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Abstract

Alzheimer’s disease (AD) is a leading cause of dementia and a substantial healthcare burden. Despite this, few treatment
options are available for controlling AD symptoms. Notably, neuronal activity-dependent increases in cortical

cerebral blood flow (CBF; functional hyperemia) are attenuated in AD patients, but the associated pathological mechanisms
are not fully understood at the molecular level. A fundamental mechanism underlying functional hyperemia is activation
of capillary endothelial inward-rectifying K™ (Kir2.1) channels by neuronally derived potassium (K*), which evokes a retro-
grade capillary-to-arteriole electrical signal that dilates upstream arterioles, increasing blood delivery to downstream active
regions. Here, using a mouse model of familial AD (5xFAD), we tested whether this impairment in functional hyperemia is
attributable to reduced activity of capillary Kir2.1 channels. In vivo CBF measurements revealed significant reductions in
whisker stimulation (WS)-induced and K -induced hyperemic responses in SXFAD mice compared with age-matched
controls. Notably, measurements of whole-cell currents in freshly isolated 5xFAD capillary endothelial cells showed that
Kir2.1 current density was profoundly reduced, suggesting a defect in Kir2.1 function. Because Kir2.1 activity absolutely
depends on binding of phosphatidylinositol 4,5-bisphosphate (PIP,) to the channel, we hypothesized that capillary Kir2.1
channel impairment could be corrected by exogenously supplying PIP,. As predicted, a PIP, analog restored Kir2.1

current density to control levels. More importantly, systemic administration of PIP, restored K*-induced CBF increases and
WS-induced functional hyperemic responses in 5xFAD mice. Collectively, these data provide evidence that PIP,-mediated
restoration of capillary endothelial Kir2.1 function improves neurovascular coupling and CBF in the setting of AD.
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Introduction

Alzheimer’s disease (AD) is currently the sixth-leading cause of
death in the USA, with a death toll that continues to steeply in-
crease. At present, ~56 million Americans suffer from AD or
other forms of dementia, numbers that are expected to almost
double by the year 2050." The healthcare costs for the manage-
ment of AD are substantial and impose a significant burden on
society.? Accumulation of neurotoxic metabolites, such as amy-
loid B peptides and tau protein, neuronal loss, and pathological
alterations in the brain vasculature are hallmarks of AD.***
Notably, dynamic regulation of cerebral blood flow (CBF) in re-
sponse to neuronal activity (functional hyperemia) is reduced
during AD.**'? These CBF impairments are in a stark contrast
to normal physiological circumstances in which the blood sup-
ply is efficiently coupled to neuronal activity, a process that is
essential not only to meet real-time energy demands, but also
to remove neuronal metabolic waste.®

Our previous work has established that brain capillaries,
which lie in close proximity to all neurons, sense mediators re-
leased during neural activity. In particular, capillary endothelial
cells (cECs) express inward-rectifier Kir2.1 channels that are ac-
tivated by neuronally derived extracellular K*. Sensing of K* by
capillaries triggers retrograde capillary-to-arteriole hyperpola-
rizing signals that dilate upstream penetrating arterioles and in-
crease CBF.'* We have further showed that cEC Kir2.1 activity
and its role in CBF regulation are dynamically regulated by the
phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PIP,),
consistent with earlier reports.”?° Interestingly, major disrup-
tions in phosphoinositide levels have been reported in the
brains of AD patients.?*>* Furthermore, amyloid § reduces PIP,
levels in cortical neurons,?>?® and these metabolic perturba-
tions presumably contribute to altered CBF and cognitive de-
cline. However, whether AD affects the capillary endothelium

and more specifically cEC Kir2.1 channel function and electrical
capillary-to-arteriole signaling, is unknown.

Here, we demonstrate that functional hyperemic responses
are impaired in the somatosensory cortex of 5xFAD mice, a
model of familial AD. We further show that this impairment is
largely attributable to crippled capillary K* sensing due to
reduced cEC Kir2.1 channel activity. Intriguingly, exogenous
PIP, supplementation restored cEC Kir2.1 currents in isolated
cECs and rescued deficits in K*-induced CBF and whisker stimu-
lation (WS)-induced functional hyperemic responses in vivo.
Collectively, our findings establish that diminished capillary
Kir2.1 channel activity underlies the impaired CBF in 5xFAD
mice. They further illustrate that restoration of electrical
capillary signaling by exogenous supplementation of PIP, or a
precursor is a potential novel therapeutic approach for the
treatment of cerebral blood deficits in AD.

