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ABSTRACT

Background Low-intensity focused ultrasound stimulation
(LIFUS) has been developed to enhance neurological repair and
remodelling during the late acute stage of ischaemic stroke in
rodents. However, the cellular and molecular mechanisms of
neurological repair and remodelling after LIFUS in ischaemic
stroke are unclear.

Methods Ultrasound stimulation was treated in adult male
mice 7 days after transient middle cerebral artery occlusion.
Angiogenesis was measured by laser speckle imaging and
histological analyses. Electromyography and fibre photometry
records were used for synaptogenesis. Brain atrophy

volume and neurobehaviour were assessed 0—14 days after
ischaemia. iTRAQ proteomic analysis was performed to
explore the differentially expressed protein. SCRNA-seq was
used for subcluster analysis of astrocytes. Fluorescence in
situ hybridisation and Western blot detected the expression of
HMGB1 and CAMK2N1.

Results Optimal ultrasound stimulation increased cerebral
blood flow, and improved neurobehavioural outcomes in
ischaemic mice (p<0.05). iTRAQ proteomic analysis revealed
that the expression of HVIGB1 increased and CAMK2N1
decreased in the ipsilateral hemisphere of the brain at 14
days after focal cerebral ischaemia with ultrasound treatment
(p<0.05). scRNA-seq revealed that this expression pattern
belonged to a subcluster of astrocytes after LIFUS in the
ischaemic brain. LIFUS upregulated HMGB1 expression,
accompanied by VEGFA elevation compared with the

control group (p<0.05). Inhibition of HMIGB1 expression in
astrocytes decreased microvessels counts and cerebral blood
flow (p<0.05). LIFUS reduced CAMK2N1 expression level,
accompanied by increased extracellular calcium ions and
glutamatergic synapses (p<0.05). CAMK2N1 overexpression
in astrocytes decreased dendritic spines, and aggravated
neurobehavioural outcomes (p<0.05).

Conclusion Our results demonstrated that LIFUS promoted
angiogenesis and synaptogenesis after focal cerebral
ischaemia by upregulating HMGB1 and downregulating
CAMK2N1 in a subcluster of astrocytes, suggesting that LIFUS
activated specific astrocyte subcluster could be a key target for
ischaemic brain therapy.

INTRODUCTION
Stroke is the second leading cause of death
and the leading cause of disability globally.'

," Yaohui Tang,’
. Zhijun Zhang'

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Low-intensity focused ultrasound stimulation (LIFUS)
has been developed to enhance neurological repair
and remodelling of ischaemic stroke in rodents.

WHAT THIS STUDY ADDS

= This study showed that 3 min with 101 mW/cm?
every other day of ultrasound stimulation increased
angiogenesis and synaptogenesis at the late acute
stage of stroke recovery. Increased HMGB1 and de-
creased CAMK2N1 derived from astrocytes may be
key ultrasound therapeutic targets.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study will provide innovative therapeutic targets
by ultrasound for ischaemic stroke recovery at the
late acute stage.

After a stroke, the neurovascular unit was
disrupted, leading to an injury to capillaries
and neurons, and loss of synapses, causing
brain injury and impairing long-term motor
and cognitive function. Even if patients are
treated in the acute phase, they also faced
long-term injuries.Q_4 Therefore, in addition
to the treatment in the acute stage, delayed
therapies aimed to repair neurovascular units
are also potentially significant and urgent
needs after stroke.

Recently, neuromodulation techniques
mainly including transcranial magnetic
stimulation, transcranial electrical stimula-
tion and transcranial focused ultrasound’
have been developed. Among them, TUS
showed the great advantage of high spatial
specificity, high penetration depth and non-
invasive properties, which widely attracted
the attention of neurobiologists.”™ Ultrasonic
stimulation of the frontal-temporal cortex
significantly improved the patient’s mental
status and pain, and further reduced isch-
aemic injury.'’ "' Ultrasonic neuromodulation
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significantly decrease parkinsonian-related activity in
mice models'” and focused ultrasound thalamotomy
treatment was approved by FDA for patients with essen-
tial tremor who did not respond to medication."
These results suggested that cell-type-specific activation
combined with Ca*-dependent molecular pathways
could be expanded to pathological conditions. Motor
function, neural activity and haemodynamic responses
showed a linear coupling with ultrasound stimulation of
the mouse cortex.” Incomplete motor function recovery
was one of the major pathological features of ischaemic
stroke, and low-intensity focused ultrasound stimulation
(LIFUS) has been shown to promote neurorehabilitation
after ischaemic stroke.

