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BACKGROUND AND PURPOSE
Transient receptor potential vanilloid type 4 (TRPV4) channels are expressed in brain endothelial cells, but their role in
regulating cerebrovascular tone under physiological and pathological conditions is still largely unknown.

EXPERIMENTAL APPROACH
Wild-type (WT) mice and mice that overexpress a mutated form of the human amyloid precursor protein (APP mice, model of
increased amyloid β), a constitutively active form of TGF-β1 (TGF mice, model of cerebrovascular fibrosis) or both (APP/TGF
mice) were used. Dilations to the selective TRPV4 channel opener GSK1016790A (GSK) or to ACh were measured in posterior
cerebral artery segments.

KEY RESULTS
Both GSK- and ACh-induced dilations virtually disappeared following endothelium denudation in WT mice. These responses
were impaired in vessels from APP, TGF and APP/TGF mice compared with WT. Pre-incubation of WT vessels with the
selective TRPV4 channel blocker HC-067047, or with small-conductance (SK channel, apamin) and/or intermediate-
conductance (IK channel, charybdotoxin, ChTx) Ca2+-sensitive K+ channel blocker abolished GSK-induced dilations and
massively decreased those induced by ACh. These treatments had no or limited effects on ACh-induced dilation in vessels
from APP, TGF or APP/TGF mice, and IK and SK channel function was preserved in transgenic mice. Antioxidant superoxide
dismutase or catalase normalized GSK- and ACh-mediated dilations only in APP brain arteries.

CONCLUSION AND IMPLICATIONS
We conclude that endothelial TRPV4 channels mediate ACh-induced dilation in cerebral arteries, that they are impaired in
models of cerebrovascular pathology and that they are sensitive, albeit in the reversible manner, to amyloid β-induced
oxidative stress.

Abbreviations
AD, Alzheimer’s disease; APP, amyloid precursor protein; ChTx, charybdotoxin; EDHF, endothelium-dependent
hyperpolarizing factor; GSK, GSK1016790A; HC, HC-067047; IK, intermediate-conductance Ca2+-sensitive K+ (KCa)
channels; KCa, Ca2+-sensitive K+; mAChR, muscarinic ACh receptor; PCA, posterior cerebral artery; PE, phenylephrine;
ROS, reactive oxygen species; SNP, sodium nitroprusside; SOD, superoxide dismutase; SK, small-conductance
Ca2+-sensitive K+ (KCa) channels; TRPV4, transient receptor potential vanilloid type 4
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Introduction
The transient receptor potential vanilloid type 4 (TRPV4)
channel, a member of the TRP channel superfamily, is a
Ca2+-permeable nonselective cation channel. TRPV4 chan-
nels are widely distributed in peripheral and brain tissues
(Nilius et al., 2004; Carreno et al., 2009; Hatano et al., 2009;
Thorneloe et al., 2012), indicating their involvement in
several physiology processes. These channels are activated
by stimuli such as osmotic pressure changes, cell swelling,
high temperature and mechanical stress (Vriens et al., 2004;
O’Neil and Heller, 2005; Clark et al., 2010; Filosa et al.,
2013).

TRPV4 channels are expressed in endothelial cells (ECs)
from many types of blood vessels including cerebral arteries
(Vriens et al., 2005; Kohler et al., 2006; Marrelli et al., 2007;
Willette et al., 2008). TRPV4 channels regulate endothelial
calcium (Ca2+) influx and endothelium-dependent dilation
(Marrelli et al., 2007; Zhang and Gutterman, 2011) in
response to flow, shear stress and, as recently demonstrated,
ACh (Kohler et al., 2006; Sonkusare et al., 2012). Activation of
endothelial TRPV4 channels elicits Ca2+ influx that activates
intermediate- (IK; KCa3.1) and small- (SK; KCa2.3) conduct-
ance Ca2+-sensitive K+ (KCa) channels (Sonkusare et al., 2012),
which results in hyperpolarization of vascular smooth muscle
cells and vasodilation (Earley, 2011).

