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Background and Purpose: Inward rectifier potassium (KIR) channels are key effectors

of vasodilatation in neurovascular coupling (NVC). KIR channels expressed in cerebral

endothelial cells (ECs) have been confirmed as essential modulators of NVC. Alzheimer's

disease (AD) and cerebrovascular disease (CVD) impact on EC-KIR channel function, but

whether oxidative stress or inflammation explains this impairment remains elusive.

Experimental Approach: We evaluated KIR channel function in intact and EC-

denuded pial arteries of wild-type (WT) and transgenic mice overexpressing a

mutated form of the human amyloid precursor protein (APP mice, recapitulating amy-

loid β-induced oxidative stress seen in AD) or a constitutively active form of TGF-β1

(TGF mice, recapitulating inflammation seen in cerebrovascular pathology). The bene-

fits of antioxidant (catalase) or anti-inflammatory (indomethacin) drugs also were

investigated. Vascular and neuronal components of NVC were assessed in vivo.

Key Results: Our findings show that (i) KIR channel-mediated maximal vasodilatation

in APP and TGF mice reaches only 37% and 10%, respectively, of the response seen

in WT mice; (ii) KIR channel dysfunction results from KIR2.1 subunit impairment; (iii)

about 50% of K+-induced artery dilatation is mediated by EC-KIR channels;

(iv) oxidative stress and inflammation impair KIR channel function, which can be

restored by antioxidant and anti-inflammatory drugs; and (v) inflammation induces

KIR2.1 overexpression and impairs NVC in TGF mice.

Conclusion and Implications: Therapies targeting both oxidative stress and inflamma-

tion are necessary for full recovery of KIR2.1 channel function in cerebrovascular

pathology caused by AD and CVD.
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1 | INTRODUCTION

The tight relationship between local neuronal activity and cerebral

blood flow (CBF) regulation is known as neurovascular coupling

(NVC). Different cell types participate in this process: neurons,

astrocytes, smooth muscle cells (SMCs), pericytes and endothelial

cells (ECs) (Iadecola, 2017). However, the specific signalling

molecules underlying NVC in health and disease remain largely

unknown.

Recent studies point to increased astrocytic potassium (K+)

release, acting through vascular inward rectifier potassium (KIR)

channels, namely, the KIR2.1 subunit, as a key mediator of NVC

(reviewed in Longden & Nelson, 2015). These channels are present

in SMCs and ECs, and the interplay of both populations contributes

to optimal arterial wall electrical communication and vasodilation

(Filosa et al., 2006; Sancho et al., 2017, 2019; Wu et al., 2007). In

NVC, the activation of KIR2.1 channels in brain capillary ECs is

known to propagate upstream to parenchymal arteries (Longden

et al., 2017), confirming an active role for brain endothelium in

vasodilation. Intriguingly, KIR channels are also present in pial arter-

ies, despite no direct K+ release from astrocytic endfeet at this

level (Bastide et al., 1999; Erdös et al., 2004; Marrelli et al., 1998;

Mayhan et al., 2004), where EC-KIR channels play a major role in

tuning electrical communication (Sancho et al., 2017). Pial arteries

are responsible for ensuring proper blood supply downstream dur-

ing NVC (Faraci & Heistad, 1990), and K+-induced hyperpolariza-

tion in parenchymal arteries is transmitted to pial arteries

likely through EC–EC and EC–SMC gap junctions (Longden

et al., 2017).

KIR channel dysfunction is present in several murine models of

cerebrovascular pathology: stress (Longden et al., 2014), diabetes

(Mayhan et al., 2004), ischaemia/reperfusion (I/R) (Bastide

et al., 1999; Marrelli et al., 1998), ageing (Hakim, Chum, et al., 2020),

familial forms of Alzheimer's disease (AD), 3xTgAD mice (Hakim,

Behringer, et al., 2020) and 5xFAD mice (Mughal et al., 2021), and

small vessel disease (Dabertrand et al., 2021). All the aforementioned

pathologies involve oxidative stress and/or inflammation (Cohen

et al., 2012; Murray et al., 2014; Takeda et al., 2010). While a role of

oxidative stress in KIR2.1 dysfunction has been suggested in isolated

brain arteries (Bastide et al., 1999; Marrelli et al., 1998), recent studies

in endothelial tubes isolated from cerebral vessels point to a minimal

role of free radicals (Hakim, Chum, et al., 2020). Moreover, whether

inflammation can affect these channels remains largely unknown.

Cerebrovascular pathology augments the risk of suffering from AD

and vascular cognitive impairment and dementia (Cohen et al., 2012;

Murray et al., 2014; Takeda et al., 2010); hence, a better understand-

ing of whether oxidative stress and/or inflammation affect KIR2.1

activity under different pathological conditions is critical to finding

therapeutic targets.

Here, we investigate the role of EC- and SMC-KIR channels in K+-

induced dilatation of pial arteries and study whether antioxidant

and/or anti-inflammatory drugs could rescue KIR channel function in

transgenic mouse models of AD (overexpressing a mutated form of

the human amyloid precursor protein, APP mice) (Mucke et al., 2000)

and cerebrovascular pathology (overexpressing a constitutively active

form of TGF-β1, TGF mice) (Wyss-Coray et al., 2000). In APP mice,

cerebrovascular dysfunction results primarily from amyloid-β (Aβ)-

induced ROS (Park et al., 2004; Tong et al., 2005) whereas increased

vascular inflammation has been identified as the main culprit in TGF

mice (Zhang et al., 2013). We also investigate, in vivo, the impact of

inflammation on NVC mediated by KIR channels.

2 | METHODS

Experimental protocols were approved by the Animal Ethics Commit-

tee of the Montreal Neurological Institute and complied with the

Canadian Council on Animal Care. Animal studies are reported in com-

pliance with the ARRIVE guidelines (Percie du Sert et al., 2020) and

with the recommendations made by the British Journal of Pharmacol-

ogy (Lilley et al., 2020).

2.1 | Mouse models

Heterozygous APP and TGF transgenic mice on a C57BL/6J back-

ground and their wild-type (WT) littermates were bred in-house. APP

mice (line J20) overexpress the human APP carrying the Swedish

(K670N, M671L) and Indiana (V717F) familial AD mutations under the

What is already known

• The interplay of smooth muscle and endothelial KIR chan-

nels is essential for optimal vasodilation.

• Alzheimer's disease and cerebrovascular pathology impair

endothelial KIR channel function.

What does this study add

• Both oxidative stress and inflammation impair endothelial

Kir2.1 subunit similarly.

• Inflammation, but not oxidative stress, up-regulates

KIR2.1 protein expression in pial arteries.