The promotion of angiogenesis and neurogenesis is the
main targets for the later stage of stroke therapy. Synapto-
genesis is a cardinal component of neurogenesis. LIFUS
was shown to modulate brain activity, with the most
focused on the induction of motor responses and neuro-
modulation function.’ Recently, the promotion of angio-
genesis and neurogenesis by LIFUS was demonstrated in
many experiments in vitro and in vivo with a variety of
parameters."*™"” In vitro, LIFUS was proved to promote
the secretion of neurotrophic factors from astrocytes
such as vascular endothelial growth factor (VEGF) and
brain-derived growth factor (BDNF ). 19 In vivo, LIFUS
could induce angiogenesis to ameliorate infarction area
in the acute stage of stroke, and inhibit brain oedema
formation.”*** These studies intrigued us to explore
which optimal parameter of LIFUS would be suitable for
late-stage therapy for ischaemic stroke and its underlying
mechanism.

Here, we investigated the effects and molecular mecha-
nisms of LIFUS in angiosynaptic regeneration after 7 days
of ischaemic stroke in mice.

MATERIALS AND METHODS

Parameters of LIFUS including stimulation frequency,
intensity, duration and relative protocols were generated
and listed as shown in the online supplemental materials.
For in vivo experiments, mice (n=120) were randomly
allocated into experimental treatment or control groups,
and n=12 mice per group were analysed for neurobe-
havioural tests and laser speckle imaging; other experi-
ments were around n=4 mice per group, the details we
put in the online supplemental materials. Animal exper-
iments were planned using G*Power software (Heinrich-
Heine-Universitat Dusseldorf, V.3.1.9.6, setting o at 0.05
and power at 0.8) combined with the pre-experiment to
determine sample size. Adult male mice (8-10 weeks,
C57BL/6]) were used for MCAO and other experiments,
and aged male mice were 22 months. Animals were
randomly distributed into required groups receiving
either scramble or the pAAV viral inhibitor or overex-
pression, in each intervention test, and a control group
was performed to fulfil reconfirmation. Endpoints for the

animal experiments were determined in accordance with
institutionally approved criteria.

For the specific analysis of the underlying molecular
mechanisms in MCAO mice following LIFUS, multio-
mics approaches including iTRAQ proteomic analysis
were performed to detect the key different proteins and
pathways, and single-cell RNA sequencing analysis was
performed to identify the potential clusters of different
cell types and groups. For functional outcomes, laser
speckle imaging, electromyography (EMG) and fibre
photometry records were applied at different time points
in MCAO mice.

Last, proof-of-concept studies were performed in
vivo. Outcomes were determined by assessing molec-
ular factors, histological phenotype, electrophysiology
and neurobehavioural function performed in a blinded
manner 14 days after the ischaemic brain injury. The
molecular mechanisms in the ipsilateral hemisphere in
response to LIFUS were determined by Fluorescence in
situ hybridisation (FISH), immunofluorescence staining,
qPCR, Western blot and corresponding quantification.
All analyses were performed in an unbiased fashion. The
details of methods are mainly presented in the online
supplemental materials.

