
2064

Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2020, Vol. 75, No. 11, 2064–2073

doi:10.1093/gerona/glz275
Advance Access publication November 24, 2019

© The Author(s) 2019. Published by Oxford University Press on behalf of The Gerontological Society of America. 
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Original Article

Aging Alters Cerebrovascular Endothelial GPCR and K+ 
Channel Function: Divergent Role of Biological Sex
Md A. Hakim, PhD, Phoebe P. Chum, BS, John N. Buchholz, PhD, and Erik J. Behringer, 
PhD*,

Basic Sciences, Loma Linda University, California

*Address correspondence to: Erik J. Behringer, PhD, Department of Basic Sciences, 11041 Campus Street, Risley Hall, Loma Linda University, 
Loma Linda, CA 92350. E-mail: ebehringer@llu.edu

Received: August 20, 2019; Editorial Decision Date: November 13, 2019

Decision Editor: David Le Couteur, MBBS, FRACP, PhD

Abstract

Age-related dementia entails impaired blood flow to and throughout the brain due, in part, to reduced endothelial nitric oxide signaling. 
However, it is unknown whether sex affects cerebrovascular Gq-protein-coupled receptors (GPCRs) and K+ channels underlying endothelium-
derived hyperpolarization (EDH) during progressive aging. Thus, we simultaneously evaluated intracellular Ca2+ ([Ca2+]i) and membrane 
potential (Vm) of intact endothelial tubes freshly isolated from posterior cerebral arteries of young (4–6 mo), middle-aged (12–16 mo), and old 
(24–28 mo) male and female C57BL/6 mice. Purinergic receptor function (vs. muscarinic) was dominant and enhanced for [Ca2+]i increases 
in old females versus old males. However, Ca2+-sensitive K+ channel function as defined by NS309-evoked Vm hyperpolarization was mildly 
impaired in females versus males during old age. This sex-based contrast in declined function of GPCRs and K+ channels to produce EDH may 
support a greater ability for physiological endothelial GPCR function to maintain optimal cerebral blood flow in females versus males during 
old age. As reflective of the pattern of cerebral blood flow decline in human subjects, inward-rectifying K+ (KIR) channel function decreased 
with progressive age regardless of sex. Combined age-related analyses masked male versus female aging and, contrary to expectation, hydrogen 
peroxide played a minimal role. Altogether, we conclude a sex-based divergence in cerebrovascular endothelial GPCR and K+ channel function 
while highlighting a previously unidentified form of age-related endothelial dysfunction as reduced KIR channel function.
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Approximately 14% of the population in the United States is cur-
rently age 65 and older, which is projected to rise to ~21% by 
2040 (1). As people age, they become more susceptible to a range 
of chronic diseases that involve the cardiovascular and nervous 
systems (eg atherosclerosis, hypertension, coronary artery disease, 
and Alzheimer’s disease) (2,3). Thus, effective delivery of oxygen 
and nutrients to and throughout the brain via cerebral blood ves-
sels is crucial for cognitive health during the mammalian lifespan. 
The endothelium lining the innermost layer of cerebral blood ves-
sels balances coordination of vasodilation and vasoconstriction 
for optimal blood flow distribution in the brain (4,5). A represen-
tative pathway of blood flow regulation is endothelium-derived 
hyperpolarization (EDH) (6), primarily described by increases in 
intracellular Ca2+ ([Ca2+]i) upon stimulation of Gq-protein coupled 
receptors (GPCRs; eg purinergic, P2Y) and/or Ca2+ influx through 
transient receptor potential (TRP) channels followed by acti-

vation of small- and intermediate-Ca2+-activated K+ (SKCa/IKCa) 
channels and hyperpolarization of membrane potential (Vm) (7,8). 
Furthermore, independent of rises in [Ca2+]i, cerebrovascular endo-
thelial inward-rectifying K+ (KIR) channels also contribute to EDH 
(8,9). Although not examined in this study, EDH transmits through 
myoendothelial gap junctions to smooth muscle cells and ultimately 
causes relaxation of the blood vessel to ensure sufficient blood flow 
to active organs and tissues (10). Altogether, EDH ultimately dilates 
arteries and arterioles to thereby decrease cerebrovascular resist-
ance and promote blood flow throughout the brain (4,7).

In the resistance vasculature, endothelial “dysfunction” has been 
primarily defined by reduced nitric oxide (NO) signaling that under-
lies impaired endothelium-dependent vasodilation (2,11). As a par-
allel vasodilatory pathway, EDH can play a compensatory role for 
reduced NO bioavailability as shown during conditions of chronic 
illness that become more prominent with aging such as diabetes 
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[coronary (12) and subcutaneous (13) arteries]. Although recog-
nized to govern cerebral blood flow via regulation of pial arterial 
(7) and parenchymal arteriolar (14) tone alike, the status of EDH 
throughout aging adulthood in accord with sex is unknown at the 
level of endothelial cell function. In contrast to NO, ion channels 
central to EDH (ie SKCa/IKCa channels) can be “fine-tuned” using 
selective pharmacology (6,15), and thus, a better understanding of 
EDH during normal aging is crucial towards advancing therapeutic 
treatment of the development of cardio- and cerebrovascular dis-
eases (5). Furthermore, hydrogen peroxide (H2O2) is a relatively 
stable intermediate of the ROS pathway associated with the aging 
process and development of chronic disease (16) while an endothe-
lial “factor” that can produce EDH (6,17).