Cerebrovascular dysfunction, characterized by chronic
cerebral hypoperfusion and impaired dilatory function, is
an important factor in the pathogenesis of Alzheimer’s
disease (AD; Iadecola, 2004). Studies have demonstrated
increased levels of the amyloid β (Aβ) peptide, and of
toxic and inflammatory factors such as reactive oxygen
species (ROS; Iadecola et al., 1999; Park et al., 2004; Tong
et al., 2005) and TGF-β1 in the cerebral circulation of AD
mouse models or patients (Wyss-Coray et al., 1997; 2000;
Grammas and Ovase, 2001). Correspondingly, neurovascular
coupling, cerebral autoregulation and endothelium-
dependent dilations are impaired in mice that overexpress
mutated forms of the human amyloid precursor protein
(APP mice), a constitutively active form of TGF-β1 (TGF
mice; Wyss-Coray et al., 2000) or a combined Aβ and
TGF-β1 pathology (APP/TGF mice; Wyss-Coray et al., 1997;
Ongali et al., 2010). These deficits are remedied by
co-expression of APP and the free radical scavenger super-
oxide dismutase 1 (SOD1), after cortical SOD application
(Iadecola et al., 1999), and by in vitro (Tong et al., 2005) or
in vivo (Nicolakakis et al., 2008) treatment of APP mouse
brain vessels or mice with antioxidants. In contrast, in TGF
and APP/TGF models of AD cerebrovascular pathology that
includes an inflammatory and pro-fibrotic process, cerebro-
vascular deficits are unresponsive to antioxidant therapy
(Tong et al., 2005; Ongali et al., 2010; Nicolakakis et al.,
2011). Yet, limited information is available on the role of
TRPV4 channels in brain vessels and whether their function
is altered in pathologies of the cerebral circulation that rep-
licate those found in AD.

In the present study, we demonstrate that TRPV4 chan-
nels (i) are key mediators of dilatory function in cerebral
arteries; (ii) are altered in mouse models of cerebrovascular
pathology as seen in APP, TGF and APP/TGF mice; and (iii) are
sensitive to ROS.

Materials and methods

Materials
GSK1016790A [(N-((1S)-1-{[4-((2S)-2-{[(2,4-dichlorophenyl)
sulfonyl ]amino}3-hydroxylpropanoyl) -1-piperazinyl ]
carbonyl}-3-methylbutyl)-1-benzothiophene-2-carboxamide]
(GSK), SOD, catalase, phenylephrine (PE), ACh and sodium
nitroprusside (SNP) were obtained from Sigma-Aldrich
(Oakville, ON, Canada). NS309 (6,7-dicholoro-1H-indole-
2,3-dione 3-oxime) and HC-067047 (2-methyl-1-[3-(4-
morpholinyl)propyl]-5-phenyl-N-[3-(trifluoro-methyl)phenyl]-
1Hpyrrlle-3-carboxamide; HC) were from Tocris Bioscience
(Ellisville, MO, USA). Charybdotoxin (ChTx) and apamin
were from Abcam (Abcam Ltd, Cambridge, UK).

Animals
Heterozygous transgenic mice on a C57BL/6J background and
their wild-type (WT) littermates (3–6 months of age, body
weight ∼30 g) were bred in-house, with males and females in
approximately equal numbers in each group. All experiments
were approved by the Animal Ethics Committee of the Mon-
treal Neurological Institute (McGill University, Montréal, QC,
Canada) and complied with local and national regulations in
accordance to the Canadian Council on Animal Care. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). Mice
were housed under a 12 h light-dark cycle, in a room with
controlled temperature (23°C) and humidity (50%), with
food and tap water available ad libitum.

APP mice overexpress the human APP carrying the
Swedish (K670N, M671L; APPSwe) and Indiana (V717F;
APPInd) familial AD mutations directed by the PDGF β-chain
promoter (APP mice, line J20; Mucke et al., 2000). APP mice
display Aβ-induced cerebrovascular oxidative stress and early
(2–4 months) impairment in endothelial-mediated dilatory
function (Tong et al., 2005). TGF mice overexpress a consti-
tutively active form of TGF-β1 under the control of the glial
fibrillary acidic protein promoter (TGF mice, line T64), and
display the cerebrovascular fibrotic pathology of AD
(Wyss-Coray et al., 2000; Tong et al., 2005) with early deficits
in dilatory function in brain vessels (Tong et al., 2005).
Double-transgenic APP/TGF mice concurrently overexpress
both transgenes (Wyss-Coray et al., 2001; Ongali et al., 2010)
and are characterized by a combined Aβ- and TGF-β1-induced
cerebrovascular pathology with early dilatory deficits (Ongali
et al., 2010). Transgene expression was confirmed with touch-
down PCR (Wyss-Coray et al., 1997; Tong et al., 2005).

