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Very Low-Intensity Ultrasound Facilitates Glymphatic Influx
and Clearance via Modulation of the TRPV4-AQP4 Pathway

Chueh-Hung Wu, Wei-Hao Liao, Ya-Cherng Chu, Ming-Yen Hsiao, Yi Kung,

Jaw-Lin Wang,* and Wen-Shiang Chen*

Recently, the glymphatic system has been proposed as a mechanism for
waste clearance from the brain parenchyma. Glymphatic dysfunction has
previously been shown to be associated with several neurological diseases,
including Alzheimer’s disease, traumatic brain injury, and stroke. As such, it
may serve as an important target for therapeutic interventions. In the present
study, very low-intensity ultrasound (VLIUS) (center frequency, 1 MHz; pulse
repetition frequency, 1 kHz; duty factor, 1%,; spatial peak temporal average
intensity [I,,] = 3.68 mW cm?; and duration, 5 min) is found to significantly
enhance the influx of cerebrospinal fluid tracers into the paravascular spaces
of the brain, and further facilitate interstitial substance clearance from the
brain parenchyma, including exogenous f-amyloid. Notably, no evidence of
brain damage is observed following VLIUS stimulation. VLIUS may enhance
glymphatic influx via the transient receptor potential vanilloid-4-aquaporin-4

The current model of the glymphatic sys-
tem proposes an influx of cerebrospinal
fluid (CSF) from the subarachnoid space
into the brain parenchyma through the
periarterial spaces, mixing with parenchy-
mal interstitial fluid (ISF) and waste prod-
ucts facilitated by aquaporin-4 (AQP4)
channels in the endfeet of astrocytes, re-
sulting in drainage through the perive-
nous spaces.[!! Glymphatic dysfunction has
previously been associated with several
neurological diseases in animal models,
such as Alzheimer’s disease,?! traumatic
brain injury,'®?! stroke,l migraine,l®! mul-
tiple sclerosis,[®! and amyotrophic lateral
sclerosis.l’l Because of its pathophysiologi-

pathway in astrocytes. This mechanism may provide insights into
VLIUS-regulated glymphatic function that modifies the natural course of
central nervous system disorders related to waste clearance dysfunction.

1. Introduction

Waste clearance is important for maintaining the normal func-
tioning of the central nervous system (CNS). The glymphatic
system has recently been identified as an important mecha-
nism which functions to clear waste from the brain parenchyma.

cal association with a broad range of CNS
diseases, the glymphatic system has been
considered a potentially important target
for therapeutic intervention.

Interactions between the glymphatic sys-
tem and various intrinsic and extrinsic fac-
tors, such as sleep, body posture, blood
pressure, aging, and anesthesia have previously been reported.
Further, research has shown that the glymphatic influx decreases
following sleep deprivation,!®l and was more effective in the
right lateral decubitus position than in the prone position.[°!
Epinephrine-induced acute hypertension considerably reduced
the influx of CSF tracers.[') Decreased glymphatic clearance has
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also been observed in older brains.[''l Some anesthetics (e.g.,
xylazine and dexmedetomidine) show higher CSF tracer influx,
similar to that observed during spontaneous sleep, whereas oth-
ers (e.g., pentobarbital and isoflurane) significantly inhibit glym-
phatic influx.['?! As the glymphatic system aids in the removal of
waste, such as f-amyloid and tau proteins, from the CNS, and
can be modulated by various factors, exploring ways to enhance
glymphatic function may be a good therapeutic approach for the
treatment of CNS disorders related to waste clearance dysfunc-
tion.

AQP4 is characterized by its paravascular distribution, and is
closely associated with glymphatic function.!'*] Studies on AQP4-
knockout mice revealed uninterrupted influx within the periar-
terial spaces; however, the flow of tracers from these spaces to
the surrounding parenchyma was significantly hindered, indi-
cating that the role of AQP4 in facilitating fluid movement be-
tween the paravascular and interstitial spaces.!'3l Notably, Sntal-
knockout mice exhibited regular AQP4 expression, but mani-
fested a deficiency in AQP4 polarization, which consequently
leads to diminished glymphatic flow, similar to AQP4-knockout
mice.'3] This observation underscores the importance of AQP4
polarization in the maintenance of proper glymphatic function.
Calmodulin (CaM) is directly associated with the carboxyl ter-
minus of AQP4, triggering a distinct conformational alteration
that drives AQP4 polarization; importantly, the polarization pro-
cess of AQP4 is susceptible to inhibition by trifluoperazine, a
CaM inhibitor.'"*l One other study employing coimmunoprecip-
itation and immunohistochemistry analyses demonstrated inter-
action and co-localization of AQP4 with transient receptor poten-
tial vanilloid 4 (TRPV4),[*>] notably highlighting the presence of a
TRPV4/AQP4 complex, which plays a critical role in maintaining
brain volume homeostasis, within astrocytes. Hence, the com-
plex interplay between TRPV4, CaM, and AQP4 may underscore
the potential of their modulation to intricately influence glym-
phatic function.

Mechanical stimulation may also affect glymphatic function.
For example, one study showed that fluid shear stress, anal-
ogous to that produced by paravascular CSF or ISF dynam-
ics, could mechanically stimulate N-methyl-D-aspartate recep-
tors on astrocytes, producing increased calcium ion (Ca**) cur-
rents and indicating a role of mechanotransduction in glym-
phatic flow.l'®] Another study demonstrated the crucial role of
TRPV4 in ultrasound (without microbubbles)-mediated blood-
brain barrier (BBB) permeability.'”] Transcranial ultrasound
without microbubbles enhances the influx of cerebrospinal fluid
into the paravascular spaces of the brain, glymphatic system,
and brain parenchyma.[*! Moreover, one recent study indicated
that focused ultrasound with microbubbles could enhance the
glymphatic-lymphatic clearance of f-amyloid, predominantly by
increasing brain-to-CSF f-amyloid drainage.['?) Based on these
findings, we hypothesized that ultrasound may be a promising
therapeutic intervention for degenerative CNS disorders. Fur-
thermore, we propose that one of the underlying mechanisms by
which ultrasound exerts its beneficial effects is the enhancement
of glymphatic function via the TRPV4/AQP4 pathway.

In the present study, we investigated the changes in glym-
phatic dynamics induced by ultrasound. Our previous study re-
vealed a significant capacity of very low-intensity ultrasound
(VLIUS) to stimulate neurogenesis in specific regions of the
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mouse brain without detrimental effects.?"] In the present study,
we aimed to elucidate the connections between VLIUS, TRPV4,
and AQP4, with a focus on their roles in modulating glymphatic
function.

2. Results

2.1. VLIUS Increased CSF Tracer Influx

First, we evaluated the effects of different ultrasound intensities
on the circulation in the glymphatic system. The results showed
that the intensity at the spatial peak temporal average intensity
(L) Of 3.68 mW cm? could effectively promote tracer influx
into the brain (Figure 1A; Figure S2, Supporting Information).
Furthermore, our utilization of 500 um thick tissue, in conjunc-
tion with tissue-clearing procedures, facilitated the acquisition of
more intricate imaging results. These results allowed us to in-
vestigate specific aspects, including the extent and depth of cere-
brospinal fluid (CSF) expansion within the paravascular spaces.
We observed that VLIUS stimulation significantly increased both
the quantity and depth of tracer diffusion into the paravascular
spaces. (Figure 1B-D). Measurements of tracer penetrance at var-
ious slice positions relative to the bregma revealed that VLIUS
stimulation increased CSF penetrance throughout the posterior
(bregma —2) to the anterior (bregma +1) sections, indicating
that the effect was not region-specific (Figure 1E). Quantifica-
tion of the tracer intensity in the cortical parenchyma indicated
that depth-dependent profiles decayed with cortical depth follow-
ing the initial peak in both VLIUS-stimulated and control mice.
Notably, the tracer signals in the cortex of the VLIUS-stimulated
mice showed a higher intensity and deeper penetrance into the
parenchyma (Figure 1F). In vivo transcranial live imaging of the
CSF tracer revealed greater CSF influx in the VLIUS stimulation
group compared with the control group at 15 min (Figure 1G and
Video S1, Supporting Information). The tracer was distributed
into the brain parenchyma through a network of paravascular
spaces in the cerebral arteries on the brain surface. A greater de-
gree of tracer infiltration into the brain was observed in VLIUS-
stimulated mice than in control mice at all observation times.