The goal of this study was to examine whether and how the 
function of cerebrovascular endothelial GPCRs and K+ channels 
alter with progressive aging. Based on previous studies, we also ad-
dressed the potential role for oxidative modulation of EDH during 
aging per actions of H2O2 (18–20). Finally, with a recognized di-
morphic effect of sex on endothelial genetics, structure, and system-
ically integrated function during aging (21,22), we investigated male 
versus female animals as a function of age. We hypothesized that the 
function of GPCRs and K+ channels governing endothelium-derived 
hyperpolarization is altered with progressive age in cerebral arterial 
endothelium in a sex-specific manner. We examined intact endothe-
lium freshly isolated from posterior cerebral arteries of young (4–6 
mo), middle-aged (12–16 mo), and old (24–28 mo) male and female 
mice (C57BL/6 background strain, continuous laminar flow, 37°C, 
pH 7.4). This age range of mice encompasses all of adulthood, cor-
responding to humans living from their early 20s to approximately 
80 years old (23). P2Y receptor function was enhanced in females 
and decreased in males during old age while the sensitivity of SKCa/
IKCa channel  activation mildly decreased in females versus males. 
Also, KIR function decreased during progressive aging regardless of 
sex. In accord with characteristics of EDH in response to exogenous 
H2O2 or presence of the human mitochondrial catalase transgene 
(mCAT), functional differences among age and sex did not appear 
dependent on oxidative signaling per actions of H2O2. Altogether, 
these observations support several key findings detailing a diver-
gent role for males versus females for cerebrovascular aging while 
highlighting a previously unknown form of age-related endothelial 
dysfunction as reduced KIR channel function.

Methods

Animal Care and Use
All animal care use and experimental protocols for this study were 
approved by the Institutional Animal Care and Use Committee of 
Loma Linda University and performed in accord with the National 
Research Council’s “Guide for the Care and Use of Laboratory 
Animals” (8th Edition, 2011). Experiments were performed using 
C57BL/6N mice obtained as young (4–6 mo; 34 animals, 17 males 
and 17 females), middle-aged (12–16 mo; 20 animals, 9 males and 11 
females), and old (24–28 mo; 40 animals, 18 males and 22 females) 
animals from the National Institute on Aging colonies at Charles 
River Laboratories (Wilmington, MA). In addition, the study utilized 
old C57BL/6.mCAT mice (24) (24–28 mo; 7 animals, 6 males and 1 
female) to examine a potential role of H2O2. Prior to use, all animals 
were housed on a 12:12 hour light–dark cycle at 22–24°C with fresh 
water and food available ad libitum. For individual experiments, 
animals were selected randomly with respect to sex and age.

Solutions
Preparation and composition of all buffers have been described 
previously (8,25). Consult (25) for a complete list of reagents and 
chemicals (with vendors and catalog numbers) used for simultan-
eous measurement of [Ca2+]i and Vm in mouse cerebral endothe-
lium. Briefly, physiological salt solution (control PSS) was used for 
superfusion of cerebral endothelial tubes [(in mmol/L): 140 NaCl, 
5 KCl, 2 CaCl2, 1 MgCl2, 10 N-2-Hydroxyethylpiperazine-N′-2-
ethanesulfonic acid (HEPES), 10 Glucose]. During tissue dissection 
to obtain posterior cerebral arteries, PSS contained 0.1% bovine 
serum albumin while CaCl2 was absent. To isolate arterial endothe-
lial tubes using an enzymatic digestion solution (0.31 mg/mL papain, 
0.50 mg/mL dithioerythritol, 0.75 mg/mL collagenase, and 0.13 mg/
mL elastase), dissociation buffer contained PSS with reduced Ca2+ 
(0.1 mmol/L CaCl2) and 0.1% bovine serum albumin. For applica-
tions utilizing 15 mmol/L KCl, an equimolar decrease of NaCl was 
applied accordingly in order to maintain osmolarity.

Dissection of Cerebral Arteries and Isolation of 
Endothelial Tubes
Preparation of mouse posterior cerebral arteries for isolating endo-
thelial tubes has been previously described and illustrated (8,25). The 
posterior cerebral artery was used because of the structural integrity 
of its endothelial tube (width: ~90 µm; length: ≥300 µm) following 
removal of smooth muscle cells, enabling examination of intra- and 
intercellular signaling along and among cerebrovascular endothe-
lial cells. In addition, for effective comparison with the literature 
(26–28), studies of the rodent posterior cerebral artery altogether 
represent recent studies of cerebrovascular aging and pathology per 
pial artery endothelial function.

Briefly, each animal was anesthetized via inhalation of isoflurane 
followed by decapitation. The brain was removed and posterior 
cerebral arteries arising from the Circle of Willis were carefully 
dissected from posterior communicating and basilar arteries in 
chilled (4°C) dissection buffer. Arterial segments were partially di-
gested in dissociation buffer with an enzyme cocktail (described 
in Solutions) at 34°C for 10 to 12 minutes. Following digestion, 
adventitia, smooth muscle cells, and internal elastic lamina were 
removed from each arterial segment. The remaining endothelial  
tube was then secured in a chamber for continuous superfusion 
(~7 mL/min, 37°C).

Simultaneous Measurements of Intracellular Ca2+ 
and Vm

Our protocol for simultaneous measurement of [Ca2+]i and Vm in 
mouse cerebral endothelium has been previously described and il-
lustrated (25). Briefly, the endothelial tube was loaded with Fura-2 
AM (Invitrogen, Carlsbad, CA; 10 µmol/L) in PSS for 40 minutes at 
room temperature and subsequently washed with PSS for 40 min-
utes to allow intracellular Fura-2 AM to de-esterify. Experimental 
temperature was raised and maintained at 37°C using a tempera-
ture controller (TC-344C; Warner Instruments, Camden, CT). Ca2+ 
photometry was performed using an IonOptix system (Milford, 
MA), whereby an imaging window was focused on ~70 endo-
thelial cells to measure [Ca2+]i. Prior to incubation with Fura-2 
AM, autofluorescence was obtained (510  nm during excitation at 
340/380 nm) and subtracted from experimental recordings. In order 
to approximate [Ca2+]i per Fura-2 ratio recordings, minimum and 
maximum F340/F380 values (Rmin, 0.67 ± 0.02 and Rmax, 3.25 ± 0.12, 
n = 4) were determined in endothelial tubes as described previously 
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(29). Accordingly, β was calculated as Fmin/Fmax at 380 nm (3.71 ± 
0.13). Measured F340/F380 (R) values were converted to [Ca2+]i (in 
nM) using the equation [Ca2+]i = Kd•β•(R − Rmin)/(Rmax − R) (30) as-
suming an intracellular Fura-2 Kd of 282 nM (31).