Results
Amyloid p Accumulation in the 5XFAD Mouse Brain

In this study, we used 12-month-old 5xFAD model mice, which
express human amyloid precursor protein containing four fa-
milial mutations found in AD patients and a mutant version of
the human presenilin 1 gene.* To visualize amyloid p plaques in
SXFAD brains, we first injected mice with TRITC-dextran to vi-
sualize vascular networks and then created topological vascular
maps up to 300pm deep in Layers I-III of the somatosensory
cortex. We then stained p-amyloid peptide with the fluorescent
marker, methoxy-X04. Topological maps showed a marked
accumulation of amyloid B plaques dispersed throughout the
cortex and around blood vessels in ~12-month-old 5xFAD mice,
but not in age-matched controls (Figure 1A and B), consistent
with disease progression.
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Figure 1. Functional Hyperemia is Impaired in 5XFAD Mice In vivo. Representative 3D in vivo images showing the vascular network (red) and g-amyloid plaques (yellow) ac-
cumulated in the cortex of (a) control and (b) 5XFAD mice. Block width =425 x 425 um; block depth =300 um (n=3 mice each). (c) Representative traces (left) and summary
data (right) showing WS-induced changes in CBF in control and 5xFAD mice (n=5 mice each; *P < 0.01, **P < 0.001, two-way ANOVA with Tukey’s test as post hoc analysis).
(d) Representative line scans (1s each) and summary data showing RBC flux responses to 10mM K" in control (baseline, 35 + 4 cells/s; 10mM K", 60 + 5 cells/s; n= 10 paired
experiments, five mice) and 5xFAD mice (baseline, 27 + 4 cells/s; 10mM K™, 32 * 4 cells/s; n = 10 paired experiments, five mice). **P < 0.01 (paired Student’s t-test).

WS-Induced Functional Hyperemic Responses and
K*-Induced CBF Increases are Reduced During AD

We next used laser-Doppler flowmetry to assess functional hy-
peremic responses in anesthetized 5xFAD mice fitted with a
cranial window. To this end, we first assessed changes in CBF
induced in the somatosensory cortex of the contralateral hemi-
sphere by repeated 60 s deflection of mouse vibrissae. WS
evoked a profound increase in CBF in control mice (23.3 + 1.7%),
as expected; however, the hyperemic response was markedly
attenuated in 5XFAD mice (11.0 + 1.1% increase). To assess the
contribution of Kir2.1 channels to functional hyperemia, we
measured CBF increases in the absence and presence of the Kir2
blocker, Ba®" (100 uM), applied to the cranial window. The Ba*'-
sensitive component of CBF was ~52% in control mice.
However, the effect of Ba®>" was not statistically significant in
SxFAD mice, suggesting impaired vascular Kir2.1 channel func-
tion (Figure 1C). We next directly tested capillary K* sensing by
focally stimulating post-arteriolar capillaries (third to fourth
order) with 10mM K* while monitoring red blood cell (RBC)
flux. Line scans of test capillaries showed that 10mM K™ did not
trigger an increase in RBC flux in 5xFAD mice; in contrast, RBC
flux robustly increased in capillaries of age-matched controls
(80.9%* 14.1%) as we have previously reported** (Figure 1D).

Kir2.1 Channel Activity is Suppressed in 5XFAD
Capillaries

In vivo experiments suggested that capillary Kir2.1 activity—the
cornerstone of K*-induced capillary-to-arteriole signaling—is

crippled in 5xFAD mice. In subsequent experiments, we directly
measured Kir2.1 channel currents in isolated cECs bathed in a
60-mM K" solution in response to voltage ramps (from —140 to
+40mV) using the conventional whole-cell configuration of the
patch-clamp technique and a pipette containing an intracellular
solution lacking ATP. To minimize the impact of cytosolic
dialysis on channel activity, currents were measured within
~3-5min after gaining electrical access. These analyses showed
that Kir2.1 current density was reduced by ~40% in cECs from
5xFAD mice (—7.3pA/pF at —140mV) compared with controls
(—12.2 pA/pF; Figure 2A).