2.2. VLIUS Enhanced Interstitial Substance Clearance

In addition to promoting CSF tracer influx, we analyzed whether
VLIUS promoted tracer removal from the anterior striatum.
Three hours following the intrastriatal injection, the mice were
euthanized, and the tracer residues in their brains were analyzed.
VLIUS stimulation significantly reduced tracer residues in the in-
jection area (Figure 2B,C), indicating that VLIUS promotes waste
clearance in the brain. The observed effect was not limited to a
specific brain region, as evidenced by the significantly reduced
tracer residues spanning the posterior (bregma —1) to the ante-
rior (bregma +1) sections within the injection area (Figure 2C,D).

We further quantified the tracer intensity in the deep cervi-
cal lymph nodes (dcLNs), which revealed a marked elevation in
the ipsilateral dcLNs (situated on the same side as the tracer in-
jection site) following VLIUS stimulation (Figure 2E,F). In vivo
transcranial live imaging revealed a faster and greater increase in
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Figure 1. VLIUS stimulation increases CSF tracer influx. A) Representative images of coronal brain sections +0 mm from the bregma showing an increase
in CSF tracer penetrance in response to very low-intensity ultrasound (VLIUS) compared to controls. Scale bar: 1 mm. Quantification of the influx area
B), influx numbers C), and influx length D) of VLIUS stimulation compared to controls: dots represent individual mice in each group. n = 10 mice/group;
two independent repeats of n = 5 mice per group; E) Positional slice-by-slice representation of the area covered by tracer influx in coronal brain slices
relative to the bregma. The solid line represents the percentage of the average tracer influx of all brain slices at that section per condition (shaded area
= +STDEV). n = 10 mice/group; two independent repeats of n = 5 mice per group F) Tracer penetration depth is measured at the cortical position 2
mm lateral to the midline, from the pial surface to a depth of 500 um in the coronal section. Quantification of the mean fluorescence intensity of the
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dcLN tracer intensity in the VLIUS stimulation group compared
with the control group (Figure 2G,H and Video S2, Supporting
Information). Given that waste products within the brain may
ultimately be cleared through the lymphatic vessels, ultimately
reaching the dcLNs, this observation suggests that VLIUS stim-
ulation facilitates the removal of substances from the brain.

2.3. VLIUS Promoted Glymphatic Function by Activating TRPV4

One prior study showed that mechanical waves (shock waves or
ultrasound) could activate the TRPV4 mechanosensitive chan-
nel, thus promoting Ca?* influx into vascular endothelial cells
and ultimately affecting BBB integrity.'”) We wished to deter-
mine whether VLIUS, at much lower intensities than those previ-
ously used, had similar effects on the TRPV4 channel. To achieve
this, we used a micropipette-guided ultrasound devicel?!! to ob-
serve the effects of VLIUS stimulation on C6 cells in vitro. C6
cells are astrocyte-like cells that endogenously express TRPV4.
Astrocytes play an important role in the regulation of glymphatic
function, while TRPV4 activation induces Ca’** influx.[??! Thus,
the effects of VLIUS stimulation and TRPV4 antagonists on Ca?*
influx were investigated to determine whether VLIUS activated
TRPV4. The results showed that VLIUS stimulation promoted
Ca’* influx, and that pretreatment with TRPV4 antagonists re-
duced these effects in a dose-dependent manner (Figure 3A).

In addition, TRPV4 is expressed in astrocytic endfeet to
regulate Ca?* oscillations, and to mediate vasodilation and
vasoconstriction.[?) The fact that cerebral artery pulsation drives
the circulation of the glymphatic system,l?*] and that TRPV4
directly regulates vasodilation indicates that TRPV4 may affect
glymphatic function. Our experiment revealed that the CSF
tracer entered the paravascular space between the vascular en-
dothelium and astrocyte endfeet, where TRPV4 was expressed
(Figure 3B and B’), consistent with previous findings.[?3*?%] Treat-
ment with a TRPV4 agonist (GSK1016790A) promoted tracer
influx, and such effect was blocked by the co-administration
of a TRPV4 antagonist (GSK2193874). (Figure 3D,E) Similarly,
VLIUS-stimulated glymphatic influx was inhibited by the TRPV4
antagonist (GSK2193874) (Figure 3F,G), indicating the crucial
role of TRPV4 in mediating VLIUS-stimulated glymphatic influx.

2.4. AQP4 Water Channel Mediated TRPV4-Facilitated
Glymphatic Function

AQP4 is an astrocytic water channel that plays an important
role in regulating the glymphatic system, and contributes to the
regulation of water homeostasis, waste clearance, neurotrans-
mission, and response to brain injury.'*?¢) TRPV4 and AQP4
synergistically regulate cellular and tissue functions such as as-
trocyte volume regulation,[*>?’] calcium homeostasis,[?’) and CSF
secretion,?®! meaning that astrocytes are more sensitive to extra-

www.advancedscience.com

cellular osmotic gradients.??! We hypothesized that AQP4 is in-
volved in TRPV4-promoted glymphatic circulation. The confocal
analysis of mouse brain sections revealed that TRPV4 and AQP4
co-localized at the astrocyte endfeet (Figure 4A,A’,B). The TRPV4
agonist-promoted CSF tracer influx was inhibited by concomitant
administration of an AQP4 inhibitor (AER271) (Figure 4C,D).

Previous studies have shown that the TRPV4 channel facil-
itates the influx of Ca’* into astrocytes, thus activating CaM,
which then directly or indirectly increases the translocation of
AQP4 to the cell surface to induce edema.l'**° Trifluoperazine
(TFP), a CaM antagonist, significantly inhibits AQP4 transloca-
tion to the cell surface in vitro and CNS edema.['*] In this study,
TFP treatment significantly decreased TRPV4 agonist-induced
CSF tracer influx (Figure 4C,D). Taken together, these findings
indicate that TRPV4 agonist-promoted glymphatic function is
regulated by AQP4.

2.5. VLIUS-promoted glymphatic function regulated by AQP4
water channels

As previously described, VLIUS promotes glymphatic influx by
activating TRPV4 (Figure 3D-G), while AQP4 is required to regu-
late the influx of CSF tracers into the brain parenchyma following
TRPV4 activation (Figure 4C,D). We subsequently investigated
whether VLIUS-promoted CSF tracer influx was similarly medi-
ated by the AQP4 water channel. Concomitant administration of
an AQP4 inhibitor (either AER271 or TGN020) significantly in-
hibited the VLIUS-induced CSF tracer influx (Figure 5). These re-
sults indicate that the VLIUS-TRPV4-AQP4 pathway plays a sig-
nificant role in modulating the glymphatic system.