RESULTS

Optimised LIFUS parameters for ischaemic stroke therapy in
mice

Experiments were designed as shown in online supple-
mental figure 1. A LIFUS with 500 kHz centre frequency
was suitable for rodent research (Ultrasound Neurostim-
ulation System, Shenzhen Institute of Advanced Tech-
nology, Chinese Academy of Sciences, Shenzhen, China).
The x-y diameter of ultrasound was 4.5 mm and 5 mm,
respectively, the depth of ultrasound irradiation was 4
mm, and the x-y diameter was 2 mm when normalised
sound pressure was more than 50% of total irradiation
energy (figure 1A-C). The sequence diagram of the ultra-
sound stimulation was shown. 500 kHz pulse repetition
frequency (PRF), 300 ms sonication duration (SD) and
50% duty cycle (DC)* were used across all the ultrasound
experiments (figure 1D).

Additional combinations of pressure (MPa) were used
to make I different (online supplemental table S1). We
combined different ultrasonic intensity (UI: 22, 101, 201
mW/cm?) and stimulation duration (1, 3, 5 min) to treat
stroke mice in the late acute stage (online supplemental
table S2). We measured the cerebral blood flow (CBF)
after ultrasound stimulation using laser speckle imaging.
The result showed that CBF increased after immediate
ultrasound stimulated ipsilateral hemisphere for 3 or 5
min with 101 and 201 mW/ch day 7 after stroke (online
supplemental figure 2A). The motor function was eval-
uated by modified neurological severity score (mNSS)
before and up to 14 days after MCAO using different stim-
ulation parameters, results showed that only 101 mW/

cm?® improved neurobehavioural outcomes. One day of
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Establishing optimal LIFUS parameters for neuronal repair and remodelling in MCAQO mice. (A) 2D distribution of the

ultrasound field in oblique and longitudinal cross-sections. The x-axis and y-axis of the ultrasound spot were ~4.5 mm and ~5
mm, respectively. (B) Depth of ultrasound irradiation was 4 mm. (C) X-Y diameter was 2 mm when normalised sound pressure
was more than 50% of the total irradiation energy. (D) Schematic diagram of ultrasound, PRF was 1 kHz and 1/PRF was 1

s, SD was 300 ms, and DC was 50%. (E) Cresyl violet-stained brain sections and (F) quantification of atrophy volume at 14
days following MCAOQ. Dashed lines indicated brain atrophy area, (n=3-7 mice/group). (G) Representative CD31 (red) and Ki67
(green) immunostaining images in the perifocal region. (H) Quantitative analysis of capillary number, (l) surface area, (J) Ki67*,
and (K) Ki67*/CD31" signals in the perifocal region of ipsilateral hemisphere after 14 days following MCAQ in mice, (n=4 mice/

group. Scale bar=150 pm). (L) mMNSS, (M) tail suspension, (N) grid walking and (O) rotarod test for neurobehavioural outcomes in

each group (n=3 mice/group in sham groups, n=10-12 mice/group in the IS groups). US1, -2 to —-3=mice treated with different
dose of ultrasound. IS, ischaemic stroke mice; IS US, ischaemic stroke mice treated with US. Data are mean + SD. LIFUS,
low-intensity focused ultrasound stimulation; mNSS, modified neurological severity score; PRF, pulse repetition frequency; SD,

sonication duration.
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ultrasound stimulation interval and 3 or 5 min of stim-
ulation duration achieved a better recovery in neurobe-
havioural outcomes compared with the MCAO mice (IS,
online supplemental figure 2B-D).

To explore whether longer time of ultrasound stimu-
lation would have better or side effect in MCAO mice,
we added a group of 10-min stimulation with 101 mW/
cm® every other day. Then, we labelled ultrasound stimu-
lation 3, 5 and 10 min with 101 mW/cm? every other day
as USI, US2 and US3, respectively (online supplemental
table S3). We examined the brain atrophy volume to
further determine the appropriate ultrasound parameter
(figure 1E). Cresyl violet staining results showed that US3
damaged the ipsilateral hemisphere in both young and
aged healthy mice compared with the control, indicated
that 10 min was an overtime of stimulation. For MCAO
(IS) groups, US1 showed better potential than US2 to
reduce the brain atrophy volume (figure 1F). The instant
change of CBF and mNSS results showed that US1 and
US2 were better stimulation to improve stroke recovery.
To explore the effect of LIFUS on CBF of MCAO mice,
we measured the spatiotemporal changes of CBF using
laser speckle imaging, and chose the perifocal regions
as ROI (online supplemental figure 2E). For the sham
group, there was no difference in CBF changes in imme-
diate, 7 and 13 days, and 13 days endpoint after US1 and
US2. For the IS groups, both US1 and US2 groups of mice
showed better CBF recovery in the ipsilateral hemisphere
of the IS mice than that of IS group, while USI exhibited
increased CBF at day 7 to the endpoint of 13 days after
MCAO (online supplemental figure 2F).

