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Gould syndrome is a rare multisystem disorder resulting from autosomal dominant
mutations in the collagen-encoding genes COL4A1 and COL4A2. Human patients
and Col4al mutant mice display brain pathology that typifies cerebral small vessel
diseases (cSVDs), including white matter hyperintensities, dilated perivascular spaces,
lacunar infarcts, microbleeds, and spontaneous intracerebral hemorrhage. The under-
lying pathogenic mechanisms are unknown. Using the Col4a1”“**" mouse model, we
found that vasoconstriction in response to internal pressure—the vascular myogenic
response—is blunted in cerebral arteries from middle-aged (12 mo old) but not young
adult (3 mo old) animals, revealing age-dependent cerebral vascular dysfunction. The
defect in the myogenic response was associated with a significant decrease in depolar-
izing cation currents conducted by TRPM4 (transient receptor potential melastatin 4)
channels in native cerebral artery smooth muscle cells (SMCs) isolated from mutant
mice. The minor membrane phospholipid phosphatidylinositol 4,5 bisphosphate (PIP,)
is necessary for TRPM4 activity. Dialyzing SMCs with PIP, and selective blockade
of phosphoinositide 3-kinase (PI3K), an enzyme that converts PIP, to phosphatidy-
linositol (3, 4, 5)-trisphosphate (PIP,), restored TRPM4 currents. Acute inhibition
of PI3K activity and blockade of transforming growth factor-beta (TGF-p) receptors
also rescued the myogenic response, suggesting that hyperactivity of TGF- signaling
pathways stimulates PI3K to deplete PIP, and impair TRPM4 channels. We conclude
that age-related cerebral vascular dysfunction in Colda1"“***" mice is caused by the loss
of depolarizing TRPM4 currents due to PIP, depletion, revealing an age-dependent
mechanism of cSVD.
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Cerebral small vessel diseases (cSVDs) are a group of familial and sporadic pathologies
afflicting the blood vessels in the brain. cSVDs are a major cause of vascular contributions
to cognitive impairment and dementia (VCID), second only to Alzheimer’s disease as the
most common form of dementia in adults (1). VCID and ¢SVDs are more prevalent in
the elderly and are expected to overburden health care systems globally as the world’s
population ages (2). Idiopathic and familial forms of the disease have been described, but
the pathogenesis remains poorly understood and specific treatment options are not avail-
able. Mutations in the genes encoding type IV collagen alpha 1 (COL4A1) and alpha 2
(COL4A2) cause Gould syndrome, an autosomal dominant multisystem disorder that
encompasses all the hallmarks of cSVDs, including white matter hyperintensities, intrac-
erebral hemorrhage (ICH), lacunes, and microinfarcts (3, 4). How COL4AI and COL4A2
mutations cause cSVD and related brain defects are not known. Studies using a murine
allelic series of Col4al and Col4a2 mutations show allelic heterogeneity with a position
effect whereby mutations closer to the carboxyl terminus of the triple helical domain are
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Cerebral small vessel diseases
(cSVDs) are a group of related
idiopathic and familial
pathologies that cause stroke,
intracerebral hemorrhage (ICH),
and cognitive decline. The
underlying mechanisms are
poorly understood, and no
effective treatment options exist.
Here, we investigated a mouse
that models a form of cSVD
caused by a mutation in the gene
encoding type collagen IV alpha1
(COL4AT) to better understand
the pathogenesis of the disease.
We found that impairment of
transient receptor potential
melastatin 4 (TRPM4) cation
channels disrupted the ability of
cerebral arteries from middle-
aged mutant animals to constrict
in response to physiological
levels of intraluminal pressure.
Vascular function was restored
by acute inhibition of
phosphoinositide 3-kinase and
transforming growth factor-
preceptors, potentially identifying
new therapeutic targets.

associated with increased ICH severity (5, 6). These findings suggest that the mechanisms
underlying cSVD associated with Gould syndrome are heterogeneous and complex. Here,
we sought to elucidate the molecular links between a specific Co/4a] mutation and cere-
brovascular dysfunction.

COL4A1 and COL4A2 form a heterotrimer [alala2(IV)] that is a fundamental com-
ponent of all basement membranes. Collagen alala2(IV) is secreted to the extracellular
space, where it polymerizes into networks that are further cross-linked with other basement
membrane components. COL4A1 and COL4A2 proteins are composed of a long triple
helical domain flanked by 7S and NC1 domains at the amino and carboxyl termini,
respectively (7). The triple helical regions consist of long stretches of G-X-Y repeats char-
acteristic of all collagens. Glycine (G) is required at every third amino acid as the absence
of a side chain allows it to fit into the core of the triple helix (8). The vast majority of
pathogenic COL4AI and COL4A2 mutations are missense mutations of one of these highly
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conserved glycine residues (9-11). Such mutations are thought to
drive three potential adverse outcomes: diminishment of normal
collagen alalo2(IV) in basement membranes; secretion and
incorporation of mutant collagen alala2(IV) that disrupts the
functional integrity of the basement membrane; and intracellular
retention of misfolded collagen alala2(IV) molecules that cause
ER/SR stress in collagen-producing cells (12). Co/42] mutant mice
display striking position-dependent heterogeneity in trafficking
defects, with diminishing export and increased intracellular reten-
tion of collagen alala2(IV) associated with mutations closer to
the carboxyl terminus of the protein (13). For the current study,
we used mice heterozygous for a point mutation in Co/4al in
which the G residue at position 394 (relatively near the amino
terminus) had been replaced by valine (V). Coldal O3V ice
traffic collagen alala2(IV) out of cells relatively efficiently (13),
suggesting that the pathology of these animals is independent of
ER/SR stress and that structural and/or functional imperfections
in the basement membrane is the primary defect.