2.6. VLIUS Facilitates the Clearance of Exogenous f-Amyloid,
Mediated by TRPV4

In healthy brains, f-amyloid is naturally expressed and cleared
through the glymphatic system. However, impairments in the
clearance of f-amyloid can lead to its accumulation and, ulti-
mately, plaque aggregation, which can disrupt neuronal function
and cause cell death. In this study, we demonstrated that VLIUS
enhanced the clearance of fluorescent tracers; however, whether
it could aid in the removal of f-amyloid is crucial to understand
the future clinical therapeutic application of VLIUS. Following
intrastriatal injection of f-amyloid (1-42), mice were euthanized,
and the f-amyloid residues in their brains were analyzed. VLIUS
stimulation significantly reduced p-amyloid residues in the in-
jection area (Figure 6B,C), indicating that VLIUS improves f-
amyloid clearance in the brain. Furthermore, treatment with a
TRPV4 agonist promoted f-amyloid clearance, while treatment
with a TRPV4 antagonist attenuated VLIUS-mediated f-amyloid
clearance (Figure 6D). These results strongly suggest that VLIUS
plays a role in facilitating the removal of waste products from the
brain, in a manner mediated by TRPV4.

tracer indicates that VLIUS stimulation induces greater penetration of the tracer deep into the brain (n = 5, respectively). G) Representative time-lapse
images of CSF influx over the first 60 min immediately following tracer injection in control and VLIUS-stimulated mice. Images (16-bit pixel depth) are
color coded (royal form Image)) to depict pixel intensity (Pl) in arbitrary units (AU). CSF, cerebrospinal fluid; VLIUS, very low intensity ultrasound. Scale
bar: 1 mm. The results, for which the data are presented as mean + SD (error bars denote SD), shown in Figure 1 (B, C, D) were analyzed using an
independent t-test to assess between-group differences. An asterisk indicates p < 0.05.
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Figure 2. Increased interstitial fluid clearance observed through VLIUS stimulation. A) Schematic of the experiment. B) Three hours after injection, the
remaining tracer is significantly lower in very low-intensity ultrasound (VLIUS)-stimulated mouse brains compared with controls (p = 0.0125, control
group n =7, VLIUS group n =9), indicating that the clearance rate may be higher under VLIUS stimulation. Representative images C) and quantification
of tracer area percentage D) in the coronal brain sections at different distances from the bregma reveal a reduction in the remaining tracer within the
brain parenchyma in response to VLIUS compared to the control group. Scale bar: T mm. Representative images E) and quantification of tracer intensity
F) of deep cervical lymph nodes (dcLN) three hours post-intraparenchymal tracer injection showing a statistically significant increase in tracer intensity
in the VLIUS group, indicating that the clearance rate may be higher under VLIUS stimulation. Scale bar: 500 um. Representative time-lapse images G)
and quantification of tracer intensity H) from 60 to 180 min following tracer injection revealed a faster and higher increase in dcLN tracer intensity in the
VLIUS group. Images (16-bit pixel depth) are color coded (royal form Image]) to depict pixel intensity (PI) in arbitrary units (AU). Scale bar: 1 mm. The
results, for which the data are presented as mean =+ SD (error bars denote SD), shown in Figure 2 (B, D) and 2 (F) were analyzed using an independent
t-test and ANOVA followed by Tukey’s post-hoc test, to assess between-group differences. An asterisk indicates p < 0.05.
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Figure 3. VLIUS promotes glymphatic function through the activation of TRPV4. A and A’) The calcium influx elevated by very low-intensity ultrasound
(VLIUS) stimulation was inhibited in a dose-dependent manner by treatment with a transient receptor potential vanilloid-4 (TRPV4) antagonist. B and
B’) Along the cortical surface arteries, the cerebrospinal fluid (CSF) tracer (red) can be observed in the paravascular space, and TRPV4 (green) is
expressed on endothelium and astrocytic endfeet. Scale bar: 10 um. C) Representative images depicting fluorescence intensity projections from B’),
indicated by white rectangles. D) The TRPV4 agonist (GSK1016790A) promoted CSF tracer permeability, which was inhibited by the co-administered
TRPV4 antagonist (GSK2193874). Scale bar: 1 mm. E) Quantification of the influx areas of various groups from D); the dots represent individual mice
in each group (control group, n = 5; TRPV4 agonist group, n = 6; TRPV4 antagonist group, n = 6; and TRPV4 agonist + antagonist group, n = 7). F)
VLIUS-facilitated CSF permeability is inhibited by a TRPV4 antagonist. Scale bar: 1 mm. G) Quantification of the influx areas of various groups from
F); the dots represent individual mice in each group (control group, n = 5; VLIUS group, n = 7; TRPV4 antagonist group, n = 7; and TRPV4 VLIUS +
antagonist group, n = 5). Significant differences (analysis of variance with post hoc Tukey’s test) are indicated with asterisks. The results, for which the
data are presented as mean + SD (error bars denote SD), shown in Figure 3(E) and (G) were analyzed using ANOVA followed by Tukey’s post-hoc test
to assess between-group differences. An asterisk indicates p < 0.05.
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Figure 4. AQP4 is involved in TRPV4-facilitated glymphatic circulation. A) Transient receptor potential vanilloid-4 (TRPV4) and aquaporin-4 (AQP4) co-
localized within the paravascular space of the adult mouse brain. In single-plane confocal immunofluorescence images of cerebral surface artery, triple
labeling with rabbit anti-TRPV4 (green), mouse anti-AQP4 (red), and cerebrospinal fluid (CSF) tracer (white) show the astrocyte endfeet and endothelial
cells processes that are immunopositive for TRPV4 and AQP4. Scale bar: 10 um. B) Representative images depict fluorescence intensity projections
from A’), as indicated by a white line. Fluorescence imaging C) and quantification of the area covered by tracer influx D) in coronal brain slices show
that 30 min after intracisternal injection, paravascular CSF influx increases with the administration of TRPV4 agonists, and does not increase with the
co-administration of the AQP4 inhibitor (AER271) or calmodulin inhibitor (trifluoperazine). The dots represent individual mice in each group (control
group n =5, TRPV4 agonist group n =5, AQP4 inhibitor group n = 5, AQP4 inhibitor + TRPV4 agonist group n = 5, CaM inhibitor group n = 6, CaM
inhibitor + TRPV4 agonist group n = 6). Scale bar: T mm. The results, for which the data are presented as mean + SD (error bars denote SD), shown in
Figure 4(D) were analyzed using ANOVA followed by Tukey’s post-hoc test to assess between-group differences. An asterisk indicates p < 0.05.
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Figure 5. The role of AQP4 in VLIUS-induced glymphatic circulation. Flu-
orescence imaging and quantification of the area covered by the tracer
influx in coronal brain slices revealed that 30 min after intracisternal in-
jection, paravascular cerebrospinal fluid influx increased with very low-
intensity ultrasound (VLIUS) stimulation, and did not increase with the co-
administration of an aquaporin-4 (AQP4) inhibitor (AER271and TGN020).
Dots represent individual mice in each group (control group, n = 5; VLIUS
group, n = 6; AQP4 inhibitor group, n = 6; and AQP4 inhibitor + VLIUS
group, n = 5). Scale bar: 1 mm. The results, for which the data are pre-
sented as the mean + SD (error bars denote SD), were analyzed using
ANOVA followed by Tukey’s post-hoc test to assess between-group differ-
ences. An asterisk indicates p < 0.05.

2.7. VLIUS Stimulation Promotes AQP4 Translocation to the Cell
Surface

Previous studies have shown that TRPV4 activation promotes
Ca’* influx, subsequently facilitating the translocation of AQP4
to the cell surface.*3% Building on this, our results provide evi-
dence that VLIUS activates TRPV4, resulting in an influx of Ca**
into the cells (Figure 3A). Three different experiments were con-
ducted to investigate whether VLIUS enhanced the translocation
of AQP4 to the cell surface through the TRPV4-mediated path-
way.

