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Introduction

Small vessel diseases (SVDs) of the brain are among the most
common causes of memory loss, implicated in more than 40%
of dementia cases (1-3). The principal risk factor for the develop-
ment of SVDs is hypertension (4), with numerous clinical studies
indicating that elevated mid-life blood pressure (BP) is associated
with late-life cognitive decline (2, 5-8). However, the cellular
mechanisms linking hypertension to memory disturbance are not
yet definitively established; consequently, treatments specifically
aimed at alleviating SVDs do not exist. The SPRINT-MIND study,
a clinical trial involving over 9,000 hypertensive patients, showed
that intensively lowering BP reduces the incidence of mild cog-
nitive impairment (9), the forerunner to dementia. Although this
study demonstrated that hypertension is a modifiable risk factor,
it did not consider the varying degrees of cerebrovascular protec-
tion offered by different antihypertensive drug classes (10, 11).
Importantly, once dementia is established, lowering BP does not
appear to improve cognition (12, 13).
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Dementia resulting from small vessel diseases (SVDs) of the brain is an emerging epidemic for which there is no treatment.
Hypertension is the major risk factor for SVDs, but how hypertension damages the brain microcirculation is unclear. Here,
we show that chronic hypertension in a mouse model progressively disrupts on-demand delivery of blood to metabolically
active areas of the brain (functional hyperemia) through diminished activity of the capillary endothelial cell inward-rectifier
potassium channel, Kir2.1. Despite similar efficacy in reducing blood pressure, amlodipine, a voltage-dependent calcium-
channel blocker, prevented hypertension-related damage to functional hyperemia whereas losartan, an angiotensin Il type 1
receptor blocker, did not. We attribute this drug class effect to losartan-induced aldosterone breakthrough, a phenomenon
triggered by pharmacological interruption of the renin-angiotensin pathway leading to elevated plasma aldosterone levels.
This hypothesis is supported by the finding that combining losartan with the aldosterone receptor antagonist eplerenone
prevented the hypertension-related decline in functional hyperemia. Collectively, these data suggest Kir2.1 as a possible
therapeutic target in vascular dementia and indicate that concurrent mineralocorticoid aldosterone receptor blockade may aid
in protecting against late-life cognitive decline in hypertensive patients treated with angiotensin Il type 1 receptor blockers.

Maintaining healthy brain function requires precise control
of cerebral blood flow (CBF) so as to support delivery of oxygen
and nutrients to regions of high neuronal metabolic demand
(14). This activity-dependent increase in local tissue perfusion
(functional hyperemia) is supported by mechanisms collectively
termed neurovascular coupling (NVC) (14-16). We recently
demonstrated that capillaries, the smallest, most abundant
vessels in the brain, play a pivotal role in functional hyperemia
(17). Specifically, we showed that extracellular potassium (K*), a
byproduct of neural activity, activates Kir2.1 channels in capillary
endothelial cells (ECs) to initiate a hyperpolarizing signal that
rapidly propagates upstream, causing dilation of feeder arterioles
and increasing blood flow to the region of neuronal activity.

Here, we evaluated the therapeutic effects of antihypertensive
treatment with the voltage-dependent Ca*-channel blocker amlodip-
ine or the angiotensin II receptor type 1 (AGTR1) blocker losartan —
two of the most commonly used antihypertensive drugs — on hyper-
tension-induced deficits in functional hyperemia, focusing specifically
on the capillary-to-arteriole vasodilatory signaling mechanism. To
this end, we used BPH mice, a polygenic model of hypertension
(18) that also displays SVD (19) and cognitive impairment (20), and
their corresponding normotensive control BPN mice.