The increase of cerebral blood volume is attributed to
a surge of angiogenesis.”* * We investigated angiogenesis
in the perifocal region of the ipsilateral hemisphere after
MCAO (figure 1G). The number of microvessels and
surface CBF did not increase in the sham groups after
US1 or US2 treatment (figure 1H,I). The number of Ki67"
cells and Ki67*/CD31" microvessels increased in perifocal
region of the ipsilateral hemisphere at 14 days of MCAO
after US1 or US2 treatment, but they were more promi-
nent after USI treatment (figure 1],K).

To further determine which was the best stimulation
parameter of LIFUS for the neurobehavioural recovery
in the MCAO mice, we applied a number of neurobe-
havioural tests including mNSS, tail suspension test,
foot fault and rotarod to comprehensively evaluate
the sensorimotor functions up to 14 days after MCAO
(figure 1L-O). Both USI and US2 stimulation did not
induce significant change compared with that in the
sham groups. For IS groups, both US1 and US2 showed
better outcomes than that in IS groups, while USI exhib-
ited fewer motor deficits and better neurological recovery
in all the four neurobehavioural tests in the MCAO mice
(figure 1L-O). qPCR results also showed that mRNA level
of VEGF, BDNF and endothelial nitric oxide synthase
(eNOS) increased in the MCAO mice after US1 stimula-
tion compared with the IS group (online supplemental
figure 2G). Taken together, these data suggested that

US1 stimulation attenuated neurological deficits and
promoted functional recovery at both the histological
and neurobehavioural levels. Therefore, US1 was chosen
as the optimal ultrasound stimulation method in the
following experiments.

LIFUS upregulated HMGB1 and downregulated CAMK2N1 in a
new cluster of astrocytes

To explore the mechanism of ultrasound effect on CBF
recovery and newly formed microvessels, we performed
iTRAQ-based proteomic analysis to detect the mecha-
nism in the protein level. Genes with a p value<0.05 and
Ifold changel>1.5 were regarded as DEGs. Overall, 261
genes were upregulated and 848 genes were downreg-
ulated after LIFUS compared with the IS mice (online
supplemental figure 3A). Volcano plot displayed 184
genes involved in angiogenesis and synapse pathway
(figure 2A). We further conducted gene ontology (GO)
pathway analyses to display the enrichment of 15 terms
clustering from all different expression genes that we
were interested in the IS US group compared with the
IS group, indicating that ultrasound truly change the
physiological process after ischaemic stroke significantly,
and correlated to VEGF and calcium related pathways
(figure 2B). Heatmap displayed changed genes, which
related with angiogenesis and synapse signal pathways in
the IS US group compared with the IS group (figure 2C).

To further explore the mechanism at single-cell level,
cell lineage analysis by comprehensive single-cell RNA-
sequencing was performed to gain information of the
transcriptional profile in different treated groups. Cluster
analysis using a uniform manifold approximation and
projection for dimension reduction (UMAP) revealed
the difference in global gene expression profiles of cell
types in four different groups, and identified clusters of
cells with unique genetic signature (figure 2D, online
supplemental figure 3B). Gene expression profiles of
healthy and injured region with or without ultrasound
stimulation were shown by UMAP, suggesting that the
expression profiles after LIFUS both in physiological and
pathological conditions were different (online supple-
mental figure 3C).

