filled with
5mL of Krebs solution, which was continuously bubbled with a gas mixture of 95% O, and 5% CO, to maintain a
pH of 7.4. After a 60 min equilibration period at 50 mmHg intraluminal pressure, the contractile function of the
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vessel was tested using a 60 mM K™ solution. Following washout and a 30-min equilibration period, the artery
was precontracted to approximately 60% of its initial vessel diameter by using 1-3 uM phenylephrine (Phe) to
achieve a similar constriction among the various artery diameters. The flow was initiated by perfusing Krebs solu-
tion containing 1% BSA into the vessel lumen, or by adding 4a-PDD to the chamber to elicit vessel dilation. The
external diameter of the artery was recorded continuously with a CCD camera using MyoView software (version
1.1 P, 2000, Photonics Engineering). Before each experiment, the endothelium viability was assessed by dilation
with 1 uM acetylcholine after the preconstriction with 1 uM Phe. Intact vessels failing to achieve at least 80% of
the maximal relaxation average were assumed to be damaged and were discarded.

Immunoblotting. Proteins were extracted from primary cultured MAECs lysates with detergent extraction
buffer containing 1% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCI (pH 8.0) and protease inhibitor cocktail
tablets (Sigma). Following protein transfer to a PVDF membrane, the membrane was incubated with a primary
anti-TRPV4 antibody (1:200, Santa Cruz) at 4 °C overnight. The primary antibody was visualized with a horse-
radish peroxidase-conjugated secondary antibody (1:1000, GE Healthcare) that was processed with an enhanced
chemiluminescence detection system (GE Healthcare). The optical density of each blot was normalized to that of
B-tubulin (1:200, Santa Cruz), which was analyzed within the same lane, and presented as relative optical density.

Immunostaining. Immunostaining was performed as previously described”’ with MAECs that were seeded
onto circular coverslips and fixed with 4% formaldehyde for 10 min, followed by permeabilization with 0.1%
Triton X-100 in PBS. The cells were blocked with 2% BSA at room temperature for 60 min and then incubated
with primary anti-TRPV4 antibody (1:100) at 4 °C overnight. Following incubation, samples were washed three
times with PBS and incubated with goat anti-rabbit IgG secondary antibody conjugated to Alexa Fluor 488
(1:200) for 60 min at room temperature. The samples were then washed three times with PBS, the coverslips
were mounted using 90% glycerol in PBS, and the fluorescence was detected with a Leica TCS SP5 confocal laser
system.

Measurement of NO production in primary cultured MAECs. MAECs seeded on circular coverslips
were loaded with 2 uM 4-amino-5-methylamino-2’, 7'-difluorofluorescein (DAF-FM DA; Molecular Probes) at
room temperature for 10 min. The fluorescence intensity excited at 495 nm and emitted at 515 nm was determined
using a Leica TCS SP5 confocal laser system. The MAECs were stimulated with 5puM 4a-PDD in NPSS. Changes
in intracellular NO levels were displayed as a ratio of fluorescence (F,/F).

Statistical analysis. Student’s t-tests were used for comparisons of means from two groups, with P values
less than 0.05 deemed significant.