What is the clinical significance

• Antioxidant and anti-inflammatory therapies can restore

endothelial KIR2.1 channel function and K+-dependent

vasodilatation.
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PDGF β-chain promoter (Mucke et al., 2000) and display Aβ-induced

cerebrovascular oxidative stress and impaired dilatory function (Tong

et al., 2005). TGF mice (line T64) overexpress a constitutively active

form of porcine TGF-β1 under the glial fibrillary acidic protein (GFAP)

promoter, leading to cerebrovascular fibrosis, inflammation and

reduced dilatory function (Tong et al., 2005; Wyss-Coray et al., 2000).

Mice were housed (4–5 per cage) under controlled temperature (24

± 1�C), humidity (50 ± 10%) and 12-h light–dark cycle. Food and

water were available ad libitum. Experiments were performed on adult

mice (7–10 months old) with males and females used in approximately

equal numbers. A group of young (age = 3–4 months) APP mice was

studied to investigate plaque-independent Aβ toxicity on KIR channel

function in APP mice (Mucke et al., 2000). The same age range was

selected in TGF mice to match experimental design for APP mice.

Males and females were not studied independently, because a recent

study has discarded sex effect on KIR channel function (Hakim,

Behringer, et al., 2020).

2.2 | Materials

Compounds for Krebs solution were purchased from Sigma-Aldrich

(Oakville, ON, Canada) or Fisher Chemical (Waltham, MA, USA).

Catalase (from bovine liver, non-PEG conjugated), KIR channel

blockers (BaCl2, ML133), 5-HT, ACh and papaverine (PAP) were pur-

chased from Sigma-Aldrich. Indomethacin was acquired from Tocris

Bioscience (Oakville, ON, Canada). Ketamine (Narketan) and Xylazine

(Rompun) were purchased respectively from Vetoquinol, Québec,

Canada, and Bayer Inc., Ontario, Canada.

2.3 | Cerebrovascular reactivity studies

Mice were killed by decapitation and the posterior (PCA) and middle

(MCA) cerebral arteries were isolated and collected in cold (4�C) and

oxygenated (95% O2 and 5% CO2) Krebs solution (pH 7.4) containing

the following (in mM): 118 NaCl, 4.5 KCl, 2.5 CaCl2, 1 MgSO4,

1 KH2PO4, 25 NaHCO3, and 6 glucose, as described before (Tong

et al., 2005). Vessel segments (�2 mm in length) were mounted in a

superfusion chamber equipped with a pressure-servo micropump (PS-

200) (Living Systems Instrumentation, Burlington, VT, USA) used for

maintaining intraluminal pressure. Vessels were cannulated on a glass

micropipette (�40-μm diameter) at one end, sealed to another glass

micropipette on the other end and slowly pressurized with oxygen-

ated Krebs (37 ± 0.5�C, pH 7.4). Intraluminal pressure (in mmHg) and

time required for vessel stabilization were adjusted depending on

experiments (see below). Vessels were continuously superfused with

oxygenated Krebs (6 ml�min�1) and vasomotor responses measured as

intraluminal diameter changes, using a closed-circuit video system

(National Electronics, Taiwan) coupled with a video caliper (Image

Instrumentation, Trenton, NJ, USA). All compounds were administered

abluminally in the superfused solution, and only one experiment was

performed per artery.

2.3.1 | Characterization of pressure-induced
myogenic tone

Cannulated arteries were pressurized at 40 mmHg and allowed to sta-

bilize for 1 h in Krebs solution. Pressure was then gradually increased

over 5-min increments to 60, 80, 100 and 120 mmHg. Vessels were

maintained for 20 min at each pressure before measuring diameter. At

the end of the experiments, vessels were gradually returned to

40 mmHg and incubated (15 min) in calcium (Ca2+)-free Krebs con-

taining 5-mM EGTA. Arterial diameter was measured again at each

pressure. Myogenic tones were calculated as percentage of change in

diameter from regular Krebs to Ca2+-free Krebs: [Diameter (Ca2

+-free) � Diameter (basal)/Diameter (Ca2+-free)] � 100 (Scotland

et al., 2001; Zaritsky et al., 2000).

2.3.2 | Characterization of KIR channel-mediated
dilatation

In vessel preconstricted �10%–15% by myogenic tone (at 80 mmHg),

KIR channels were activated by increasing K+ concentrations (6 to

16 mM), substituting NaCl for KCl in circulating Krebs (Filosa

et al., 2006). Krebs solutions were adjusted to �300 mOsm, con-

firmed with a microosmometer (5004 micro OSMETTE™, Precision

Systems Inc., Natick, MA, USA). Alternatively, K+-induced dilatations

were tested in the presence of the non-selective KIR channel blocker

barium (Ba2+) (Standen & Quayle, 1998). Preconstricted arteries were

incubated with Ba2+ (100 μM, �10 min) in 4-mM K+ Krebs and arte-

rial dilatations to increasing K+ concentrations (6 to 16 mM in 100-

μM Ba2+ Krebs) (Erdös et al., 2004) were measured.

Dilatations in control and Ba2+-blocked arteries were calculated

as percentage of change in diameter from basal diameter (4-mM K+)

to diameter at each K+ concentration (6 to 16 mM), relative to maxi-

mum diameter in Ca2+-free solution (15-min incubation at the end of

the experiment, as described above): [Diameter (dilatated) � Diameter

(basal)/(Diameter (Ca2+-free) � Diameter (basal))] � 100 (Sonkusare

et al., 2016).

2.3.3 | Role of the KIR 2.1 subunit in KIR channel
function

The contribution of KIR2.1 subunit to optimal KIR channel function

was determined in myogenic tone-preconstricted (80 mmHg) vessels

incubated (20 min) in 4-mM K+ Krebs in the presence of ML133

(20 μM), a selective KIR2.1 subunit blocker (Wang et al., 2011),

followed by 5-min incubation with 14-mM K+ circulating Krebs con-

taining 20-μM ML133 (Sonkusare et al., 2016). Incremental changes in

diameters in control and ML133-blocked arteries were calculated as

described above. Additionally, we investigated whether Ba2+ and

ML133 can have synergistic effect on KIR2.1 blockade. To address

this, the above experiment was reproduced by incubating WT arteries

with either Ba2+ alone (100 μM) or Ba2+ (100 μM) + ML133 (20 μM).
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2.3.4 | Role of KIR channels in basal arterial tone
maintenance

The role of KIR channels in basal arterial tone (Chrissobolis &

Sobey, 2003) was investigated in arteries pressurized at 60 mmHg

(physiological spontaneous tone) by incubating them for 3 min with

increasing Ba2+ concentrations (20–120 μM). Ba2+ was pipetted in

the superfusion chamber containing a physiological 4.5-mM K+ Krebs

solution. Ba2+-induced vasoconstriction was measured as percentage

change in diameter from basal condition to each Ba2+ concentration

(Erdös et al., 2004).