PIP, Restores Kir2.1 Currents in 5XFAD cECs and
Rescues K*-Induced CBF Increases and Functional
Hyperemic Responses to WS in 5XxFAD Mice

PIP, binding to the Kir2.1 channel is absolutely required for nor-
mal channel function,’®?° and capillary Kir2.1 activity can be si-
lenced by PIP, depletion.’® Accordingly, we next tested whether
PIP, supplementation was capable of restoring Kir2.1 currents
in 5XFAD cECs. Strikingly, bath application of the water-soluble
PIP, analog, diC16-PIP, (10 uM), for ~20 min followed by current
recording showed an increase in Kir2.1 current density in 5xFAD
CECs by ~90% (—PIP,: —7.5pA/pF; +PIP,: —14 pA/pF), without
affecting cEC Kir2.1 current density in control cECs (—PIPy:
—12 pA/pF; +PIP,: —9.4 pA/pF; Figure 2B-D).

To determine whether the corrective actions of PIP, on Kir2.1
currents in 5xFAD cECs translated to restoration of hyperemic
responses, we tested whether systemic administration of PIP,
rescued the impaired RBC flux response to capillary stimulation
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Figure 2. PIP, Restores Capillary Kir2.1 Channel Function and K* Sensing in 5xFAD Capillaries. (a) Averaged traces of Kir2.1 current in brain cECs from control (black;
n=10 cECs from four mice) and 5xFAD (green; n =14 cECs from four mice) mice, recorded in the conventional whole-cell configuration using voltage ramps from —140
to +40mV. Light colors indicate SEM. (b) Representative traces of Kir2.1 current in two 5xFAD cECs in the absence (green) or presence (purple) of diC16-PIP, in the bath
solution, recorded using the same protocol as in Panel a. (c and d) Scatter-plot averages of inward current densities at —140mV in 5xFAD (c) and control (d) cECs in the
absence and presence of diC16-PIP; in the bath solution. (n=7-14 cECs/group, n=6 mice for both control and 5xFAD groups; *P < 0.01; n.s., not significant; unpaired
Student’s t-test). For PIP, experiments, cECs were incubated with a bath solution supplemented with 10uM diC16-PIP, for ~20min prior to recordings.
(e) Representative line scans and summary data showing RBC flux responses to 10mM K" in control (baseline, 31 + 4 cells/s; 10mM K™, 53 + 8 cells/s; n=10 paired
experiments, five mice) and 5xFAD mice (baseline: 26 + 5 cells/s; 10mM K*, 49 = 7 cells/s; n=10 paired experiments, five mice) 20min after the systemic injection
of diC16-PIP,. *P < 0.05 (paired Student’s t-test). (f) Representative traces (left) and summary data (right) showing WS-induced changes in CBF in 5xFAD mice before
(baseline) and after the consecutive administration of diC16-PIP, (intravascular injection) and Ba?" (cranial window application) (n=>5 mice; ***P < 0.0001; one-way

repeated measures ANOVA with Tukey’s test for post hoc analysis).

with K" . To this end, we intravenously injected diC16-PIP,
(0.5mg/kg) and ~20min post-injection we measured capillary
RBC flux before and after focal application of 10mM K* onto a
capillary. Notably, hyperemic responses to 10mM K* in 5xFAD
mice were rescued by diC16-PIP, treatment (Figure 2E), which
restored responses to levels comparable to those in controls
(Figure 1D). PIP, treatment had no effect on K'-induced
increases in RBC flux in control mice (Figure 2E). Finally, we
assessed functional hyperemic responses to a physiological
stimulus by measuring changes in CBF induced by WS in the
presence of diC16-PIP,. In 5xFAD mice, systemic injection of
diC16-PIP, (0.5mg/kg) significantly increased the CBF response
to WS ~20min post-injection (Figure 2F), by enhancing the
Ba’"-sensitive component.