Cerebrovascular reactivity studies
The posterior cerebral artery (PCA; average intraluminal
diameter, 80–90 μm) was isolated from WT and transgenic
mice euthanized by cervical dislocation and collected in cold
and oxygenated (95% O2 and 5% CO2) Krebs solution (4°C,
pH 7.4 ± 0.1) containing the following (in mM): 118 NaCl,
4.5 KCl, 2.5 CaCl2, 1 MgSO4, 1 KH2PO4, 25 NaHCO3 and 11
glucose. The reactivity of pressurized PCA segments (∼2 mm
in length) mounted in a superfusion chamber system was
measured using online videomicroscopy (Living Systems
Instrumentation, Burlington, VT, USA), as described before
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(Tong et al., 2005). Vessels were cannulated on a glass micro-
pipette (∼40 μm diameter) at one end, sealed to another glass
micropipette on the other end and filled with oxygenated
Krebs’ solution (37 ± 1°C, pH 7.4 ± 0.1). A pressure-servo
micropump (Living Systems) was used to maintain intralu-
minal pressure at 60 mmHg. Vessels were superfused
(6 mL·min−1) with Krebs solution and allowed to stabilize and
acquire basal tone (30–45 min). Online measurements of
intraluminal diameter were performed using a closed-circuit
video system coupled with a video caliper (Image Instrumen-
tation, Trenton, NJ, USA).

Pharmacological characterization of TRPV4
channels and ACh responses
All compounds were applied extraluminally to the superfu-
sion solution. Dilations induced by GSK (10−11–10−5 M, a
selective TRPV4 channel agonist, EC50 value ∼18 nM at mouse
TRPV4 channels, Thorneloe et al., 2008), ACh (10−11–10−4 M)
or NS309 (10−10–10−5 M, a selective IK/SK channels agonist,
EC50 value of ∼10 nM, Strøbaek et al., 2004) were measured on
vessels pre-constricted submaximally with PE (2 × 10−7 M). In
some vessels, concentration-dependent responses to GSK or
ACh were examined before and after treatment with the
selective TRPV4 channel antagonist HC (10−9–10−6 M, or
10−6 M, IC50 value of ∼20 nM at mouse TRPV4 channels;
Everaerts et al., 2010), the potent and selective SK channel
blocker apamin (10−8 M, IC50 value <8 nM; Grunnet et al.,
2010), the IK channel blocker ChTx (5 × 10−8 M, IC50 value
<28 nM; Grunnet et al., 2010) or a combination of both SK
and IK channel blockers. Reversibility of the vascular deficits
in response to GSK or ACh was tested before and after pre-
incubation (30–60 min) of the arterial segments with the free
radical scavenging enzymes, SOD, 120 U mL−1, or catalase
(1000 U mL−1). In some arteries, the dilatory responses to GSK
(10−11–10−5 M) and ACh (10−11–10−4 M) were tested before and
after removing the EC by passing (20–30 s) an air bubble
through the lumen. In these vessels, the integrity of the
smooth muscle cells was tested with the NO donor SNP
(10−11–10−4 M).

Calculations and statistical analysis of
cerebrovascular responses
Responses to GSK and ACh were compared on the basis of
their dose-dependent and maximal (EAmax) responses
(expressed as percentage of change in vessel diameter from
basal or pharmacologically induced tone) and/or potency
(pD2 values or -log of EC50) expressed as mean ± SEM. When
appropriate, the potency of the antagonist was evaluated by
the use of pA2 and pD2’ values for dual antagonist (competi-
tive and non-competitive; Van den Brink, 1977). Statistical
differences were determined by one-way ANOVA followed by a
post hoc Dunnett or Newman–Keuls multiple comparison test
or, when indicated, by Student t-test for two group compari-
sons. All statistics and analyses were performed with the
software Prism 4 (Graph Pad, San Diego, CA, USA). A P < 0.05
was considered significant.