In parallel with [Ca2+]i measurements, Vm of isolated endothe-
lial tubes was recorded using Axoclamp electrometers (2B and/or 
900A; Molecular Devices, Sunnyvale, CA) (8,25). An endothelial 
cell was penetrated with a microelectrode (tip resistance: ~150 
MΩ) while viewing the endothelial tube at 400× magnification. 
Amplifier outputs were connected to a data acquisition system 
(Digidata 1550A; Molecular Devices), whereby data for simultan-
eous recordings of [Ca2+]i and Vm were acquired at 10 Hz while 
temporally synchronized across respective photometry (IonWizard 
6.6) and electrometer (Axoscope 10.5; Molecular Devices) soft-
ware suites.

Pharmacology
To assess maximal cerebrovascular endothelial GPCR function, ad-
enosine 5′‐triphosphate disodium salt hydrate (ATP, 100 μmol/L; 
Sigma) for purinergic (P2Y) receptors (8,27) and acetylcholine 
chloride (ACh, 10 μmol/L; Sigma) for muscarinic receptors (8,32) 
were applied, respectively. Capacity of SKCa/IKCa channels for ac-
tivation of EDH was measured using NS309 (0.01‐10  μmol/L; 
Tocris) (8). In turn, the ability for SKCa/IKCa-channel-dependent 
hyperpolarization to increase [Ca2+]i was simultaneously deter-
mined during NS309 treatment (29,33). Elevated extracellular 
KCl ([K+]o: 15  mmol/L) was used to stimulate endothelial KIR 
channels (8,34).

Finally, to examine the potential role of oxidative signaling, 
200  μmol/L of H2O2 (Sigma) was used (18–20). As a pharma-
cological note, H2O2 is not a typical ligand for a receptor or ion 
channel and accordingly, its cellular actions reflect a combination of 
time and concentration. In such manner, a higher concentration of 
H2O2 applied corresponds to a quicker cellular response in the form 
of increasing intracellular Ca2+ towards maximum. Throughout our 
previous studies (18,20), we have found that an H2O2 concentration 
of 200 μmol/L was the best compromise for time sensitive (and tech-
nically challenging) measurements of [Ca2+]i and/or Vm for ≤40 min. 
Reduction to lesser concentrations (eg 100 μmol/L) typically entails 
several hours of continuous recording which was not an option for 
the current study.

Resting [Ca2+]i and Vm were typically allowed ≥ 2 minutes to sta-
bilize before application of a pharmacological agent, whereby each 
application was allowed sufficient time (≥ 3  min; except H2O2, ≤ 
40 min) to record peak [Ca2+]i and Vm responses. In between indi-
vidual applications, including the NS309 concentration‐response 
experiments, the endothelial tube was washed with PSS to baseline 
conditions.

Catalase Activity Assays
In accord with similar [Ca2+]i responses to H2O2 in young versus 
old C57BL/6 animals, enzymatic activity decomposing H2O2 into 
H2O was evaluated using the Catalase Activity Assay Kit (Abcam, 
Cambridge, UK) in accord with manufacturer’s instructions with 
modification of H2O2 applied (0.1  mmol/L instead of 1  mmol/L 
H2O2). In brief, cerebral blood vessels were isolated from the brain 
using an illustrated protocol (35). Protein was extracted from the 
blood vessel isolate, whereby the concentration was determined 
using a Nanodrop OneC (5–7 mg/mL, A260/280~0.45). The fluorimetric 
assay was then applied in the presence of H2O2.

Data and Statistical Analysis
For Ca2+ photometry, data analyses included fluorescence emis-
sion collected at 510 nm and expressed as the ratio during excita-
tion at 340 nm and 380 nm (F340/F380) and change in F340/F380 ratio 
(ΔF340/F380) = peak response F340/F380 − preceding baseline F340/F380. 
For electrophysiological recordings, data analyses included resting 
Vm (mV) and change in Vm (∆Vm) = peak response Vm − preceding 
baseline Vm. All [Ca2+]i and Vm data represent the number (n) of in-
dependent experiments, each representing one endothelial tube from 
one mouse. All statistical analyses were performed using GraphPad 
Prism (Version 6.07; GraphPad Software, La Jolla, CA). Effective 
concentrations (pEC50) for NS309 applications were determined 
using a sigmoid with variable slope fit (R2 ≥ 0.99).

For simultaneous comparison of young, middle-age, and old 
data sets per sex, statistical analysis included a one-way Analysis of 
Variance (Tukey’s post hoc). Unpaired Student’s t-tests were used to 
analyze comparisons between male and female animal data sets per 
individual age group. Note that all statistical analyses were applied 
per response to each concentration of a pharmacological agent or 
time point during H2O2 treatment. In addition, per the hypothesis 
and overall experimental design of the study, the data sets were not 
matched, paired, and/or analyzed using repeated-measures analysis 
within and among study groups. Differences between groups were 
accepted as statistically significant with p < .05. All summary data 
are presented as the mean ± SEM.