Autoregulation of blood flow in the brain is maintained in part
by the vascular myogenic response, a process that sustains partial
constriction of arteries and arterioles in response to intraluminal
pressure (14). The myogenic response maintains near-constant
blood flow within the microcirculation during beat-to-beat fluc-
tuations in the force of perfusion, thereby preventing tissue
ischemia during transient drops in pressure and protecting delicate
capillary beds during temporary increases in pressure (14). Several
types of cerebrovascular disease disrupt this process, including
familial cSVD associated with cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) (15). The effects of Co/4al mutations on the myogenic
tone of cerebral arteries are not known. Signaling pathways intrinsic
to vascular smooth muscle cells (SMCs) forming the walls of arter-
ies and arterioles generate the myogenic response (14). Increases
in intraluminal pressure activate TRPM4 (transient receptor poten-
tial melastatin 4) channels, allowing an influx of Na" ions that
depolarize the SMC plasma membrane to initiate Ca®* influx
through voltage-gated Ca®* channels and engage contractile path-
ways (16-18). The depolarizing effects of TRPM4 channels are
balanced by hyperpolarizing K* currents primarily conducted by
voltage-dependent K™ (Kv) channels, large-conductance Ca™'-
activated K* (BK) channels, and inwardly rectifying K* (Kjp) chan-
nels (19, 20). In the CADASIL mouse model, increased Kv channel
current density in SMCs accounts for diminished myogenic tone
(15). The electrophysiological properties of SMCs from Col/4al
mutant mice have not been reported.

Here, we show that the myogenic response of cerebral pial arter-
ies from Col4al™*"" mice was dramatically impaired in an
age-dependent manner. In contrast to CADASIL models, K" cur-
rents in SMCs from Col4a1*""" mice were not increased com-
pared to controls. Instead, we found that the loss of myogenic tone
was associated with decreased activity of inward Na' currents con-
ducted by TRPM4 channels. TRPM4 currents were restored by
supplying exogenous phosphatidylinositol 4,5 bisphosphate (PIP,),
a minor membrane phospholipid that is a necessary co-factor for
TRPM4 activity (21, 22), and by selective blockade of phospho-
inositide 3-kinase (PI3K), an enzyme that depletes PIP, by con-
verting it to phosphatidylinositol (3,4,5)-trisphosphate (PIP;).
Further, inhibition of PI3K activity and blockade of upstream
transforming growth factor-beta (TGF-f}) receptors rescued myo-
genic tone in arteries from 12-mo-old mutant mice. We conclude
that age-dependent cerebral vascular dysfunction in Colda1*/“**"
mice is caused by the loss of depolarizing TRPM4 currents due to
PIP, depletion. Conversion of PIP, to PIP; by PI3K, acting down-
stream of TGF-P receptors, accounts for diminished PIP, levels in
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SMCs. Our findings reveal a mechanism of age-dependent cerebral
vascular dysfunction and identify PI3K and TGF-f receptors as
therapeutic targets for some forms of cSVDs.

Results

Cerebral Arteries from Middle-Aged Col4a71%*** Mice Fail to
Generate Myogenic Tone. Mutant mice used for this study harbor
a point mutation in the gene sequence that results in the substitution
of G for V at position 394 of the polypeptide (Fig. 1A4). mice that
were 3 (young adult) or 12 (middle-aged) mo old were included
in our study design. Both male and female mice were used for
all experiments, and no sex-specific differences were detected.
Histological examination of Prussian blue-stained brain sections
showed that the brains of 3-mo-old Col4a1"“***"" mice (Fig. 1B)
lacked ICH, but loss of brain tissue resulting from hemorrhagic
events and evidence of spontaneous ICH was present in brains from
12-mo-old Coldal*"“***" mice (Fig. 10).

Established pressure myography techniques (23) were used to
investigate the development of spontaneous myogenic tone in
cerebral pial arteries from Coldal"***" mice. Initially, changes
in the diameters of cannulated cerebral arteries were recorded as
intraluminal pressure was increased in a stepwise manner from 5
to 140 mmHg, and the luminal diameter during active muscular
contraction was recorded at each pressure. After this challenge,
the pressure was returned to 5 mmHg, vessels were superfused
with a Ca**-free solution, and changes in diameter in response to
increases in pressure were again recorded to determine the passive
response—the diameter in the absence of muscular contraction.
The myogenic tone was calculated as the difference in active versus
passive diameter normalized to the passive diameter. Arteries from
3-mo-old mice from both groups began to constrict when pres-
sures within the physiological range (i.e., 40 mmHg and above)
were applied, and the myogenic tone did not differ (Fig. 1 D and
E). In addition, vasoconstriction in response to the application of
a high concentration of extracellular K™ (60 mM) was applied to
collapse K' gradients and directly depolarize SMC plasma mem-
branes did not differ between cerebral arteries from 3-mo-old
control and mutant mice (Fig. 1F). In contrast, arteries isolated
from 12-mo-old Coldal***" mice barely constricted across all
levels of applied pressure, and the myogenic tone was significantly
lower compared to 12-mo-old Col4al™ littermates (Fig. 1 Gand
H). These data demonstrate that cerebral arteries from Coldal****?"
mice lose the ability to develop myogenic tone during aging.
Vasoconstriction in response to elevated [K+} did not differ
between 12-mo-old Coldal™" and Coldal*’****" mice (Fig. 11),
indicating that voltage-dependent Ca™* influx and fundamental
contractile mechanisms were not grossly impaired in 12-mo-old
Coldal"*" mice. Passive dilation of cerebral arteries in response
to increases in intraluminal pressure did not differ between
12-mo-old Coldal™ and Coldal”**"" mice (Fig. 1 and S7
Appendix, Fig. S1), indicating that changes in vascular compliance
do not account for impaired myogenic tone in mutant mice. The
myogenic tone of cerebral arteries in which endothelial cell func-
tion had been disrupted by the passage of air through the lumen
was also assessed. Pressure-induced constriction was significantly
less in endothelium-denuded arteries from 12-mo-old Col4al®
@3V compared to Coldal™ littermates (Fig. 1 and SI Appendix,
Fig. S2), demonstrating that that impaired myogenic tone in these
animals is due to SMC dysfunction.