Results and Discussion
At all ages examined, mean arterial pressure was approximately
25% higher in BPH mice than in BPN mice (Figure 1, A and B,
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Figure 1. Hypertension-related decline in functional hyperemia is prevented by amlodipine but not losartan. (A) Experimental timelines. (B) Mean
arterial pressure (MAP) in anesthetized male BPN and BPH mice at 1, 4, and 8 months of age, with and without treatment with amlodipine (BPH+A, ~10
mg/kg/d) or losartan (BPH+L, ~100 mg/kg/d) starting at 3 months of age. Data are presented as mean + SEM (n = 5-9 mice/group). "'P < 0.01vs. BPN at
corresponding ages; *P < 0.05, **P < 0.01 between groups; 1-way ANOVA followed by Tukey's test. (C) Experimental scheme for measurement of whisker
stimulation-induced functional hyperemia using laser-Doppler flowmetry (LDF). (D) Functional hyperemic responses, shown as CBF increases during
whisker stimulation, in male BPN and BPH mice at 1, 4, and 8 months old, and 8-month-old BPH mice with antihypertensive treatment. (E) Age-depen-
dent progression of functional hyperemia deficits in male BPH mice, with and without antihypertensive treatment. Data are presented as mean + SEM
(n =5-9 mice/group). ""P < 0.01vs. BPN at corresponding ages; *P < 0.05 between groups; 1-way ANOVA followed by Tukey's test. (F) Representative
traces showing whisker stimulation-induced functional hyperemia before and after cortical superfusion of Ba?*. aCSF, artificial cerebrospinal fluid. (G)
Summary data showing the Ba**-sensitive component of whisker stimulation-induced functional hyperemia in male BPN and BPH mice, with and without
antihypertensive treatment. Data are presented as mean + SEM (n = 5-9 mice/group). /P < 0.01vs. BPN at corresponding ages; **P < 0.01 between

groups; 1-way ANOVA followed by Tukey's test.

and Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI149029DS1).
Treatment with amlodipine or losartan starting at 3 months of
age substantially lowered BP in BPH mice (Figure 1, A and B, and
Supplemental Table 1).

Functional hyperemia was assessed by measuring whisker
stimulation-induced changes in CBF using a cranial window
model (Figure 1C). While preserved in BPN mice, functional
hyperemia progressively declined equivalently with age in both
male and female BPH mice (Figure 1, D and E, Supplemental
Figure 1, and Supplemental Tables 2-6), confirming hyperten-
sion-induced disruption of NVC. Subsequent studies focused
on male mice. Treatment with amlodipine, but not losartan,
prevented deterioration of functional hyperemia in BPH mice,
despite broadly equivalent effects of both drugs on BP (Figure 1,
D and E). To determine whether the impaired functional hyper-
emia in BPH mice reflected disruption of capillary-to-arteriole
signaling, we cortically superfused barium (Ba*), a Kir2.1 chan-
nel pore blocker (17). Application of Ba*" blocked approximately
80% of the functional hyperemic response in normotensive
BPN mice at all ages (Figure 1, F and G), in keeping with the key
role of the Kir2.1 channel in functional hyperemia. In contrast,
the Ba*-sensitive component of this response was significantly
educed in BPH mice (Figure 1, F and G), suggesting that the
Kir2.1-mediated signaling pathway is the target of hyperten-
sion-induced functional hyperemia deficits. Strikingly, chronic
amlodipine treatment restored the Ba?*-sensitive component of
functional hyperemic responses in BPH mice, whereas losartan
treatment did not (Figure 1, D-G).

To further study the mechanisms underlying these observa-
tions, we used a previously published capillary-to-parenchymal
arteriole (CaPA) preparation (17), an ex vivo approach in which a
brain parenchymal arteriole from the middle cerebral artery ter-
ritory is dissected from the brain with intact capillaries attached,
mounted on a glass cannula, and pressurized to physiological
pressure. The resulting pressure-induced (40 mmHg) constriction
(myogenic response) mimics the tone of these arterioles in vivo. To
evaluate Kir2.1 channel function within the capillary-arteriole con-
tinuum and mimic K* release during neuronal activity, we focally
applied a 10 mM K" solution onto the capillary extremities using a
pressure-ejection system while recording upstream arteriolar diam-
eter (Figure 2A). In BPN mice of all ages examined, this maneuver
resulted in rapid, robust dilation of upstream arterioles (Figure 2, B
and C), recapitulating the capillary-to-arteriole vasodilatory mech-
anism that underpins functional hyperemia (17). In contrast, this
response to capillary-applied K* was progressively attenuated with
age in BPH mice (Figure 2, B and C). Treatment with amlodipine,
but not losartan, prevented the decline in EC Kir2.1-dependent
capillary-to-arteriole signaling (Figure 2, B and C).