Results

The mechanical stability of isolated and secured endothelium al-
lowed for simultaneous measurement of [Ca2+]i and Vm at 37°C 
for at least 2 hours. Endothelial tubes freshly isolated from mouse 
(C57BL/6) posterior cerebral arteries were ~90 to 100 μm in width 
and ≥300 μm in length (8,25). The F340/F380 ratio during resting con-
ditions was similar among groups [young male (0.84 ± 0.04, n = 11) 
and female (0.86 ± 0.04, n = 11); middle male (0.87 ± 0.03, n = 9) 
and female (0.91 ± 0.05, n = 11); old male (0.87 ± 0.05, n = 12) 
and female (0.83  ± 0.02, n  =  16); p > .05] as consistent with a 
resting [Ca2+]i of ~80 to 100 nmol/L. In parallel, slightly increasing 
resting Vm (in mV) was observed with advancing age [young male  
(−32 ± 2) and female (−35 ± 1); middle male (−36 ± 2) and female 
(−37 ± 2); old male (−38 ± 2) and female (−39 ± 2)], whereby sig-
nificance (p < .05) is noted in old (−39 ± 1) versus young (−34 ± 
1) with overall aging (sexes combined). Per our study goal, we simul-
taneously recorded changes in [Ca2+]i and Vm in response to agonists 
of endothelial GPCRs and activators of SKCa/IKCa and KIR channels 
during aging for males and females. In addition, we examined the 
role of oxidative signaling using H2O2 and old mCAT animals.

Effect of Aging and Sex on Cerebrovascular 
Endothelial GPCR Function
How the span of adult aging impacts cerebrovascular endothe-
lial GPCR function remains unclear. As consistent with a previous 
study (8), activation of P2Y receptors with ATP (∆F340/F380 ~0.5, 
∆[Ca2+]i ~300 nmol/L and ∆Vm ~−15 to −20 mV) is dominant versus 
muscarinic receptor function during ACh (∆F340/F380 < 0.05 and  
∆Vm ≤ −5 mV) in cerebrovascular endothelium (compare Figure 1 with 
Figure 2). The ∆F340/F380 responses to ATP decreased significantly  
(p < .05) in old males but not old females (Figure 1C). Accordingly, 
∆Vm responses (in mV) to ATP decreased by ~20% in males 
(middle: −19 ± 3; old: −15 ± 3) but not females (middle: −18 ± 3; 
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old: −19 ± 3) (Figure 1E). Note that old age does not have an ap-
parent effect on P2Y receptor function when data from sexes are 
combined (Figure 1D and F). In tandem with modest ∆F340/F380 
recordings (Figure 2A and C–D), ∆Vm responses to ACh decrease 
with statistical significance (p < .05) during middle and old age irre-
spective of sex (Figure 2B and E–F).

Effect of Aging and Sex on Cerebrovascular 
Endothelial K+ Channel Function
Although previous studies support maintenance of endothelial SKCa/
IKCa channel function throughout aging in peripheral skeletal muscle 
(18,36) and cerebral (37) arteries, combined effects of aging and sex 
on SKCa/IKCa channel function remain unclear. Activation of SKCa/
IKCa channels can finely tune Vm from resting Vm to the equilibrium 
potential for K+ (EK; ~−90 mV) in cerebrovascular endothelium (8) 
(Figure 3A). Whereas maximum ∆Vm (~−50 mV) to NS309 was 

similar throughout groups (Figure 3C, E, and G), responses to ef-
fective concentrations of NS309 (0.3 to 1 µmol/L) were less in old 
females per both aging (< young females; Figure 3E) and sex (< old 
males; Figure 3G). In addition, the pEC50 corresponding to old fe-
males (5.96 ± 0.10) was less than that of young females (6.15 ± 0.08) 
and old males (6.24 ± 0.06; p < .05; Figure 3G). Note that aging does 
not have an apparent effect on ∆Vm responses to NS309 when data 
from sexes are combined (Figure 3I).

As Vm hyperpolarization may induce Ca2+ entry into endothelial 
cells via an enhanced electrical driving force (29), we also simul-
taneously determined whether NS309 indirectly influenced [Ca2+]i 
signaling following SKCa/IKCa activation. Effective to maximal con-
centrations of NS309 (1 to 10 µmol/L; ∆Vm: ~−30 to −50 mV) in-
creased F340/F380 (∆F340/F380 ~0.1 to 0.3, ∆[Ca2+]i ~50 to 200 nmol/L; 
Figure 3B). Remarkably, ∆F340/F380 responses to NS309 were greater 
(p < .05) in old males vs. younger males (Figure 3D) but less (p < .05) 
in old females versus the younger female groups (Figure 3F). In such 
manner, ∆F340/F380 responses to NS309 were greater (p < .05) in old 

Figure 2.  Muscarinic receptor function plays a minor role in EDH and declines 
with advancing age. Representative simultaneous recordings of (A) Fura-2 
for [Ca2+]i and (B) a sharp electrode for Vm before and during ACh (10 µmol/L; 
muscarinic receptor agonist and indirect SKCa/IKCa channel activator) in an 
isolated endothelial tube of a young male. (C) Summary data for ΔF340/
F380 during ACh as a function of age (Young, Middle, Old) and sex (Male, 
Female). (D) As shown in (C) as a function of age only (sexes combined). 
(E, F) As shown in (C) and (D), respectively, for ∆Vm. n = number of cerebral 
endothelial tubes (Young, Middle, and Old: 4, 9, and 10 Males and 7, 9, and 8 
Females; combined for age only: 11, 18, and 18). *p < .05, Middle and/or Old 
versus Young. Note that ∆[Ca2+]i and ∆Vm responses to ACh are modest (ΔF340/
F380 ≤ 0.05, ∆Vm ~5 mV), whereby ∆Vm declined during middle and old age vs. 
young regardless of sex.