Loss of Myogenic Tone in Cerebral Arteries from Middle-Aged

Col4a1”%*** Mice Is Not Attributable to Increases in SMC K*
Channel Currents. Impaired myogenic tone in cerebral arteries

pnas.org
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Fig. 1. Cerebral arteries from 12-mo-old Co/4a1 mice fail to develop myogenic tone. (A) Schematic representation of COL4A1 showing the position of the
Col4a1%*** mutation. (B and C) Representative images of perfusion-fixed brains and coronal brain sections stained with Prussian blue and Nuclear Fast Red from
3-mo-old (B) and 12-mo-old (C) Col4a1™* and Col4a1"%*** mice. Arrowhead indicates a region with loss of brain tissue secondary to a hemorrhagic event. Enlarged
region in the inset shows an example of spontaneous ICH. Scale = 1 mm. Inset scale = 200 pm. Representative of four mice per group. (D) Typical recordings
of the inner diameter of isolated cerebral arteries from 3-mo-old Col4a1™* and Col4a1"%*** mice showing the myogenic response to increases in intraluminal
pressure (active) and the dilation of the same arteries when extracellular Ca”* has been removed (passive). (F) Summary of myogenic tone, expressed as mean
+ SEM, as a function of intraluminal pressure. n = 6 to 7 arteries from six animals per group. ns = not significant, two-way ANOVA. (F) Summary data showing
vasoconstriction of isolated cerebral arteries from 3-mo-old Col4a1** and Col4a1***** mice in response to 60 mM KCl. n = 6 to 7 arteries from six animals per
group. ns = not significant, unpaired t test. (G) Representative traces of the myogenic response and passive diameter of isolated cerebral arteries from 12-mo-
old Col4a1™" and Col4a1"®*** mice. (H) Summary of myogenic tone expressed as mean + SEM as a function of intraluminal pressure. n = 8 arteries from five or six
animals per group. *P < 0.05, two-way ANOVA. (/) Summary data showing vasoconstriction of isolated cerebral arteries from 12-mo-old Col4a1** and Col4a1"
%39 mice in response to 60 mM KC. n = 8 arteries from five or six animals per group. ns = not significant, unpaired t test.

from CADASIL ¢SVD mice is due to elevated Kv current density
in SMCs (15). To determine whether this mechanism also accounts
for impaired myogenic tone in 12-mo-old Col/4al G394V mice, we
measured K* channel currents in cerebral artery SMCs using patch-
clamp electrophysiology. To record Kv currents, freshly isolated
SMCs were patch-clamped in the amphotericin B perforated
configuration in the presence of the selective BK channel blocker
paxillin (I pM), and voltage-dependent currents were evoked by the
application of a series of voltage steps from -60 to +60 mV from a
holding potential of ~-80 mV. The voltage step protocol was repeated

PNAS 2023 Vol.120 No.5 e2217327120

in the presence of the Kv channel blocker 4-aminopyridine (5 mM),
and Kv current amplitude was determined at each potential by
subtraction. We found that Kv current amplitude did not differ
between SMCs from Coldal"* and Coldal"“**"" mice at any
applied membrane potentials (Fig. 2 4 and B). These data indicate
that the mechanisms that impair the myogenic tone in 12-mo-old
Coldal""" mice differ from the CADASIL cSVD model.

BK channel activity has a powerful hyperpolarizing effect on the
SMC membrane potential that could account for the lack of myo-
genic tone in cerebral arteries from 12-mo-old Col4al YOIV mice
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Fig. 2. Loss of myogenic tone in cerebral arteries from middle-aged Col4a7*%***V mice is not attributable to increased SMC K" channel currents. (A) Example

recording of 4-aminopyridine (5 mM)-sensitive Kv currents elicited by application of voltage pulses (250 ms) from -60 to + 60 mV in the presence of the BK channel
blocker paxilline (1 pM). (B) Summary data of Ky current at each command potential, normalized to cell capacitance (pA/pF). n = 8 to 10 cells from three animals
per group. ns = not significant, two-way ANOVA. (C) Representative traces of STOCs recorded over a series of membrane potentials (-60 to 0 mV). (D and E)
Summary data for STOC frequency (D) and amplitude (£) at each command potential. n =11 to 14 cells from six or seven animals per group. ns = not significant,
two-way ANOVA. (F) Representative recording of BaCl,-sensitive Kz whole-cell currents evoked by adding 60 mM KCl to the bath as voltage ramps (=100 to +20
mV) were applied. (G) Summary data of Kz current amplitude recorded at —100 mV and normalized to cell capacitance (pA/pF). n =7 to 10 cells from four or six
animals per group. *P < 0.05, unpaired t test.

(19, 20). Under physiological conditions, Ca®* sparks—transient,  on the plasma membrane to produce large-amplitude spontaneous
localized Ca** signals generated by the release of Ca”" from the SR transient outward currents (STOCs) (19). We compared BK chan-
into the cytosol through RyRs—activate clusters of BK channels  nel activity between SMCs from 12-m-old Col4a1"" and Coldal"
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@3V mice using the amphotericin B perforated patch-clamp con-

figuration. We found that the frequency and amplitude of STOCs
recorded over a range of command potentials (-60 to 0 mV) did
not differ between groups, indicating that elevated BK channel
activity does not account for the loss of myogenic tone in 12-mo-old
Coldal”" mice (Fig. 2 C-E).

An increase in K channel activity could also account for the
loss of myogenic tone in 12-mo-old Coldal™*"" mice.
Conventional whole-cell patch-clamp electrophysiology was used
to measure Ky current density in cerebral artery SMCs from
12-mo-old Coldal™* and Coldal”“**"" mice. Ky currents were
evoked by applying a high concentration of K* (60 mM) to the
bath solution during voltage ramps (-100 to +20 mV). Voltage
ramps were repeated in the presence of the selective Kiy channel
blocker BaCl, (10 pM), and Ky current amplitude was deter-
mined by subtraction. Kjy current density was significantly smaller
in SMCs from 12-mo-old Coldal”“**"" mice compared with
Col4al** animals (Fig. 2 F and G). However, decreases in K*
current density depolarize the SMC plasma membrane and
increase vasoconstriction. Therefore, loss of Ky channel activity
does not account for the diminished myogenic tone of cerebral
arteries from 12-mo-old Col4a1*"“***" mice.

TRPM4 Currents Are Diminished in Cerebral Artery SMCs
from Middle-Aged Col4a1*/%**V Mice. TRPM4 channel activity
is necessary for pressure-induced SMC depolarization and the
development of myogenic tone in cerebral arteries (16-18).
TRPM4 channels are activated by high intracellular [Ca®],
selective for monovalent cations (i.e., Na® and K'), and
impermeant to Ca®* ions (24, 25). Patch-clamp electrophysiology
was used to determine whether TRPM4 activity was diminished
in SMCs from 12-mo-old Col4a1"“**"" mice. SMCs were patch-
clamped in the conventional whole-cell configuration with a
high [Ca®] intracellular solution to activate TRPM4 channels
directly. Currents were recorded as voltage ramps (-100 to +100
mV) were applied, and the ramp protocol was repeated in the
presence of the TRPM4 blocker 9-phenanthrol (30 pM). The
TRPM4 component of the whole-cell current was determined
by subtraction. lon substitution studies have demonstrated that
Ca”"-activated, 9-phenanthrol-sensitive currents recorded in this
manner are carried by Na" ions (16, 24, 25). These currents were
also blocked by the recently described (26, 27) selective TRPM4
inhibitor 4-chloro-2-[2-(naphthalene-1-yloxy) acetamido] benzoic
acid (NBA), providing substantial evidence that these are bona fide
TRPM4 currents (Fig. 3 and S/ Appendix, Fig. S1). We found that
conventional whole-cell TRPM4 currents recorded from SMCs
from 3-mo-old mice did not differ between mutants and controls
(Fig. 3 A and B). In contrast, whole-cell TRPM4 currents were
significantly blunted in SMCs from 12-mo-old Col4a1*****" mice
compared with controls (Fig. 3 Cand D).