In addition to capillary-to-arteriole signaling, the CaPA
preparation allows the study of myogenic responses and dilatory
responses to arteriolar stimulation with K*. This latter approach
can be used to estimate the functionality of Kir2.1 channels in
the arteriole, distinct from that of Kir2.1 channels in the attached
capillaries (Figure 2D). Application of K* directly onto the arterio-
lar segment elicited dilation in vessels from BPN mice, but not in
vessels from BPH mice, regardless of antihypertensive treatment
(Figure 2, E and F). Parenchymal arteries from BPH mice also
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Figure 2. Capillary-to-arteriolar vasodilatory signaling is crippled in hypertension. (A) Experimental scheme showing focal stimulation of a capillary in
the ex vivo CaPA preparation by pressure ejection of a 10 mM K* artificial cerebrospinal fluid solution via an approximately 5-um-tip glass micropipette and
subsequent recording of dilation of the upstream parenchymal arteriole (green box). (B) Representative traces of upstream arteriolar dilatory response

to 10 mM K* stimulation of capillaries in CaPA preparations from 8-month-old BPN mice, BPH mice, and BPH mice treated with amlodipine (BPH+A) or
losartan (BPH+L). (C) Age-dependent attenuation of arteriolar dilatory response to capillary stimulation with 10 mM K* in BPH mice, with and without
antihypertensive treatment. Data are presented as mean + SEM (n = 4-9 mice/group). P < 0.05, P < 0.01vs. BPN at corresponding ages; **P < 0.01
between groups; 1-way ANOVA followed by Tukey's test. (D) Experimental scheme showing arteriolar dilatory response to application of 10 mM K* directly
onto the arteriole. (E) Representative traces of arteriolar dilation induced by application of 10 mM K* onto the arteriole segment in CaPA preparations

from 8-month-old BPN and BPH mice. (F) Hypertension-induced decrease in arteriolar dilatory response to direct stimulation of arterioles with 10 mM K*,
with and without antihypertensive treatment. Data are presented as mean + SEM (n = 4-9 mice/group). 'P < 0.01vs. BPN at corresponding ages by 1-way

ANOVA followed by Tukey's test.

exhibited greater myogenic tone compared with those from BPN
mice, and this enhanced constriction persisted despite treatment
with amlodipine or losartan (Supplemental Figure 2). The fact that
amlodipine prevented the deterioration in functional hyperemia
in BPH mice despite the persistence of enhanced myogenic tone
and diminished arteriolar dilation to directly applied K* empha-
sizes the primacy of the capillary Kir2.1 channel and the capil-
lary-to-arteriole vasodilatory mechanism in the maintenance of
NVC. Consistent with this view, whereas losartan and amlodipine
similarly reduced BP to an extent sufficient to prevent the devel-
opment of cerebrovascular disease in a clinical setting, losartan
was unable to restore capillary-to-arteriole vasodilatory signaling,
and NVC remained compromised.

In agreement with in vivo and ex vivo observations of impaired
capillary Kir2.1-dependent signaling, Kir2.1 currents, measured
by patch-clamp electrophysiology, were significantly reduced in
freshlyisolated capillary ECs from BPH mice compared with those
from BPN mice (Figure 3, A-C). Again, treatment with amlodipine
restored Kir2.1 currents in capillary ECs, whereas losartan treat-
ment did not (Figure 3C).