2.3.5 | Role of SMC and EC-located KIR channels

K+-induced vasodilation (6 to 16 mM) was investigated before and

after EC denudation by passing an air bubble through the lumen (60 s)

followed by Krebs solution. Control and denuded arteries were pres-

surized at 60 mmHg, allowed to stabilize for �20 min and incubated

with 5-HT (2.10�7 M, 20–30 min) for submaximal preconstriction

(�10% from basal tone) before measuring K+-induced vasodilation.

Due to the role of EC in myogenic tone (Scotland et al., 2001), we

used 5-HT as an alternative to myogenic tone to preconstrict vessels

because it does not alter KIR channel function (Wu et al., 2007) and

5-HT-induced constriction is preserved in both APP and TGF mice

(Tong et al., 2005).

At the end of the experiments, EC denudation was confirmed

with the endothelium-dependent dilator ACh (10�10–10�4 M) (Wu

et al., 2007; Zhang et al., 2013), whereas SMC integrity was tested

with the SMC relaxant PAP (10�10–10�4 M). Dilatations were mea-

sured as percentage change in diameter from 5-HT-preconstricted to

dilated arteries in response to K+, ACh or PAP (Zhang et al., 2013).

2.3.6 | Benefits of antioxidant and anti-
inflammatory treatments

Arterial dilatation to K+ (6 to 16 mM) and constriction to Ba2+ (20–

120 μM) or ML133 (20 μM) (experiments described in previous sec-

tions) were studied before and after superfusion with a Krebs solution

containing the antioxidant catalase (1000 units�ml�1, 60 min), because

we have shown before that it rescues endothelial function in APP

mice (Zhang et al., 2013), or containing the nonsteroidal anti-

inflammatory drug indomethacin (10 μM, 30 min) (Rubio-Ruiz

et al., 2014), which has been shown to restore other potassium chan-

nels in a model of COX-dependent dysfunction (Armstead, 2001). We

also used these treatments because neither catalase nor indomethacin

has been reported to alter myogenic tone-induced preconstriction

(Erdös et al., 2004; Scotland et al., 2001). Vessels were washed with

regular Krebs (4 mM of K+) for about 10 min before measuring

changes in diameter, in order to avoid indomethacin-mediated PKC

activation (Kanno et al., 2012), which is known to inhibit KIR channel

function when combined with Ba2+ (Vetri et al., 2012).

2.4 | Western blotting

Major cerebral arteries and their pial branches, collected fresh at the

time of reactivity experiments, were frozen on dry ice and kept in

�80�C. Protein levels of the KIR2.1 subunit and oxidative stress marker

SOD2 were measured in protein extracts from pial vessels from two

cohorts of mice. Data were pooled for analysis (WT: n = 6, APP: n = 8

and TGF: n = 8). Vessels were dissolved in 30 μl of Laemmli buffer

(62.5-mM Tris, pH 7.5, 6-M urea, 160-mM 1,4-DTT, 2% SDS and

0.001% bromophenol blue), boiled (5 min), protein assayed (assay kit;

Bio-Rad, Hercules, CA, USA), loaded (10 μg) onto a 10% acrylamide

SDS-PAGE gel and transferred to nitrocellulose membrane (Schleicher

& Schuell, Keene, NH) (Tong et al., 2005). The membranes were

blocked (1 h at room temperature) with 7% skim milk in Tris-buffered

saline-Tween 20 (20-mM Tris, 137-mM NaCl and 0.1% Tween 20) and

incubated overnight (4�C) with rabbit anti-KIR2.1 (1:200 from Sigma-

Aldrich, RRID:AB_2040107), rabbit anti-SOD2 (1:3000, MnSOD, Enzo

Life Science, ON, Canada) or mouse anti-β-actin (1:16,000, Sigma-

Aldrich, RRID:AB_476744) to normalize for loading. Blots were further

incubated for 1 h with HRP-conjugated (goat anti-mouse IgG, Fcγ frag-

ment specific [RRID:AB_2313585] or goat anti-rabbit IgG [H + L]

[RRID: AB_2307391]) secondary antibody (1:2000; Jackson Immuno-

Research, PA, USA). Membranes were developed (5 min) using Wes-

ternSure Premium Chemiluminescent substrate (LI-COR kit; Lincoln,

NE, USA) and scanned using a C-Digit Blot phosphor Imager (scanner

STORM 860, GE Health Care, Piscataway, NJ, USA). Image densitome-

try was analysed with Image Studio Digit software, Version 5. The

Immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology.

2.5 | Sensory-evoked changes in neuronal activity
and haemodynamic responses of NVC

In contrast to APP mice which show both neuronal and cerebrovascu-

lar deficits in sensory-evoked NVC responses (Tong et al., 2012), TGF

mice are exempt from neuronal alterations. Particularly, TGF mice

have intact glucose uptake in response to whisker stimulation

whereas the haemodynamic response is severely impaired

(Nicolakakis et al., 2011). Hence, they allow investigating the outcome

of defective cerebrovascular KIR channels in the whisker-evoked NVC

response independently from changes in neuronal activity. Mice (WT,

n = 9, TGF, n = 10, 7–10 months) were anaesthetized with Keta-

mine/Xylazine (85 mg�kg�1, i.m., half dose reinjected as needed),

placed in ear bars on a physiological platform for monitoring of heart

and respiratory rates and maintenance of body temperature (Harvard

Apparatus, Saint-Laurent QC, Canada). The barrel cortex was exposed

by carefully drilling and removing the bone. A flexible 32-channel

micro-electrocorticogram (ECoG) electrode array (Neuronexus, Ann

Arbor, USA) was placed on the dura, covered with warm agarose gel

(1%) and a coverglass (5-mm diameter). A mini-screw on the cerebel-

lum was used as a reference. Whiskers were attached to a piezo actu-

ator (piezo.com, Woburn, MA, USA) and stimulated at 1 and 4 Hz for
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2 and 5 s. Upon completion of electrophysiological recording, the

ECoG was slowly slid out the window for optical imaging of intrinsic

signals by illuminating the cortical surface with three interleaved LEDs

(530, 560 and 625 nm) and laser-speckle contrast imaging of CBF

with a 798-nm laser (Labeotech.com). Ten trials were acquired (40-s

baseline, 20-s whisker stimulation, 4 Hz). Agarose and the coverglass

were carefully removed and a pool was formed around the barrel cor-

tex for 20-min superfusion of warm oxygenated Krebs (in mM)

(124 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and

4 glucose) containing 100-μM Ba2+ (Longden et al., 2017). Electro-

physiology and haemodynamic recordings were repeated post-Ba2+

superfusion. A group of five WT mice were also recorded with a low

dose of Ba2+ (10 μM) as a control for the procedure.