In additional experiments designed to study the activity of
TRPM4 channels under near-physiological conditions, TRPM4-
dependent transient inward cation currents (TICCs) were recorded
from SMCs using an intracellular solution that minimally dis-
rupted intracellular Ca*' signaling (28). We found that TICCs
recorded from SMCs from 3-mo-old mice did not differ between
groups (Fig. 3 Fand F). In contrast, TICC activity and amplitude
were significantly lower in SMCs from 12-mo-old Coldal"**"
mice compared with Coldal ** animals (Fig. 3 G and H). Prior
studies used ion substitution to show that TICCs are Na" currents
and are inactivated by the downregulation of TRPM4 expression
(28, 29). TICCs were also inhibited by NBA (Fig. 3 and S/
Appendix, Fig. S1), providing further evidence that these currents
depend on TRPM4 activity. These findings suggest that

PNAS 2023 Vol.120 No.5 e2217327120

diminished TRPM4 channel activity accounts for the loss of myo-
genic tone in cerebral arteries from middle-aged Col4al G394V
mice.

Impaired TRPMA4 activity is restored by exogenous PIP2. Diminished
TRPM4 activity in SMCs from 12-mo-old Coldal”***"" mice
could result from decreased Tipm4 expression. However, we
used droplet digital PCR (ddPCR) to show that the number of

Trpm4 transcripts in cerebral arteries from 12-mo-old Coldal™*

and Col4al"“?*" mice was not different (Fig. 4A). We therefore
investigated dysregulation of TRPM4 activity using patch-clamp
electrophysiology.

The activities of TRPM4 and K channels are diminished in
SMCs from 12-mo-old Colda1"“**"" mice. Both channels require
PIP, for activity (21, 22), suggesting that PIP, depletion could
underlie the defects. We tested this idea by adding exogenous PIP,
to the intracellular solution during patch-clamp electrophysiology
experiments. We found that when diC8-PIP, (10 pM) was added
to the intracellular solution, conventional whole-cell TRPM4
currents (Fig. 4 Band C) and TICCs recorded from cerebral artery
SMCs from 12-mo-old Colda1*"“*** mice (Fig. 4 D and E) were
restored to the levels recorded from age-matched Col4al** mice.
Supplying PIP, via the intracellular solution also increased Kz
current density in SMCs from Col4a1"“**"" mice to the level of
control animals (Fig. 4 F and G). These data suggest that PIP,
levels are lower in SMCs from 12-mo-old Coldal”“***"" mice
compared to age-matched Col4al""" mice, leading to diminished
TRPM4 and K channel activity.

Inhibition of PI3K and TGF-§ Receptors Rescues Myogenic
Tone. The steady-state level of PIP, is controlled by the relative
activities of biosynthesis and removal pathways (Fig. 5A4). PIP,
is produced through sequential ATP-dependent phosphorylation
of phosphatidylinositol (PI) by the enzymes phosphatidylinositol
4-kinase (PI4K) and phosphatidylinositol-4-phosphate 5 kinase
(PIP5K). Prior studies report that diminished levels of ATP
underlie decreased synthesis of PIP, and reduced K channel
activity in brain capillary endothelial cells from CADASIL and
5xFAD Alzheimer’s disease mice (30, 31). We measured ATP levels
in freshly isolated cerebral artery SMCs from 12-mo-old control
and Col4a1""" mice using a combined luciferase/fluorescence
assay that demonstrated a broad dynamic range and high sensitivity
(Fig. 5 and SI Appendix, Fig. S1). SMC ATP levels did not differ
between 12-mo-old control and Coldal***"" mice (Fig. 5B),
suggesting that PIP, synthesis is not limited by ATP availability
in the mutant animals. We next considered pathways that remove
or modify PIP,. One of the ways that PIP, levels can be reduced
is by PI3K-induced phosphorylation to PIP;. To investigate this
possibility, we treated SMCs with the potent and selective PI3K
inhibitor GSK1059615 (10 nM) (32) and found that whole-cell
TRPM4 currents and TICCs recorded from SMCs isolated from
12-mo-old Coldal" " were restored to control levels by PI3K
inhibition (Fig. 5 Cand D). These data indicate that elevated PI3K
activity accounts for diminished PIP, levels and decreased TRPM4
currents in SMCs from 12-mo-old Co/4a1***"" mice.

Deficient TRPM4 channel activity in SMCs from 12-mo-old
Colda1”“**" mice is repaired by blocking PI3K. Therefore, we
used pressure myography to determine whether the PI3K pathway
is also linked to the loss of myogenic tone in cerebral arteries from
12-mo-old Coldal”“**" mice. Arteries were studied before and
after incubation with GSK1059615 (10 nM) for 30 min. This
treatment slightly increased the contractility of arteries from
12-mo-old Col4al** mice, but differences in myogenic tone did
not reach statistical significance (Fig. 5E). In contrast, blockade
of PI3K dramatically increased the contractility of cerebral arteries
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Fig. 3. TRPM4 currents are diminished in cerebral artery SMCs from 12-mo-old Col4a1

/G394 mice. (A) Typical I-V plots of whole-cell TRPM4 currents in SMCs

from 3-mo-old mice produced as voltage ramps (-100 to +100 mV) were applied. Currents were evoked by including 200 uM free Ca®* in the intracellular solution.
(B) Summary of TRPM4 current amplitude at +100 mV normalized to cell capacitance. n =5 to 6 cells from four or five animals per group. ns = not significant,
unpaired t test. (C) Representative I-V plots of whole-cell TRPM4 currents in SMCs from 12-mo-old mice. (D) Summary of TRPM4 current amplitude at +100 mV
normalized to cell capacitance in 12-mo-old mice. n = 7 cells from five animals per group. *P < 0.05, unpaired t test. (£) Typical recordings of whole-cell TICCs in
SMCs from 3-mo-old mice voltage-clamped at =70 mV. TICCs were inhibited by the TRPM4 blocker 9-phenanthrol (30 pM). (F) Summary of total TICC activity and
amplitude. n = 6 cells from three animals per group. ns = not significant, unpaired t test. (G) Representative recordings of TICCs in SMCs from 12-mo-old mice.
(H) Summary of total TICC activity and amplitude. n = 4 to 6 cells from three animals per group. *P < 0.05, unpaired t test.

