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Endothelial Piezo1 channel mediates
mechano-feedback control of brain
blood flow

Xin Rui Lim 1,2,9, Mohammad M. Abd-Alhaseeb 1,2,9, Michael Ippolito 1,2,
Masayo Koide1,2, Amanda J. Senatore1,2, Curtis Plante1,2, Ashwini Hariharan3,4,
Nick Weir3,4, Thomas A. Longden 3,4, Kathryn A. Laprade5, James M. Stafford5,
Dorothea Ziemens6,7, Markus Schwaninger 6,7, Jan Wenzel 6,7,
Dmitry D. Postnov8 & Osama F. Harraz 1,2

Hyperemia in response to neural activity is essential for brain health. A
hyperemic response delivers O2 and nutrients, clears metabolic waste, and
concomitantly exposes cerebrovascular endothelial cells to hemodynamic
forces. While neurovascular research has primarily centered on the front end
of hyperemia—neuronal activity-to-vascular response—the mechanical con-
sequences of hyperemia have gone largely unexplored. Piezo1 is an endothelial
mechanosensor that senses hyperemia-associated forces. Using genetic
mouse models and pharmacologic approaches to manipulate endothelial
Piezo1 function, we evaluated its role in blood flow control and whether it
impacts cognition. We provide evidence of a built-in brake system that sculpts
hyperemia, and specifically show that Piezo1 activation triggers a mechano-
feedback system that promotes blood flow recovery to baseline. Further,
genetic Piezo1 modification led to deficits in complementary memory tasks.
Collectively, our findings establish a role for endothelial Piezo1 in cerebral
blood flow regulation and a role in its behavioral sequelae.

Neurons in the brain rely on an on-demand energy delivery strategy
in which active neurons trigger signaling to the vasculature to locally
elevate blood flow—a phenomenon referred to as functional hyper-
emia (FH)1,2. The increase in cerebral blood flow (CBF) during FH
satisfies the metabolic demands of active neurons by delivering O2

and nutrients and clearing metabolic waste. The impact of hyper-
emia, however, extends considerably beyond the provision of
energy; hyperemia is implicated in temperature regulation and

cerebrospinal fluid dynamics3,4. The hyperemic response is further
associated with increases in frictional forces imposed by blood flow
onto endothelial cells (ECs) of cerebral arterioles and capillaries1,5,6.
While neurovascular researchhas primarily centeredon the front end
of the FH process (i.e., neuronal activity-to-vascular response), the
back end—mechanical consequences of FH and mechanisms that
reset blood flow after hyperemic responses—has gone largely
unexplored.
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A neuronal action potential is initiated by depolarization due to
Na+ channel activation. The change in neuronal membrane potential
(Vm) due to Na+ influx subsequently activates voltage-activated K+

channels leading to K+ efflux, increased extracellular K+ concentration,
and neuronal membrane repolarization7. Not only does this elevated
extracellular K+ concentration reset neuronal Vm during cortical
activity, it also dramatically enhances nearby vascular K+ conductance
via the activation of inwardly rectifying K+ Kir2.1 channel in ECs8. The
subsequent EC hyperpolarization propagates to electrically coupled
ECs and smoothmuscle cells (SMCs), leading to vasodilation, and then
to hyperemia, as evidenced by the critical involvement of EC Kir2.1
channels in FH8,9. In addition to K+, neuronally derived vasodilators,
such as nitric oxide (NO), adenosine, and prostaglandin E2 signal to
vascular cells to ultimately trigger hyperemia10–13. The latter neuro-
vascular coupling agents are released outside the brain vasculature,
thus affecting vascular signaling and CBF. It is not fully understood,
however, how hyperemia-associated forces within the cere-
brovasculature could themselves affect CBF.

We recently discovered that intravascular forces, like those gen-
erated during FH, activate the mechanosensor Piezo1 in the central
nervous system (CNS) endothelium14. The Piezo1 channel is permeable
to Ca2+ and Na+, and we demonstrated that mechanical stimulation
triggers Piezo1-mediated cationic currents and Ca2+ signals in ECs14–16.
Cation influx canonically depolarizes cells, and it has been shown that
flow forces depolarize vascular ECs in a Piezo1-dependent manner17,18.
The electrical coupling between ECs and the surrounding mural cells
(e.g., SMCs) presumably allows the spread of Piezo1-mediated elec-
trical signals from ECs to SMCs17,19,20. While our previous observations
implicated Piezo1 as a mechanosensor in the brain vasculature, the
functional consequences of Piezo1 activation on CBF control remain
unknown.

Here, we demonstrate that endothelial Piezo1 channels have a
major role in CBF control. Enhancing Piezo1 function pharmacologi-
cally or genetically in ECs suppresses hyperemic responses and
accelerates blood flow recovery to baseline at the conclusion of
hyperemic events. We show that Piezo1 activation is the crux of a
mechano-feedback system that promotes blood flow recovery to
baseline, suggesting that EC Piezo1 channels serve as a built-in brake
system that sculpts not only the amplitude but also the kinetics of the
hyperemic response. EC Piezo1 function modification translates to
altered performance in behavioral tests suggesting a potential link
between Piezo1 impact on neurovascular coupling and cognition. Our
findings collectively establish an important role for cerebrovascular
Piezo1 channel in brain blood flow regulation and its behavioral
sequelae.

Results
Piezo1 activation suppresses brain cortex hyperemia
We recently showed that Piezo1 is functionally expressed in ECs of the
CNS. Using electrophysiology and Ca2+ imaging, we observed Piezo1-
mediated inward cation currents and Ca2+ signals that were mechani-
cally or pharmacologically triggered14. To study the impact of Piezo1
function on CBF, we set out to study the impact of pharmacological
Piezo1 activation on FH. Wildtype C57BL/6J mice were anesthetized
and fitted with a cranial window above the somatosensory cortex, and
a laser Doppler flowmetry probe was placed over the barrel cortex9.
Contralateral whiskers were mechanically stimulated (4 Hz), and CBF
was monitored before and after the cortical application of the Piezo1
activator Yoda1 (30 µM) (Fig. 1a, b). FH was reduced from 25.5±2.5% to
17.2±0.8% after Yoda1 application (Fig. 1c, d), but there was no change
in baseline CBF or blood pressure (Fig. 1e, f). In distinction, vehicle
application failed to affect FH or blood pressure (Fig. 1g, h). To further
support these findings, we used two-photon laser scanning micro-
scopy to test whether Yoda1 attenuates arteriolar dilation in response
to whisker stimulation (Fig. 1i). Penetrating arterioles in the barrel

cortex were visualized in anesthetized C57BL/6J mice. Whisker stimu-
lation evoked vasodilation was significantly reduced after Yoda1
application (from15.2±3.3% to 5.5±0.7%, Fig. 1j, k), despite no change in
baseline arteriolar diameter before (7.2±0.7 µm) and after (7.6±0.5 µm)
Yoda1 application. These observations collectively suggested that
Piezo1 suppresses FH.