2.5.1 | Analysis of electrophysiology and
haemodynamic recordings

Electrophysiological data were acquired at a 30-kHz sampling rate by

an OpenEphys system and analysed using a custom-made MATLAB

(RRID:SCR_001622) script. P1-N1 amplitude of the evoked responses

was computed as the maximum and the minimum values over the initial

62.5 ms of each trigger. P1-N1 amplitude was based on the first peaks

of each stimulation train. Further investigation of the ECoG signal was

carried out by analysis of the ECoG power in frequency bands (θ: 4–

8 Hz, α: 8–12 Hz, β: 15–30 Hz, low γ: 40–60 Hz and high γ: 80–

150 Hz), and evoked changes in power were normalized from baseline

epoch. Haemodynamic data were analysed using MATLAB as described

in Dubeau et al. (2011). Briefly, reflectance signals were converted to

changes in absorption ΔA = log(R/R0), and a pseudo-inverse and the

modified Beer–Lambert law were used to extract relative changes in

deoxygenated haemoglobin (HbR) and oxygenated haemoglobin (HbO).

CBF was computed by quantifying the spatial contrast during laser illu-

mination, defined as the ratio of the SD to the mean intensity in a given

spatial area. Changes in total haemoglobin, HbR, HbO and CBF were

computed from the manually delineated region of interest, based on

the maximum response before Ba2+ superfusion.

2.6 | Data analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). Mice were randomly distrib-

uted into experimental groups, and all experiments were performed

blind to the identity of the mouse genotype. Responses to

intraluminal pressure and to individual drugs were graphically repre-

sented as % of diameter change from baseline to facilitate visualiza-

tion of group differences in diameter changes. Data are expressed as

mean ± SEM and were analysed by Student's t-test, one- or two-way

(genotype and treatment as factors) ANOVA followed by Newman–

Keuls post hoc or Dunnett's multiple comparison tests. A post-test

was only performed if F achieved P < 0.05. For all experiments,

n refers to the number of mice per group. Any variance in group sizes

different from n = 5 was due to either exclusion of defective vessels

(eventual loss of response or abrupt changes of pressure) or large

intra-group variability as shown in the young APP mice. Statistical

analysis was undertaken only for studies where each group size was

at least n = 5, with the exception of experiments where compounds

(Ba2+ and ML133, Figure 2) were tested in different vessels under dif-

ferent conditions that showed comparable results. In these specific

cases, we prioritized reducing the number of mice involved in the

study and a justification has been included in the text. Two studies

(pressure-induced myogenic tone and the effect of age on KIR channel

function) have been included as exploratory (n < 5) and no statistics

are shown. Including these experiments was necessary to justify the

age range selected for the study and the use of 80-mmHg pressure to

induce arterial preconstruction. Again, in order to reduce the number

of mice involved in the study, for vascular reactivity studies and west-

ern blots, APP and TGF mice were compared to pooled WT mice from

J20 and T64 lines, because both lines have identical backgrounds

(C57BL/6J), and no differences were found during the study. Raw

data for representative luminal diameters (μm) of pial arteries from

each mouse group are shown in the supporting information (Tables

S1-S6). GraphPad Prism, Version 8.0.1 (RRID:SCR_002798; GraphPad

Software, San Diego, CA, USA) was used for statistical analysis of

in vitro and in vivo studies. A P < 0.05 was considered significant.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | Myogenic tone is conserved in pial vessels of
APP and TGF mice

We aimed to investigate whether diminished NO bioavailability in

APP and TGF mice (Nicolakakis et al., 2011; Tong et al., 2005), or

increased vessel stiffness in TGF mice (Gaertner et al., 2005), could be

detrimental to myogenic tone maintenance. We found that both APP

and TGF mice had intact myogenic tone in response to increasing

intraluminal pressure (40–120 mmHg) when compared with WT mice

(Figure 1a). At 80 mmHg, the intraluminal pressure that we used to

induce arterial preconstriction in most vascular reactivity studies,

myogenic tone was similar between all groups (WT: 11.6 ± 0.9%,

APP:13.3 ± 2.6%, TGF: 16.2 ± 2.9%). Even at the highest intraluminal

pressure tested (120 mmHg), APP and TGF vessels were still able to

develop myogenic tone at levels comparable with WT mice (WT:

18.1 ± 3.3%, APP: 23.6 ± 3.7%, TGF: 23.1 ± 5.8%). Because only an

n = 4 was used for this study, these results are considered
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exploratory, but, overall, the myogenic tone developed by arteries

from all groups compared well with values previously reported in WT

mice of the same background (Bai et al., 2004; Springo et al., 2015).

Our results further support previous studies reporting that neither

impaired NO bioavailability nor vessel stiffness compromise myogenic

tone (Scotland et al., 2001; Springo et al., 2015), hence justifying the

use of myogenic tone for preconstriction of pial arteries in vascular

reactivity experiments. However, in all experiments where 80-mmHg

pressure was used for preconstricting vessels before testing K+-

induced dilatations, arteries from APP, and specially from TGF mice,

reached pressure-induced preconstriction faster (40–50 min) than WT

(60–75 min). This observation may be due to the dysfunction of addi-

tional ion channels known to oppose pressure-induced myogenic tone

in resistance arteries (Tykocki et al., 2017).

3.2 | K+-induced dilatation is significantly impaired
in APP and TGF mice

Compared with WT vessels, both APP and TGF mice showed mark-

edly impaired dilatory responses to K+ (6 to 16 mM). WT vessels

reached maximal dilatation at 16-mM K+ (88.8 ± 2.5%), while in APP

and TGF vessels, maximal dilatation occurred at 8-mM K+ (APP: 33.7

± 8.7%, TGF: 9.5 ± 15.7%), followed by prominent vasoconstriction at

higher K+ concentrations (Figure 1b), thus showing a biphasic

response. Preliminary results show that this response is similarly

impaired in young APP and TGF mice (Figure 1c,d, respectively). How-

ever, young APP mice displayed a large variability possibly suggesting

an inflection point in KIR channel dysfunction at this age.