Since previous studies showed that astrocyte medi-
ated the effects of ultrasonic neuromodulation, we
then concentrated on the subclusters of astrocytes in
four groups of astrocytes. Heatmap showed 17 differen-
tially expressed genes overlapped with genes of iTRAQ
proteomic analysis related to angiogenesis and synapse
pathways in astrocytes of the IS US mice compared with
that in the IS mice (figure 2E). We found that most of
the other significantly differential genes were phenotypic
genes such as Pecaml or pathway genes such as Pik3c2a/
Atpbfld. We aimed to find the initial genes that directly
response to ultrasound as the target genes therefore,
then focused on HMGBI and CAMK2N1. HMGBI was
the top differential expressed gene related to angiogen-
esis, and CAMK2NI1 was the top differential gene related
to synaptogenesis, suggesting that these two genes were
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Figure 2 LIFUS upregulated HMGB1 and downregulated CAMK2N1 in a new cluster of astrocytes. (A) Volcano plot
demonstrated fold change of protein level of HMGB1and CAMK2N1 in the IS US group compared with the IS group. (B) Bar
chart of GO terms showed angiogenesis and synapse related pathways including BP (biological process, green), CC (cell
component, blue), and MF (molecular function, red). (C) Heatmap showed different protein expression in the IS US group
compared with IS group. (D) UMAP plot showed the expression profiles in the left ipsilateral by clustering cell types in the
ipsilateral hemisphere of mouse brain. (E) Heatmap showed differentially expressed genes (DEGs) in the IS US group compared
with IS group of astrocytes. (F) Bar chart of GO terms showed enriched HMGB1 and (G) CAMK2N1-related pathways of
astrocytes in the IS US group. (H) Expression profiles of HMGB1 and CAMK2N1 in astrocytes organised into groups, and
coloured based on gene expression patterns. (I) Bar chart showed the proportions of three subgroups in four different groups.
(J) Violin plots represented the expression distributions of HMGB1 and CAMK2N1 in astrocytes organised into groups. GO,
gene ontology; IS, ischaemic stroke mice; IS US, ischaemic stroke mice treated with US; US, mice treated with ultrasound;
LIFUS, low-intensity focused ultrasound stimulation; UMAP, uniform manifold approximation and projection; VEGF, vascular
endothelial growth factor.
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involved in the promotion of angiogenesis and synap-
togenesis in MCAO mice with LIFUS. Bar chart of GO
terms showed enriched HMGBI1 and CAMK2N]1-related
pathways in astrocytes from IS US group, including
angiogenesis-related, calcium-related and synapse-
related pathways which we focused on (figure 2F,G).
The secondary profiling of astrocytic subclusters yielded
three subtypes with distinct functional cell identities
(online supplemental figure 3D). Feature plot showed
HMGBI and CAMK2NI expression in secondary profiles
of four different groups (figure 2H). Among the three
subclusters, the proportion of subcluster 2 (C2) astro-
cytes in the IS US mice was~70%, more than IS group
(figure 2I), suggesting that IS US promote the C2 posi-
tive new subcluster. Heatmap showed expressed genes
that HMGB1 increased and CAMK2NI1 decreased in
subcluster 2 compared with other subclusters (1 and 3) in
astrocytes, which was consistent with iTRAQ proteomics
analysis (online supplemental figure 3E). The distribu-
tions of HMGBI1 and CAMK2N1 expression in astrocytes,
microglia and endothelial cells were displayed by violin
plots (figure 2], online supplemental figure 3F). Heatmap
of top differentially expressed genes in astrocytes related
to angiogenesis and synapse pathway were shown in the
US group compared with sham group, while there has
no change of HMGBI and CAMK2NI1 expression (online
supplemental figure 3G). GO terms displayed enriched
pathways in all cell types in US group compared with
the sham group, and showed that enriched C2 promote
angiogenesis, neuroregeneration, immune and inflam-
matory related pathways after stroke, and other cell types
could be involved in angiogenesis and synaptogenesis
via different signal molecules in physiological condition
(online supplemental figure 3H).