Enhanced endothelial Piezo1 activity is associated with
impaired FH
Targeting Piezo1 using an activator applied to the surface of the brain
cortex suppressed FH (Fig. 1). Within the brain, the primary cell type
with the highest expression levels of Piezo1 is ECs across the vascular
network (in arteries, capillaries, veins), as shown by RNA tran-
scriptomic studies21,22. Recent studies have additionally demonstrated
non-vascular functional expression23,24. As cortical Yoda1 application
could lead to non-specific effects, and to specifically target endothelial
Piezo1, we genetically engineered a gain-of-function (GOF) mouse
model in which Piezo1 function is enhanced only in ECs. Tamoxifen-
inducible GOF mice were developed by crossing Cdh5-CreERT2 (EC-
specific inducible Cre recombinase) mice with a knock-in mouse in
which floxed exons 45-51 are followed by a mutant Piezo1 copy like
that in human xerocytosis patients25. This mutant Piezo1 channel
is characterized by slower inactivation kinetics and an increase in
cation influx when activated25,26. Cre-positive mice were designated
‘GOF’ (Piezo1cx/cx;Cdh5-Cre+) and littermate Cre-negative mice
(Piezo1cx/cx;Cdh5-Cre-) were used as controls (Fig. 2a). We first tested
whether Piezo1 activity is enhanced in ECs fromGOFmiceusing freshly
isolated ECs and patch clamp electrophysiology14. Single channel open
probability was significantly higher in ECs from GOF mice compared
with controls when recorded in the absence or presence of Yoda1,
validating this mouse model as an EC-specific Piezo1 GOF (Fig. 2b, c).
Next, we measured hyperemic responses to whisker stimulation in
anesthetized GOF mice (with urethane and α-chloralose) using laser
speckle contrast imaging (LSCI) (Fig. 2d, e). Tominimize the impact on
intracranial pressure—which could impact mechanical forces gener-
ated during FH—all LSCI experiments employed skull thinning rather
than craniotomy. The whiskers were stimulated for 5 or 30 s—shorter
durations, than those in Fig. 1—as neurovascular coupling normally
triggers hyperemia within a few seconds1,2,5. Whisker stimulation using
air puffs (5 Hz) evoked hyperemia in the contralateral barrel cortex.
Compared with controls, the maximum hyperemic responses in GOF
mice were reduced from 14.7±1.6% to 9.7±0.7% (30 s stimulation) and
from 10.3±1% to 7.4±0.6% (5 s stimulation) (Fig. 2f–i). Baseline hemi-
sphere CBF was similar between GOF mice and controls (Fig. S1).

Structural changes in the cerebral vasculature could lead to a
defect in FH. To test whether cerebrovascular structural changes in
GOF mice underlie the impaired CBF responses, we stained brain
slices from the cortex and hippocampus for ECs and basement
membrane, as we have done before27. Vascular density was similar
between GOF and control mice (Fig. 2j, k). Thin (<4 µm) EC-negative
and basement membrane-positive structures—known as string ves-
sels, which are linked to poor CBF and brain ischemia28,29—were not
different in Piezo1cx/cx;Cdh5-Cre+ mice (Fig. 2j, k). Lengths and dia-
meters of α-smooth muscle actin (α-SMA)-positive vessels (i.e.,
arteries, arterioles, and transitional segments) and pericyte coverage
(PDGFRβ-positive) were similar in the cortex or the hippocampus of
Piezo1cx/cx;Cdh5-Cre+ mice and controls (Fig. S2, S3). Further, immu-
nostaining for markers of neurons (NeuN or neurofilament 200),
astrocytes (GFAP), ormicroglia (Iba1) revealed no differences inmice
with mutant Piezo1 channels (Fig. S4, S5, S6, S7). In conclusion, tar-
geting ECs to enhance Piezo1 function inhibited FH. Our robust
results across multiple distinct paradigms (cranial window vs.
thinned skull, and different-length stimulations) strengthen the
conclusion that Piezo1 activation curtails FH, without altering cere-
brovascular structure.
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Functional hyperemia kinetics are dictated by Piezo1 activity
Our observations suggest that pharmacological (Fig. 1) or genetic
(Fig. 2) enhancement of Piezo1 activity suppressed blood flow increase
during FH. Therefore, we hypothesized that endothelial Piezo1 chan-
nels act as a built-in brake system for hyperemia: Piezo1 senses
hyperemic forces and engages a mechano-feedback system that
attenuates (or short-circuits) hyperpolarization-mediated8 increases in
CBF. This hypothesis canbeposed as ananalogy to the neuronal action
potential, whereNa+ channel activationdepolarizes neurons. The latter

depolarization is, itself, the trigger for neuronal K+ channel activation,
which acts as a built-in brake system to repolarize neurons to resting
Vm

7. Within the vasculature, endothelial hyperpolarization evokes
hyperemia8, which could in turn engage Piezo1 (the built-in brakes) to
depolarize ECs and terminate hyperemia (Fig. 3a). A critical condition
that needs to be met in this hypothesis is that Piezo1 activation
depolarizes brain ECs. Indeed, sharp electrode impalement of freshly
isolated brain ECs demonstrated that Yoda1 robustly depolarized ECs
from -37.6±1.8 mV to -29.1±1.2 mV (Fig. 3b, c), consistent with a

Fig. 1 | Piezo1 activation inhibits brain functional hyperemia (FH). a Whisker
stimulation experimental scheme (left) and representative traces showing whisker
stimulation-induced changes in CBF (ΔCBF) in the contralateral somatosensory
barrel cortex of a C57BL/6Jmouse before and after Yoda1 (30 µM) application onto
a cranial window. b Time course reflects the change in FH amplitude (ΔCBF) from
the experiment in a after the application of Yoda1. Each circle denotes one sti-
mulation. cAverage waveforms of whisker stimulation-induced CBF changes in the
absence and presence of Yoda1 (n = 5mice).d Summary data showing the effect of
Yoda1 on CBF increases (n = 5 mice). e Baseline CBF in arbitrary units (arb. units)
before and after Yoda1 application. f Impact of cortical application of Yoda1 on
mean arterial blood pressure (MAP) measured using a femoral artery catheter
(n = 5 mice). g, h Vehicle application had no effect on CBF increases or MAP (n = 4

mice). i Two-photon laser scanning microscopy experimental scheme and images
of penetrating arteriolar diameter before (dotted) and after (solid) whisker-
stimulation evoked arteriolar dilation. Scale bar = 5 µm. In a controlmouse, whisker
stimulation evoked a large increase in arteriolar diameter that was absent in the
presence of Yoda1 (cortical, 30 µM). The experiment was repeated independently
in 5 C57BL/6J mice (summarized in k). (j) Representative traces of arteriolar dila-
tion in response to a 30swhisker stimulationbefore and afterYoda1.k Summaryof
arteriolar responses to the described stimuli (n = 5 mice). Wilcoxon statistical test
was used in d-h (one-sided in d and two-sided in f–h) and paired Student’s t-test
(two-sided) in k (*P < 0.05). All error bars are standard error of the mean (SEM).
Data in c,d, f, g,h, k are presented asmean values ± SEM. Source data are provided
as a Source Data file.
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whisker stimulations/6 control; 20 stimulations/8 GOF mice). i Representative
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depolarizing role for endothelial Piezo1 in the cerebral circulation, as
has been shown in peripheral ECs17,18.

If Piezo1 serves a mechano-feedback role, it is conceivable that
modulating its function will affect the waveform of FH. To use motor
analogies, we speculated that Piezo1 activity could impact themaximal

hyperemia response (i.e. engine capacity), the upstroke (i.e. accelera-
tion), and blood flow recovery kinetics when the stimulus ceases
(i.e. braking). We used laser Doppler flowmetry and observed that
whisker stimulation led to decreased hyperemic responses in
Piezo1cx/cx;Cdh5-Cre+ mice compared to their controls (Fig. 3d).
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anddata in f,g,h, i are presented as violin scatter plots. Source data are provided as
a Source Data file.
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On the other hand, we engineered an inducible, EC-specific Piezo1
knockout (Piezo1flox/flox;Cdh5-Cre+) mouse model14 in which somato-
sensory stimulations led to enhanced responses (Fig. 3e), consistent
with a role for Piezo1 as a negative feedback. Notably, Piezo1cx/cx and
Piezo1flox/flox mice have different genetic backgrounds that are known
to alter Piezo1-mediated Ca2+ signaling in Cre- controls30. Further,
these backgrounds demonstrate key differences in CBF dynamics31,32.
Given thedifferences observed inCBF across control (Cre-)mice here
(Fig. 3d, e) and the differences seen in Piezo1cx/cx and Piezo1flox/flox Cre-
and Cre+ without tamoxifen treatment (i.e., no induction; Fig. S8),
hyperemic responses were only compared to controls of the same
genetic background in all analyses.