3.3 | Dysfunction of KIR channels and KIR2.1
subunit in APP and TGF mice

In WT vessels, the KIR channels blocker, Ba2+ (100 μM), drastically

reduced the dilatory response to increasing K+ concentrations, revers-

ing it to vasoconstriction at higher K+ concentrations (14–16 mM). In

contrast, Ba2+ did not further worsen the already affected responses

in APP and TGF vessels, pointing to dysfunctional cerebrovascular KIR

channels in both groups (Figure 2a,b). Furthermore, when investigat-

ing the contribution of the KIR2.1 subunit, we found that, in WT mice,

selective KIR2.1 subunit blockade with ML133 completely blocked

arterial dilatation to 14-mM K+ and was actually reversed to a con-

striction (64.5 ± 3.8% vs. �42.8 ± 13.1% of myogenic tone). In APP

F IGURE 1 Conserved myogenic tone and
impaired K+-induced dilatations in APP and TGF
mice. (a) Myogenic tone was conserved in pial
arteries of APP and TGF mice for a range of
pressure 40–120 mmHg. n = 4 for WT, APP and
TGF. (b) K+-induced dilatations were impaired in
adult (7–10 months) APP and TGF mice when
compared with WT vessels. n = 5 for WT, APP
and TGF. *P < 0.05 for ANOVA followed by a

Newman–Keuls post hoc comparison test. (c,d)
Impaired dilatations were already present in
young (3–4 months) APP and TGF mice. n = 3
for WT and TGF; n = 11 for APP. Error bars
represent SEM. Vertical bars represent equal P-
values
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vessels, ML133 significantly enhanced the vasocontractile response

to 14-mM K+ (�29.3 ± 12.4% vs. �72.5 ± 8.7% of myogenic tone)

(Figure 2c). In TGF mice, selective KIR2.1 subunit blockade exerted a

similar potentiating effect on the contractile response, albeit not sig-

nificant (�47.0 ± 10.5% before vs. �77.0 ± 25.2% after ML133)

(Figure 2d). Our results indicate that the KIR2.1 subunit of KIR chan-

nels is impaired in APP and TGF mice. We did not find any synergistic

blocking effect of concurrent treatment with Ba2+ and ML133 on KIR

channel, tested in WT arteries: control = 65.6 ± 4.6%, Ba2+ = �23.8

± 11.4, Ba2+ + ML133 = �25.3 ± 13.1 (Figure 2e). Even though the

APP group has an n = 4 (Figure 2c,f), these results were repeatedly

confirmed among different experiments showing no or virtually no

effect of KIR blockers on arterial responses to K+.

3.4 | KIR channels and cerebrovascular basal tone

At baseline, small diameter peripheral vessels and cerebral arteries

constrict in response to KIR channel blockade with Ba2+, suggesting a

modulatory role for KIR channels in arterial basal tone (reviewed in

Chrissobolis & Sobey, 2003; Ko et al., 2008). In WT pial arteries,

increasing Ba2+ concentrations (20–120 μM) induced a marked con-

tractile response (21.0 ± 2.9% from baseline tone at 120 μM) whereas

it had a much smaller effect in APP (8.9 ± 1.0%) and TGF (8.3 ± 1.8%)

arteries (Figure 2f,g), indicating an impaired role of KIR channels in

APP and TGF arteries at baseline.

3.5 | ECs are essential for K+-induced maximal
dilatation of pial arteries

We aimed to identify the contribution of EC-KIR channels to K+-

induced vasodilatation. Using 5-HT-preconstricted EC-denuded arter-

ies, we found that vasodilatation was diminished (�50%) compared

with intact arteries in WT (Figure 3a). In APP mice, EC denudation only

decreased (�50%) vasodilatation at 8-mM K+ (Figure 3b) and had no

effect on the highest K+ concentrations. In TGF mice, EC denudation

did not worsen the already impaired K+-induced vasomotor responses

F IGURE 2 Dysfunctional dilatations to K+ ions and altered basal tone are mediated by impaired KIR2.1 subunit. (a,b) KIR channel blockade
with Ba2+ significantly impaired K+-induced dilatations in WT mice while it had no effect in APP or TGF mice. n = 5 for WT, APP and TGF. (c,d)
At 14-mM K+, selective blockade of the KIR2.1 subunit with ML133 exerted a deleterious effect in WT arteries, while having a smaller or no

effect in APP or TGF arteries, highlighting the key role of the KIR2.1 subunit in both pathologies. n = 5 for WT and TGF; n = 4 for APP. (e) The
combination of Ba2+ and ML133 did not have synergistic effect in WT mice (n = 5). *,* P < 0.05 for differences with WT and treated condition,
respectively, in two-way ANOVA followed by a Newman–Keuls post hoc comparison test. Error bars represent SEM. Vertical bars represent
equal P-values. (f,g) KIR channel blockade by increasing concentrations of Ba2+ at basal (4.5 mM) K+ concentration induced a greater
vasoconstriction in WT than in APP or TGF mice, pointing to dysfunctional KIR channel at basal tone in APP and TGF mice. n = 6 for WT; n = 4
for APP and n = 5 for TGF. *P < 0.05 for Student's t-test. Error bars represent SEM
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at any K+ concentration (Figure 3c). In all cases, EC denudation was

confirmed by the loss of endothelium-dependent dilation to ACh (<1%,

data now shown), whereas SMC integrity was preserved as shown by

similar dilatations to PAP in all groups (Figure 3d).

3.6 | Antioxidant or anti-inflammatory treatment
restores KIR channel function in APP and TGF pial
vessels

Incubation of pial artery segments with the antioxidant catalase did

not affect KIR channel function in WT and TGF vessels, whereas it

normalized vasodilatation in APP vessels (WT: 74.9 ± 5.8%, APP:

48.6 ± 11.7% of myogenic tone) (Figure 4a,d). In contrast, the anti-

inflammatory drug indomethacin did not have any effect on K+-

induced vasomotor responses in WT or APP vessels, but it restored

that of TGF mice to a dilatation comparable with that of WT arteries

(WT mice: 69.9 ± 5.5%, TGF mice: 53.2 ± 7.3% of myogenic tone)

(Figure 4b,e). Interestingly, ML133 prevented the beneficial effects of

catalase and indomethacin on APP and TGF arteries, respectively,

indicating that functional recovery is, at least in part, due to rescue of

the KIR2.1 subunit of KIR channels (Figure 4c,f).

Similarly, preliminary results showed that catalase and indometha-

cin treatments fully restored basal tone in APP (Figure 5a,b) and TGF

mice (Figure 5c,d), respectively. Indomethacin also exerted a small del-

eterious effect on WT arteries (Figure 5c,d) at high Ba2+ concentra-

tions (>80 μM) at basal tone, likely due to a remaining effect of

indomethacin-driven PKC activation (Kanno et al., 2012), an effect

previously reported and countered by washing off indomethacin

(Filosa et al., 2006).