Figure 1.  Purinergic receptor function for increasing [Ca2+]i is enhanced in 
females and declined in males during old age. Representative simultaneous 
recordings of (A) Fura-2 for [Ca2+]i and (B) a sharp electrode for Vm before and 
during ATP (100  µmol/L; purinergic receptor agonist and indirect SKCa/IKCa 
channel activator) in an isolated endothelial tube of a young male. (C) Summary 
data for ΔF340/F380 during ATP as a function of age (Young, Middle, Old) and sex 
(Male, Female). (D) As shown in (C) as a function of age only (sexes combined). 
(E, F) As shown in (C) and (D), respectively, for ∆Vm. n = number of cerebral 
endothelial tubes (Young, Middle, and Old: 7, 9, and 12 Males and 8, 10, and 
11 Females; combined for age only: 15, 19, & 23). *p < .05, Old versus Middle; 
#p < .05, Female versus Male for same age group. Note that ∆[Ca2+]i and ∆Vm 
responses to ATP decreased upon old age for males but not females. With 
data from respective sexes combined, such differences with age are no longer 
apparent.
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males versus old females (Figure 3H). Note that aging does not have 
a significant effect on ∆F340/F380 responses to NS309 when data from 
sexes are combined (Figure 3J).

KIR channels may play a crucial role in governing cerebral vaso-
dilation and blood flow (38) but the potential impact of aging on 
cerebrovascular endothelial KIR channel function remains unknown. 
Stimulation of cerebrovascular endothelial KIR channels with 15 mM 
KCl elicits a modest Vm hyperpolarization response [∆Vm ~−5 to −10 
mV (8); Figure 4A and B). The ∆Vm responses to 15 mM KCl signifi-
cantly decreased (p < .05) during old age regardless of sex (Figure 4C 
and D). Corresponding changes in ∆F340/F380 (≤ 0.03) to 15 mM KCl 
were inconsistent or altogether absent for detection.

Effects of H2O2 Oxidative Signaling on 
Cerebrovascular EDH in Male and Female Aging
Enhanced oxidative signaling may occur with progressive aging in 
peripheral (18) and cerebral (37) arteries. As the most stable inter-
mediate of the reactive oxygen species signaling pathway (16), the 
role for H2O2 in particular has not been well defined for cerebro-
vascular EDH. Exogenous H2O2 (200  µmol/L) stimulates robust 
hyperpolarization of Vm (up to EK) over a 20-minute time period in 
the endothelium of skeletal muscle arteries in a SKCa/IKCa channel-
dependent manner (18) which, in turn, may be dependent on TRP 
channel-induced Ca2+ influx (20). Calcium-dependent apoptosis of 
vascular cells is apparent during time periods ≥ 50 minutes (19,20). 
Thus, we examined the capacity for physiological ∆[Ca2+]i responses 
to 200 µmol/L H2O2 throughout age and sex within 40 minutes. In 
addition, we examined identical responses in old mCAT mice as a 
genetic approach for scavenging endogenous H2O2.

The presence of H2O2 stimulated a large increase in F340/F380 
(∆F340/F380 > 0.80), effectively approaching µmol/L concentrations 
of global [Ca2+]i (Figure 5A). The presence of the mCAT transgene 
during old age (≥24 mo), decreased this ∆[Ca2+]i response by >60% 
relative to old C57BL/6 animals (Figure 5B and 5C–F). Accordingly, 
corresponding ∆Vm responses were virtually absent in old mCAT 
animals versus aging (eg C57BL/6 groups, −18 ± 3 mV vs. mCAT, 
2 ± 2 mV at 30 min). Surprisingly, other than the female middle-age 
group being the most sensitive in response to H2O2 (Figure 5D), sig-
nificant differences were not observed for young vs. old C57BL/6 
animals (Figure 5E and F). Accordingly, differences were not ap-
parent in young versus old C57BL/6 animals for catalase activity 
(sexes combined; young, 12.4 ± 2.9 and old, 9.4 ± 1.8 pmol/min/
mg, n = 6 experiments from 12 animals per age group, 50% males 
and 50% females). Per sex, catalase activity was greater in young 
females versus young males (18.0 ± 2.9 vs. 6.7±0.4 pmol/min/mg; 

Figure 3.  Aging impairs SKCa/IKCa channel function for Vm hyperpolarization 
in females but not males. Representative simultaneous recordings of (A) a 
sharp electrode for Vm and (B) Fura-2 for [Ca2+]i before and during NS309 
(0.1–10 µmol/L; direct SKCa/IKCa channel activator) in an isolated endothelial 
tube of a young male. (C) Summary data for ∆Vm during NS309 as a function 
of age (Young, Middle, Old) according to male sex. (D) Summary data for 
ΔF340/F380 as a function of age (Young, Middle, Old) according to male sex. (E, 
F) As shown in (C) and (D), respectively, for female sex. (G) Summary data 
for ∆Vm as a function of age (Young, Middle, Old) and sex (Male, Female) as 

(C) and (E) together. (H) As shown in (G) for ΔF340/F380 as (D) and (F) together. 
(I) Summary data for ∆Vm during NS309 as a function of age only (sexes 
combined). (J) As shown in I  for ΔF340/F380 as a function of age only (sexes 
combined). N = number of cerebral endothelial tubes (Young, Middle, and 
Old: 5, 5, and 5 Males and 5, 6, and 5 Females; combined for age only: 10, 
11, and 10). *p < .05, Old versus Young and/or Middle for same sex; #p < 
.05, Female versus Male for Old. YM: Young male; MM; Middle male; OM: 
Old male; YF: Young female; MF: Middle female; OF: Old female. Note that 
∆[Ca2+]i follows ∆Vm responses to NS309. Hyperpolarization responses were 
decreased to effective concentrations of NS309 (0.3 to 1  µmol/L) in old 
females as a function of age (vs young) and sex (vs old male). See Results 
for respective pEC50 values indicating OF < YF or OM. Subsequent ∆[Ca2+]i 
responses during old age increased for males and decreased for females. 
With data from respective sexes combined, such differences with age are no 
longer apparent.
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n = 3 experiments from 6 animals per group), whereby catalase ac-
tivity decreased in old females by ~30% (11.9 ± 2.3) but not old 
males (7.0 ± 2.3) versus younger groups of like sex.