Astrocytic HMGB1 inhibition decreased angiogenesis-related
factor expression and reversed neurobehaviour recovery after
LIFUS in MCAOQ mice

To investigate whether LIFUS increased angiogenesis by
upregulating HMGBI1 in astrocytes of MCAO mice, we
knocked down HMGBI in whole-brain cells by pAAV-U6-
shRNA (HMGBI)-CMV-WPRE virus, and in astrocytes
by pAAV-GfaABC1D-3xFLAG-miR30shRNA (HMGB1)-
WPRE virus. pAAV-U6-shRNA-CMV-WPRE virus was used
as a control.

FISH was used to colocalise targeted gene with astrocytes
in RNA level. FISH results showed that HMGBI signifi-
cantly expressed in astrocytes compared with the corre-
sponding controls at 14 days after MCAO (figure 3A).
Expression of HMGBI increased after US treatment
compared with the IS group of mice and decreased in
the IS US sh (HMGBI inhibition in the whole brain) and
IS US gf-sh groups (HMGBI inhibition in astrocytes) in
mRNA level (figure 3B), which demonstrated that viral
inhibition was effective. By quantifying the number of
HMGB1"/GFAP" astrocytes in the perifocal region at 14
days after MCAO by FISH, we found that 64% of HMGB1"

cells were astrocytes and 36% HMGBI1" cells were other
type of cells (figure 3C).

We then analysed the expression of HMGB1, VEGFA
and FGF2 in perifocal regions in MCAO mice. VEGFA
and FGF2 expression showed an increasing trend in the
sham group after LIFUS. The expression of HMGBI,
VEGFA and FGF2 significantly increased in LIFUS
treated groups compared with the IS group at 14 days
after MCAO, which was reversed by HMGB1 inhibition
in IS US sh and IS US gf-sh groups of mice (figure 3D,E).
The expression of other proteins and neurobehavioural
outcomes was not affected by HMGBI inhibition in the
sham mice (online supplemental figure 4A-F). For IS
groups, ultrasound-treated groups showed better neuro-
behavioural outcomes including mNSS, tail suspension
test, foot fault and rotarod than that in the IS group at
14 days after MCAO (figure 3F-I), and reversed by the
inhibition of HMGBI in the whole brain and astrocytes.

LIFUS-upregulated HMGB1 in astrocytes promoted CBF and
lectin® microvessels after MCAQ
To determine whether LIFUS-induced angiogenesis was
correlated with upregulated HMGBI in astrocytes, we
further measured the spatiotemporal changes of CBF
and brain microvasculature in ipsilateral perifocal region
(figure 4). Surface CBF increased in the IS US group
compared with the IS group of mice (figure 4A,B). We
also qualified the ratio of the ipsilateral to the contralat-
eral of ROI; the results also showed that CBF increased at
day 7 and day 13 after MCAO (figure 4). Increased CBF
induced by LIFUS were reversed by inhibiting HMGB1 in
the whole brain cells as well as astrocytes (figure 4A,B).
We further investigated functional angiogenesis by
injecting tomato lectin. Lectin” microvessels increased in
the IS US group compared with IS group of mice which
was reversed after HMGBI1 inhibition (figure 4C). The
quantification of lectin® capillary number and surface
area increased in the US groups compared with the IS,
IS US sh and IS US gf-sh groups (figure 4D,E). Ki67" cells
colabelled with lectin” microvessels emerged in the peri-
focal regions, indicating newly formed microvessels. Ki67"
cells and Ki67*/lectin® microvessels increased in the peri-
focal region of the IS US group of mice compared with
the other 3 groups of mice at day 14 following MCAO
(figure 4F,G). scRNA results showed that HMGB1 mRNA
has no difference in sham groups with or without US
treatment (online supplemental figure 3G), suggesting
that ischaemic mice easily respond to LIFUS, and finally
led to improve outcomes.