First, the cell-surface expression of AQP4 after 30 min of
VLIUS treatment was compared with that in control cells us-
ing a cell surface biotinylation assay. The results showed that
AQP4 levels on the cell surface were significantly increased by
both VLIUS treatment and treatment with the TRPV4 agonist
(GSK1016790A) (Figure 7A). Because Ca’?" influx-activated CaM
is a key regulator of AQP4 translocation,!*3%1 we measured the
localization of AQP4 following the inhibition of either CaM (us-
ing TFP) or TRPV4 (using GSK2193874). The results showed
that treatment with the CaM inhibitors and TRPV4 inhibitors de-
creased surface AQP4 levels to control levels, thus reducing the
effect of VLIUS on AQP4 translocation (Figure 7A).
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Next, we used flow cytometry to analyze the proportion of
AQP4* cells on the surface. The cells were only fixed with
4% paraformaldehyde (PFA) without TritonX-100 treatment
prior to immunostaining to ensure that only the AQP4 pro-
teins on the cell surface were detected. Both VLIUS stim-
ulation and TRPV4 agonists increased the population of
AQP4* cells. Conversely, TRPV4 antagonists and CaM in-
hibitors attenuated the VLIUS-induced translocation of AQP4
(Figure 7B).

Third, we observed the expression of AQP4 on the cell sur-
face using fluorescence microscopy in the absence of TritonX-
100 treatment, further performing wheat germ agglutinin (WGA)
staining to determine the boundary of the cells. The intensity
and proportion of AQP4 on the cell surface significantly in-
creased following treatment with VLIUS or the TRPV4 agonist
(Figure 7C,D).

The combined results of the above three experiments indicated
that VLIUS increased AQP4 protein translocation to the cell sur-
face, in a manner potentially mediated by TRPV4 and calmod-
ulin.

2.8. VLIUS Stimulation Modulated Astrocytic Cell Volume within
Glia Limitans

Overall, we found that VLIUS stimulation promoted AQP4
translocation to the cell surface. We therefore sought to un-
derstand the implications of this phenomenon on cellular be-
havior. AQP4 mediates water influx to induce cell swelling,
and triggers a regulatory volume decrease (RVD) to restore the
original volume in response to swelling, suggesting that AQP4
is involved in regulating cell volume.’!l Moreover, the pres-
ence of abundant AQP4 on the cell surface has been associ-
ated with cytotoxic edema, while the inhibition of AQP4 has
been shown to ameliorate this edema, resulting in improved
electrophysiological, sensory, and locomotor functions in ani-
mal models.'*] Since AQP4 was translocated to the cell sur-
face after VLIUS stimulation, we investigated whether VLIUS
induced cell volume changes and led to persistent cytotoxic
edema.

In this experiment, we observed glial fibrillary acidic protein
(GFAP)-positive astrocytes in the glia limitans (Figure 8A,B). We
selected the glia limitans as our focus, as opposed to the paravas-
cular astrocyte endfeet, for several reasons: 1) the spatial struc-
ture of the endfeet presents challenges in terms of observation,
distinction, and analysis; 2) the astrocytic endfeet surrounding
the blood vessels are extensions of the glia limitans; and 3) we
observed that diffusion of the CSF tracer occurred from the brain
surface to the brain parenchyma, in addition to from the paravas-
cular space (Figure S3, Supporting Information). Furthermore, it
has been reported that the glia limitans contains astrocytes with
high GFAP expression.3?!

We attempted to understand the role of AQP4 translo-
cation to the cell surface by observing the changes in the
volume of GFAP-positive astrocytes. The volume of GFAP-
positive cells significantly increased from 20 and 40 min af-
ter VLIUS stimulation, subsequently decreasing significantly
65 min after VLIUS stimulation (Figure 8A-C). In other
words, the volume of GFAP-positive cells increased transiently
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Figure 6. TRPV4 is involved in the VLIUS-facilitated clearance of f-amyloid (1-42). A) Schematic of the experiments. Representative images B) and
quantification of f-amyloid (1-42) area percentage C) in coronal brain sections at different distances from the bregma reveal a reduction in the g-amyloid
(1-42) remaining within the brain parenchyma in response to VLIUS compared to the control group. Scale bar: 1 mm. D) Both VLIUS and the TRPV4
agonists (GSK1016790A) promoted f-amyloid (1-42) clearance. VLIUS-promoted clearance was inhibited by co-administration of a TRPV4 antagonist
(GSK2193874). Dots represent individual mice in each group (control group, n = 6; VLIUS group, n = 9; TRPV4 agonist group, n = 8; and TRPV4
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were analyzed using the Mann-Whitney U test and ANOVA followed by Tukey’s post-hoc test, respectively, to assess between-group differences. An

asterisk indicates p < 0.05.

(~20-40 min) following VLIUS stimulation and was later re-
stored, indicating that VLIUS stimulation did not induce per-
sistent cytotoxic edema. Furthermore, we did not observe any
harmful effects of VLIUS stimulation (Figure S4, Supporting
Information).

Notably, both TRPV4 in isolation[*}! and in combination with
AQP4 (15271 have been implicated in the modulation of cell vol-
ume and the RVD mechanism. Additionally, the co-localization
of TRPV4 expression with GFAP has been observed in the glia
limitans.**) In the current study, we found that TRPV4 activation
enhanced AQP4 translocation to the cell surface (Figure 7), and
that the TRPV4 antagonist significantly inhibited the VLIUS-
induced increases in cell volume (Figure 8D). These findings
collectively indicate that VLIUS-induced TRPV4 activation may
facilitate the translocation of AQP4 to the cell surface, thus
modulating the movement of water in and out of the cell and
consequently altering cell volume.

Adv. Sci. 2024, 11, 2401039 2401039 (9 of 16)

2.9. No Observable Side Effects of VLIUS Stimulation

In safety experiments, the VLIUS showed no observable brain
damage. As shown in Figure S4 (Supporting Information), H&E
staining did not reveal tissue damage, gliosis, or chromatolysis.
Furthermore, Luxol Fast Blue staining combined with Nissl stain-
ing did not show any demyelination, loss of Nissl bodies (indicat-
ing neuronal abnormalities), or chromatolysis. NeuN and GFAP
immunostaining showed no significant decrease in the number
of neurons or any abnormal increase in the number of astrocytes.