Next, kinetic analyses were performed for the decline phase
reflecting the return of CBF back to baseline levels (referred to as
downstroke),with the anticipation that enhancing Piezo1 activity, or its
loss will accelerate or decelerate the downstroke, respectively. We
calculated time constants (Tau) of the exponential fittings of the
decrease of blood flow from maximal response to baseline. As
expected, time constants of the downstroke were lower in GOF mice
compared to their controls (Fig. 3f), indicating faster blood flow
recovery. Piezo1flox/flox;Cdh5-Cre+ mice, in contrast, demonstrated
higher time constants than their controls indicative of a slower
recovery (Fig. 3g). Paired analyses of downstroke time constants
revealed that chemical activation of Piezo1 (30 µM Yoda1, cortical
perfusion) accelerated the FH downstroke and the return of arteriolar
diameter to baseline in wildtype mice (Fig. S9). Lastly, analyses of the
rising phase of hyperemia (upstroke) demonstrated that enhanced
Piezo1 activity (GOF or Yoda1) slowed down the increase in blood flow
(Fig. 3h, S9, S10), and the opposite was observed in knockout mice
(Fig. 3i). These findings collectively support a mechanism by which
Piezo1 acts as a negative feedback system for FH during somatosen-
sory stimulation.

A human Piezo1 GOF mutation in brain ECs impairs hyperemic
responses
Introducing a GOF mutant Piezo1 channel in ECs throughout the vas-
culature (i.e., pan-endothelial) impaired FH (Figs. 2, 3). It is possible
that altered peripheral vascular Piezo1 function in GOF mice con-
tributes to the observed impact on CBF, considering that previous
studies demonstrated a role for EC Piezo1 in the periphery in mod-
ulating vascular diameter17,33. To ascertainwhether enhanced ECPiezo1
function in the CNS alone is sufficient and responsible for CBF
impairment, we developed a mouse model in which only the brain
endothelial Piezo1 is replaced with a mutant GOF channel. Brain EC‐
specific GOF animals were generated by crossing the transgenic brain-
EC-specific Cre-recombinase Slco1c1‐CreERT2 strain34,35 with floxed
knock-in mice with a mutant Piezo1 copy (Fig. 4a). Using LSCI, we
observed that Piezo1cx/cx;Slco1c1-Cre+ mice displayed attenuated
hyperemic responses to whisker stimulation. Air puff stimulation of
whiskers (5 or 30 s, 5 Hz) evoked hyperemic responses with maximal
increases that were reduced in Piezo1cx/cx;Slco1c1-Cre+ mice from
12.6±1.6% to 6.9±1.0% (30 s stimulation) or from 7.0±0.7% to 4.5±0.5%
(5 s stimulation) (Fig. 4c–f). Similar suppression was observed when
whiskers were stimulated at 3-4 Hz manually (from 11.7% to 6.6%) or
using a motor actuator (from 10.3% to 6.4%) (Fig. 4g). Calibrated
hemispherebaseline bloodflowwas similarbetweenPiezo1cx/cx;Slco1c1-
Cre+ and control mice (Fig. 4h).

Recovery from CO2-induced hyperemia is governed by Piezo1
activity
Our observations suggest that Piezo1 activity acts as a negative feed-
back system to facilitate the return of increased blood flow during FH
back to baseline levels. These findings were evident during whisker
stimulation, demonstrating that EC-Piezo1 serves as a brake system to
counteract hyperemia elicited by increased neuronal firing. It is

unknown, however, whether a mechano-feedback role for Piezo1 is
limited to hyperemia evoked by somatosensory stimulation, or if the
feedback function of Piezo1 is more universal and engaged during
other hyperemic responses. To test the latter possibility, we set out to
study CO2-induced hyperemia34,36 in Piezo1cx/cx;Slco1c1-Cre+ mice and
their controls. Hypercapnia (elevated CO2) was evoked in anesthetized
mice (urethane and α-chloralose) by elevating CO2 in the inhaled air to
10% while monitoring CBF. Following a 5 min baseline, CO2 evoked
hyperemia of similar maximal amplitude in control (124.6% increase)
and Piezo1cx/cx;Slco1c1-Cre+ mice (117.4%) (Fig. 5a–c). The kinetics of
CBF increases were similar in both groups (Fig. S11). However, CBF
recovered to baseline significantly faster in GOF mice. Averaged
time constants (Tau) for recovery were 192s (control) and 91s
(Piezo1cx/cx;Slco1c1-Cre+). Along the same lines, area under the curve
analysis showed less blood flow in Piezo1cx/cx;Slco1c1-Cre+ mice during
the recovery phase. Recovery started sooner and returned to baseline
faster in GOF mice, indicative of a more rapid return to baseline when
Piezo1 activity is augmented (Fig. 5d–h). We further engineered
mice in which Piezo1 channels were knocked out in brain ECs.
Piezo1flox/flox;Slco1c1‐Cre+ mice displayed robust CBF increases to CO2

that were comparable to those in Cre-negative control mice (Fig. 5i, j).
Recovery from hypercapnia-evoked hyperemia was slower in brain EC
Piezo1 knockout mice (averaged Tau: 133s vs. 87s in controls), con-
sistent with compromised CBF recovery due to the lack of Piezo1
function (Fig. 5k–o). Comparisons were only made to respective con-
trols due to genetic background differences (Fig. S12). We expected
that—like FH—hypercapnia-induced hyperemia will be different in GOF
mice in both magnitude and kinetics, but we observed consistent
differences only during recovery. This could be attributed to the huge
temporal variability between stimulations (5-30 s versus 900 s), and
thedistinctmechanismsunderlyingdifferent hyperemic responses36,37.
Together, our observations demonstrate that Piezo1 dictates CBF
recovery to baseline at the end of hyperemia, whether evoked through
somatosensory (Figs. 1–4) or hypercapnic (Fig. 5) stimulations.