from 12-mo-old Col4al”****" mice. The myogenic tone within
the physiological range (40 to 100 mmHg) was significantly ele-
vated and restored to the levels observed for arteries from control
animals (Fig. 5F). However, at higher levels of intraluminal pres-
sure (120 and 140 mmHg), the myogenic tone was not improved
by PI3K inhibition (Fig. 5F). These data suggest that elevated
PI3K activity in cerebral arteries from 12-mo-old Colda1”“***"
mice blunts the development of myogenic tone over a physiolog-
ically relevant range of pressures. Higher pressures, such as those
encountered during systemic hypertension, override the rescue
effect of PI3K inhibition.

https://doi.org/10.1073/pnas.2217327120

Data presented so far support a model in which elevated PI3K
activity decreases SMC PIP, levels and TRPM4 activity to impair
the development of myogenic tone in cerebral arteries from
12-mo-old Col4al"“***" mice. But how does a point mutation
in Col4al lead to elevated PI3K activity? Basement membranes
sequester and regulate the bioavailability of extracellular regulatory
proteins and growth factors and release these substances in
response to environmental cues. One of these factors, TGF-p, can
stimulate PI3K activity (33). We therefore investigated the effects
of acute TGF-P receptor blockade on the development of myo-
genic tone. The myogenic tone was measured in cerebral arteries
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Fig. 4. Impaired TRPM4 activity is restored by exogenous PIP,. (A) ddPCR assay for Trom4 mRNA (as transcript copies/ng total RNA) in cerebral arteries. n =5

or 6 animals. ns = not significant, unpaired t test. (B) Typical recordings of whole-cell TRPM4 currents in SMCs from 12-mo-old Col4a1™* and Col4a1*%** mice
with diC8-PIP, (10 pM) added to the intracellular solution. (C) Summary of TRPM4 current amplitude at +100 mV, normalized to cell capacitance (pA/pF). n =6
cells from four animals per group. ns = not significant, unpaired t test. (D) Representative recordings of TICCs in SMCs from 12-mo-old Col/4a7*"* and Col4a1"
639 mjce with diC8-PIP, (10 uM) added to the intracellular solution. (E) Summary of total TICC activity and amplitude. n = 4 to 7 cells from three or four animals
per group. ns = not significant, unpaired t test. (F) Representative recording of BaCl,-sensitive Kz whole-cell currents recorded in SMCs from 12-mo-old animals
with diC8-PIP, (10 uM) added to the intracellular solution. (G) Summary data of Kz current amplitude recorded at -~100 mV and normalized to cell capacitance
(pA/pF). n =7 to 11 cells from three animals per group. ns = not significant, unpaired t test.

from 12-mo-old control and Co/421"“***" mice before and after
treatment (30 min) with SB-431542 (1 pM), a potent and selec-
tive inhibitor of TGF-f type I receptors (34). The effects of this
treatment were strikingly similar to the i impact of the PI3K block-
ade. The contracility of arteries from Col4a1""* mice was slightly
increased in the presence of SB-431542, but the difference in
myogenic tone was not statistically significant (Fig. 5G). The myo-
genic tone of arteries from 12-mo-old Coldal sy mice was
enhanced at pressures in the normal range for nonhypertensives,
but the myogenic tone was not improved at higher pressure levels

(Fig. 5H). These data suggest that the blockade of TGF-p receptors

PNAS 2023 Vol.120 No.5 e2217327120

. . G394V .
restores the myogenic tone to arteries from Coldal”***" mice at

normal pressure levels, but the myogenic response remains
impaired at hypertensive pressure. Addition of GSK1059615 to
arteries treated with SB-431542 did not further increase the myo-
genic tone in arteries from either 12-mo-old Co/4al +/G391
control mice (Fig. 5 and SI Appendix, Fig. S2), suggesting that
PI3K activity acts downstream of TGF-f receptors. In control
experiments, we found that DMSO, the vehicle for both
GSK1059615 and SB-431542, had no effect on the myogenic
tone of cerebral vessels from either group (Fig. 5 and SI Appendix,
Fig. §3).
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Fig. 5. Inhibition of PI3K and TGF- receptors rescues myogenic tone. (4) PIP, synthesis and removal pathways. (B) Normalized SMC [ATP]. n = 3 animals per
group. ns = not significant, unpaired t test. (C) Typical recordings and summary data of whole-cell TRPM4 currents in SMCs from 12-mo-old Co/4a1*"* and Col4a1*’
6394 mice treated with the PI3K blocker GSK1059615 (10 nM). Inhibition of PI3K activity with GSK1059615 (10 nM) restores whole-cell TRPM4 currents in SMCs
from 12-mo-old Col4a1*%3 mice to the level of controls. n = 5 to 6 cells from three or four animals per group. ns = not significant, unpaired t test. (D) Inhibition
of PI3K activity with GSK1059615 (10 nM) restores TICC activity and amplitude recorded from SMCs from 12-mo-old Co/4a1*%*** mice to the level of controls.
n = 6 cells from four animals per group. ns = not significant, unpaired ¢ test. (E and F) Representative traces (F) and summary data (F) of the myogenic response
of cerebral arteries from 12-mo-old Co/4a1** and Col4a1*%3 mice before and after blocking PI3K with GSK1059615 (10 nM, 30 min). n = 6 arteries from four
or five animals per group, *P < 0.05, ns = not significant, two-way ANOVA. (G and H) Representative traces (G) and summary data (H) of the myogenic response
of cerebral arteries from 12-mo-old Col4a1”* and Col4a1*/%*** mice before and after blocking TGF- receptors with SB-431542 (1 uM, 30 min). n = 5 to 6 arteries
from three animals per group, *P < 0.05, ns = not significant, two-way ANOVA.