Results

TRPV4 channels induce dilation in brain
arteries via Ca2+-activated K+ channels
To determine whether TRPV4 channels are involved in dila-
tory function in cerebral arteries, the selective TRPV4 agonist
GSK was administered to PCA segments of WT mice. As
shown in Figure 1A, GSK potently and dose dependently
dilated (EAmax: 59.2 ± 6.0%) pre-constricted PCA segments
with a potency (pD2: 8.12 ± 0.16) totally compatible with its
affinity at mouse TRPV4 channels (Thorneloe et al., 2008).
Furthermore, the GSK-induced cerebral dilation was abol-
ished by pretreatment of the vessels with the selective TRPV4
channel blocker HC (10−6 M; Figure 1A). Ca2+-activated SK
and IK channels are considered important targets of Ca2+

influx through TRPV4 channels (Sonkusare et al., 2012).
Therefore, we used the SK blocker apamin (10−8 M) to explore
the mechanism of TRPV4-mediated vasodilation and
found that it almost eliminated (−80.7%, P < 0.001) GSK-
induced dilation in PCA segments from WT mice (Figure 1B),

Figure 1
HC and apamin antagonized the GSK-induced cerebrovascular dilations in PCA segments from WT mice. The GSK-induced dilation in WT vessels
was eliminated in vessels treated with the TRPV4 channel blocker HC (10−6 M) (A) or was potently reduced by the SK blocker apamin (10−8 M) (B).
**P < 0.01, ***P < 0.001, when compared to untreated WT vessels by ANOVA followed by a Newman–Keuls post hoc comparison test. Error bars
represent SEM. n = 3–4 per group.
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confirming a role for SK channel activation in the TRPV4
channel-mediated dilatory response.

ACh is known to mediate endothelium-dependent dila-
tion of brain arteries in various species (Rosenblum, 1992;
Mackert et al., 1997), and TRPV4 channels have recently
been shown to contribute to the ACh-induced dilation of
mesenteric arteries (Sonkusare et al., 2012). We thus investi-
gated whether TRPV4 channels are involved in the ACh-
induced dilation in brain arteries from WT mice. ACh was
found to elicit concentration-dependent relaxations (EAmax:
35.8 ± 2%; pD2: 7.86 ± 0.1; Figure 2A) that were inhibited by
pretreatment of the vessels with increasing concentrations
(10−9–10−6 M) of the selective TRPV4 channel blocker HC, as
represented by a rightward shift of the dose-response curve to
ACh and a decrease in ACh efficacy (Figure 2A). HC behaved
as a mixed competitive/non-competitive antagonist and sig-
nificantly reduced both the ACh maximal dilation (EAmax)
and potency (pD2 value; Figure 2B). HC estimated pA2 value
of 7.82 and pD2’ value of 6.83 at 10−7 M corresponded well to
its reported affinity (pIC50 = 7.7) at TRPV4 receptors (Everaerts
et al., 2010). These findings indicate that TRPV4 channels
contribute to the ACh-induced cerebrovascular dilation.

Similar to what was observed with GSK, the ACh-
mediated cerebral dilation of PCA segments from WT mice
was potently inhibited by pretreatment of the arteries with
blockers of IK and SK channels (Figure 3A). The SK blocker
apamin (10−8 M) and IK blocker ChTx (5 × 10−8 M) signifi-
cantly reduced the ACh maximal dilation (−57.9%, P < 0.001
and −52.7%, P < 0.001, respectively) with no alteration in
potency (Figure 3B). The maximal relaxation induced by ACh
was only slightly more reduced (−62.8%, P < 0.001) by a
combination of apamin and ChTx (Figure 3A, B), pointing to
their possible overlapping role of these Ca2+-sensitive K+ chan-
nels in the ACh-induced cerebral vasodilation or the lack of

selectivity of the selected antagonists. Future studies with
an IK blocker other than ChTx that also blocks large-
conductance Ca2+-sensitive K+ channels (BK) and voltage-
gated (Kv1.3) channels with high affinity (Grunnet et al.,
2010) will help clarify the exact contribution of IK channels
in the ACh response.