3.7 | Inflammation but not oxidative stress
modulates KIR2.1 channel expression in pial arteries

Whether the altered KIR channel function in APP and TGF mice is

accompanied by changes in protein expression of the key KIR2.1

subunit was studied by western blotting. Pial arteries from TGF, but

not APP, mice showed significantly increased protein levels of the

KIR2.1 subunit compared with WT arteries (234.9 ± 34.2% from WT)

(Figure 6a). As expected from previous studies (Tong et al., 2005), the

oxidative stress marker SOD2 was increased only in APP arteries

(228.8 ± 25.2% from WT), which suggests that inflammation can mod-

ify KIR2.1 protein expression in TGF mice (Figure 6b).

3.8 | Barium differently impairs in vivo NVC
responses in WT and TGF mice

In WT mice, whisker stimulation led to increased CBF, enhanced sup-

ply of oxyhaemoglobin (HbO) and wash-out of deoxyhaemoglobin

(HbR) in the barrel cortex. This effect was significantly reduced by KIR

channel blockade using 100-μM Ba2+ (CBF: �43%, HbO: �61%,

P < 0.05). In contrast, the low 10-μM Ba2+ concentration did not

affect haemodynamic function (CBF: +26%, HbO: +13%), confirming

no effect on the procedure (Figure 7a,b). TGF mice displayed signifi-

cantly reduced CBF and HbO whisker-evoked responses compared

with WT, but these were not further altered by 100-μM Ba2+. How-

ever, in TGF, the HbR response was significantly reduced by Ba2+

([HbR]: �0.1 to �0.6, P = 0.01); as CBF was not changed, this may

suggest a decreased HbO demand (Figure 7b). Whereas the whisker-

evoked neuronal responses were not affected by Ba2+ in WT mice, as

measured by the P1-N1 amplitude and power of the ECoG signal, the

latter was significantly lessened by Ba2+ across most frequency bands

in TGF mice, pointing to neuronal susceptibility to KIR channel block-

ade in TGF mice (Figure 7c).

4 | DISCUSSION

KIR channels are involved in CBF regulation and arterial basal tone

maintenance (reviewed in Chrissobolis & Sobey, 2003; Ko et al., 2008;

Tykocki et al., 2017), and the fact that they are dysfunctional in sev-

eral pathologies associated with higher risk of dementia (Bastide

F IGURE 3 Endothelial cell denudation reduces K+-dependent dilatation in WT, but not in APP or TGF, mice. (a,b,c) EC removal reduced
maximal dilatations by about 50% in WT arteries but had little or no effect in vessels from APP or TGF mice. (d) SMC function was not impaired
after in EC-denuded arteries as shown by conserved dilatation to the SMC-relaxant papaverine (PAP). *P < 0.05 represent differences in
Student's t-test. n = 4 for WT; n = 5 for APP and TGF
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et al., 1999; Longden et al., 2014; Marrelli et al., 1998; Mayhan

et al., 2004; McCarron & Halpern, 1990a) makes these channels

promising therapeutic targets. Thus, understanding the mechanisms

triggering KIR channel dysfunction is essential in order to develop

appropriate interventions.

We found that KIR channel dysfunction is an early event in APP

and TGF mice (already present at 3–4 months), consistent with previ-

ous studies reporting early cerebrovascular deficits in both transgenic

lines mainly characterized by reduced EC-dependent dilatory

responses (Tong et al., 2005). KIR channel function in APP and TGF

mice was restored by catalase and indomethacin, respectively. These

results not only show that KIR channels are sensitive to oxidative

stress, in line with Aβ-induced cerebrovascular ROS and SOD2 up-

regulation in APP mice (Park et al., 2004; Tong et al., 2005), but also

to cerebrovascular inflammation characteristic of brain vessels in TGF

mice (Tong & Hamel, 2015; Wyss-Coray et al., 2000). We also confirm

recent results reporting that a functional endothelium is necessary for

maximal K+-induced dilatation of pial arteries.

4.1 | KIR channels in APP and TGF mice: Impact of
oxidative stress and inflammation

Under normal conditions, low concentrations of extracellular K+ (<25-

mM K+) induce hyperpolarization of SMCs and vasodilatation,

whereas higher concentrations induce SMC depolarization, leading to

vasoconstriction. However, in pathological conditions, K+-mediated

vasodilatation is diminished and vasoconstriction can appear at con-

centrations lower than 25-mM K+ (Longden et al., 2014). We found

that in both APP and TGF mice, arterial dilatations were maintained at

K+ concentrations lower than 8 mM, possibly explained by the contri-

bution of the electrogenic sodium pump to dilatation at concentra-

tions lower than 7-mM K+ (McCarron & Halpern, 1990b), a pump

presumably unaltered in cerebrovascular pathology associated with

oxidative stress and inflammation (McCarron & Halpern, 1990a). K+-

induced vasodilatation, in APP mice, was significantly reduced at 10–

12 mM K+, which corresponds to physiological K+ concentrations

seen during NVC in vivo (Filosa et al., 2006). In TGF mice, dilatory

F IGURE 4 Catalase rescued KIR2.1 function in APP mice while indomethacin rescued KIR2.1 function in TGF mice. (a,b,d,e) K+ mediated
dilatation was restored in APP mice and in TGF mice with catalase and indomethacin, respectively. *, * P < 0.05, for differences with WT and
treated condition, respectively, in two-way ANOVA followed by a Newman–Keuls post hoc comparison test. Error bars represent SEM. Vertical
bars represent equal P-values. n = 5 for WT, APP and TGF. (c,f) KIR2.1 subunit rescue could be blocked with ML133, which resulted in a
vasoconstriction pattern similar to non-treated vessels. *P < 0.05 for one-way ANOVA followed by a Newman–Keuls post hoc comparison test.
Error bars represent SEM. n = 5 for WT and TGF; n = 4 for APP
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impairments were already detectable at 8-mM K+ and, in some exper-

iments, vessels started to constrict at 10-mM K+, suggesting a more

severe impairment driven by inflammation. In healthy arteries, K+ con-

centrations above 25 mM change equilibrium potential (EK) to levels

that depolarize pial arteries, resulting in constriction through voltage-

gated calcium channel activation (Longden & Nelson, 2015). Dysfunc-

tional KIR channels in APP and TGF mice may alter EK and facilitate

voltage-gated calcium channel activation at lower K+ concentrations,

similarly to that observed in WT arteries after blocking KIR channels

with either Ba2+ or ML133. Although ML133 is supposedly more

selective for KIR2.1 channels than Ba2+, its IC50 values at KIR 2.1 and

KIR2.2 isoforms are relatively similar (1.8 and 2.9 μM, respectively)

(Wang et al., 2011), which could explain the similar blocking effect

exerted by Ba2+ or ML133 on vasoconstriction.