Discussion this pathology are unknown. Here, we investigated how a specific
) o point mutation in Co/4a1 damages small arteries in the brain during
Autosomal dominant mutations in COL4A1 and COL4A2 cause aging. Our findings show that the vascular myogenic response, a

¢SVD and related brain injuries, including ICH, porencephaly, and  process that is vital for the autoregulation of cerebral blood flow, was
white matter lesions (3, 4), but the mechanistic underpinnings of ~ deficient in cerebral arteries from middle-aged, but not young adult,
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Coldal"“*" mice. Electrophysiological analysis of SMCs from
these animals revealed that the loss of myogenic tone was associated
with diminished activity of TRPM4 cation channels. TRPM4 cur-
rents were rescued by dialyzing SMCs with PIP, or by preventing
the conversion of PIP, to PIP; by blocking PI3K. Our data also
show that inhibition of PI3K or TGF-f receptors restored the myo-
genic tone of cerebral arteries from middle-aged Co/4a1 O mice
We conclude that the loss of myogenic tone in arteries from
12-mo-old Coldal"*" mice is due to pathological overstimulation
of TGF-f receptors that drives increased PI3K activity to deplete
PIP, and diminish cation influx through TRPM4 channels. Loss of
TRPM4’s depolarizing influence decreases voltage-dependent Ca™*
influx to reduce SMC contractility and myogenic vasoconstriction.
These findings reveal an age-dependent mechanism of ¢SVD.
Disrupted PIP, metabolism has emerged as a leading patho-
genic process in multiple types of ¢SVDs (35). In prior studies,
PIP, deficits were shown to reduce K channel activity in brain
capillary endothelial cells and impair somatosensory-induced
functional hyperemia in CADASIL ¢SVD and 5xFAD familial
Alzheimer’s disease mice (30, 31). Here, we demonstrated that
pathologically lowered PIP, levels in SMCs disrupt TRPM4 cation
channels and impair the development of myogenic tone in cerebral
arteries from middle-aged Col4a1"“*"" mice. Interestingly, Ki
channel activity and PIP, levels were not altered in SMCs and
cerebral arterial endothelial cells from CADASIL and 5xFAD mice
(30, 31), suggesting cellular heterogeneity in PIP, defects in dif-
ferent types of cSVD. The effects of cSVDs on PIP, levels in other
types of cells involved in cerebral blood flow regulation, such as
pericytes, microglia, and astrocytes, have not been reported, but
such data may be enlightening. Diminished intracellular ATP
levels and impaired PIP, synthesis reportedly account for the defi-
cit in brain capillary endothelial cells (30, 31). However, ATP
levels in SMCs from Col4a1""“**"" mice did not differ from con-
trols. Instead, our data indicate that elevated PI3K activity and
conversion of PIP, to PIP; are responsible for the deficit. Thus,
although multiple forms of ¢SVDs may share PIP, insufficiency
as a core pathogenic mechanism, the pathways to depletion differ.
Pharmacological manipulation of PIP, may prove to be a break-
through treatment option for multiple types of cSVDs. Further
investigations into fluctuations of brain vascular PIP, levels during
normal aging and sporadic forms of cSVDs are essential.
Elevated TGEF-p signaling has been shown to contribute to the
ocular pathogenesis of Co/421 mutant mice (36). Acute block of
TGF-p receptors repaired defective myogenic tone of cerebral arter-
ies from middle-aged Col4al™“***" mice, implicating this pathway
in the deficiency. Our ﬁndig%s also suggest that TGF-f acts
upstream of PI3K in Colda1**”"" mice. A prior report shows that
TGF-P receptors bind the ubiquitin ligase TNF receptor-associated
factor 6 (TRAFG) (37). When activated, TRAFG6 stimulates Lys“’
linked ubiquitylation of the p85a (regulatory) subunit of PI3K,
activating the catalytic subunit and increasing the conversion of
PIP, to PIP, (37). Disrupted TGF- signaling is also associated
with cerebral autosomal recessive arteriopathy with subcortical
infarcts and leukoencephalopathy (CARASIL), a familial form of
cSVD that is caused by mutations in H7RA1 (38). HTRAI encodes
a serine protease localized to the extracellular matrix (ECM) that
normally contributes to the restraint of TGF-p signaling, and
CARASIL-causing mutations disinhibit these pathways (38). It is
not known if elevated TGF-f signaling associated with CARASIL
also increases PI3K activity to deplete PIP, and disrupt ion channel
activity, but this outcome is possible and potentially exciting. It is
also not known how COL4A1 mutations increase TGE-f signaling.
The production and maturation of TGF-} and activation of corre-
sponding signaling cascades are complex processes, suggesting

PNAS 2023 Vol.120 No.5 e2217327120

several possibilities for the defect. TGF- ligand and latency-asso-
ciated protein (LAP) are expressed as single pre-pro precursor pol-
ypeptides that form homodimers and are subsequently cleaved by
proteases during posttranslational processing (39). The ligand dimer
noncovalently associates with LAP, this complex is covalently
attached to latent TGF-B-binding protein (LTBP), and the entire
assembly is secreted from the cell and sequestered by the ECM as
an inactive complex (39). TGF- ligand is liberated to bind its
receptors and initiate signaling cascades by several stimuli, including
activation of integrins and/or modification of the ECM by metal-
loproteases (39). Any of these processes could be affected by Co/4al
mutations in a way that increases TGF-p bioavailability. For exam-
ple, it is conceivable that defects in the structure of the basement
membrane associated with the incorporation of mutant collagen,
in conjunction with the insults of normal aging, impair the seques-
tration of the TGF- LAP complex in 12-mo-old Col/4al H/39AV
mice, leading to increased availability, activation of the cognate
signaling cascades, and ultimately, vascular dysfunction.

Even within monogenetic forms of familial cSVD, the patho-
genic mechanisms and impacts of the disease widely vary. For exam-
ple, Col4a1™“**" mutant mice displayed cSVD-like pathology in
young adult animals together with hypermuscularity and elevated
pressure-induced contractility of pericyte-ensheathed transitional
vascular segments bridging capillaries and arterioles in the retinal
vasculature (40, 41). Here, we show that cerebral vascular dysfunc-
tion in Col4al**"" mice is observed from middle age and involves
the loss of pressure-induced constriction of cerebral arteries caused
by faulty TRPM4 cation channels in SMCs. These and other exam-
ples show that ¢SVDs are a cluster of related disorders with similar
outcomes arising from different processes rather than a single, mon-
olithic disease. Accordingly, a targeted, precision medicine-based
approach may be the best strategy for developing effective thera-
peutics for cSVDs and associated dementias.