TRPV4-mediated GSK and ACh dilation are
endothelium dependent
It has been reported that TRPV4 channels do not exist only in
ECs, but also in vascular smooth muscle cells on which
TRPV4 agonists may act to induce relaxation through activa-
tion of BK (KCa1.1) channels (Earley et al., 2005). We thus
assessed whether TRPV4-mediated dilation of brain arteries is
endothelium dependent or mediated at the level of smooth
muscle cells. Both GSK- and ACh-induced dilations of PCA
segments in WT mice (43.6 ± 1.4% and 55.8 ± 2.8%, respec-
tively) disappeared after endothelial denudation (<1%,
P < 0.001), whereas denuded segments had preserved dilation
to the smooth muscle relaxant and NO donor SNP compared
to control vessels (EAmax of 34.0 ± 2.6% and 38.0 ± 1.5%
respectively). These findings indicated that TRPV4 channel-
mediated dilation is endothelium dependent.

Impaired TRPV4, but not SK/IK channel
function in brain arteries from APP, TGF
and APP/TGF mice
Previous studies have shown that ACh-induced cerebrovascu-
lar dilations are impaired in APP, TGF and APP/TGF mice
(Iadecola et al., 1999; Niwa et al., 2002; Tong et al., 2005;
Nicolakakis et al., 2008; 2011; Ongali et al., 2010), but no
attempts were undertaken to investigate the underlying
receptor alterations. Therefore, we examined the integrity of

Figure 2
Effects of TRPV4 channel blocker HC on the ACh-induced dilation in WT cerebral arteries. (A) The selective TRPV4 channel blocker HC
dose-dependently (10−9–10−6 M) antagonized the ACh-induced dilations compared to untreated WT vessel segments. (B) HC behaved as a mixed
competitive non-competitive antagonist and significantly decreased both ACh potency (EAmax, upper panel) and ACh affinity (pD2 value, lower
panel) in a dose-dependent manner. *P < 0.05, **P < 0.01, ***P < 0.001, when compared to untreated WT vessels by ANOVA followed by a Dunnett
post hoc multiple comparison test. n = 3–6 per group.
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TRPV4-SK/IK signalling cascade in PCA segments from these
different animal models of cerebrovascular dysfunction at an
age when the deficits are established (Tong et al., 2005;
Ongali et al., 2010). As expected, APP, TGF and APP/TGF
mouse brain vessels had lessened ACh-mediated dilation
(Figure 4) with no change in receptor affinity (pD2 values,
Table 1). Furthermore, contrary to WT mice, the ACh-
induced relaxations of PCA segments in the three transgenic
mouse models were not further reduced by pretreatment
with the selective TRPV4 channel blocker HC (10−6 M)
(Figure 4A–C, Table 1). Similarly, in contrast to WT vessels,
pretreatment of the arterial segments with a combined solu-
tion of apamin (10−8 M) and ChTx (5 × 10−8 M) had no sig-
nificant effect on the ACh-induced dilation of cerebral
arteries from transgenic mice (Figure 4D–F), despite a small,
albeit significant rightward shift in the dose-response curve to
ACh in APP mice (Figure 4D, Table 2). Yet, the dilation
induced by the IK/SK channel opener NS309 was similar in
WT, APP and TGF mice (Figure 5), indicating that TRPV4, but
not IK/SK channels are dysfunctional in transgenic mice.

Antioxidants rescue TRPV4-SK/IK channel
function in brain arteries from APP, but not
TGF and APP/TGF mice
Impaired endothelial-dependent dilation is an early land-
mark of APP, TGF and APP/TGF mice cerebrovascular dys-
function. Particularly, this deficit has been imputed to
Aβ-induced vascular oxidative stress in APP mice (Iadecola
et al., 1999; Tong et al., 2005; Park et al., 2008), whereas in
TGF and APP/TGF signalling alterations related to vascular
fibrosis have been associated with the lessened dilatory capac-
ity (Tong et al., 2005; Ongali et al., 2010; Nicolakakis et al.,
2011). Consistent with these observations, we found that in
vitro antioxidant treatment of PCA segments with SOD or

catalase in APP mice completely normalized the GSK- and
ACh-induced dilations to WT levels (Figure 6A–C). In con-
trast, superfusion of TGF or APP/TGF vessels with SOD had no
beneficial effect, and vessels still exhibited impaired dilations
in response to GSK or ACh application (Figure 7). These find-
ings demonstrate that TRPV4 channels are sensitive to
Aβ-induced oxidative stress, whereas cerebrovascular fibrosis
entails their deregulation through mechanisms not related to
oxidative stress.