Discussion

Accumulating evidence has established a crucial role for the en-
dothelium,?*?® and particularly the capillary endothelium,**
in mediating neurovascular coupling and thereby regulating
CBF. Endothelial dysfunction has also been implicated in
cerebral vascular diseases.?®! However, despite a general ap-
preciation of the role of vascular dysfunction in stroke and ath-
erosclerosis, the involvement of endothelial dysfunction in the

pathophysiology of AD is not fully understood.*>** AD patients
display reductions in CBF in various regions of brain, including
the cortex and the hippocampus in conjunction with cognitive
dementia.®*>*® Whether the contribution of capillary-to-
arteriole signaling—and therefore CBF control—is affected
during AD has not been explored. In this study, we provide evi-
dence for a novel pathomechanism underlying a capillary Kir2.1
channelopathy that leads to impaired functional hyperemia
during AD. Importantly, we further show that systemic admin-
istration of the co-factor, PIP,, restores Kir2.1 channel function
and the capillary-to-arteriole signaling that triggers hyperemic
responses.

The brain capillary Kir2.1 channel is an ideal sensor of neu-
ral activity by virtue of its biophysical properties.’”"*® Modest
elevations of extracellular [K*], activate cEC Kir2.1 channels,
initiating a retrograde hyperpolarizing signal that dilates up-
stream arterioles and increases blood flow at the initiation
site.’ Moreover, the phosphoinositide PIP, is indispensable for
normal Kir2.1 channel function;*>*° in fact, PIP, depletion deac-
tivates cEC Kir2.1 channels and eliminates capillary-to-arteriole
signaling."® The present study shows that capillary Kir2.1 func-
tion is crippled in a mouse model of AD. These findings further
highlight the importance of vascular Kir2.1 channels in a variety
of pathologies, including ischemia,** stress,* hypertension,*
and AD.?



Amyloid B has been shown to induce endothelial dysfunc-
tion and impair endothelium-dependent vasodilation >33
Amyloid B peptides additionally interact with anionic phospho-
lipids, such as PIP,,** and increase phospholipase-mediated PIP,
hydrolysis.*® Intriguingly, several studies have reported a reduc-
tion in membrane phospholipids, including PIP,, in the brains of
AD patients.?"3¢ This reduced availability of PIP, could reflect
disrupted PIP, synthesis or metabolism.*” PIP, synthesis is me-
diated by lipid kinases, which require relatively high concentra-
tions of ATP (hundreds-of-micromolar range) compared with
protein kinases (low-micromolar range); thus, the phosphoryla-
tion potential of their substrates is greatly influenced by
ADP:ATP ratio. Notably, AD patients and mouse models also
show reduced levels of ATP in their brains,*®**° although
whether this underlies reduced PIP, availability remains un-
known. Nevertheless, our data provide strong evidence that ex-
ogenous administration of PIP, reverses cEC Kir2.1 channel
dysfunction and restores the K'-sensing function of brain
capillaries in 5XFAD mice. Exogenous PIP, can presumably be
transported to the inner leaflet of the plasma membrane by
scramblases and/or flippases, further investigations addressing
this possibility are warranted. Therefore, the restoration of cEC
Kir2.1 channel function by PIP, could improve functional hyper-
emia and CBF responses in the setting of AD. These observa-
tions have enormous translational potential and suggest novel
therapeutic strategies for the treatment not only of AD, but also
of other cerebrovascular and neurodegenerative diseases in
which CBF is disrupted. Developing these therapeutic manipu-
lations is crucial to improving the quality of life of the growing
elderly population experiencing cognitive decline and
dementia.!

In conclusion, this study reports a novel Kir2.1 channelop-
athy in brain capillaries that contributes to impaired CBF con-
trol in a mouse model of AD. Importantly, administration of the
cofactor PIP, corrected capillary Kir2.1 channel dysfunction and
restored hyperemic responses to normal levels. Therefore, our
data establish the foundation for a therapeutic approach for im-
proving CBF in AD, one that may also be relevant in ischemic
stroke and other diseases where CBF is crippled.