Mice with endothelial Piezo1 GOF display deficits in memory
Vascular dysfunction makes major contributions to the severity and
progression of several forms of dementia. Deficits in CBF are reported
in neurodegenerative and small vessel diseases, and the degree of
bloodflowdeficits correlateswith the severity of cognitive dysfunction
and memory loss38–42, consistent with neurovascular coupling and FH
being critical for learning and memory43. Because we observed a
decline in FH inmicewherePiezo1 activitywas enhanced (Figs. 1–5), we
hypothesized thatGOFmicedisplay altered cognitive performance. To
directly assess cognition, we utilized two tests of memory—the novel
object recognition (NOR), and the spontaneous alternation T-maze,
tasks sensitive to alterations in neurovascular coupling and affected in
neurological disease models43,44. Both tests assess cognition, with the
NOR test reflecting long-term recognition memory, and the sponta-
neous alternation T-maze test evaluating working memory. First, the
NOR training was followed 24 hours later by a long-term memory
test45. Both Piezo1cx/cx;Cdh5-Cre+ (GOF) and Piezo1cx/cx;Slco1c1-Cre+
(brain-EC-GOF) mice displayed significantly impaired long-term NOR
memory compared with respective littermate controls, but no change
in locomotor activity (Fig. 6a–f, Fig. S13). Second, we used the spon-
taneous alternation T-maze test to assess the natural tendency of mice
to explore a novel arm over a familiar one, which induces them to
alternate the choice of the goal arm across repeated trials46. The per-
centage of alternation, an index of working memory, was significantly
lower in brain-EC-GOF mice compared with controls (Fig. 6g), con-
sistent with impaired working memory. Furthermore, we observed
choice latencies across consecutive trials in both groups, but the
latency was stronger in Piezo1cx/cx;Slco1c1-Cre+ mice, consistent with
poorer performance (Fig. 6h). As this is a newly developed brain EC
Piezo1-GOF model, we characterized their general activity levels,
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motor coordination, and anxiety-like behavior. Both GOF strains had
comparable physical activity (e.g., distance traveled, movement
duration,motor coordination) and anxiety-like behavior (elevatedplus
maze and open field center time) with their respective controls
(Figs. S14, S15). Slight alterations inmotor coordination were observed
in GOF and knockout mice, without impairment inmotor learning and
memory (rotarod; Fig. S16). These data collectively demonstrate that
enhanced Piezo1 function in the brain endothelium, due to a human
GOF mutation, is associated with memory impairment in mice.

Discussion
Hyperemia in response to increased neuronal firing is important for
sustaining brain health and function2,47. Several neurovascular cou-
pling mechanisms have been identified whereby increased neural
activity triggers the release of neurovascular coupling agents from
neurons and astrocytes, which in turn act on the vasculature to cause
hyperemia. Increased blood flow during FH sustains neural activity by
delivering O2 and nutrients and clearing metabolic waste1. Less is
known, however, about feedbackmechanismsunderlying the recovery
of blood flow to basal levels after hyperemia. Here, we fill this gap in

our understanding and provide functional evidence for a mechano-
feedback system in which endothelial Piezo1 activation speeds up
bloodflow recovery to baseline at the conclusionof neural stimulation.
This paradigm introduces Piezo1 as a sensor of hyperemia in the brain
endothelium and highlights its role as a built-in endothelial feedback
systemwith the potential to determine not only themagnitude but also
the shape of the hyperemic response (Fig. S17).

Piezo1 is expressed throughout the vascular endothelium. Earlier
investigations have identified that EC Piezo1 function is essential dur-
ing embryonic vascular development48,49. Arterial Piezo1 activity dur-
ing adulthood has been linked to the production of the potent
vasodilator NO and to changes in endothelial Vm, both of which had
profound effects on vascular tone17,33. Our recent characterization of
Piezo1 in the CNS vasculature showed that mechanical forces activate
Piezo1, leading to inward cationic currents and Ca2+ signals14. In the
context of neurovascular coupling and CBF, different scenarios could
be at play when brain EC Piezo1 channels are stimulated (Fig. S17).
Localized Ca2+ transients could activate endothelial NO synthase
(eNOS) leading to the generation of the short-lived vasodilator NO,
mural cell relaxation, and ultimately a local increase in blood flow50.
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control. b Schematic illustrations of different whisker stimulation paradigms dur-
ing LSCI recordings (thinned skulls), with the contralateral somatosensory barrel
cortex highlighted (green). c Representative traces of FH responses to air puffs (5
Hz, 30 s each) in a control and a Piezo1cx/cx;Slco1c1-Cre+mouse.d Scatter plot ofCBF
increases during 30 s air puff whisker stimulation in control (n = 9) and brain EC-
GOF (n = 10) mice. Right: area under the curve analyses (control: 28 whisker sti-
mulations; GOF: 32 stimulations). e, f Representative responses and summary data

of hyperemic responses to 5 s whisker stimulation using air puffs (n = 12 control; 10
brain-EC-GOF). Area under the curve analyses compare 39 stimulations in brain-EC-
GOFmice and 35 stimulations in controls. gAveraged scatter plots of FH responses
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Source data are provided as a Source Data file.
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Endothelial Ca2+ signals could activate Ca2+-activated K+ (KCa) channels
in arteries, leading to EC hyperpolarization that propagates to SMCs
and triggers vasodilation51,52. However, most brain ECs (~80%) are
capillary ECs53, where functional expression of KCa channels is lacking

8.
Alternatively, Piezo1 could affect vascular tone and blood flow through
EC depolarization due to cation influx, as has been shown before in
peripheral arterial ECs17,18. The evidence presented here demonstrates
that Piezo1 activation depolarizes ECs, consistent with a role for Piezo1

as a feedback mechanism to reset endothelial Vm. We suggest that
increases in Piezo1 inward depolarizing current during FHmay surpass
hyperpolarization and act as a short-circuit to reset Vm. To reconcile
our current observations with previous reports of localized Ca2+ tran-
sients in proximal brain capillaries leading toNO-mediated increases in
capillary redblood cellflux50, we speculate that the large-scale changes
in hemodynamic forces—that occur during FH in tens of thousands of
vascular segments—recruit many Piezo1 channels to cause strong
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brain EC Piezo1 activity. a Representative consecutive images, recorded using
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control (Piezo1cx/cx;Slco1c1-Cre-) and a Piezo1cx/cx;Slco1c1-Cre+ mouse. A 5-min
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group). k Representative traces and fittings of CBF recovery in a control and a
Piezo1flox/flox;Slco1c1-Cre+ mouse. (l, m, n, o) Area under the curve of 5-min of
recovery and other kinetic parameters of the recovery phase in control and
Piezo1flox/flox;Slco1c1-Cre+mice (n= 8 each).Data inb, c, e–h, i, j, l–o are presented as
mean ± SEM. All statistical testswere unpaired Student’s t test (two-sided, *P <0.05,
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depolarization (Fig. S17). Spatially restricted Piezo1-mediated depo-
larization to a small mechanical stimulus in a single capillary is likely
too small and the electronic nature of depolarizing currents in ECs
means they do not spread far enough to affect mural cells8,50. Impor-
tantly, we only observed endothelial Ca2+/NO-inducedCBF increases in
proximal capillaries that are covered with contractile pericytes—in
contrast to deep capillaries where there was no correlation between
Ca2+ signals and blood flow50.

Functional hyperemia manifests as a rapid increase in CBF that
quickly returns to baseline at the cessation of a brief neural

stimulation. Extended neural firing, on the other hand, leads to CBF
increases that reach or approach a plateau2,47. Pathways mediating the
increase in CBF have been extensively explored, but little is known
about how CBF returns to baseline when neuronal firing ceases. Here,
we provide strong evidence to support the conclusion that endothelial
Piezo1 acts as amechano-feedbackmechanism. First, pharmacological
or genetic enhancement of Piezo1 activity suppressed the magnitude
of hyperemia in response to somatosensory stimulation. Second, EC
Piezo1 deletion enhanced FH magnitude. Third, the kinetics of the
hyperemic response were consistent with Piezo1 serving a feedback
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role; Piezo1 activation slowed CBF increases, and accelerated blood
flow return to baseline when stimulation terminated. Last, recovery of
CBF to baseline after a non-somatosensory stimulation (i.e., hyper-
capnia) was evidently faster in mice with enhanced Piezo1 activity.
Collectively, these lines of evidence support a fundamental role for EC
Piezo1 as a mechano-feedback mechanism. While our data show that
endothelial Piezo1 is an important factor for CBF recovery after
hyperemia, Piezo1 deletion did not completely abolish hyperemia
termination in Piezo1 knockout mice, suggesting that the mechano-
feedback function described here is one of the main, but not the only,
mechanism underlying active termination of hyperemia. Other
mechanisms might involve astrocyte-derived factors, such as the
vasoconstrictor 20-hydroxyeicosatetraenoic acid, or adenosine that
could trigger neuronal inhibition13,54–57.