Discussion

Our findings demonstrate (i) that TRPV4 channels are impor-
tant mediators of endothelium-dependent dilation in mouse
cerebral arteries including that induced by muscarinic ACh
receptor (mAChR) activation; (ii) that these channels are
altered in transgenic mouse models that recapitulate different
aspects of AD cerebrovascular pathology; and (iii) that they
are sensitive, albeit in a reversible manner, to Aβ-induced
vascular oxidative damage. In contrast, TRPV4 channel dys-
function in pathologies that involve vascular fibrosis as seen
in TGF and APP/TGF mice is not remedied by antioxidant
therapy.

It has been reported that TRPV4 channels exist in cerebral
ECs where they regulate calcium influx and endothelium-
dependent hyperpolarizing factor (EDHF)-mediated dilations
(Marrelli et al., 2007). Here, we show that TRPV4 channels
mediate part of the endothelium-dependent ACh-induced
dilation in mouse brain arteries, and that this response results
from activation of IK and/or SK channels. In WT cerebral
arteries, our results in endothelial-denuded vessels confirmed
that TRPV4 channels are endothelial located. Further, direct
activation of TRPV4 channels in WT arteries by the TRPV4

Figure 3
Effects of IK and SK channel blockers on the ACh-induced dilation in WT cerebral arteries. (A) Blockers of SK (apamin) or IK (ChTx) channels alone
or in combination inhibited the ACh maximal dilation without any shift in the ACh-dose response curve. (B) Apamin and ChTx decreased the ACh
potency (EAmax, upper panel) but not ACh affinity (pD2 value, lower panel). **P < 0.01, ***P < 0.001, when compared to untreated WT vessels
by ANOVA followed by a Dunnett post hoc multiple comparison test. Error bars represent SEM. n = 10 for controls and 3 for each drug groups.
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Figure 4
HC, and combined apamin + ChTx reduced the ACh dilations in WT cerebral arteries, but not in vessels from APP, TGF and APP/TGF mice.
Compared with WT vessels, the ACh-induced cerebrovascular dilations were significantly impaired in APP (A), TGF (B) and APP/TGF (C) mice.
Treatments with HC (10−6 M) significantly reduced the ACh dilation in WT vessels, but had no or only modest effects in APP (A), TGF (B) or APP/TGF
(C) arterial segments. Similar to HC, apamin (10−8 M) and ChTx (5 × 10−8 M) only affected vessels from WT mice, but not those from transgenic
APP, TGF or APP/TGF mice (D–F). Only a small albeit significant decrease in the ACh pD2 value was observed in APP mice (D). *P < 0.05,
**P < 0.01, ***P < 0.001 and ★★ P < 0.01, ★★★ P < 0.001, when compared to untreated WT vessels by ANOVA followed by a Newman–Keuls post
hoc comparison test. Error bars represent SEM. n = 3–6 per group.

Table 1
Effects of HC (10−6 M) on cerebrovascular responses to ACh (10−4 M) in PCA segments from WT, APP, TGF and APP/TGF mice

Treatment
WT
(n = 6)

APP
(n = 3)

TGF
(n = 3)

APP/TGF
(n = 3)

EAmax Control 35.8 ± 1.9 25.2 ± 2.9 23.4 ± 3.1 18.3 ± 2.0

HC 16.2 ± 0.7a 19.9 ± 2.0 19.3 ± 4.2 16.6 ± 2.4

pD2 Control 7.86 ± 0.10 7.95 ± 0.21 8.06 ± 0.23 8.16 ± 0.16

HC 6.34 ± 0.22a 7.36 ± 0.21 8.02 ± 0.32 8.18 ± 0.23

Data are mean ± SEM of the number (n) of mice indicated in parentheses and are expressed as the maximal agonist response (EAmax, %
dilation from induced tone) or potency [pD2 value or −log (EC50)]. HC had a significant effect only in WT mice.
aP < 0.001 when compared to their respective control groups before HC treatment, by Student t-test.
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channel opener GSK resulted in cerebrovascular dilation that
was completely or virtually abolished by HC, a potent and
selective TRPV4 channel blocker (Everaerts et al., 2010;
Shahidullah et al., 2012) or by the SK blocker apamin. The
additional findings that ACh-induced cerebral vasodilation in
WT vessels was impaired to a similar extent (−50–60%) by
HC, apamin, ChTx or by a combination of apamin and ChTx,
further demonstrated interaction between mAChRs and the