When further investigating the impact of altered KIR channel

function on arterial basal tone, we found impairments in both APP

and TGF mice. Impaired KIR channel-mediated vasodilatation and

basal tone maintenance could explain, at least in part, the reduced

F IGURE 5 Catalase and indomethacin
selectively restored basal tone. (a–d) Impaired
vasoconstriction induced by Ba2+ in APP and TGF
mice was restored by catalase and indomethacin,
respectively. Error bars represent SEM. n = 5 for
WT; n = 4 for APP and TGF

F IGURE 6 Inflammation but not oxidative
stress up-regulates KIR2.1 subunit protein levels in
pial arteries. (a) KIR2.1 subunit was up-regulated in
TGF mice but not in APP mice compared with WT.
(b) Only arteries from APP mice displayed increase
in the oxidative stress marker SOD2. *P < 0.05 in
one-way ANOVA followed by Dunnett's test.
Error bars represent SEM. n = 6 for WT; n = 8
for APP and TGF
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whisker-evoked hyperaemic responses seen in APP (Nicolakakis

et al., 2008) and TGF mice (Nicolakakis et al., 2011), and the chronic

cerebral hypoperfusion previously reported in these mice (Gaertner

et al., 2005; Hébert et al., 2013). However, we do not have patch

clamp electrophysiological data to show that KIR channel currents are

reduced in APP and TGF models, a possibility that would be worth

further investigation.

Whereas a possible detrimental effect of oxidative stress on KIR

channel function has been postulated (Bastide et al., 1999; Erdös

et al., 2004; Vetri et al., 2012), the impact of inflammation has been

poorly documented despite its known deleterious effects on large

conductance calcium-activated potassium (BKCa) and ATP-sensitive

K+ channels (KATP) (Wei et al., 1996). Cortical parenchymal arteriolar

KIR channel function was altered in a rat model of preeclampsia with

both inflammation and oxidative stress, but the contribution of each

pathology was not elucidated (Johnson & Cipolla, 2018).

It was recently shown that Kir2.1 activity in brain ECs from

5xFAD mice depends on the binding of phosphatidylinositol

4,5-bisphosphate (PIP2) to the channel (Mughal et al., 2021). Interest-

ingly, oxidative stress and, specifically, hydrogen peroxide (H2O2) can

decrease PIP2 levels by deactivating phosphatidylinositol-4-phosphate

5-kinase β (PIP5Kβ) (Chen et al., 2009). Therefore, we hypothesize

that, in APP mice, the increased levels of H2O2, a sub-product of the

ROS dismutation by SOD2, may impede the binding of PIP2 to KIR2.1

and, hence, its activity. Alternatively, H2O2-induced PKC activation

(Cosentino-Gomes et al., 2012) could also explain the loss of response

F IGURE 7 Inflammation alters
KIR channel-mediated
haemodynamic responses and
electrophysiology to whisker
stimulation. (a) No effect of Ba2+

(10 μM) on haemodynamic
responses to whisker stimulation
in WT mice (n = 5). (b)
Significantly reduced cerebral

blood flow (CBF) and
oxyhaemoglobin responses (peak
HbO) in WT but not in TGF mice
to whisker stimulation after
superfusion with Ba2+ (100 μM).
(c) Deoxyhaemoglobin (HbR) was
reduced in TGF mice after Ba2+

superfusion. Conserved neuronal
activity after superfusion with Ba2
+ (100 μM) in WT mice but not in
TGF mice (showing reduced θ, α
and γ power). *P < 0.05 represent
differences between baseline and
treatment in Student's t-test. Error
bars represent SEM. n = 9 for
WT; n = 10 for TGF. HbT; total
haemoglobin [Correction added
on 20 July 2022, after first online
publication: Figure 7 has been
corrected in this version.]
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to K+ in APP mice, as PKC activation was found to result in loss of

K+-induced vasodilatation in a rat model of type 1 diabetes through

modulation of KIR2.1 channel function (Vetri et al., 2012), a deficit

restored by acute inhibition of PKC activity.

On the other hand, our findings indicate that inflammation

impairs KIR channel function as severely as oxidative stress, if not

more. Interestingly, we also found that brain arteries from TGF mice

exhibited increased protein levels of the KIR2.1 subunit, whereas no

significant changes were found in APP mice. Previous murine models

of cerebrovascular pathology due to I/R or to type 1 diabetes have

reported stable expression of the KIR2.1 subunit; however, these

models did not cause KIR2.1 dysfunction or it was mild and

undetectable (Erdös et al., 2004; Vetri et al., 2012). While cytokine-

driven brain KIR2.1 subunit overexpression could explain the increased

protein levels seen in TGF vessels, as reported following systemic

inflammation (Vicente et al., 2004), it cannot be discarded that KIR2.1

up-regulation is a compensatory mechanism from chronic KIR channel

dysfunction. Indeed, while APP arteries still partially dilated at K+ con-

centrations mimicking physiological levels in functional hyperaemia

(10 mM), those from TGF mice constricted, which suggest that com-

pensatory mechanisms may have emerged in response to a severe

KIR2.1 dysfunction. The molecular mechanisms beyond this up-

regulation are worth further investigating, but up-regulation of KIR2.1

protein levels has been reported before, namely, after pharmacological

blockade of the cytoplasmic pore of the channel (Ji et al., 2017).

4.2 | Role of endothelial KIR2.1 in K+-induced
vasodilatation of pial arteries

Traditionally, KIR channels have been exclusively associated with vas-

cular SMCs, but more recent studies in mesenteric arteries (Sonkusare

et al., 2016), pial arteries (Hakim, Behringer, et al., 2020; Hakim,

Chum, et al., 2020; Sancho et al., 2017) and intraparenchymal brain

vessels (Longden et al., 2017) have confirmed their presence in ECs

and their active role in electrical communication and vasodilatation,

driven by the KIR2.1 subunit. In our study, endothelial denudation of

WT arteries reduced K+-induced dilatation by �50% and, while it also

reduced dilatation in APP arteries at 8-mM K+, TGF arterial responses

were unaffected. These findings demonstrate the requirement of a

healthy endothelium for optimal dilatation of pial arteries in response

to K+ ion electrical signalling. Further, they indicate that EC-KIR2.1

channels are impaired in both APP and TGF mice, but more severely

in TGF arteries because removal of EC does not result in worsening of

their already reduced dilatory capacity. These findings are in line with

previous reports of impaired ACh-mediated vasodilatation in pial

arteries of APP and TGF mice (Tong et al., 2005; Tong & Hamel, 2015;

Zhang et al., 2013), as ACh engages EC-KIR channels to boost their

signal strength (Sonkusare et al., 2016).