The endothelium plays an essential role in vascular function in
general and in neurovascular coupling in particular58. Mechanosensing
by vascular ECs is indispensable for vascular development, diameter
and blood flow regulation. ECs are most affected by frictional forces
due to blood flow, known as shear stress59. While shear has been
classically linked to flow-mediated, endothelium-dependent vasodila-
tion in the periphery60, flow constricts cerebral arteries and arterioles
in a shear stress-dependent manner56,61,62. Flow-mediated vasocon-
striction in the brain serves a protective role against general vasodi-
lation, which would substantially increase CBF, blood volume, and
intracranial pressure in a closed cranium. The latter effects would
compress the brain parenchyma and could therefore be detrimental to
brain function63. It should be noted that discrepant cerebrovascular
responses to flowhave been reported and attributed to factors such as
intravascular pressure64–66. The evidence presented here—increased
flow during FH leading ultimately to CBF reduction—is consistent with
the centuries-old Monro-Kellie doctrine positing that the sum of
volumes of intracranial blood, brain tissues, and cerebrospinal
fluid remains constant with no net change67. Our data suggest that
Piezo1-mediated sensing of FH-associated shear depolarizes ECs,
short-circuits endothelial hyperpolarization mediated hyperemia/
vasodilation8, and as such acts as a mechano-feedback system50–52.

While Piezo1 enhancement affected FH, therewas no overt impact
on baseline CBF. This could reflect insufficient forces (i.e., transient
oscillatory hemodynamics) to trigger amechano-feedbackmechanism
under baseline conditions. It could also be attributed to the extent of
Piezo1 engagement (minutes after Yoda1, or days/weeks after induc-
tion in GOF mice) being sufficient to cripple FH, but not strong and
sustained enough to alter baselineCBF. These possibilities await future
investigations. FH occurs throughout the vascular tree in the soma-
tosensory cortex (Fig. S17)—where Piezo1 is expressed in arteriolar,
capillary and venular ECs14,22—and we speculate that entire vascular
networks are implicated in the feedback mechanism. It remains
unclear where within these networks the feedback mechanism pre-
dominates.Given that themajority of Ca2+ transients in deep capillaries
do not translate into vasodilation50 and that capillary Ca2+ signals do
not trigger KCa-mediated hyperpolarization8, we expect that capillaries
are a major contributor to mechano-feedback mechanisms. Experi-
mental investigations are required to determine the contribution of
capillaries and arterioles to Piezo1-mediated braking.

FH has been canonically viewed as a mechanism that supplies the
metabolic needs of active neurons. Alternative proposed functions for
neurovascular coupling include cerebrovascular structure stabiliza-
tion, temperature homeostasis, neurotransmitter synthesis, and cere-
brospinal fluid circulation3,4,68,69. The influence ofmechanical forces on
these functions is an active research area, with recent evidence sug-
gesting that Piezo1 is involved in cerebrospinal fluid flow regulation70.
FH could also decrease capillary stalling by increasing pressure and
breakingbloodcell adhesion to enhanceCBF5. Capillaryun-stalling and
cerebrospinal fluid circulation are examples of phenomena of

mechanical force alterations that could influenceECs5. Intriguingly, the
impact of hyperemia in thebrain extends beyond the endothelium. For
instance, changes in vascular diameter could signal to neurons,
through vasculo-neuronal coupling, and alter astrocyte activity and
interneuron spiking56,71. Sensing the forces associated with brain par-
enchyma deformation could be attributed to molecular players
expressed in neurons, astrocytes, and microglia24,72–74. Collectively,
hemodynamic changes associated with hyperemia could affect
mechanosensory signaling through different mechanisms and
cell types.

This study provides evidence that abnormal endothelial Piezo1
function is associated with altered learning and memory. Specifically,
Piezo1 gain-of-function impairs FH and is associated with deficits in
learning and recognition memory and working memory. Memory
deficits were not explained by underlying changes in locomotor
activity, motor learning or anxiety-like behavior, suggesting that the
impact of Piezo1 in ECs couldbe selective formore subtle alterations in
cognition. While our genetic manipulations impact the entire brain
vasculature, our observations suggest a role for EC Piezo1-mediated
mechanosensory feedback in the prefrontal-hippocampal network
given their role in the recognition andworkingmemory tasksweutilize
here75–77. Recent studies suggest that neurovascular coupling and EC
function differ between the hippocampus and neocortex78, providing
avenues for future studies to dissect the role of brain-region specific
Piezo1 in CBF regulation and cognition. Whether the neurovascular
impairment is responsible for cognitive deficits inGOFmice remains to
be confirmed. Together, our observations add to a growing literature
implicating a critical role of Piezo1 in mediating mechanosensory
feedback across different cell types that underlie cognition, including
astrocytes23, microglia24, neurons73, and now vascular ECs.

Mechanosensing involves a force and a sensor. When hemody-
namics (i.e., force), endothelial Piezo1 (i.e., sensor), or both are altered,
disrupted mechano-sensation and -transduction ensue, leading to
endothelial dysfunction. Hemodynamic disruptions and blood flow
deficits are hallmarks of vascular diseases such as hypertension and
atherosclerosis79,80. Chronic changes in neurovascular coupling could
manifest as impaired vasodilation, blood flow alterations, and delayed
responses, all of which represent hemodynamic alterations that
adversely affect brain health. We anticipate that re-envisioning cere-
brovascular disease through the defective-mechanosensing lens will
be an area for future research. An important implication for this work
relates to the growing number of human PIEZO1 mutations26,81,82. The
gain-of-function mice used here carry a PIEZO1 mutation that in
humans causes hereditary xerocytosis25,26, and other PIEZO1 GOF
mutations are prevalent in people of African descent25,83,84. Loss of
function PIEZO1 mutations have also been reported and linked to
disorders such as lymphatic dysplasia82. Since there is clear evidence
that FH has an important physiological role, and the evidence pre-
sented here demonstrates that Piezo1 dictates the magnitude and
shape of hyperemia, it will be important to explore whether human
PIEZO1mutations adversely impact brain function and could therefore
be risk factors for dementia.

In summary, this study provides evidence that endothelial Piezo1
channels serve a mechano-feedback role in CBF control. This intro-
duces the mechanical hemodynamic forces not only as a result and an
endpoint of hyperemia, but alsoas a trigger to engagePiezo1-mediated
mechanosensation as a major regulator of brain blood flow.