Material and Methods
Animal Husbandry

All experimental protocols used in this study are in accord with
institutional guidelines approved by the Institutional Animal
Care and Use Committee of the University of Vermont. All pro-
cedures were conducted and reported in accordance with
ARRIVE guidelines. Male and female 5xFAD mice (JAX: 34840,
Tg") and age-matched littermate controls were used for the
study. Mice were used at 12-13months of age because prior
work showed significant loss of neuronal activity at about
12 months.***! Mice were housed in groups of four on a 12-h
light/dark cycle, with ad libitum access to food and water. For
cell isolation, animals were euthanized by intraperitoneal injec-
tion of sodium pentobarbital (100mg/kg) followed by rapid
decapitation.

Cortical CBF Measurements In vivo

WS-induced functional hyperemic responses were measured
using laser-Doppler flowmetry as previously described,***? with
some modifications. Briefly, mice were initially anesthetized
with isoflurane (5% induction, 2% maintenance) and their
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femoral artery was cannulated for monitoring blood pressure.
An acute cranial window (~2-mm diameter) was created over
the somatosensory cortex and superfused with aerated warm
(~37°C) artificial cerebrospinal fluid (aCSF; 124 mM NaCl, 3mM
KCl, 2mM CaCl,, 2mM MgCl,, 1.25mM NaH,PO,, 26mM
NaHCOs, and 4 mM glucose). Isoflurane anesthesia was replaced
with the combination of a-chloralose (50 mg/kg; i.p.) and ure-
thane (750 mg/kg; i.p.) at the conclusion of the surgery. Cortical
CBF was measured with a laser-Doppler probe (PeriMed), and
functional hyperemic responses were induced by stroking the
contralateral vibrissae for 1min (~3Hz). Changes in CBF were
expressed relative to baseline values as a percentage. Blood
pressure was monitored throughout the experiment (mean ar-
terial pressure; age-matched controls: 114 =2mmHg; 5xFAD:
111 + 4mmHg), and body temperature was maintained at 37°C
using a servo-controlled heating pad with a rectal temperature
sensor probe. All data were recorded and analyzed using
LabChart software (AD Instruments).

In vivo Imaging of Cerebral Hemodynamics

In vivo imaging was performed as previously described.**
Briefly, mice were anesthetized with isoflurane (5% induction,
2% maintenance), and a stainless-steel head plate was attached
to the exposed skull with a mixture of dental cement and
glue. An acute small (~2-mm diameter) circular cranial window
was created over the somatosensory cortex (~—1.5mm
anterior-posterior, 3.0mm medial-lateral relative to bregma).
Approximately 150uL of FITC-dextran (3mg/mL; molecular
weight, 150kDa) in saline was injected intravenously into the
retro-orbital sinus to allow visualization of the cerebral vascula-
ture and contrast imaging of RBCs. Upon conclusion of surgery,
isoflurane anesthesia was replaced with a-chloralose (50 mg/kg;
i.p) and urethane (750mg/kg; ip.). Body temperature was
maintained at 37°C throughout the experiment using an electric
heating pad. For staining of amyloid B plaques, 150puL of a
solution containing methoxy-X04 (1uM) and TRITC-dextran
(3mg/mL; molecular weight, 150kDa) in saline was injected in-
travenously. For K*-evoked hyperemia experiments, a pipette
was maneuvered into the cortex and positioned adjacent to a
capillary downstream of an arteriole (first to third branch order),
after which aCSF containing 10mM K* was ejected directly onto
the capillary (300 ms, 6 + 1 psi), producing a small plume of solu-
tion. Spatial coverage of the ejected solution was monitored by
including TRITC-dextran (150kDa; 0.2 mg/mL) in the pipette. For
PIP,-supplementation experiments, diC16-PIP, (0.5mg/kg) was
systemically administered via intravenous injections and capil-
lary stimulation was performed 20min after injections.
Systemic injections of diC16-PIP, did not alter mean arterial
pressure in 5xFAD or control mice. RBC flux data were collected
by line scanning the capillary of interest at 5kHz. Images were
acquired using a Zeiss LSM-7 multiphoton microscope (Zeiss,
USA) equipped with a 20x Plan Apochromat 1.0 N.A. DIC VIS-IR
water-immersion objective and coupled to a Coherent
Chameleon Vision II Titanium-Sapphire pulsed infrared laser
(Coherent, USA). FITC, TRITC, and methoxy-X04 were excited at
820nm, and emitted fluorescence was separated through emis-
sion filters of 420-500nm (methoxy-X04), 500-550nm (FITC),
and 570-610 nm (TRITC) bandpass filters.