References
1. Bevan, J. A,, Kaley, G. & Rubanyi, G. M. & American Physiological Society (1887). Flow-dependent regulation of vascular function.
(Published for the American Physiological Society by Oxford University Press, 1995).
2. Hartmannsgruber, V. et al. Arterial response to shear stress critically depends on endothelial TRPV4 expression. PLoS One 2, €827,
doi: 10.1371/journal.pone.0000827 (2007).
3. Kohler, R. et al. Evidence for a functional role of endothelial transient receptor potential V4 in shear stress-induced vasodilatation.
Arterioscler Thromb Vasc Biol 26, 1495-1502, doi: 10.1161/01.ATV.0000225698.36212.6a (2006).
4. Liu, C. et al. Depletion of intracellular Ca®* stores enhances flow-induced vascular dilatation in rat small mesenteric artery. Br J
Pharmacol 147, 506-515, doi: 10.1038/sj.bjp.0706639 (2006).
5. Wu, L., Gao, X, Brown, R. C., Heller, S. & O’Neil, R. G. Dual role of the TRPV4 channel as a sensor of flow and osmolality in renal
epithelial cells. Am J Physiol Renal Physiol 293, F1699-1713, doi: 10.1152/ajprenal.00462.2006 (2007).
6. Mendoza, S. A. et al. TRPV4-mediated endothelial Ca** influx and vasodilation in response to shear stress. Am ] Physiol Heart Circ
Physiol 298, H466-476, doi: 10.1152/ajpheart.00854.2009 (2010).
7. Ma, X. et al. Functional role of vanilloid transient receptor potential 4-canonical transient receptor potential 1 complex in flow-
induced Ca?* influx. Arterioscler Thromb Vasc Biol 30, 851-858, doi: 10.1161/ATVBAHA.109.196584 (2010).
8. Du, J., Wong, W. Y, Sun, L., Huang, Y. & Yao, X. Q. Protein Kinase G Inhibits Flow-Induced Ca** Entry into Collecting Duct Cells.
J Am Soc Nephrol 23, 1172-1180, doi: 10.1681/Asn.2011100972 (2012).
9. Du, J. et al. TRPV4, TRPC1, and TRPP2 assemble to form a flow-sensitive heteromeric channel. FASEB ] 28, 4677-4685, doi:
10.1096/§.14-251652 (2014).
10. Baratchi, S. et al. Shear stress mediates exocytosis of functional TRPV4 channels in endothelial cells. Cell Mol Life Sci 73, 649-666,
doi: 10.1007/s00018-015-2018-8 (2015).
11. Nishijima, Y. et al. Characterization of blood pressure and endothelial function in TRPV4-deficient mice with I-NAME- and
angiotensin II-induced hypertension. Physiol Rep 2, €00199, doi: 10.1002/phy2.199 (2014).
12. Long, D. A. et al. Loss of nitric oxide and endothelial-derived hyperpolarizing factor-mediated responses in aging. Kidney Int 68,
2154-2163, doi: 10.1111/§.1523-1755.2005.00671.x (2005).
13. Matz, R. L. & Andriantsitohaina, R. Age-related endothelial dysfunction : potential implications for pharmacotherapy. Drugs Aging
20, 527-550 (2003).
14. de Matthaeis, A., Greco, A., Serviddio, G., Stramaglia, G. & Vendemiale, G. Endothelial dysfunction evaluated by flow mediated
dilation is strongly associated to metabolic syndrome in the elderly. Aging Clin Exp Res 22, 303-307, doi: 10.3275/6707 (2010).
15. Toda, N. & Okamura, T. Cerebral blood flow regulation by nitric oxide in Alzheimer’s disease. ] Alzheimers Dis 32, 569-578, doi:
10.3233/jad-2012-120670 (2012).
16. Kim, S. Y., Park, J. T, Park, J. K,, Lee, J. S. & Choi, J. C. Aging impairs vasodilatory responses in rats. Korean | Anesthesiol 61,
506-510, doi: 10.4097/kjae.2011.61.6.506 (2011).
17. Versari, D., Daghini, E., Virdis, A., Ghiadoni, L. & Taddei, S. The ageing endothelium, cardiovascular risk and disease in man. Exp
Physiol 94, 317-321, doi: 10.1113/expphysiol.2008.043356 (2009).
18. El Assar, M. et al. Mechanisms involved in the aging-induced vascular dysfunction. Front Physiol 3, 132, doi: 10.3389/
fphys.2012.00132 (2012).
19. Bubolz, A. H. et al. Activation of endothelial TRPV4 channels mediates flow-induced dilation in human coronary arterioles: role of
Ca?* entry and mitochondrial ROS signaling. Am ] Physiol Heart Circ Physiol 302, H634-642, doi: 10.1152/ajpheart.00717.2011
(2012).