Methods
All experimental protocols used in this study are in accord with insti-
tutional guidelines and approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Vermont (protocol X1-
063) and the University of Maryland (protocol 1121009). This study
complies with ARRIVE guidelines.
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Animal models
Adult (3–5-month-old) male and female mice were group-housed on a
12-hour light: dark cycle with environmental enrichment and free
access to food and water. Mice used include wild-type C57BL/6J mice
(Jackson Laboratories, USA). Inducible, EC-specific Piezo1-knockout
(Piezo1flox/flox;Cdh5-Cre+) mice were generated by crossing mice in
which exons 20-23 of the Piezo1 gene are flanked by loxP sites
(Piezo1fl/fl; Jackson Laboratories, JAX stock 029213) with mice expres-
sing an inducible Cre-recombinase under the transcriptional control of
Cdh5 (Cdh5-CreERT2). Tamoxifen-inducible, Piezo1 gain-of-function
(Piezo1cx/cx;Cdh5-Cre+) mice were engineered by crossing Cdh5-
CreERT2 and knock-in Piezo1cx/cx mice (Taconic Biosciences, Model No.
21617) in which floxed exons 45-51 are followed by a mutant Piezo1
copy (R2482Hmouse mutation- equivalent to R2456H in humans)25,85.
Homozygous mice were used as GOF (Cre+) or controls (Cre-). Indu-
cible, brain-EC-specific Piezo1-GOF (Piezo1cx/cx;Slco1c1‐Cre+) or knock-
out (Piezo1flox/flox;Slco1c1‐Cre+) mice were engineered by crossing
the transgenic Slco1c1‐CreERT2 strain34,35 with knock-in Piezo1cx/cx or
floxed Piezo1fl/fl mice. Piezo1flox/flox mice were originally generated in
C57BL/6J background and Piezo1cx/cx mice were initially generated in
BALB/c background. Cdh5-Cre and Slco1c1‐Cre mice were in the
C57BL/6 background. For induction of CreERT2, offspring homozygous
for floxed Piezo1 (Piezo1flox/flox) or knock-in Piezo1cx/cx and expressing
Cre-recombinase were treated with tamoxifen by providing tamoxifen
citrate food (Envigo, TD.130859) for 7 consecutive days (daily tamox-
ifen intake, ~40 mg/kg). Tamoxifen treatment was followed by a
washout period before experimental intervention (3-5 weeks for CBF
experiments, 7-10 weeks for behavioral studies). Tamoxifen-treated
littermates of similar backgrounds that lacked Cre-recombinase
expression (Cre-) were used as controls. A cohort of mice received no
tamoxifen and were used to study potential impact of genetic
backgrounds, independent of Piezo1 manipulation. Animals were
euthanized by intraperitoneal injection of sodium pentobarbital
(100mg/kg) or by isoflurane inhalation followedby rapid decapitation.
Animals of both sexes were used; animal assignments to experimental
groups sex were randomized so that approximately equal number of
male and female mice were incorporated per group.

Laser Doppler flowmetry
After anesthetizing mice with isoflurane (5% induction, 2% main-
tenance, Somnoflo, Kent Scientific), a catheter was inserted into the
femoral artery and connected to a pressure transducer to monitor
bloodpressure. All laserDopplerflowmetry experiments utilized acute
cranial window over the somatosensory cortex, and the dura mater
was removed. The window was superfused with aerated, warm (37 °C)
artificial cerebrospinal fluid throughout the experiment to ensure that
cortex temperature was maintained. Functional hyperemia was
induced by whisker stimulation and measured in the mouse somato-
sensory cortex9. Cortical CBF was recorded through the cranial win-
dow with a laser Doppler probe (PeriMed) under the combined
anesthesia of α-chloralose (50 mg/kg) and urethane (750 mg/kg).
Functional hyperemic responses are presented as the percent change
in CBF induced by stroking the contralateral vibrissae at a frequency of
~3-4 Hz for 60s (i.e., whisker stimulation) relative to the baseline value.
We and others have previously shown that 60s long whisker stimula-
tion is sufficient to accurately capture differences in hyperemia
amplitude and kinetics after the application of pharmacological agents
or in genetically modified mice9,86,87. In some experiments, Yoda1 was
topically applied by adding to the cortical superfusate. We have pre-
viously shown that cortical application of drugs and pharmacological
modulators can alter cerebral endothelial signaling8,9. Intravenous
administration of Yoda1 was avoided because RBCs express functional
Piezo1 channels and can therefore change shape in response to
Yoda125. Intraperitoneal injection was not employed, since there is no
evidence that Yoda1 can reach the cerebrovasculature through this

route. During CBF measurements, blood pressure was continuously
recorded via the femoral artery cannula, 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 8 software (AD Instruments).

Two-photon laser-scanning microscopy (2PLSM)
Mice were anaesthetized with inhaled isoflurane (3% induction, 1.5%
maintenance). Thermal support was provided using a feedback-
controlled heating pad (Harvard Apparatus). FITC-dextran (2000 kDa,
150 μL, 1 mg/ml) was injected retro-orbitally to visualize the vascu-
lature. The skullwas exposed and a titaniumheadplatewas affixed. The
mouse was then mounted to a frame for imaging on a Scientifica
Hyperscope (Scientifica, UK) coupled to a Coherent Chameleon Vision
II Titanium-Sapphire pulsed fs laser (Coherent, USA) equipped with an
Olympus 20x infinity-corrected Plan Fluorite 1.0 NA water-immersion
objective. A cranial window (approximately 2 mm diameter) was dril-
led into the skull and the dura was removed. Upon completion of
the surgery, isoflurane anesthesia was replaced with α-chloralose
(50mg/kg) and urethane (750mg/kg). Penetrating arterioles (PA) were
identified by morphology and directionality of RBC flow. Artificial
cerebrospinal fluid aerated with 20% O2/5% CO2 was maintained at
37 °C and superfused over the cranial window at a rate of ~1 mL/min
and monitored with a temperature probe throughout the duration of
the experiment. Drugs were dissolved in the circulating aCSF andwere
superfused for 20 minutes prior to imaging. Penetrating arterioles
were visualized for a baseline period prior to stimulus. The whisker
stimulus consisted of a series of air puffs at 20 PSI at a rate of 5 Hz
(10 ms on/190 ms off) delivered to the contralateral whiskers of the
animal. Diameter measurements across time were measured using a
custom MATLAB script written by D. Isaacs that calculated the full
width at half maximum (FWHM) of a line profile placed over a PA for
each frame of the xyt recording. To avoid contamination by shot noise
and other sources, once the FWHM of the line profile for the PA under
study had been calculated for each frame, any individual value greater
than 3*SD (standard deviation) from the baseline mean was replaced
with NaN in the diameter vs. time trace. Where possible, multiple trials
wereperformedandaveraged in eachmouse. Thebaselinewasdefined
as the average FWHM in µm in the 25 s prior to stimulation and this
served as the reference point in the percent change in diameter mea-
surements. The change in diameter extracted from the data describes
the maximal change observed relative to the baseline established for
the PA being imaged.

Laser Speckle Contrast Imaging (LSCI)
Mice were first anesthetized by inhalation of 4-5% isoflurane for
induction and then 2% for maintenance, followed by intraperitoneal
injection of α-chloralose (50 mg/kg) and urethane (750 mg/kg). To
prevent excess lung secretions during experiments, mice were given
atropine (0.05 mg/kg, subcutaneous). For the duration of the proce-
dure and imaging, we used a thermometer and feedback-controlled
heating blanket (RWD) to maintain body temperature at 37 °C. Mice
were shaved and positioned in a stereotaxic frame to immobilize the
head. The surface tissue overlaying the cranium was removed surgi-
cally, the skull was exposed, thinned using amicrodrill or a scalpel and
covered with agarose and a glass coverslip (thickness size 0). A
custom-built laser speckle contrast imaging (LSCI) setup was used for
imaging blood flow dynamics in real-time through the thinned skull, as
described before88,89. The LSCI setup included delivering coherent
near‐infrared (NIR) light using a laser diode (785 nm, LP785‐SAV50,
Thorlabs) controlled using a diode driver (CLD1010LP, Thorlabs).
Backscattered light was recorded using a zoom imaging lens (VZM
450i, Edmund Optics) mounted on an NIR-sensitive CMOS camera
(Basler ace acA2000-165um NIR, Basler, Germany). LSCI data were
analyzed by calculating an arbitrary blood flow indexwhich represents
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1/K2 where K is contrast. While LSCI is generally used to measure
relative changes in blood flow, wemeasured absolute blood flow index
while parameters were held constant so that we could make compar-
isons of calibrated baseline hemisphere blood flow90. Baseline and
stimulation recordings were made over a field of view 8x8mm with
1024x1024 pixels with a frame rate of 50 Hz (50 frames per second
[fps]) or 15 fps for hypercapnia experiments. Data were acquired using
custom-built acquisition software and processed using spatial speckle
contrast analysis to get a high temporal resolution. Customized
MATLAB scripts were used to process and analyze LSCI data. Differ-
ential hyperemiamappingwas routinely used to locate the regionwith
maximal response during whisker stimulation (i.e., barrel cortex).
Recordings weremade at lower (0.75X) and higher (2X)magnifications
to reveal the whole contralateral hemisphere or the somatosensory
cortex, respectively. Whiskers were stimulated during LSCI using air
puffs (AIRSTIM, San Diego Instruments or custom-built air stimulator)
for 5 or 30 s at 5 Hz. Motor stimulation was achieved using a custom-
built device (5 Hz), and manual stimulation was achieved by stroking
the contralateral vibrissae at 3-4 Hz. Hypercapnia was induced by
mixing the inspired oxygen-enriched air with 10% CO2 using a flow-
meter (MF5700, ATO).