Endothelial KIR 2.1 channels are also essential for the upstream

propagation of K+ signalling in intraparenchymal arteries (Longden

et al., 2017), a role postulated to be maintained at the level of pial

arteries to ensure adequate blood supply at baseline and during NVC

(Iadecola, 2004). EC/EC gap junctions permit the fast transmission of

the electrical signalling upstream that is then transmitted from ECs to

SMCs through gap junctions of myoendothelial projections allowing

vasomotor functions (Sancho et al., 2017; Segal, 2000). Some in vivo

studies suggest that endothelial NO production may contribute to the

maintenance of vasodilation induced by K+ (Dormanns et al., 2016), a

role that was not tested in the present study but that cannot be dis-

carded. Similarly, we did not investigate the respective contribution of

EC- or SMC-KIR channels in basal tone maintenance, but the interplay

of both cell types appears necessary (Sancho et al., 2019).

4.3 | KIR channels and whisker-evoked NVC

When investigating NVC in WT mice, we confirmed that KIR channel

blockade with Ba2+ impaired whisker-evoked haemodynamic

responses without affecting neuronal activity, pointing to a selective

effect of Ba2+ on the vasculature in WT mice, as previously reported

in Longden et al. (2017). To the contrary, in TGF mice, Ba2+ exerted a

detrimental effect on whisker-evoked neuronal activity but did not

worsen the already impaired haemodynamic responses. Because the

ECoG signal power was reduced across most frequency bands by Ba2

+ in TGF, it suggests that Ba2+ acts through a broad mechanism rather

than affecting selective neurons driving a specific cortical oscillation

(Chen et al., 2017). Together, these findings indicate dysfunctional KIR

channels in intraparenchymal microvessels of TGF mice and further

reveal the existence of intact KIR channels that ensure proper neuro-

nal function. We explain this increased susceptibility of neuronal

activity to Ba2+ in TGF by the underlying neuroinflammation and

severe astrogliosis (Ongali et al., 2018). Astrocytes play a key role in

synapse formation and K+ homeostasis; hence, astrogliosis can have a

detrimental effect on neuronal function (Kim et al., 2019). Reactive

astrocytes, identified by GFAP marker, express the KIR2.1 subunit

(Brasko & Butt, 2018; Kang et al., 2008). Thus, in TGF mice, blockade

of astrocytic KIR2.1 subunit with Ba2+ could lead to altered astrocyte-

dependent K+ ion homeostasis and, hence, reduced changes in neuro-

nal activity. The interplay between astrocytic and elevated endothelial

KIR2.1 subunit in TGF mice deserves further investigation to elucidate

possible compensatory mechanisms to preserve neuronal function

under chronic neuroinflammatory conditions.

4.4 | Benefits of antioxidant and anti-inflammatory
therapies on KIR channel function

Catalase restored KIR channel-mediated dilatations through KIR2.1

activation in APP mice. Although there is no literature reporting the

benefit of antioxidant therapies in restoring KIR function, combined

catalase and SOD treatment rescued BKCa and KATP channels in a rat

model of insulin resistance, both channels being sensitive to oxidative

stress (Erdös et al., 2004). Here, in APP pial arteries, SOD2 protein

levels were up-regulated, presumably as a compensatory mechanism

to trap Aβ-generated free radicals and increase NO bioavailability
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(Tong et al., 2009; Tong & Hamel, 2007). When treated with catalase,

cerebrovascular KIR channel functionality in APP mice virtually fully

recovered, indicating that antioxidant mechanisms are beneficial to

multiple types of K+ channels. These findings also agree with the

reported benefits of antioxidant therapies on cerebrovascular function

in APP mice (reviewed in Hamel, 2015). SOD2 is the main superoxide

radical (O2
�) scavenger in mitochondria, where it catalyses O2

� dis-

mutation into oxygen (O2) and H2O2. Free radical scavengers rescue

H2O2-induced perturbation of PIP2 homeostasis (Chen et al., 2009). It

is thus possible that catalase restored KIR2.1 function in APP pial

arteries throughout recovery of PIP2 homeostasis by reducing circu-

lating H2O2. However, catalase failed to rescue KIR channel function

in TGF mice, findings consistent with previous studies from our group

showing no benefit of antioxidants (catalase, N-acetylcysteine and

SOD) on endothelium-dependent dilatory function in TGF mice whose

pathology has been attributed to perivascular inflammatory processes

(Nicolakakis et al., 2011; Tong et al., 2005; Zhang et al., 2013). Hence,

knowing that TGF-β1 can induce COX-2 expression in vascular cells

(Rodríguez-Barbero et al., 2006; Tong & Hamel, 2007), we tested the

non-selective COX inhibitor indomethacin (Lucas, 2016) and found

that it completely restored KIR channel function in TGF brain arteries,

providing the first evidence of indomethacin restoring cerebrovascular

KIR channel function. These findings demonstrate that inflammation

alters KIR channel function, consistent with in vivo studies in TGF

mice with drugs displaying cerebrovascular anti-inflammatory proper-

ties (Nicolakakis et al., 2011; Tong & Hamel, 2015). Our results also

agree with previous studies reporting benefits of indomethacin on

KATP and BKCa channels in a model of brain injury, although the bene-

fits were attributed to reduced COX-dependent ROS generation

(Armstead, 2001). Here, in TGF arteries, inflammation-mediated KIR

channel impairment appears independent from COX-induced ROS

generation or, at least, not H2O2 mediated, because catalase did not

display any benefits. Indomethacin is able to rescue function of other

K+ channels such as BKCa (Armstead, 2001), the impairment of which

being related to enhanced PKC activity in vascular pathology involving

an inflammatory response such as type 1 diabetes (Vetri et al., 2012).

Similar mechanisms could be at play regarding the recovery of the

KIR2.1 function in TGF mice.

In summary, our results indicate that an intact endothelium is

essential for optimal KIR channel-induced cerebral vasodilatation and

NVC, that endothelial KIR2.1 channels are sensitive to perivascular Aβ-

or TGF-β1-induced oxidative stress or inflammation and that cerebro-

vascular KIR2.1 function can be fully restored by both antioxidant (APP

mice) and anti-inflammatory (TGF mice) treatments. Our results suggest

that in pathologies with mixed cerebrovascular oxidative stress and

inflammation, like cardiovascular diseases with a cerebrovascular

pathology or neurodegenerative diseases like AD, and vascular cogni-

tive impairment and dementia, combined therapies should have greater

benefits on resting CBF and evoked haemodynamic responses.
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