TRPV4-IK/SK channel signalling cascade. Together, these
findings are consistent with endothelial-dependent mAChR
acting through TRPV4-mediated stimulation of IK and/or
SK channels to promote vasodilation, likely via an EDHF
pathway (Marrelli et al., 2007), as recently reported in mes-
enteric arteries (Sonkusare et al., 2012). In TRPV4–/– mice, the
ACh-induced dilation in mesenteric arterial segments was
blunted but not eliminated (Zhang et al., 2009), suggesting
additional Ca2+ entry pathways in ECs. The findings in WT
vessels that the TRPV4 channel antagonist HC completely
abrogated the GSK-mediated dilatory response, but only par-
tially reduced (∼55%) that induced by ACh pointed to about
half of the mAChR-mediated dilation taking place through
other pathways, such as NO signalling (Zhang et al., 2009;
Howitt et al., 2012) and, possibly, H2O2 depending on the
partial pressure of oxygen (Drouin et al., 2007). Likewise, in
mouse mesenteric arteries, the dilation mediated by mAChR
had both an NO and an EDHF (76%) components (Sonkusare
et al., 2012). Interestingly, in rat carotid artery, Ca2+ entry
through TRPV4 channel activation reportedly triggers both
NO- and EDHF-mediated vasodilations (Kohler et al., 2006).

An important finding from our study was the exclusive
impairment of GSK- and ACh-induced dilations by TRPV4
and SK/IK channel blockers in WT mice. Indeed, these block-
ers had no or very modest effects on the APP, TGF or APP/TGF
mouse brain vessels, indicating an already malfunctioning
TRPV4-SK/IK channel signalling cascade in vessels from mice
with altered cerebrovascular function or structure. The pre-
served function of IK/SK channels shown in APP and TGF
mice with the selective activator NS309 further pointed
to dysfunctional TRPV4 channels. Impaired endothelium-
mediated dilation is a key landmark of Aβ-induced cerebro-
vascular dysfunction in various mouse models of AD, and has
been imputed to Aβ-induced oxidative stress (Iadecola et al.,
1999; Park et al., 2004; 2008; Tong et al., 2005). Interestingly,
antioxidant treatment of isolated arteries with SOD or cata-
lase, which respectively scavenges O2

– and hydrogen perox-
ide, fully normalized both the GSK- and ACh-induced
dilations in APP brain arteries, as reported before for ACh
dilations in different APP mice (Iadecola et al., 1999; Tong
et al., 2005). Consistent with our findings, it has been shown

Table 2
Effects of a combination of apamin (10−8 M) and ChTx (5 × 10−8 M) on cerebrovascular responses to ACh (10−4 M) in PCA segments from WT, APP,
TGF and APP/TGF mice

Treatment WT (n = 3) APP (n = 3) TGF (n = 3) APP/TGF (n = 3)

EAmax Control 45.7 ± 2.5 24.3 ± 2.7 23.4 ± 2.9 18.0 ± 3.1

Apamin
+ChTx

15.9 ± 2.0b 18.3 ± 3.9 20.4 ± 5.3 13.4 ± 2.0

pD2 Control 7.67 ± 0.14 8.28 ± 0.24 8.04 ± 0.25 8.02 ± 0.28

Apamin
+ChTx

7.23 ± 0.28 7.05 ± 0.35a 7.93 ± 0.36 7.98 ± 0.27

Data are mean ± SEM of the number (n) of mice indicated in parentheses and are expressed as the maximal agonist response (EAmax, %
dilation from induced tone) or potency [pD2 value or −log (EC50)]. Apamin and ChTx significantly reduced the ACh-mediated response in WT
mice, and had a small, albeit significant effect, on the potency of ACh in APP mice.
aP < 0.05 and bP < 0.001, when compared to their respective control groups before treatment, by Student t-test.