A previous study demonstrated a role for H2O2 in governing 
endothelial cell resting Vm and activity of K+ channels of skeletal 
muscle arteries during old age (18). Thus, we also examined whether 
the mCAT transgene altered resting Vm and hyperpolarization of Vm 
in response to activation of K+ channels with NS309 (1 µmol/L) and 
15 mM KCl in cerebrovascular endothelium of old animals. Resting 
Vm of old mCAT animals (−29 ± 2 mV) was less than old C57BL/6 
animals (−40 ± 2 mV). Hyperpolarization was less in response to 
the ~EC50 concentration of NS309 (1  µmol/L) in old mCAT ani-
mals (∆Vm: −22 ± 3 mV) versus old C57BL/6 (−30 ± 2 mV), whereas 
∆Vm responses to 15 mM KCl were similar (−3 ± 1 vs. −5 ± 1 mV, 
respectively).

Discussion

As young adults (~20–40 yr old), 21% of the cardiac output is re-
ceived by the brain in female human subjects versus 15% for males 
(38). This cerebral blood flow-to-cardiac output ratio decreases 
linearly by ~1.7% in females versus ~0.9% in males per decade of 
aging throughout middle (mid-40s to early 60s) and old (mid-60s to 
80 yr) age and is associated with decreases in cerebral blood flow 
despite a stable cardiac output (38). Cerebral blood flow regulation 
is dependent upon the coordination of vasoreactivity of blood ves-
sels throughout the brain (4). In addition to well-characterized bar-
rier function, the endothelium lining the innermost layer of cerebral 

arteries plays an integral role in cerebral blood flow regulation (5). 
During aging, “dysfunction” of the endothelial cell layer has been 
defined in part by a reduction in NO signaling and thereby impaired 
vasodilation (2,11). As a distinct vascular signaling pathway that 
is controllable using selective pharmacology (6), the impact of the 
adult lifespan on cerebrovascular EDH within the context of sex is 
unknown. Of further significance, EDH can also be used to boost 
production of NO (6). Thus, in this study, we used male and female 
C57BL/6 aged throughout the entire healthy adult lifespan to mech-
anistically dissect indirect (ie via GPCR activated ([Ca2+]i increases) 
and direct (using K+ ion channel openers) inputs of EDH. Based 
on previous evidence of the impact of H2O2 oxidative signaling on 
endothelial function during old age (18–20), we additionally exam-
ined old C57BL/6 mice expressing a human mitochondrial catalase 

Figure 5.  Aging does not significantly alter H2O2-mediated oxidative control 
of Ca2+ signaling underlying EDH. Representative recordings of [Ca2+]i during 
H2O2 (200  µmol/L; general oxidizing agent, indirect activator of transient 
receptor potential and K+ channels) in an isolated endothelial tube of an (A) 
old male C57BL/6 and (B) old male mCAT mouse, respectively. (C) Summary 
data for ΔF340/F380 as a function of age (Young, Middle, Old) according to male 
sex. (D) As shown in (C) for females. (E) Summary data for ΔF340/F380 during 
H2O2 as a function of age (Young, Middle, Old) and sex (Male, Female). (F) 
As shown in (E) as a function of age only (sexes combined). n = number of 
cerebral endothelial tubes (Young, Middle, Old, Old mCAT: 6, 7, 8, and 6 Males 
and 7, 8, 7, and 1 Females; combined for age only: 13, 15, 15, and 7). †p < 
.05, Old C57BL/6 versus Old mCAT groups. *p < .05, Middle versus Young 
and/or Old Females; §p < .05, Middle versus Old age; OM mCAT: Old male 
mCAT. YF: Young female; MF: Middle female; OF: Old female; M: Middle-age 
mice; O: Old age mice; O mCAT: Old age mCAT mice. Note highest [Ca2+]i 
responses during middle age with similarities between young and old C57BL/6 
in particular. Responses to H2O2 were significantly lower in mCAT versus 
C57BL/6 animals.

Figure 4.  Aging impairs KIR channel function for Vm hyperpolarization 
regardless of sex. Representative recordings of Vm before and during 
15  mmol/L KCl (KIR channel activator) in an isolated endothelial tube of a 
(A) young and (B) old male, respectively. (C) Summary data for ∆Vm during 
elevated KCl as a function of age (Young, Middle, Old) and sex (Male, 
Female). (D) As shown in (C) as a function of age only (sexes combined). 
N = number of cerebral endothelial tubes (Young, Middle, and Old: 6, 7, and 
9 Males and 7, 8, and 5 Females; combined for age only: 13, 15, and 14). *p < 
.05, Old versus Young. YM: Young male; MM: Middle male; OM: Old male; YF: 
Young female; MF: Middle female; OF: Old female. Note lower ∆Vm responses 
(≥1 mV) in males versus females, whereby ∆Vm decreased progressively with 
advancing age.
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transgene (24) as a potentially “positive” control model for vascular 
aging. As a scientific tool, we employed a developed study model 
in the form of cerebrovascular endothelial “tubes” (8,25), whereby 
experimental variables central to EDH function ([Ca2+]i and Vm) 
were examined simultaneously. In brief, we found that there is a 
divergence in male versus female aging for sustenance of P2Y re-
ceptor and SKCa/IKCa channel function that is minimally dependent 
on oxidative input per actions of H2O2. When data are combined 
among sexes for examination of overall aging, disparate effects of 
male versus female aging are not apparent. With a pattern of slightly 
higher KIR channel function throughout for females versus males, an 
overall decrease occurs with age regardless of sex. The scientific basis 
and clinical relevance of these findings are discussed below.