Furthermore, we tested the effect of VLIUS on the BBB, using
the Evans blue extravasation experiment to illustrate this. In this
experiment, the mice were injected with Evans blue via the tail
vein immediately after VLIUS stimulation and sacrificed 30 min
after VLIUS stimulation. The results showed that VLIUS stim-
ulation did not cause Evans blue leakage from the blood ves-
sels into the brain tissue (Figure S5, Supporting Information).
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Figure 7. AQP4 protein translocation to the cell surface increased after VLIUS stimulation. A) The mean fold change in aquaporin-4 (AQP4) surface
expression, measured by cell-surface biotinylation in C6 cells. The calmodulin (CaM) inhibitor was 20.8 uM trifluoperazine (TFP). The transient receptor
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by immunofluorescence staining (without permeabilization). Cells had been counterstained by WGA-conjugated Alexa Fluor™ 488 to determine cell
boundaries. Scale bar: 10 um. D) Quantification of AQP4 on the cell surface using immunofluorescence staining. E) The schematic showing that both
the CaM inhibitor and the TRPV4 antagonist can inhibit VLIUS-induced AQP4 translocation to the cell surface. The results, for which the data are
presented as the mean + SD (error bars denote SD), shown in Figure 7 (A,B,D) were analyzed using Kruskal-Wallis test followed by Dunn’s post-hoc
test to assess between-group differences. An asterisk indicates p < 0.05.
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Figure 8. The volume of astrocytes in the glia limitans are altered following VLIUS stimulation. Reconstruction of 3D images from confocal microscopy
using Imaris software, and are shown as control A), very low-intensity ultrasound (VLIUS) B), and 90° rotated images A’) and B’). Scale bar: 20 um.
The yellow line represents the analysis of each intact cell (with the same threshold) using the surface creation wizard of Imaris software. Quantification
shows that cell volume was altered by VLIUS stimulation C), and this effect was blocked by a transient receptor potential vanilloid-4 (TRPV4) antagonist
D). Dots represent individual intact cells in each group. The results, for which the data are presented as the mean + SD (error bars denote SD), shown
in Figure 8 (C) and (D) were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test, and ANOVA followed by Tukey's post-hoc test,
respectively, to assess between-group differences. An asterisk indicates p < 0.05.

Furthermore, immunostaining for tight junction-related pro-
teins showed that the co-localization of ZO1-Claudin5 and ZO1-
Occludin was not affected (Figure S5C, Supporting Information).
Taken together, these results indicated that VLIUS stimulation
did not cause any observable damage to the BBB.

3. Discussion

The primary observation of this study was the enhancement of
glymphatic influx induced by VLIUS, potentially through the in-
volvement of the TRPV4-CaM-AQP4 pathway within astrocytes.
TRPV4 is activated by VLIUS in astrocytes, inducing an influx
of Ca?* that activates CaM. This in turn promotes the transloca-
tion of AQP4 to the cell surface, leading to water influx and in-
creased cell volume. Sixty-five minutes after VLIUS stimulation,
the swollen cells were restored to their original volume, poten-
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tially due to water efflux. This transcellular water flow may be the
driving force behind VLIUS-stimulated glymphatic circulation.
The glymphatic system is considered an important target for
therapeutic intervention in CNS disorders.['>3*] Ultrasound, ow-
ing to its noninvasiveness and availability, has been applied for
the treatment of various CNS disorders, with outcome effects pri-
marily focusing on opening the BBB. However, the incident ultra-
sound intensity or pressure (pressure level of ~#300-800 kPal¢]) is
usually much higher than that used in the present study. Further-
more, most studies have included the addition of microbubbles to
generate cavitation and open the BBB. Therefore, the risk of brain
injury is increased. Irreversible damage may occur if the gener-
ated cavitation is too intense, or if a patient’s blood vessels or
BBB structures are too fragile.’”] One recent study demonstrated
that focused ultrasound combined with microbubbles enhances
glymphatic transport within the brain.*®! In the present study,
a planar ultrasound transducer was used with a relatively low
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intensity (I,,:3.68 mW cm?, pressure level 98 kPa). As previously
shown, even low energy can generate various bioeffects, such as
promoting adult neurogenesis in the dentate gyrus.l?”) Another
study focusing on neurogenesis in the dentate gyrus revealed that
the group without microbubbles had better bioeffects and func-
tional recovery than the group treated with microbubbles,!*! in-
dicating that microbubbles are not necessary for brain stimula-
tion. Another study showed that focused ultrasound (at a pres-
sure level that did not cause BBB disruption) without the use of
microbubbles promoted the transport of intracortically injected
tracers, and facilitated their clearance from the brain.[*)l When
converted to our measurements, the peak-to-peak pressure of 770
kPa in this prior study!*! corresponded to 385 kPa, whereas our
study used ~98 kPa, which was significantly lower. The current
study revealed that VLIUS without microbubbles enhanced glym-
phatic influx while exerting no harmful effects on the brain were
observed (Figures S4 and S5, Supporting Information). VLIUS
without microbubbles is a safe and effective method to modulate
the glymphatic system.

The TRPV4-CaM-AQP4 pathway may be one of the mech-
anisms by which VLIUS enhances glymphatic function. It is
important to note that there is a degree of complexity sur-
rounding the role of TRPV4 in conjunction with AQP4. One
study indicated that TRPV4 interacts with AQP4 to regulate
the entry and exit of water molecules into and out of cells to
regulate cell volume, which promotes the influx of Ca’* by
driving TRPV4 activation and subsequently regulates RVD in
hypotonic environments.[*! Conversely, another study proposed
that TRPV4-induced Ca?* influx may not be the primary factor in
RVD regulation, as TRPV4 blockade or the removal of external
Ca* did not prevent RVD in hypotonic environments.!>'! In this
study, AQP4-M23 was overexpressed to observe changes in cell
volume, allowing water to enter the cells spontaneously.’'® Tt is
important to consider that AQP4 has multiple isoforms that are
present in varying proportions within cells and that play distinct
roles,’13) suggesting that the overexpression of AQP4-M23
alone may not provide a complete explanation. Additionally,
the response generated by the residual Ca?* cannot be entirely
discounted.*™ For example, previous studies have suggested
that TRPV4 induces Ca?* oscillations in astrocytic endfeet to
regulate neurovascular coupling.[?*] Activated TRPV4 promotes
external Ca’* influx into cells and triggers the activation of
inositol trisphosphate receptors, amplifying local Ca** signals,
and initiating Ca?* waves.['] A small Ca?* influx is sufficient
to amplify Ca** signals and form subsequent Ca** oscillations.
As such, it is generally considered that the synergistic effect
of TRPV4 and AQP4 regulates cell volume and increases the
sensitivity of astrocytes to environmental stress.['*2%] However,
these previous studies were based on hypotonic stress, which
activates TRPV4 owing to changes in cell membrane tension
caused by AQP4, thereby facilitating water entry into cells. The
ultrasound-generated mechanical force used to activate TRPV4
may have differed from the hypotonicity-induced changes in
membrane tension.

The activation of TRPV4 by agonists or VLIUS can promote
the transport of AQP4 from the cytosol to the cell surface
(Figure 7)1143] which can effectively promote CSF tracer influx,
whereas TRPV4 blockade significantly inhibits VLIUS-promoted
CSF tracer influx (Figure 3). Our results also showed that the
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effects of VLIUS stimulation were better than those of TRPV4
agonists alone, suggesting that, in addition to TRPV4 receptors,
other mechanosensitive channels sensitive to VLIUS stimula-
tion may be present in astrocytes.[*!] Moreover, prolonged acti-
vation of TRPV4 by agonists can lead to irreversible side effects,
such as a reduced expression of tight junction proteins,[*?] BBB
disruption,!*?*! and apoptosis induction.*}] Unlike CNS injury,
VLIUS stimulation does not cause irreversible cytotoxic edema.
The increased cell volume stimulated by VLIUS returned to the
baseline 65 min after stimulation (Figure 8). The tissue staining
assays did not reveal any tissue disruption (Figure S4, Support-
ing Information). Therefore, VLIUS may be preferable for pro-
moting glymphatic circulation.