SCIENTIFICREPORTS | 6:22780 | DOI: 10.1038/srep22780 10



www.nature.com/scientificreports/

20. Schierling, W. et al. Cerebral arteriogenesis is enhanced by pharmacological as well as fluid-shear-stress activation of the Trpv4
calcium channel. Eur ] Vasc Endovasc Surg 41, 589-596, doi: 10.1016/j.¢jvs.2010.11.034 (2011).

21. Yao, X., Kwan, H. Y,, Dora, K. A., Garland, C. J. & Huang, Y. A mechanosensitive cation channel in endothelial cells and its role in
vasoregulation. Biorheology 40, 23-30 (2003).

22. Davies, P. F. et al. Spatial relationships in early signaling events of flow-mediated endothelial mechanotransduction. Annu Rev
Physiol 59, 527-549, doi: 10.1146/annurev.physiol.59.1.527 (1997).

23. Goedicke-Fritz, S. et al. Evidence for functional and dynamic microcompartmentation of Cav-1/TRPV4/K(Ca) in caveolae of
endothelial cells. Eur J Cell Biol 94, 391-400, doi: 10.1016/j.€jcb.2015.06.002 (2015).

24. Sukumaran, S. V. et al. TRPV4 channel activation leads to endothelium-dependent relaxation mediated by nitric oxide and
endothelium-derived hyperpolarizing factor in rat pulmonary artery. Pharmacol Res 78, 18-27, doi: 10.1016/j.phrs.2013.09.005
(2013).

25. Woodman, C. R., Price, E. M. & Laughlin, M. H. Selected Contribution: Aging impairs nitric oxide and prostacyclin mediation of
endothelium-dependent dilation in soleus feed arteries. ] Appl Physiol (1985) 95, 2164-2170, doi: 10.1152/japplphysiol.01073.2002
(2003).

26. AbouAlaiwi, W. A. et al. Ciliary polycystin-2 is a mechanosensitive calcium channel involved in nitric oxide signaling cascades. Circ
Res 104, 860-869, doi: 10.1161/CIRCRESAHA.108.192765 (2009).

27. Ma, X,, Nilius, B., Wong, J. W., Huang, Y. & Yao, X. Electrophysiological properties of heteromeric TRPV4-C1 channels. Biochim
Biophys Acta 1808, 2789-2797, doi: 10.1016/j.bbamem.2011.07.049 (2011).

28. Kottgen, M. et al. TRPP2 and TRPV4 form a polymodal sensory channel complex. J Cell Biol 182, 437-447, doi: 10.1083/
jcb.200805124 (2008).

29. Liu, C. L., Huang, Y., Ngai, C. Y., Leung, Y. K. & Yao, X. Q. TRPC3 is involved in flow- and bradykinin-induced vasodilation in rat
small mesenteric arteries. Acta Pharmacol Sin 27, 981-990, doi: 10.1111/j.1745-7254.2006.00354.x (2006).

30. Folgering, J. H. et al. Molecular basis of the mammalian pressure-sensitive ion channels: focus on vascular mechanotransduction.
Prog Biophys Mol Biol 97, 180-195, doi: 10.1016/j.pbiomolbio.2008.02.006 (2008).

31. Li, Y. S., Haga, J. H. & Chien, S. Molecular basis of the effects of shear stress on vascular endothelial cells. ] Biomech 38, 1949-1971,
doi: 10.1016/j.jbiomech.2004.09.030 (2005).

Acknowledgements

We thank Mr. Dake Huang in the comprehensive Laboratory of Basic Medical School Anhui Medical University
for technique support in confocal microscopy. This work was supported by Grants from Natural Science
Foundation of China (Grant No. 30800384, 81371284, 81570403); Anhui Provincial Natural Science Foundation
(Grant No. 1301043020, 1108085J11); Supporting Program for Excellent Young Talents in Universities of
Anhui Province; Young Prominent Investigator Supporting Program from Anhui Medical University; National
Training Program of Innovation and Entrepreneurship for Undergraduates (Grant No. AH201410366056,
AH201410366078).