The differential impact of losartan and amlodipine on
functional hyperemia closely aligns with clinical observations.
Meta-analyses of drug trials in hypertensive patients have shown
that calcium-channel blockers provide greater cerebrovascular
protection than angiotensin-converting enzyme (ACE) inhibitors
or AGTR1 blockers, particularly in the prevention of stroke (10)
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and dementia (11). These benefits persist over and above efficacy
in reducing BP (10, 11). Perhaps related to this, chronic treatment
with ACE inhibitors and /or AGTR1 blockers such as losartan leads
to a marked elevation of aldosterone. This phenomenon, termed
aldosterone breakthrough, reflects pharmacological interruption
of the renin-angiotensin-aldosterone system and occurs in up to
50% of patients treated with these classes of antihypertensives
(21). Accordingly, we hypothesized that the differential resto-
ration of functional hyperemia by amlodipine and losartan in BPH
mice — despite equivalent reductions in BP — may be related to
aldosterone levels. To test this, we measured plasma aldosterone
in 8-month-old BPN and BPH mice, with and without amlodip-
ine or losartan treatment. We found that aldosterone levels were
not significantly different in BPH mice compared with BPN mice
(Figure 3D), and amlodipine treatment did not affect aldosterone
levels in BPH mice (Figure 3D). In contrast, losartan treatment
induced a robust increase in plasma aldosterone levels in BPH
mice (Figure 3, D and E), consistent with clinical studies. To fur-
ther investigate the effect of aldosterone breakthrough on NVC,
we studied mice treated with losartan and the mineralocorticoid
receptor antagonist eplerenone (Supplemental Table 7). Notably,
the addition of eplerenone prevented the decline in functional
hyperemia observed in mice treated with losartan alone (Figure 3,
F and G), an effect that appeared to be attributable to preservation
of the Ba*-sensitive component, consistent with improvement in
Kir2.1 function (Figure 3H).
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Figure 3. Capillary EC Kir2.1 channel downregulation underlies deficits in capil-
lary-to-arteriolar signaling, which is damaged by aldosterone. (A) Patch-clamp
electrophysiology in freshly isolated capillary ECs. Scale bar: 10 um. (B) Representative
traces of Kir2.1 currents in capillary ECs from 8-month-old BPN (black) and BPH (green)
mice. (C) Summary data showing inward Kir2.1 currents (at -140 mV) in capillary ECs
from 8-month-old BPN mice, BPH mice, and BPH mice treated with antihypertensives.
Data are presented as mean + SEM (n = 11-21 cells/group). *P < 0.05 between groups
by 1-way ANOVA followed by Dunnett’s multiple comparisons test. (D) Plasma aldo-
sterone concentrations in 8-month-old mice. Data are presented as mean + SEM (n =
5-13 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 between groups by 1-way ANOVA
followed by Tukey's test. (E) Correlation between plasma aldosterone levels and
whisker stimulation-induced increases in local CBF (n = 5-13 mice/group). (F)
Representative traces showing whisker stimulation-induced CBF responses in mice
treated with losartan (BPH+L) compared with those in mice treated with losartan and
eplerenone (BPH+LE). (G and H) Restoration of total (G) and Ba*-sensitive (H) func-
tional hyperemia in BPH mice by combined treatment with losartan and eplerenone
(BPH+LE), but not by treatment with losartan alone (BPH+L). Data are presented as
mean + SEM (n = 5-6 mice/group). **P < 0.01 between groups by unpaired t test.

Although amlodipine or losartan plus eplerenone treatment
of BPH mice prevented the progressive deterioration of functional
hyperemia seen in untreated BPH mice, it did not restore func-
tional hyperemia to normotensive BPN levels. One possible expla-
nation for this may be related to the study design, in which anti-
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hypertensive drugs were administered from 3 months
of age. Clinical studies have highlighted the long-term
adverse effects of childhood and adolescent hyperten-
sion on the cardiovascular system (22), even suggest-
ing an association between lifetime systolic BP burden
and cognitive function in middle age (23). As such, this
2- to 3-month period of elevated BP may have been suf-
ficient to irreversibly compromise NVC for the lifetime
of BPH mice, even at this relatively young mouse age
(24). Future studies could consider commencing anti-
hypertensive therapies at an earlier age. Alternatively,
whereas amlodipine restored Kir2.1 currents in the cap-
illary endothelium, additional pathological processes
contribute to the overall neurovascular uncoupling seen
in hypertension, such as the generation of reactive oxy-
gen species by activated macrophages (19). This dual-hit
hypothesis intimates that future treatment to prevent
cognitive decline in patients with hypertension could
be multifaceted, employing agents such as amlodipine
in tandem with immunomodulatory therapies targeting
perivascular macrophages to optimize the recovery of
functional hyperemia.