Previous studies have indicated that glymphatic function is
accelerated by neurovascular coupling.[*! Interestingly, TRPV4,
which is expressed in vascular endothelial cells, vascular smooth
muscle cells, and astrocyte endfeet, can amplify neurovascular
coupling responses when activated,[?*!) and is considered a criti-
cal regulator of vasodilation. Vasodilation affects intracranial ar-
terial pulsation, which is believed to be the primary driving force
of the glymphatic system.[?*! In our in vivo real-time imaging
study, we observed that the VLIUS directly accelerated cerebral
blood flow (unpublished data), indicating that it may mediate
neurovascular coupling. As such, itis reasonable to speculate that
the VLIUS activates TRPV4, which amplifies neurovascular cou-
pling, thus improving the glymphatic system. Given that TRPV4
mediates vasodilation and may interfere with arterial pulsation,
it is plausible that the mechanical forces driving the glymphatic
influx are modulated by TRPV4 activity. This suggests that ultra-
sound may enhance glymphatic function, not only by increasing
AQP4-mediated influx, but also by modulating vascular dynam-
ics. However, this hypothesis requires further investigation.

Overall, our findings have several significant clinical implica-
tions. Given the limited activity of the glymphatic system dur-
ing awakening, the incorporation of the VLIUS into a wearable
device could offer continuous enhancement of glymphatic clear-
ance, even upon awakening. Importantly, our results demon-
strated that VLIUS, when applied without microbubbles, effec-
tively enhanced glymphatic function in mice without inducing
brain injury. The integration of the VLIUS into wearable devices
further represents a potential therapeutic avenue for CNS disor-
ders associated with glymphatic dysfunction. However, a poten-
tial challenge for this application lies in accounting for variations
in skull thickness and brain volume in humans. While we ob-
served only a 20% decrease in VLIUS energy after traversing the
mouse skull (Figure S6, Supporting Information), adjusting spe-
cific VLIUS parameters is imperative to ensure positive effects
on the human CNS. Augmenting the intensity and treatment du-
ration may be necessary, although the potential risks associated
with such modifications require a thorough examination.

This study had several limitations. First, the lack of avail-
ability of AQP4-specific agonists precluded our ability to con-
firm whether the activation of AQP4 affects TRPV4, or vice
versa. However, the direction of the relationship between these
two key molecular players remains unclear. Second, the use of
postmortem samples poses inherent challenges, as the associ-
ated collapse of arteries and the subsequent disappearance of
fluid in the paravascular space could lead to potential misjudg-
ments in observations.!?®) Employing transgenic mouse models
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with fluorescently labeled astrocytes coupled with two-photon
microscopy could facilitate more detailed visualization allowing
a better understanding of the spatiotemporal dynamics within
the glymphatic system.[*] Third, although the current study
demonstrated that VLIUS stimulation is associated with TRPV4-
mediated calcium influx, the direct link between ultrasound stim-
ulation and TRPV4 activation remains to be elucidated. Further
investigations are therefore required needed to delineate the spe-
cific mechanotransductive signaling pathways involved in this
process and how they contribute to the observed enhancement
of glymphatic function.

Nevertheless, our results did not fully explain the exact mecha-
nism underlying RVD modulation. It is speculated that the driv-
ing force generated by Cl~ efflux via the activation of downstream
volume-regulated anion channels or calcium-activated chloride
channels causes water efflux and reduces cell volume.[282:4€]
TRPV4, AQP4, and anoctamin 1 all cooperate to regulate wa-
ter efflux and the cell volume of choroid plexus epithelial cells
(CPECs), suggesting their role in CSF production.[?®] Further-
more, TRPV4 appears to be a cell surface sensor that promotes
cell secretion after receiving extracellular stimuli. The activa-
tion of TRPV4 promotes the exocytosis of various molecules, in-
cluding AQP4 (in astrocytes),['*! TRPV4 itself (in human um-
bilical vein endothelial cells),*’] and alpha-klotho, sodium, and
potassium-adenosine triphosphatase (in CPECs).[*®! Upon stim-
ulation, TRPV4 is activated to promote the secretion of water or
proteins from CPECs into the extracellular space, thus indicating
that TRPV4 may regulate CSF secretion. Since TRPV4 is abun-
dantly expressed in the choroid plexus, VLIUS stimulation may
promote CSF secretion. Further studies are warranted to investi-
gate these points.

4. Experimental Section

Animals:  All animal experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee of the
National Taiwan University College of Medicine (approval no. 20 201 028).
C57BL/6)Narl mice (body weight, 20—25 g) were purchased from the Na-
tional Laboratory Animal Center (Taiwan), and maintained under a con-
trolled 12 h dark light/12 h cycle with access to water and food ad libitum.
In all experiments, animals were anesthetized using a combination of Zo-
letil (50 mg kg™, intraperitoneally) and xylazine (2.3 mg kg™, intraperi-
toneally).

Ultrasound Devices and Stimulation Parameters:  The ultrasound device
setup was described in our previous study.[?°] The ultrasound field was
generated using a 1 MHz commercial plane transducer (C539-SM; Olym-
pus, Tokyo, Japan) for mouse brain stimulation. All stimulations were per-
formed using a function generator (Tektronix AFG1022, Beaverton, OR,
USA), equipped with a power amplifier (E&I 210 L, Electronics & Inno-
vation, Rochester, USA). The planar transducer was placed at the center
of the brain, and an ultrasound gel was applied at the interface between
the bottom of the transducer and the mouse scalp. Following intracister-
nal injection, the mice were immediately stimulated with VLIUS for 5 min.
VLIUS treatment was performed under the following conditions: center
frequency, 1 MHz; pulse repetition frequency (PRF), 1 kHz; duty factor,
19%; and various spatial peak temporal average intensities (lsy,) of 0.92,
3.68, and 5.85 mW cm? (Figures S1 and S2, Supporting Information).
Among these, |gy, = 3.68 mW cm? (pressure level of ~98 kPa) was the
optimal condition for promoting tracer diffusion (Figure S2, Supporting
Information); as such, the subsequent experiments were conducted un-
der these conditions. A more specific parameter was the pulse repetition
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period (1/PRF), which differs from the typical setting of BBB opening. The
period was shortened such that it appeared similar to a continuous wave
when viewed macroscopically. However, because the duty cycle was only
1%, it prevents heat accumulation and the generation of cavitation. Com-
pared to the commonly used ultrasound parameters, which remain at 10*
cycles/s, the VLIUS parameter was distributed within 1s as 10 cycles/pulse
completed in 1000 pulses,[?%] whereas the typical ultrasound parameter
setting completes it in 10* cycles/pulse with one pulse.

For in vitro experiments, 1 x 10° cells were seeded in a 24-well plate
18 h before the experiments. After renewing the medium, a planar trans-
ducer was placed directly above the cells. The VLIUS setting was the same
as that described above, except that the duration was changed to 1 min.
One hour following VLIUS stimulation, the cells were washed with phos-
phate buffered saline (PBS) in preparation for subsequent experimenta-
tion. For information regarding micropipette-guided ultrasound stimula-
tion, please refer to the section on live-cell calcium signal imaging.