Materials and Methods

Chemical and Reagents. Unless otherwise specified, chemicals and other rea-
gents were obtained from Sigma-Aldrich, Inc.

Animals. Young adult (3-mo-old) and middle-aged (12-mo-old) male and female
littermate Col4a1*’* and Col4a1*/3"*" mice were used in this study. The
Col4a1%*** mutation was backcrossed to C57BL/6J mice for over 20 generations
(13, 42). Animals were maintained in individually ventilated cages (<5 mice/
cage) with ad libitum access to food and water in a room with controlled 12-h light
and dark cycles. All animal care procedures and experimental protocols involving
animals complied with the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use Committees at the
University of Nevada, Reno, and UCSF. mice were euthanized by decapitation
and exsanguination under isoflurane anesthesia (Baxter Healthcare). Brains were
isolated and placed in ice-cold Ca”*-free physiological saline solution (Mg-PSS,
containing 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 10 mM HEPES, and 10 mM
glucose (pH 7.4, NaOH), supplemented with 0.5% bovine serum albumin).

Brain Histological Analysis. Anesthetized mice were transcardially perfused
with PBS, followed by 4% paraformaldehyde (Fisher) dissolved in PBS. Whole
brain images were acquired using a digital camera (Sony 6000; Sony). Brains
were postfixed in 4% paraformaldehyde for 24 h, cryoprotected in 30% sucrose in
PBS, and embedded in optimal cutting temperature compound (Fisher). Coronal
cryosections (35 pm) regularly spaced (500 um) along the rostrocaudal axis were
stained with a Prussian blue and Nuclear Fast Red stain kit (Abcam). Images
were acquired with a BZ-X700 microscope using BZX Viewer 1.3.0.5 software
and stitched with BZ-X Analyzer 1.3.0.3 software (Keyence).

Isolation of Cerebral Arteries and SMCs. Cerebral pial arteries (middle cere-
bral, posterior cerebral, and superior cerebellar) were gently removed from the
brain and washed in Mg-PSS. Native SMCs for patch-clamp experiments were

https://doi.org/10.1073/pnas.2217327120 9 of 11



10 of 11

obtained by initially digesting isolated arteries in 1 mg/mL papain (Worthington
Biochemical Corporation), 1 mg/mL dithiothreitol (DTT), and 10 mg/mL BSA in
Mg-PSS at 37 °Cfor 12 min, followed by a 14-min incubation with 1 mg/mLtype
Il collagenase (Worthington Biochemical Corporation). A single-cell suspension
was prepared by washing digested arteries three times with Mg-PSS and tritu-
rating with a fire-polished glass pipette. All cells used for this study were freshly
dissociated on the day of experimentation.

Pressure Myography. The current best practices guidelines for pressure myogra-
phy experiments were followed (43). Arteries were mounted between two glass
cannulas (outer diameter, 40 to 50 pm)in a pressure myograph chamber (Living
Systems Instrumentation) and secured by a nylon thread. Intraluminal pres-
sure was controlled using a servo-controlled peristaltic pump (Living Systems
Instrumentation). Preparations were visualized with an inverted microscope
(Accu-Scope Inc.) coupled to a USB camera (The Imaging Source LLC). Changes
in luminal diameter were assessed using lonWizard software (version 7.2.7.138;
lonOptix LLC, Westwood, MA, USA). Arteries were bathed in warmed (37 °C), oxy-
genated (21% 0,, 6% CO,, 73% N,) PSS (119 mM NaCl, 4.7 mM KCl, 21 mM
NaHCOs, 1.17 mM MgSO,, 1.8 mM CaCl,, 1.18 mM KH,PO,, 5 mM glucose,
0.03 mM EDTA) atan intraluminal pressure of 5 mmHg. Following equilibration
for 15 min, intraluminal pressure was increased to 110 mmHg, and vessels were
stretched to their approximate in vivo length, after which pressure was reduced
back to 5 mmHg for an additional 15 min. Vessel viability was assessed for each
preparation by evaluating vasoconstrictor responses to high extracellular [K*]PSS,
made isotonic by adjusting the [NaCl] (60 mM KCl, 63.7 mM NaCl). Arteries that
showed less than 10% constriction in response to elevated [K*] were excluded
from further investigation.

The myogenic tone was assessed by raising the intraluminal pressure step-
wise from 5 mmHg to 20 mmHg and then to 140 mmHg in 20 mmHg incre-
ments. The active diameter was obtained by allowing vessels to equilibrate for
at least 5 min at each pressure or until a steady-state diameter was reached.
Following completion of the pressure-response study, intraluminal pressure
was lowered to 5 mmHg, and arteries were superfused with Ca”*-free PSS sup-
plemented with EGTA(2 mM) and the voltage-dependent Ca?* channel blocker
diltiazem (10 puM) to inhibit SMC contraction, after which passive diameter
was obtained by repeating the stepwise increase in intraluminal pressure. The
myogenic tone at each pressure step was calculated as myogenic tone (%) =
[1-(active lumen diameter/passive lumen diameter)] x 100. For some exper-
iments, the endothelium was disrupted by passing air bubbles through the
lumen as previously described (43).

Electrophysiological Recordings. Enzymatically isolated native SMCs were
transferred to a recording chamber (Warner Instruments) and allowed to adhere
to glass coverslips for 15 min at room temperature. Recording electrodes (3 to
5 MQ) were pulled and polished. Currents were recorded at room temperature
using an Axopatch 200B amplifier (Molecular Devices) equipped with an Axon
CV 203BU headstage and Digidata 1440A digitizer (Molecular Devices) for all
patch-clamp electrophysiology experiments.

The bathing solution composition for perforated-patch whole-cell recordings
of K, currents and STOCs was 134 mM NaCl, 6 mM KCI, 1 mM MgCl,, 2 mM
CaCl,, 10 mM HEPES, and 10 mM glucose at pH 7.4 (NaOH). The pipette solu-
tion contained 110 mM K-aspartate, 1 mM MgCl,, 30 mM KCI, 10 mM Nacl,
10 mM HEPES, and 50 puM EGTA at pH 7.2 (KOH). Amphotericin B (200 pg/mL)
was included in the pipette solution of all perforated-patch recordings to allow
electrical access. Perforation was deemed acceptable if series resistance was less
than 50 MQ. Whole-cell K™ currents were recorded using a step protocol (—60
to +60 mV in 10-mV, 250-ms steps) from a holding potential of —80 mV. The
BK channel blocker paxilline (1 uM) was included in the bath solution when Kv
currents were recorded. Whole-cell K™ currents were recorded in the absence and
presence of 4-aminopyridine (5 mM), and the Kv component was determined by
subtraction. Summary current-voltage (I-V) plots were generated using values
obtained from the last 50 ms of each step. STOCs, produced by the efflux of K*
through BK channels, were recorded from SMCs voltage-clamped at a range of
membrane potentials (=60 to 0 mV).