It is not currently clear how elevated aldosterone
levels contribute to the failure of losartan to prevent
damage to capillary Kir2.1-driven functional hyperemia.
However, aldosterone, a steroid hormone that contrib-
utes to BP regulation via mineralocorticoid receptors,
is known to exert pleiotropic effects across the vascula-
ture, triggering profibrotic changes and microvascular
dysfunction (25). We therefore postulate that hyperaldo-
steronemia directly or indirectly prevents protection of
the EC Kir2.1-dependent capillary-to-arteriole signaling
pathway associated with BP lowering and may account
for the failure of losartan to restore functional hyper-
emia in BPH mice. From a broader clinical perspective,
losartan-induced hyperaldosteronemia and the subse-
quent failure of losartan to restore capillary-to-arteriole
signaling could account for the excess cerebrovascu-
lar morbidity observed in patients treated with AGTR1
blockers relative to those treated with amlodipine (10,
11). It will also be important to determine whether pre-
vention of damage to functional hyperemia in BPH mice
derives from a direct effect of amlodipine on Kir2.1
channel function or whether the improvement in func-
tion is merely due to amlodipine’s BP-lowering effect.
However, improvements in functional outcomes in mice
treated with losartan plus eplerenone suggest the latter
of these possibilities, namely, that it is the level of BP
that triggers the damage to capillary endothelial Kir2.1-
mediated NVC. One possible target for both hyperten-
sion and aldosterone is the phospholipid PIP,, which is
an essential cofactor for Kir2.1 channels (26). In sup-

port of this, deficits in functional hyperemia in mouse models of
Alzheimer’s and SVDs are caused by PIP,-mediated loss of Kir2.1
electrical signaling in capillary ECs (27, 28).

Afinalimportant consideration, particularly with regard to the
translational applicability of our findings, is that the BPH mouse

J Clin Invest. 2021;131(18):e149029 https://doi.org/10.1172/)C1149029
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is a polygenic and idiopathic model of hypertension that does not
display salt sensitivity (29), attributes that are common to approxi-
mately 50% of patients with hypertension (30). However, it will be
important to validate crippling of the capillary endothelial Kir2.1
channel-mediated NVC mechanism in alternative animal models
of hypertension and confirm the divergent restorative properties
of antihypertensive drug classes.

In summary, we show that chronic hypertension in BPH
mice causes neurovascular uncoupling — a hallmark of SVDs of
the brain — through downregulation of brain capillary EC Kir2.1
channel activity (Supplemental Figure 3). By suppressing the
function of this channel, chronic hypertension disables a key
mechanism by which the brain microcirculation detects local
neuronal activity and increases local blood flow to metabolically
active regions. Consistent with human studies, reducing systemic
BP alone was not sufficient to prevent hypertension-related
defects in capillary-to-arteriolar signaling. Specifically, where-
as losartan effectively lowered BP in BPH mice, it failed to
prevent damage to the capillary-to-arteriole signaling mechanism
atthe heart of NVC, likely due to hyperaldosteronism. In contrast,
treatment with amlodipine, which is more effective than losartan
in preventing some types of cerebrovascular diseases, reduced BP
and prevented progressive hypertension-related damage to cap-
illary Kir2.1-dependent NVC. From a clinical perspective, these
data suggest the need for new drug trials that exploit the greater
efficacy of amlodipine relative to losartan in preventing vascular
dementia in hypertensive patients. Alternatively, the addition
of mineralocorticoid receptor antagonists could be studied in
patients already on ACE inhibitors or AGTRI1 blockers, with the
express purpose of blocking the effects of elevated aldosterone
and protecting the brain.

Methods
Animal studies. Hypertensive BPH and normotensive BPN mice were
used throughout. Functional hyperemia was examined by laser-
Doppler flowmetry; capillary-arteriole functionality was evaluated by
ex vivo arteriography; and Kir channel currents were measured elec-
trophysiologically using the conventional whole-cell configuration of
the patch-clamp technique. Detailed information is provided in Sup-
plemental Methods.

Statistics. Data are presented as mean + SEM. For multiple com-
parisons, statistical analyses were accomplished using 1-way analysis

CONCISE COMMUNICATION

of variance (ANOVA) followed by Tukey’s post hoc multiple compari-
sons test, unless otherwise stated. Unpaired Student’s ¢ test was used
for 2-group analyses. P values of less than 0.05 were considered statis-
tically significant.

Study approval. All experimental protocols used in this study com-
plied with ARRIVE guidelines and were approved by the Institutional
Animal Care and Use Committee of the University of Vermont.
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