Intracisternal CSF Tracer Infusion: Intracisternal injection was per-
formed as previously described with minor modifications.[*l The mice
were weighed and anesthetized by an intraperitoneal injection of Zo-
letil/xylazine. The cisterna magna was exposed through a surgical inci-
sion using a stereotactic frame, while a 30-gauge needle connected to a
Hamilton syringe via a polyethylene tube (PE10) was inserted into the cis-
terna magna. Fluorescent CSF tracers (Alexa Fluor 555; Cat No. A34786;
Thermo Fisher Scientific, Waltham, MA, USA) were added to the artifi-
cial CSF at a concentration of 5 mg ml~1. These CSF tracers (6 pl) were
infused at a constant rate of 1 pl min~" with a syringe pump (Harvard
Apparatus, Holliston, MA, USA). During the experiment, the needle was
kept in place to avoid depressurization of the CSF compartment. In the
VLIUS stimulation group, mice were immediately stimulated with VLIUS
for 5 min after intracisternal infusion. Thirty minutes after the start of in-
tracisternal infusion, the mice were euthanized, and brains were harvested
and fixed with 4% cold paraformaldehyde in PBS overnight. To evaluate
the distribution of tracers into the brain parenchyma, 500 um coronal
slices were cut on a vibratome (MicroSlicer™ DTK-1000N, DSK, Kyoto,
Japan) and then incubated in 2% phosphate-buffered saline with Tween
(PBST) (2% Triton X-100 in PBS) for 2 days to promote tissue perme-
ability. After washing three times with PBS, the tissues were cleared and
incubated with RapiClear® 1.49 (Sunjin Lab Co., Hsinchu City, Taiwan)
for 1 h to promote transparency and were then mounted with fresh Rapi-
Clear®. Samples were imaged using a fluorescence microscope (Olym-
pus BX51 with a ToupTek camera) and the extended depth-of-field (EDF)
method (ToupView software, Hangzhou, China) to provide higher-quality
images and ensure faster acquisition of large amounts of information. The
tracer influx (area %) was analyzed using Image) software (16-bit image
type; analyze particle setting: 80—infinity um? size range, 0.0-1.0 circular-
ity, and automatic threshold). The number of paravascular influxes was
counted in brain sections where the subarachnoid tracer extended into
the parenchyma (Figure 1C). The influx length was further measured from
the subarachnoid space to the distal end using the ToupView software
(Figure 1D). Additionally, 100 um brain slices instead to measure the dif-
fusion of the tracer in the anterior to posterior regions of the brain was
used, for more refined results (Figure 1E).

Transcranial Live Imaging: For in vivo transcranial live imaging, the
skin covering the dorsal calvarium was incised and a tracer was injected
through the cisterna magna. The entry of the CSF tracers into the brain was
imaged using fluorescence macroscopy (Olympus MVX10, Tokyo, Japan)
with an ORCA-Spark digital CMOS camera (C11440-36U, Hamamatsu,
Japan). Images were recorded at 30 s intervals for 0—64 min following
injection commencement using the CellSens Standard 3 (Olympus). The
exposure time was the same throughout the imaging sequence and across
all experimental groups.

Intraparenchymal Injection of Tracer and p-amyloid: To evaluate the
clearance rates of interstitial fluid from the brain after VLIUS treatment,
the tracer (5 mg ml~") or human g-amyloid (1-42)-HilLyte™ Fluor 555-
labeled (0.5 mg ml~1) (Cat No. AS-60480; ANASPEC, Fremont, CT, USA)
were stereotactically injected into the brain parenchyma. The anesthetized
mice were fixed in a stereotaxic frame, and a 30G needle was inserted via
a burr hole into the left striatum (0.22 mm caudal, 2.5 mm lateral, 3.5 mm
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ventral to bregma). The tracer or human p-amyloid (1-42) (total 1.2 ul)
was injected at a rate of 200 nl min~', following which the needle was
maintained in place for an additional 30 min. After intrastriatal injection,
the mice were treated with or without VLIUS stimulation, after whicha 3 h
waiting time for the tracer or f-amyloid to be cleared from the parenchyma
through the interstitial solute clearance mechanism. After 3 h, the mice
were euthanized, and their brains were harvested. For quantitative analy-
sis, brain tissues were homogenized on ice with the Pierce™ RIPA Buffer
(Cat No. 89 900, Thermo Fisher Scientific), then centrifuged at 12 000 g
at 4 °C for 20 min. The supernatants were then collected and measured
using a microplate reader (Infinite M200; Tecan, Austria). The tracer con-
tent is shown as the relative light units per milligram of protein. The pro-
tein concentration was measured using the Pierce™ Coomassie Protein
Assay (Cat No. 1856 209, Thermo Fisher). For image analysis, the brain
was sectioned into 500 um coronal slices as described above, and images
were recorded after treatment with Triton and RapiClear®. The tracer or
p-amyloid distribution within the brain was subsequently analyzed using
Image) software to determine its proportion.

Deep Cervical Lymph Node Collection for Waste Clearance Analysis:
Three hours post-intraparenchymal tracer injection, the deep cervical
lymph nodes (dcLNs) were harvested and subsequently fixed overnight
in 4% cold paraformaldehyde in PBS. Subsequently, the dcLNs were im-
mersed in RapiClear®, and images were recorded as described previously.
The tracer content within the dcLNs was subsequently analyzed using Im-
age| software, and normalized to the respective area.

Drug Administration:  In vivo study: Related drugs, doses, timing, and
modes of administration were shown in Table S1 (Supporting Informa-
tion). Before intracisternal infusion, the experimental animals received a
single injection of the drugs dissolved in 0.1 ml normal saline. Animal
control received 0.1 ml of normal saline.

In vitro study: Related drugs, doses, and timing were shown in Table S2
(Supporting Information). The cells were pre-incubated with the drugs for
30 min prior to VLIUS treatment.

Free-Floating Immunofluorescence Staining: For free-floating im-
munofluorescence staining, the 250 um coronal slices were cut on a
vibratome (MicroSlicer™ DTK-1000N, DSK) and then incubated in 2%
PBST (2% Triton X-100 in PBS) for 1 d to promote tissue permeability.
Slices were washed three times with PBS and blocked with fresh blocking
buffer (10% normal goat serum, 1% Triton-X100, 2.5% DMSO, and 0.2%
sodium azide) for 1d on a rocker at 4 °C. The slices were incubated with
primary antibody in SignalStain® antibody diluent (Cell Signaling, Cat
No. 8112, USA) on a rocker for 2 days at 4 °C, and then washed three
times with washing buffer (3% NaCl and 0.2% Triton-X100 in PBS) for
1 h at room temperature (RT). The slices were kept in washing buffer
on a rocker at 4 °C overnight. The slices were incubated with secondary
antibody on a rocker for 2 days at 4 °C, and then washed three times
with washing buffer, and kept in washing buffer on a rocker at 4 °C. After
washing with PBS (three times), clear samples with RapiClear® for 1 h
to promote transparency and then mounted with fresh RapiClear®. The
primary antibodies used were rabbit anti-TRPV4 (Cat. PA5-41066, 1:100;
Thermo Fisher Scientific), mouse anti-GFAP (Cat No. MA5-12023, 1:500;
Thermo Fisher Scientific), mouse anti-AQP4 (Cat No. sc-32739, 1:100;
Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-NeuN (cat. No.
PA5-78639, 1:200; Thermo Fisher Scientific), rabbit anti-ZO1 (Cat. No.
61-7300, 1:200; Thermo Fisher Scientific), mouse anti-Occludin (Cat. No.
33-1500, 1:200; Thermo Fisher Scientific), and mouse anti-Claudin 5 (Cat.
No. 35-2500, 1:200; Thermo Fisher Scientific). The secondary antibodies
used were Alexa Fluor 633-conjugated goat anti-mouse (Cat No. A-21050,
1:200; Thermo Fisher Scientific) and Alexa Fluor 488-conjugated goat
anti-rabbit antibodies (Cat No. A-27034, 1:200; Thermo Fisher Scientific).
Samples were imaged using a laser scanning confocal microscope (Carl
Zeiss LSM880) and analyzed using Image| software.

To analyze astrocyte volume within the glia limitans, GFAP expression
was further observed by laser scanning confocal microscopy at a 63X ob-
jective to record fluorescence images of the glia limitans. These were ac-
quired in 70-100 um z-stacks (x0.69 um z-steps). The cell volume was
further evaluated and analyzed using the Imaris software (Oxford Instru-
ments, 9.5 version, UK). Z-stack images were opened in Imaris in their
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native format. Z-stacks were automatically reconstructed into a 3D model
using the Imaris software without image preprocessing. A surface creation
wizard was used to analyze the volume of each intact cell (with the same
threshold).