Figure 5
Dilatory responses to the IK/SK channel activator NS309 are pre-
served in transgenic mice. Concentration response curves of the
IK/SK channel activator NS309 in PCA segments from WT, APP and
TGF mice were comparable. The affinity of NS309 [pD2 value or −log
(EC50)] at cerebrovascular channels was also comparable between
all groups, with respective values of 7.58 ± 0.25, 7.99 ± 0.31 and
7.18 ± 0.29. Error bars represent SEM. n = 5 per group.
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in diabetic rats that O2
– can inhibit BK, ATP-sensitive K+ and

inwardly rectifying K+ channels in cerebral arteries, and that
topical SOD and catalase application can restore these impair-
ments (Erdös et al., 2004).

In contrast, in TGF and APP/TGF transgenic mice with
structural alterations of the cerebrovascular bed, the reduced
TRPV4 channel-mediated dilation was not rescued by anti-
oxidant therapy, as previously reported for the ACh-induced
dilation (Tong et al., 2005; Ongali et al., 2010; Papadopoulos
et al., 2010; Nicolakakis et al., 2011). These findings suggest
that antioxidants through scavenging of non-physiological
levels of O2

– and H2O2 exert beneficial effects on the TRPV4
channel dysfunction caused by Aβ-induced vascular oxida-
tive stress, but not by pathologies that involve fibrosis of the
brain vasculature (Wyss-Coray et al., 2000; Tong et al., 2005;

Ongali et al., 2010). Previous studies in TGF mice have
imputed the antioxidant-resistant cerebrovascular deficits to
altered levels or activities of vasoactive proteins and their
downstream signalling cascades (Tong et al., 2005; Tong and
Hamel, 2007), which could be rescued in vivo by drugs with
anti-inflammatory properties (Nicolakakis et al., 2011). In
contrast, APP/TGF vessels resisted to in vitro antioxidant
(Ongali et al., 2010) and in vivo anti-inflammatory therapy
(Papadopoulos et al., 2013), pointing to their complex Aβ and
fibrotic cerebrovascular pathology.

Overall, our results in cerebral blood vessels add to the
growing role of TRPV4 channels already described in periph-
eral blood vessels. Particularly, more than being involved in
shear-stress-, epoxyeicosatrienoic acids- and plant-derived
flavone-induced dilations (Kohler et al., 2006; Earley, 2011;

Figure 6
Effects of SOD or catalase on the ACh- and GSK- induced cerebrovascular dilation of the PCA in APP mice. Compared with WT vessels, ACh- (A)
and GSK- (B and C) induced cerebrovascular dilations were reduced in APP vessels. Treatment with SOD or catalase completely normalized
these responses to levels comparable to those of WT arteries. SOD (A and B) or catalase (C) had no effect on vessels from WT mice. *P < 0.05,
**P < 0.01, ***P < 0.001, when compared with untreated WT vessels; ★ P < 0.05, ★★ P < 0.01, ★★★ P < 0.001, compared with SOD- or
catalase-treated APP vessels, by ANOVA followed by a Newman–Keuls comparison test. Error bars represent SEM. n = 3 per group.

Figure 7
Effects of SOD on the ACh- and GSK- induced dilation in cerebral arteries from TGF and APP/TGF mice. Compared with WT mice, the ACh- (A)
and GSK- (B) induced dilations were impaired in TGF and APP/TGF mice. SOD treatment did not rescue these deficits. *P < 0.05, **P < 0.01, when
compared to untreated WT vessels, using ANOVA followed by a Dunnett post hoc test. Error bars represent SEM. n = 3 per group.
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Ma et al., 2012), endothelial TRPV4 channels appear as
important mediators of the ACh-induced dilation in both
peripheral (Sonkusare et al., 2012) and brain arteries (this
study) through a common IK and/or SK channel cascade.
Importantly, we report that cerebrovascular TRPV4 channel
function is severely compromised, albeit in a reversible
manner, by Aβ-induced vascular oxidative stress, whereas
pathologies that involve fibrosis of the cerebral vasculature
are insensitive to antioxidant therapy. These findings may be
particularly important when trying to rescue cerebrovascular
deficits in AD patients who display a combined Aβ and
TGF-β1 pathology (Wyss-Coray et al., 2000; Grammas and
Ovase, 2001; Tong et al., 2005; Nicolakakis and Hamel, 2011).
We suggest that TRPV4 channels may represent a promising
target to restore cerebrovascular function in AD.
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