Purinergic Receptor Activity Is Dominant in 
Cerebrovascular Endothelium for EDH and Is 
Enhanced During Female Old Age: Potential Role of 
Estrogen
Cerebrovascular endothelial P2Y receptors serve as a major GPCR 
nexus for the neurovascular control of cerebral blood flow (39). 
The increase in [Ca2+]i that follows P2Y receptor stimulation may 
favor production of NO, EDH, and/or prostaglandin E2 as vaso-
dilatory signaling mechanisms (40). Our previous work (8) and the 
current study (Figure 1) illustrate significant ATP activation of EDH 
(∆Vm: ~−15 to −20 mV) in mouse posterior cerebral arteries. With 
no significant differences noted for young and middle age, male old 
age in particular reduces ∆[Ca2+]i by ~40% accompanied by a ~5 
mV reduction in the EDH response. Although cerebrovascular P2Y 
receptor function has been implied to decrease with conditions of 
aging (39), a precise role for P2Y receptors in regulating EDH during 
progressive age and sex has been unclear. Estrogen may blunt endo-
thelial P2Y receptor-mediated relaxation of smooth muscle cells in 
cerebral arteries of ovariectomized females supplemented with ex-
ogenous estrogen (41). In our conditions of cerebral endothelium 
isolated from female mice during normal aging with no prior ap-
plication of chronic (≥1 mo) surgical or pharmacological interven-
tions, a difference in components of EDH ([Ca2+]i and Vm) does not 
vary significantly in young female animals versus young males but 
remains the same or is even enhanced (~30% for ∆[Ca2+]i) during 
female old age versus female young age. Thus, a potential inverse 
effect of estrogen on P2Y-receptor generated EDH may explain why 
female purinergic receptor function is enhanced during old age when 
long-term estrogen levels may be at their lowest. Regardless, our 
findings may support a greater ability for physiological endothelial 
GPCR function to maintain optimal cerebral blood flow in the fe-
male sex versus males during old age (42). The similarity in P2Y 
receptor function throughout aging when data are combined across 
sexes further highlights the need to examine the role of sex during 
cerebrovascular aging.

Muscarinic Receptor Activity Plays a Modest Role 
for Producing EDH in Cerebrovascular Endothelium 
and Decreases During Middle and Old Age 
Regardless of Sex: Significance of Peripheral Versus 
Central Blood Flow Control
As best demonstrated in endothelium of peripheral skeletal muscle 
arteries (6), activation of muscarinic receptors evokes a robust in-
crease in [Ca2+]i (released from the endoplasmic reticulum) that is 
then followed by a “plateau” phase described by Ca2+ influx into the 

cells through TRP channels. Activation of SKCa/IKCa channels, and 
thereby hyperpolarization of Vm (up to EK with maximal concentra-
tions of ACh, 1 to 10 µmol/L), occurs with the [Ca2+]i response in 
parallel (29,43). In cerebral endothelium, a reproducible but mild 
(∆Vm ~−5 mV) and transient (≤ 30 s) activation of EDH occurs in 
response to 10 µmol/L ACh (8). Regardless of sex, the EDH response 
declines further to ~−2 to −3 mV during middle and old age (Figure 
2). Other than speculation as a potential complement GPCR to P2Y 
receptor function, the physiological role of muscarinic receptors for 
controlling cerebral blood flow remains unclear. Indeed, as max-
imum vasodilation can be achieved with only 10 to 15 mV of EDH 
(44), perhaps muscarinic receptors govern subtle, necessary changes 
in blood flow to meet the metabolic demand of the brain paren-
chyma from moment-to-moment. Also, muscarinic receptors of the 
brain resistance vasculature may be primarily coupled through pro-
duction of NO versus EDH (45). The difference in endothelial func-
tion of cerebral versus skeletal muscle arteries is not surprising as 
vascular resistance networks of skeletal muscle are highly dynamic 
in fluctuations of blood flow (up to 100-fold) requiring rapid en-
gagement and disengagement of endothelial function (6). In contrast, 
blood flow to and throughout the brain is relatively constant during 
physical rest and exercise (46).

Demonstration of EDH Via SKCa/IKCa Channel 
Function During Cerebrovascular Aging: Decreased 
Sensitivity Upon Female Old Age
A recent study has shown that vasodilation of mouse cerebral ar-
terioles due to NS309 activation of SKCa/IKCa channels remains the 
same in young (4–5 mo) versus old animal (~22 mo) groups com-
posed of both males and females (45). Our data in the current study 
are in agreement with this observation for general aging when data 
from sexes are combined (Figure 3). However, a more focused ana-
lysis on the role of biological sex in the current study revealed a de-
cline in EDH responses to effective concentrations of NS309 (0.3 to 
1 µmol/L; evoke ~15 to 30 mV of Vm hyperpolarization) and yielded 
lower pEC50 in old females versus young females and old males. The 
basis of this sex difference and whether it significantly affects physio-
logical regulation of cerebral blood flow in old female animals is 
unknown and a subject for future study.

Hyperpolarization of Vm as a result of activated SKCa/IKCa chan-
nels may also enhance production of NO (33) via increasing the elec-
trical driving force of Ca2+ entry into endothelial cells through TRP 
channels (29). Interestingly, this “hyperpolarization-induced Ca2+ 
entry” mechanism (6,29) was increased and decreased during male 
and female aging, respectively. Thus, with equal coupling of [Ca2+]i 
to endothelial NO synthase activation assumed, the ability to restore 
NO production may be more pharmacologically feasible for males 
versus females during old age. Although, provided that a high level 
of Vm hyperpolarization (~30 to 50 mV) is needed to detect signifi-
cant changes in [Ca2+]i, the physiological relevance or therapeutic 
utility of this mechanism may be marginal, at least in the absence of 
submaximal GPCR stimulation (29).