Cell Culture: C6 glioma cells (Bioresource Collection and Research
Center, Hsinchu City, Taiwan), an immortalized rat glial cell line, were
maintained in Dulbecco’s modified Eagle’s medium containing high glu-
cose (DMEM) (Cat No. 12 100 046, Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (Thermo Fisher Scientific) and a 1
X antibiotic—antimycotic (Cat No. 15 240 112, Thermo Fisher Scientific)
at 37 °Cin 5% CO,. Western blot analysis revealed that C6 cells natively
expressed TRPV4 and AQP4 (data not shown). In addition, C6 cells were
thought to possess astrocytic properties.’®! As such, C6 cells were se-
lected for subsequent in vitro studies.

Live Cell Calcium Signal Imaging: A micropipette-guided ultrasound
system was used for the calcium influx assay.?'l Cells (3 x 10°) were
seeded on a 30 mm circular coverslip 18 h prior to the experiments. The
cells were then washed twice with Hank’s Balanced Salt Solution (HBSS)
(Cat No. 14 025 134, Thermo Fisher Scientific) and incubated with 5 uM
Fluo-8 AM (Cat No. ab142773, Abcam, Bristol, UK) for 30 min. Next, the
cells were washed thrice with HBSS and incubated in serum-free DMEM
(no phenol red, Cat No. 21 063 029, Thermo Fisher Scientific) for 30 min
at RT. The coverslip was mounted on a microscopy chamber and placed
under an Olympus IX71 microscope, and an ultrasound micropipette was
placed near the targeted cells. Calcium influx images were recorded using
the same exposure protocol: 10 s pretreatment followed by 3 s ultrasound
stimulation and then a 57 s wait time. Stack images were analyzed using
Image] software. The areas of interest were determined for the stacks, and
a graph of the fluorescence intensity against time was plotted.

Cell Surface Biotinylation: ~ C6 glioma cells were plated in 24 well plates
1 d prior to each experiment. Cell surface proteins were biotinylated us-
ing the EZ-Link™ Sulfo-NHS-SS-Biotin reagent (Cat No. 21331, Thermo
Fisher Scientific). Cells were then treated in three experimental conditions
(VLIUS, agonist, antagonist, or inhibitor) and then incubated in 250 pL of
0.5 mg ml~" biotinylation reagent in PBS on ice for 30 min. The unlabeled
reagent was quenched with 25 mM glycine in PBS per well for 3-5 min.
Cells were lysed in 100 uL Pierce™ RIPA Buffer (Cat No. 89 900, Thermo
Fisher Scientific) supplemented with protease inhibitor cocktail set I1l (Cat
No. 539134-1 set, 1:100, Merck Millipore, Rahway, NJ). The lysate was
centrifuged at 16 000 g at 4 °C for 10 min to remove insoluble samples.
Each lysate was analyzed using Coomassie protein assay reagent (Cat No.
1856 209, Thermo Fisher Scientific) for normalization. Biotinylated pro-
teins were immobilized out by incubation in 96-well high-sensitivity strep-
tavidin microplates (Cat No. 6523-5, BioVision, Waltham, MA, USA) for
2 h at 4 °C with shaking. Plates were then blocked with 3% w/v bovine
serum albumin (BSA) in PBS for 1 h at RT with shaking and then incu-
bated on a shaker overnight at 4 °C with the anti-AQP4 antibody (Cat No.
GTX133151; GeneTex, San Antonio, TX, USA) diluted 1:400 in 0.1% PBST
20. Plates were washed three times with 0.1% PBST and incubated at RT
for 1 h with horseradish peroxidase-conjugated secondary antibody (Cat
No. NA934, Merck Millipore) diluted 1:1000 in 0.05% PBST. Plates were
washed with 0.1% PBST five times then once with PBS, and incubated with
3,3',5,5"-tetramethylbenzidine substrate solution (Cat No. N301, Thermo
Fisher Scientific) for 20 min (protected from light). Absorbance was finally
measured at 450 nm using a microplate reader (Infinite M200).

AQP4 Surface Membrane Localization by Flow Cytometry Analysis:  One
hour following VLIUS stimulation, C6 cells were washed with cold PBS
and resuspended in Accutase® cell detachment solution (Cat No. AT104,
Innovative Cell Technologies, San Diego, CA, USA). Cells were fixed with
4% PFA for 15 min at RT, and then washed three times with PBS. As it
was only detected AQP4 protein on the cell surface, the cells were not
permeabilized (such as with Triton X-100 or methanol treatment), as this
facilitated antibody entry into the cells to detect intracellular AQP4 pro-
tein. Cells were blocked with blocking solution (1% w/v BSA in PBS) for
1 h at RT, and then incubated with the anti-AQP4 antibody (GeneTex, Cat
No. GTX133151, diluted 1:200 in block solution) overnight at 4 °C. The
cells were washed three times with blocking solution and incubated at
RT for 2 h with a secondary antibody (Cat No. A-21428, Thermo Fisher
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Scientific) was diluted to 1:400 in a block solution. Cells were washed three
times with PBS and analyzed using LSRII flow cytometry (BD Biosciences,
East Rutherford, NJ, USA) at the flow cytometric analysis and sorting core
facility at the National Taiwan University Hospital.

AQP4 Surface Membrane Localization by Immunofluorescence Staining:
Cells were seeded at 5 x 10* cells on a 15 mm circular coverslip (in 24
well plates) 18 h prior to the experiments. After 1 h of VLIUS stimula-
tion, C6 cells were washed with cold PBS and fixed by incubation in 4%
PFA for 15 min at RT. Similarly, the cells were not permeabilized and only
cell surface AQP4s were detected using the antibody. Cells were blocked
with 1% w/v BSA in 0.1% PBS-Tween 20 for 1 h at RT and then incubated
with an anti-AQP4 antibody (Cat No. GTX133151, GeneTex) diluted 1:400
in SignalStain® antibody diluent (Cat No. 8112, Cell Signaling Technol-
ogy, Danvers, MA, USA) overnight at 4 °C. Cells were washed three times
with the blocking solution before being incubated at RT for 2 h with a sec-
ondary antibody (Thermo Fisher Scientific, Cat No. A-21428; 1:200 dilution
in SignalStain® antibody). The cells were then counterstained with WGA
and Alexa Fluor 488 conjugate (Cat No. W11261, Thermo Fisher Scien-
tific) to determine the cell range. Finally, the cells were mounted using
the EverBrite mounting medium with 4’,6-diamidino-2-phenylindole (Cat
No. 23 002, Biotium, Fremont, CA, USA). Images were recorded using an
Olympus IX51 microscope with a ToupTek camera and with the same expo-
sure parameters (Alexa Fluor™ 555: exposure time = 30 ms, gain = 200%;
WGA-Alexa Fluor™ 488: exposure time = 10 ms, gain = 200%). Images
were analyzed using the Image| software.

Statistical Analyses: All numerical data were expressed as the mean
+ standard deviation and were analyzed using GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA). The Shapiro-Wilk test was ap-
plied to test for normality. Statistical significance was assessed using the
independent t-test or its nonparametric equivalent, the Mann-Whitney U
test, for comparisons between two groups. One-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test, or the Kruskal-Wallis test fol-
lowed by Dunn’s post-hoc test, were used for multiple group comparisons.
Statistical significance was set at p < 0.05. The statistical analyses and
sample sizes used for each experiment were specified in the figure leg-
ends.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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