Conventional whole-cell patch-clamp electrophysiology was used to meas-
ure Ba’*-sensitive K currents in isolated cerebral artery SMCs. Currents were
recorded by voltage-ramp protocol (=100 mV to +20 mV for 3,000 ms) from
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the holding potential of =30 mV. Voltage ramps were repeated every 10 s for
300 s. The composition of external bathing solution was 80 or 134 mM NaCl,
60 or 6 mM KCI, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose, and 2 mM CaCl,
(PH 7.4).The pipette solution was of the following composition: 5 mM NaCl, 35
mM KCl, 100 mM K-gluconate, T mM CaCl,, 0.5 mM MgCl,, 10 mM HEPES, 10
mM EGTA, 2.5 mM Na,- ATP, and 0.2 mM GITP (pH 7.2). The Kir channel currents
were activated by increasing the extracellular K* concentration from 6 to 60 mM
(replacing Na*) and blocked using Ba** (10 uM).

Whole-cell TRPM4 currents were recorded in a bath solution consisting of 156
mM NaCl, 1.5 mM CaCl,, 10 mM glucose, 10 mM HEPES, and 10 mM TEACI (pH
7.4, adjusted with NaOH). The patch pipette solution contained 156 mM CsCl,
8 mM NaCl, T mM MgCl,, 10 mM HEPES (pH 7.4, adjusted with NaOH), and a
free Ca®* concentration of 200 pM, adjusted using the appropriate amount of
CaCl, and EGTA, as determined with Max-Chelator software (WEBMAXC standard,
available at https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/
webmaxc/webmaxcS.htm). Whole-cell cation currents were evoked by applying
400-ms voltage ramps from —100 to +100 mV from a holding potential of —60
mV.Voltage ramps were repeated every 2 s for 300 5. The selective TRPM4 inhibitor
9-phenanthrol (30 uM) or NBA (3 pM) was applied after the peak TRPM4 current
was recorded (~60s). Whole-cell TRPM4 current amplitude was expressed as the
9-phenanthrol or NBA-sensitive current at +100 mV.

TICCs were recorded using modified whole-cell patch-clamp conditions as
described in our previous publication (28). The bath solution contained 140 mM
NaCl, 5mM CsCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES
(pH 7.4, adjusted with NaOH). The pipette solution contained 20 mM CsCl, 87
mM K-aspartate, 1T mM MgCl,, 5 mM MgATP, 10 mM EGTA, and 10 mM HEPES
(pH 7.2, adjusted with CsOH). Cells were voltage-clamped at =70 mV, and TICC
activity was calculated as the sum of the open channel probability (NP,) of mul-
tiple open states of 1.75 pA (44).

Isolation of RNA and ddPCR. Total RNA was extracted from isolated cerebral
arteries by homogenization in TRIzol reagent (Invitrogen), followed by purifi-
cation using a Direct-zol RNA microprep kit (Zymo Research) with on-column
DNAse treatment. RNA concentration was determined using an RNA 6000 Pico
Kit run on a Bioanalyzer 2100 using Agilent 2100 Expert Software (B.02.11;
AgilentTechnologies). RNA was converted to cDNA using iScript cDNA Supermix
(Bio-Rad, Hercules). Quantitative ddPCR was performed using QX200 ddPCR
EvaGreen Supermix (Bio-Rad), cDNA templates, and custom-designed prim-
ers for Trom4 (NM_175130.4): 5 -TTCACGTACTCTGGCCGAAA-3” (sense) and
5’-CGGGTAACGAGACTGTACACA-3 (antisense). Generated droplet emulsions were
amplified using a C100 Touch Thermal Cycler (Bio-Rad), and the fluorescence
intensities of individual droplets were measured using a QX200 Droplet Reader
(Bio-Rad) running QuantaSoft (version 1.7.4; Bio-Rad). Analysis was performed
using QuantaSoft Analysis Pro (version 1.0596; Bio-Rad).

Measurement of [ATP] in SMCs. Cerebral artery SMCs were prepared by
enzymatic digestion. The cell suspension was passed through a 70-um cell
strainer (VWR) to remove large debris, and the viable SMC concentration was
determined by manual count using a hemocytometer and Trypan Blue stain-
ing.The intracellular (ATP) was determined by lysing the cells and quantifying
luminescence produced by luciferase-induced conversion of ATP to light using
the CellTiter-Glo Assay 3D (Promega). Approximately 5,000 SMCs were added
to each reaction. To further ensure equal input of SMCs, the CellTiter-Glo 3D
Assay was multiplexed with CellTox Green Assay (Promega), a fluorescent dye
that selectively and quantitatively binds double-stranded DNA. Dye fluores-
cence is directly proportional to DNA concentration and the number of cells in
each assay. ATP concentration (luminescence) was normalized to the number of
cells (fluorescence) to determine intracellular ATP per cell. Luminescence and
fluorescence (485,/538,,) were measured using a FlexStation 3 (Molecular
Devices). A serial tenfold dilution of ATP (1 nM to 1 pM; 80 pl contains 8 to
87" moles of ATP, respectively) was measured to calibrate the linear working
range of ATP detection. Data were expressed as the ratio of ATP luminescence/
DNA fluorescence.

Statistical Analysis. All summary data are presented as means + SEM. Statistical
analyses were performed, and graphs were constructed using Prism version
9.3.1(GraphPad Software). The value of n refers to the number of cells for patch-
clamp electrophysiology experiments and arteries for myography experiments.
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Statistical analyses were performed using unpaired Student's t tests or two-way
ANOVA. A Pvalue < 0.05 was considered statistically significant for all analyses.

Data, Materials, and Software Availability. All data needed to evaluate the con-
clusionsinthe paperare presentin the paper orthe S/Appendix.All supporting data
have been depositedina publicly available database (https:/figshare.com/articles/
figure/Yamasaki_et_al_PNAS_2022_Source_Data_Files_xIsx/21892776)
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