Author Contributions

J.D. and B.S. designed and coordinated the study, wrote the manuscript. X.W. performed the flow-induced vessel
dilation experiments. J.L. performed [Ca*"]; measurement experiment. J.G. performed the lenti-viral TRPV4
plasmid. L.L. performed immunoblotting and immunostaining experiments. D.Y. performed the measurement
of NO production in primary cultured MAECs. Y.Y. detected the signal of green fluorescent protein in the
endothelial layer of mesenteric artery. Z.L. and J.Z. prepared primary cultured mesenteric artery endothelial cells
and contributed to rats feeding. All authors commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Du, . et al. Increasing TRPV4 expression restores flow-induced dilation impaired in
mesenteric arteries with aging. Sci. Rep. 6, 22780; doi: 10.1038/srep22780 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:22780 | DOI: 10.1038/srep22780 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Increasing TRPV4 expression restores flow-induced dilation impaired in mesenteric arteries with aging

	Results

	Changes in flow-induced vessel dilation and mesenteric artery ECs [Ca2+]i rise with aging. 
	Functional roles of TRPV4 in the flow-induced vessel dilation and MAEC [Ca2+]i rise with aging. 
	TRPV4 expression level in MAECs decreases with aging. 
	NO production in MAECs is reduced with aging. 
	Increasing TRPV4 expression partially restores the deficits in flow-induced and TRPV4-mediated dilation in mesenteric arter ...

	Discussion

	Methods

	Cell preparation and culture. 
	[Ca2+]i measurement. 
	Vessel diameter measurement using a pressure myography system. 
	Immunoblotting. 
	Immunostaining. 
	Measurement of NO production in primary cultured MAECs. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Age-related changes in flow-induced vessel dilation and intracellular Ca2+ concentration ([Ca2+]i) rise in mesenteric artery endothelial cells (MAECs).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ TRPV4 antagonist inhibits flow-induced mesenteric artery dilation and intracellular Ca2+ concentration ([Ca2+]i) rise in mesenteric artery endothelial cells (MAECs).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ 4α-PDD-stimulated mesenteric artery dilation and intracellular Ca2+ concentration ([Ca2+]i) rise in mesenteric artery endothelial cells (MAECs) derived from young and aged rats.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ TRPV4 expression profiles in mesenteric artery endothelial cells (MAECs) derived from young and aged rats.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ 4α-PDD-stimulated nitric oxide (NO) production in mesenteric artery endothelial cells (MAECs) from young and aged rats.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Flow- and 4α-PDD-induced mesenteric artery dilation in lenti-GFP or lenti-TRPV4 viral vector-treated young and aged rats.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ 4α-PDD-induced intracellular Ca2+ concentration ([Ca2+]i) rise in lenti-GFP or lenti-TRPV4 viral vector-treated young and aged mesenteric artery endothelial cells (MAECs).
	﻿Figure 8﻿﻿.﻿﻿ ﻿ 4α-PDD-induced nitric oxide (NO) production in lenti-GFP or lenti-TRPV4 viral vector-treated young and aged mesenteric artery endothelial cells (MAECs).



 
    
       
          application/pdf
          
             
                Increasing TRPV4 expression restores flow-induced dilation impaired in mesenteric arteries with aging
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22780
            
         
          
             
                Juan Du
                Xia Wang
                Jie Li
                Jizheng Guo
                Limei Liu
                Dejun Yan
                Yunyun Yang
                Zhongwen Li
                Jinhang Zhu
                Bing Shen
            
         
          doi:10.1038/srep22780
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22780
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22780
            
         
      
       
          
          
          
             
                doi:10.1038/srep22780
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22780
            
         
          
          
      
       
       
          True
      
   