cEC Isolation

Single cECs were obtained from mouse brains by mechanical
disruption of a volume of ~10-15mm?® of somatosensory
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cortical tissue using a Dounce homogenizer, as previously de-
scribed.'* Briefly, slices were homogenized in ice-cold isolation
solution (124mM NacCl, 3mM KCl, 2mM CaCl,, 2mM MgCl,,
1.25mM NaH,PO,, 26 mM NaHCO;, and 4mM glucose) and de-
bris was removed by passing the homogenate through a 62-pm
nylon mesh. Retained capillary fragments were washed into
dissociation solution composed of 55mM NaCl, 80mM Na-
glutamate, 5.6 mM KCl, 2mM MgCl,, 4 mM glucose, and 10 mM
HEPES (pH 7.3) containing neutral protease (0.5 mg/mL), elastase
(0.5 mg/mL; Worthington, USA) and 100 M CaCl,, and then in-
cubated for 23min at 37°C. Thereafter, 0.5mg/mL collagenase
Type I (Worthington, USA) was added for an additional 2min in-
cubation at 37°C. Enzymes were removed by filtering and wash-
ing the suspension, and single cells and small capillary
fragments were dispersed by triturating 4-7 times with a fire-
polished glass Pasteur pipette. Cells were used within ~6h of
dispersion.

Electrophysiology

Whole-cell currents were recorded as previously described® using
a patch-clamp amplifier (Axopatch 200B; Molecular Devices, San
Jose, CA), filtered at 1kHz, digitized at 5kHz, and stored on a com-
puter for offline analysis with Clampfit version 10.3 software.
Whole-cell capacitance was measured using the cancellation cir-
cuitry in the voltage-clamp amplifier. Electrophysiological analy-
ses were performed in the conventional whole-cell configuration.
Recording pipettes were fabricated by pulling borosilicate glass
(1.5mm outer diameter, 1.17mm inner diameter; Sutter
Instruments, USA) using a Narishige puller. Pipettes were fire-
polished to a tip resistance of ~4-5MQ. The bath solution con-
sisted of 80mM NacCl, 60mM KCl, 1mM MgCl,, 10mM HEPES,
4mM glucose, and 2mM CaCl, (pH 7.4). Pipettes were backfilled
with a solution consisting of 10mM NaOH, 11.4mM KOH,
1286mM KCl, 1.1mM MgCl,, 2.2mM CaCl,, 5mM EGTA, and
10 mM HEPES (pH 7.2). Recordings were made within ~3-5min af-
ter gaining electrical access to the interior of the cell. In a subset of
experiments, the bath solution was supplemented with diC16-PIP,
analog, as indicated in the text.

Statistical Analysis

Patch-clamp data were analyzed using Clampfit version 10.7
software. RBC flux was analyzed offline using custom software
(SparkAn, Adrian Bonev, University of Vermont, USA). Flux data
were binned at 1-s intervals. Mean baseline velocity and flux
data for summary figures were obtained by averaging the base-
line (~6s) for each measurement before pressure ejection of
10mM K*. The peak response was defined as the peak 1-s flux
bin after delivery of K* within the remaining scanning period
(~54s). The depth of capillaries below the surface was esti-
mated from z-stack series acquired before pipette placement.
Results are presented as means =+ standard error of the mean
(SEM), and n refers to the number of animals used, unless other-
wise stated. Statistical significance was determined with
GraphPad Prism version 8 software using either two-tailed
Student’s t-test or Analysis of Variance (ANOVA; one or two
way) with Tukey’s test as post hoc analysis, as specified in figure
legends. P-value <0.05 was considered statistically significant.
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