To achieve reliable and repeatable measurements with LSCI, we
ensured that the imaging parameters were in optimal range – the
speckle-to-pixel size ratio was maintained at approximately 291, a sta-
bilized laser diode with long coherence length was used92, and a linear
polarizer in cross-polarization configuration was installed90,93. The
parameters were maintained constant, and no changes to the system
were introduced during the study. Furthermore, we have validated the
parameters’ stability by measuring the contrast of static scattering
phantom several times during the study and found it unchanging.
These steps ensure that LSCI measurements are compatible long-
itudinally and between the animal groups. Furthermore, in the analysis
step, weminimized the possible influence of the skull tissue on the BFI
measurements by using temporal contrast analysis over 25 con-
secutive frames, which is known to be less sensitive to static
scattering94.

Endothelial cell isolation
Single capillary ECs were obtained from mouse brains by mechanical
disruption of ∼10–15mm3 of somatosensory cortical tissue using a
Dounce homogenizer14. Tissues were homogenized in ice-cold isola-
tion buffer (124mM NaCl, 3mM KCl, 2mM CaCl2, 2mM MgCl2,
1.25mM NaH2PO4, 26mM NaHCO3, 4mM glucose), and homogenates
were passed through a 62-µm nylon mesh. The filtered vasculature
retained on the nylon mesh was eluted using a dissociation solution
(55mM NaCl, 80mM Na-glutamate, 5.6mM KCl, 2mM MgCl2, 4mM
glucose, 10mM HEPES pH 7.3) containing protease (0.5mg/mL),
elastase (0.5mg/mL; Worthington, USA) and 100 µM CaCl2, and the
suspension was incubated for 23min at 37 °C. After adding 0.5mg/mL
collagenase Type I (Worthington, USA) and incubating for 2 min, the
suspension was filtered, and the enzymes were removed by washing
the retained material with isolation buffer. Single ECs were dispersed
by triturating ~3-5 times using a glass Pasteur pipette. A few drops of
the EC suspension were added to the recording chamber containing
enzyme-free dissociation solution. Cells were used within ∼6 hours of
dispersion.

Patch clamp electrophysiology
Piezo1 single-channel currents were recorded14 in the cell-attached
configuration using an Axopatch 200B patch-clamp amplifier (Mole-
cularDevices). Recordingswerefiltered at 1 kHz, digitized at 5 kHz, and
stored for subsequent analysis with Clampfit 10.3 software. We used a
sampling rate of 20 kHz, and a low-pass filter frequency of 1 kHz. The
bath solution was composed of 140 mM KCl, 1 mM MgCl2, 10 mM
HEPES, 4 mM glucose, and 2 mM CaCl2 (pH 7.35). Using a Narishige

puller, recording pipettes were pulled from borosilicate glass (1.5 mm
outer diameter, 1.17 mm inner diameter; Sutter Instruments, USA).
Pipette tips were fire-polished using a Narishige microforge to reach a
tip resistance of ~4 MΩ. The pipette solution was composed of 3 mM
KCl, 137 mM NaCl, 1 mM MgCl2, 10 mM HEPES, 4 mM glucose, and
2 mM CaCl2 (pH 7.35). In some experiments, the pipette solution was
supplemented with Yoda1. Representative current traces presented
depict the median for each genotype or experimental condition. The
minimum recording duration from an EC was 300s.

Sharp electrode recordings
Membrane potential (Vm) was measured using sharp microelectrode
impalements of capillary ECs freshly isolated from Pdgfrb-Cre-TdTo-
matomice. Cortical tissue fromone brain hemispherewas extracted in
an isolation buffer and minced into smaller pieces with microscalpels
as described before95. Minced tissue was incubated with enzyme P
(Neural Tissue Dissociation kit, Miltenyi Biotec, USA) for 18 min at
37 °C, followed by the addition of enzyme A, homogenization by
passing through a 21 G needle ~4 times and incubation for 15 min at
37 °C. The homogenate was again passed through the 21 G needle ~5
times and incubated for 12 min at 37 °C, and the resulting cell sus-
pension was filtered through a 62-μm nylon mesh and stored in ice-
cold isolation buffer solution. Cells were allowed to adhere to a per-
fusion chamber coated with a silicone elastomer (SYLGARD 182), and
Tdtomato-negative ECs on capillaries were identified for impalement
using fluorescence and brightfield microscopy. The chamber was
perfused with bath solution (137 mM NaCl, 3 mM KCl, 2 mM CaCl2,
4 mM glucose, 1 mMMgCl2, and 10mMHEPES, pH 7.4), and cells were
impaled using sharpmicroelectrodesfilledwith0.5MKCl (resistance>
100 MΩ). AxoClamp 900A digital amplifier and HS-2 headstage
(Molecular Devices, USA) were used for recording Vm, and Axon
Digidata 1550B andpClamp9 softwarewereused for signal digitization
and analyses. Vm was measured at baseline and in the presence of
Yoda1. Only recordings with a stable baseline prior to impalement,
sharp negative deflection of Vm upon impalement, and return to 0mV
on withdrawing the electrode were considered for analysis.