Curious Pattern of a Gradual Decrease in KIR 
Channel Function With Advancing Age in a Sex 
Neutral Manner: Central Culprit for Age-Related 
Decreases in Cerebral Blood Flow?
Cerebrovascular KIR channels have been consistently identified as 
central regulators of cerebral blood flow (4,47). These channels 
serve as extracellular K+ sensors to modulate K+ efflux underlying Vm 
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hyperpolarization. In particular, they have been identified for their 
ability to potentially sustain or “boost” EDH and associated vaso-
dilation (48). Outward K+ current flow through activated SKCa/IKCa 
channels elevates local extracellular K+ and, in turn, activates KIR 
channels on either the endothelial or smooth muscle layers of cere-
bral arteries (36). Prior to the current study, the impact of aging and 
sex on cerebrovascular endothelial KIR channel  function has been 
unknown. Our findings (Figure 4C) illustrate slightly higher endo-
thelial KIR channel function in females versus males throughout life, 
whereby a gradual decrease in KIR channel function occurs in both 
sexes with advancing age. Remarkably, this similar pattern has been 
observed for the cerebral blood flow-to-cardiac output ratio in aging 
human subjects in males versus females [(38); see Figure I, Panel b of 
reference]. Collectively, the data suggested across respective studies 
support KIR channel function as integral to the control of cerebral 
blood flow during resting conditions. Either interdependently with 
the EDH mechanism or not, therapeutic control of KIR channel 
function in the long term may be most effective for ameliorating 
age-related decrements in cerebral blood flow regardless of sex. 
Indeed, hyperpolarization responses to endothelial KIR channel ac-
tivation are significant (~5 to 10 mV) but not extreme in terms of 
the range of physiological vasoreactivity needed to govern cerebral 
blood flow.

Minimal Role of H2O2 During Cerebrovascular Aging
Per previous findings observed for skeletal muscle artery endothe-
lium (18–20), we expected to locate a central role of H2O2 for ex-
plaining potential differences in cerebrovascular endothelial GPCR 
and K+ channel function in old versus young animals. In contrast 
to skeletal muscle arteries (19,20), we did not observe significant 
differences in [Ca2+]i responses to H2O2 or overall catalase ac-
tivity in old versus young animals (Figure 5). The old mCAT ani-
mals (vs. old C57BL/6 animals) nearly abolished such increases in 
[Ca2+]i as consistent with elevated catalase expression and activity 
to decompose H2O2. Consistent with skeletal muscle endothe-
lium treated with catalase, old mCAT animals indicated signifi-
cantly decreased resting Vm and ∆Vm responses to NS309 versus 
old C57BL/6 animals (18). However, findings from mCAT mice 
were supraphysiological relative to the differences observed with 
“normal” cerebrovascular aging in C57BL/6 animals, and thus, of 
limited utility for illuminating subtle age-related differences. The 
physiological basis of our observation of a minimal role for H2O2 
oxidative signaling in cerebrovascular versus skeletal muscle endo-
thelium is unknown. However, it is possible that a central role of 
oxidative signaling during the aging process is most pertinent for 
organs that undergo robust and dynamic changes in blood flow 
distribution such as skeletal muscle.

Study Model Considerations
The current study utilized a study model (cerebrovascular endothe-
lial “tubes”) whereby key physiological components of endothelial 
cell function are retained (eg Ca2+ signaling, hyperpolarization of Vm 
up to EK via SKCa/IKCa channel activation). In addition, other con-
founding factors such as perivascular nerve input, smooth muscle 
voltage-gated channel function and contractility, and the circulation 
of blood have been removed (6,8,25). As such, our simultaneous de-
termination of endothelial [Ca2+]i and Vm measurements has been 
altogether consistent or complementary for vasoreactivity deter-
minations using intact vessels [(36,45) as examples]. However, there 

are other factors to consider with cerebrovascular aging including 
potential alterations in the transmission of myoendothelial coup-
ling (6,10) and vascular structure (26). These are topics of ongoing 
investigation.

Summary and Conclusions

Maintenance of cerebrovascular health is a major determinant of 
a functional brain during aging. Endothelium lines the inner most 
layer of cerebral resistance vessels, which regulates the blood flow 
throughout the brain via coordination of vasodilation and vaso-
constriction to meet the metabolic demand of neurons. Although 
cerebrovascular endothelial “dysfunction” has been identified 
with advancing age for impaired blood flow to and throughout 
the brain, the underlying mechanisms have been unclear especially 
within the context of biological sex. In this study, we addressed 
whether GPCR and K+ channel function governing endothelium-
derived hyperpolarization is maintained with progressive age in 
cerebral arterial endothelium in males versus females. Using a 
mouse model that encompasses all of adulthood corresponding to 
humans ~20 to 80  years old (23), we found that purinergic re-
ceptor activity was dominant while enhanced in females but de-
creased in males during old age. In contrast, changes in membrane 
potential in response to direct activation of Ca2+-sensitive K+ chan-
nels were mildly impaired with female versus male aging. Thus, 
there is a sex-based contrast in declined function of GPCRs (in-
direct, physiological) and K+ channels (direct, pharmacological) 
to produce EDH, which may support a greater ability for physio-
logical endothelial GPCR function to maintain optimal cerebral 
blood flow in females versus males during old age. There was a 
pattern of slightly higher KIR channel function in females versus 
males throughout adult life, whereby a similar rate of decline oc-
curred in both sexes with progressive age. A  similar pattern has 
been observed in human subjects for decreases in cerebral blood 
flow-to-cardiac output ratio observed in human subjects (38), and 
thus, KIR channels may be a major indicator of age-related endothe-
lial “dysfunction” in the brain. Contrary to expectation, the pres-
ence of H2O2 could not account for key differences among groups. 
Altogether, we conclude that there is a clear divergence between 
sexes for regulating endothelial function in the central circulation 
during aging that cannot be accounted for by oxidative signaling 
per the actions of H2O2 alone.
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