Immuno-histological staining
Staining was performed in free-floating vibratome sections as descri-
bed before27. Briefly, brain tissue was postfixed in 4% paraformalde-
hyde for 4-6 hours before being stored in PBS with 0.02% Na-azide.
Using a vibratome (LeicaVT1200S), 50 µmthick coronal tissue sections
were prepared. Before the staining of brain sections, pepsin antigen
retrieval was performed for 5 min at 37 °C (0.01 mg/ml pepsin in PBS,
0.2NHCl) for the staining of the vasculature and string vessels. Sodium
citrate buffer (10mM, pH 6.0, 95 °C for 10min) based antigen retrieval
was performed for the staining of pericytes. All other stains did not
need antigen retrieval procedures. For blocking, we used 3% BSA in
PBS containing 0.3% Triton X-100 for 6h at room temperature. Incu-
bation with primary antibodies was performed at 4 °C for 48h, while
incubation with secondary antibodies was performed in blocking
solution at 4 °C overnight. Endothelial cells were stained using an anti-
caveolin 1 antibody (Cell Signaling Technology, #3267, 1:400, RRID:
AB_2275453) or an anti-CD31 antibody (Bio-Rad, #MCA2388, 1:200,
RRID: AB_2161026), basement membrane was stained using an anti-
collagen IV antibody (Bio-Rad, #134001, 1:200, RRID: AB_2082646), an
astrocytic subpopulation was stained using an anti-GFAP antibody
(Millipore, #AB5541, 1:200, RRID: AB_177521), microglia were stained
using an anti-Iba1 antibody (Abcam, #ab5076, 1:400, RRID: 2224402),
neurons were stained using an anti-NeuN antibody (Millipore,
#MAB377, 1:500, RRID: AB_2298772) or a neurofilament 200 (NF200)
antibody (Abcam, #ab8135, 1:1,000, RRID: AB_306298), pericytes were
stained using a PDGFRβ antibody (Cell Signaling Technology, #3169,
1:100, RRID: AB_2162497), and an anti-α-SMA antibody was used to
stain for contractile mural cells (Millipore, #C6198, 1:200, RRID:
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AB_476856). The following secondary antibodies were used (all diluted
1:400): anti-goat IgG coupled to Alexa Fluor 647 (Thermo Fisher Sci-
entific, #A-21447, RRID: AB_2535864); anti-rabbit IgG coupled to Alexa
488 (Thermo Fisher Scientific, #A-21206, RRID: AB_2535792), anti-
chicken IgG coupled to Cy3 (Jackson ImmunoResearch, #703-165-155,
RRID: AB_2340363), anti-mouse coupled to Alexa Fluor 488 (Life
Technologies, #A-21202, RRID: AB_141607), and anti-rat coupled to
Alexa Fluor 647 (Abcam, #ab150155, RRID: AB_2813835). Images were
taken using confocal microscopes (Leica, SP5 and Stellaris 5). Image
stacks were taken (50 µm thickness, 5 µm steps) and analyses were
performed on z-projections. Empty basementmembrane tubes (string
vessels) were defined as endothelial-negative and basement
membrane-positive structures, thinner than 4 µm and measured
manually using ImageJ. SMA-positive vessel length, PDGFRβ-negative
vessel length, and diameter were measured manually using ImageJ.
Vascular density, as well as the percentage of positive cell areas (GFAP,
Iba1, NeuN) and mean intensity of neurofilament, were measured
automatically using ImageJ27,96. The cortical and hippocampal regions
were similar and consistent across the acquisition and between the
samples. Cortical images contained layers 2-4 and hippocampal ima-
ges were taken in the regions of the dentate gyrus and CA1. Imaging
and analyses were performed in a blinded fashion.

Behavioral studies
We used mice in which the Cre recombinase was induced
with tamoxifen ~7-10 weeks prior to cognitive assessment. Mice were
individually handled for at least 7 days before starting behavioral
studies. Additionally, mice were allowed a minimum of 1 h for accli-
matization to the experimental room before training sessions or tests
were performed. A sky-view camera system, suspended above the
arena, was used in video recording in the absence of an examiner and
the video was tracked and analyzed using EthoVision XT 16 software
(Noldus Information Technology Inc., The Netherlands). Our beha-
vioral battery was ordered as follows; open field, rotarod, and novel
object recognition, to enable early testing of early anxiety and loco-
motor phenotypes unconfounded by later cognitive tests while enable
additional habituation necessary for the more sensitive memory
testing.

Open field test. Micewere individually placed in a circle-shaped arena
and were allowed to move freely for 10 min. The arena was cleaned
during intervals between different mice. The arena (46 cm diameter)
was divided during analysis into a central zone (24 cm diameter) and a
peripheral zone using EthoVision. The parameters analyzed were the
total distance traveled, the number of entries to different zones, time
spent in each zone, and the cumulative movement and non-
movement time.

Novel object recognition test. Long-termmemorywas assessed using
the novel object recognition (NOR) test. Mice were habituated for 6-8
days in a circular arena (30 cm diameter). A 10-min training phase
followed habituation, where mice were introduced to two identical
(familiar) objects. 24 h later,micewere subjected to a 5-min test phase.
The test phase involved a novel object replacing one of the familiar
objects (NOR). The arena and objects were cleaned between tests for
different mice. The time spent with and frequency of interacting with
different objects were calculated using EthoVision. The Discrimination
Index (DI) was calculated using the formula:

DI = ½NO=ðNO+FOÞ� � 100,

where NO is the time spent or the frequency (i.e., number of interac-
tions) of exploring the novel object and FO is the time spent or the
frequency of exploring the familiar object. DI% above 50% indicated
discriminative behavior towards novelty.

Spontaneous alternation T-maze test. As shown previously46, we
used a T-Shaped maze consisting of three arms (start arm and lateral
goal arms), all of which were 35 cm long and 7 cm wide. The floor and
lateral walls of the maze were made of polymethyl methacrylate, with
the lateral walls transparent and 15 cm high (to prevent mouse falling).
Each arm had a guillotine door (16 cm high, 7 cm wide, and 2 mm
thick). Themazewasplaced in a quiet and dimly lit room, and the same
maze was used for all trials. In the sample trial (T0), the mouse was
placed in the distal end of the start arm and allowed to freely explore
and make a choice within 180 s per trial. Once the mouse entered the
goal armwith the four paws and the tail, the doorwas closed to confine
the mouse in the chosen arm for 30 seconds. At the end of the con-
finement period, the mouse was removed gently and placed back to
the distal end of the start arm. Trials T1 to T5 were performed with the
same steps, and the last trial (T6) wasperformedwithout confinement.
For eachmouse, fromT1 to T6, the rate at which they chose a different
arm than that explored in the previous trial (correct alternation) was
calculated as:

Alternation% = ðtotal number of correct alternations=6Þ � 100:

Total number of correct alternationsmust range between0 and 6,
and therefore the calculated alternation percent had to be one of the
following values: 0, 16.7, 33.3, 50, 66.7, or 83.3%. The choice latency
(time to choose) wasmeasured from the time themouse was placed in
the distal end of the start arm till the mouse entered the goal arm,
whether correct or not.

Elevated plus maze test. The anxiety response was evaluated using
the elevated plus maze test. The stainless-steel apparatus used had
four arms (two open arms without walls and two enclosed arms). Each
arm was 30 cm long and 5 cm wide, and was attached to sturdy metal
legs at an elevation of 40 cm. The mouse was placed in the center of
the plus maze facing the open arm, and the number of entries and the
time spent in each arm were tracked and recorded over a 5 min test.
The apparatus was cleaned and dried between mice.

Rotarod test. The neuromuscular coordination was assessed using the
rotarod test. Mice were placed on a cylindrical rod rotating at
increasing speed. Each trial was 5 min and the time needed for mice to
fall off the rod (latency to fall) was assessed. The test was over two
consecutive days, with 5 trials per day.

Statistical analysis
Data in figures and text are presented asmeans ± standard error of the
mean. All experiments were performed in a randomized manner (ani-
mals, pharmacological treatments). Statistical tests included paired
and unpaired Student’s t test. Non-parametric tests were used as
specified in figure legends (MannWhitney test or Wilcoxon test) when
datasets did not pass normality tests or when tests of normality were
not powered to detect departures fromnormality (e.g., when n is small
[≤6]). Choice latency for the spontaneous alternation T-maze was
analyzed using two-way ANOVA test. Rotarod analysis was performed
with a mixed effects ANOVA where Genotype was the between sub-
jects’ measure and Time was the repeated measure; Geisser-
Greenhouse correction was applied. Analysis of binned traveled dis-
tances in the open field test was performed with a mixed effects
ANOVA where Genotype was the between subjects’measure and Time
was the repeated measure; Geisser-Greenhouse correction was
applied. Statistical tests were performed using GraphPad Prism
10 software. P-values < 0.05 were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Source data are provided with this paper. All other data are available
upon request.
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