Astrocytic CAMK2N1 overexpression reversed the synapses
increase after LIFUS in MCAQ mice

To determine whether LIFUS promoted synaptogenesis
via decreasing CAMK2NI in astrocytes after MCAO, we
overexpressed CAMK2NT1 in the brain cells by pAAV-CAG-
P2A-CAMK2NI1-3xFLAG-WPRE and in astrocyte by pAAV-
GfaABC1D-P2A-CAMK2NI1-3xFLAG-WPRE.  pAAV-P2A-
3xFLAG-WPRE was used as a control.

510

Qi L, et al. Stroke & Vascular Neurology 2024;9:€002614. doi:10.1136/svn-2023-002614

"1ybuAdoo Ag paroalold 1sanb Aq GzZ0z ‘S Ae|N U0 Jwod wig uAs//:dny wol) papeojumoq ‘20z Arenuer 8 Uo #T9200-£202-UAS/9ETT 0T Se paysiignd 1s1i) :JoINaN OSeA 940NnS


https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
https://dx.doi.org/10.1136/svn-2023-002614
http://svn.bmj.com/

a Open access

C
IS sh(scramble) IS US sh(scramble) IS US sh(HMGB1) IS US gf-sh(HMGB1) <0.001
§ .
z 0.001 Q
e 1 <
- % 1007 <0.001 =100
° bN 54
o ; = v . : E 75 o 75
- ¢ HEPAS ia T e <) 0 £ 50
a % i ¥ 3 S AN 3 % R =) o) A
% . : = 25 2 25
“ —
T & = 0
= PINM o &
= S z & &
3; %\\8' oo
NG %
& W
D E AS )

\\
F &
Q@ & $\Ca 8‘@ M Sham [JUS [11S sh(scramble) M IS US sh(scramble) IS US sh(HMGB1) IS US gf-sh(HMGB1)
A

>
§ & &
<

%
S S >
S. FoEEeT 0.010 0.014
R R oot o016
HMGBI1 | - ‘“%ﬂ 25kDa 3 - — < —
2 : E 3 4 0.005 3 2 0.002
VEGFA|  #§ . : |2t0a 52 5i £
29 20 55
2= 22 221
FOF2| M [is0a E % 5%
) = s 3z,
B-actin] s s sose s o s | 42kDa I~ & & Sham IS
F G H I
0.032 0.046 0.005 0.035
i | i | —
0.045 0.024 0.018 0.024
. 0.010 2 0.009 _ 0.033 300 0.(|)_1|7
S5 F2100 = '—I =
&3 | = | 2520 E200
sz % F g
=53 g S0 £510 £'100
@2 S o 53] 5
z32 = &S 2
< «®
0 2 0 0 - 0
1 3 71 14 7 14 7 14 7 14
Time (d) Time (d) Time (d) Time (d)

Figure 3 Inhibiting astrocytic HMGB1 attenuated angiogenesis and reversed neurobehavioural outcomes after LIFUS in MCAO
mice. (A) Representative in situ hybridisation images of HMGB1 (green) signals and GFAP™ astrocytes (red) in the IS scramble,

IS US scramble, IS US sh (HMGB1), and IS US gf-sh (HMGB1) mice. Scale bar=75 pm. (B) Corresponding semiquantification

of HMGB1 mRNA expression level in different groups and (C) percentile of astrocytes (n = 3 mice/group). (D) Western blotting
(E) and quantification of HMGB1, VEGFA and FGF2, protein levels (from left to right, normalised to corresponding sham) in
ipsilateral mice brain, n=4 mice/group for all groups. (F) mNSS, (G) tail suspension, (H) grid walking and (I) rotarod test of
neurobehavioural outcomes in each group (n=3 mice/group in sham groups, n=12 mice/group in the IS groups). IS, ischaemic
stroke mice; IS US, ischaemic stroke mice treated with US; US, mice treated with ultrasound. Data are mean + SD. LIFUS, low-
intensity focused ultrasound stimulation.

We investigated the CAMK2NI localisation and expres-
sion by FISH and Western blot (figure 5). FISH results
showed that CAMK2N1 expressed in astrocytes at 14 days
after MCAO (figure 5A). CAMK2N1 expression was down-
regulated in the IS US group compared with the IS group
at 14 days after MCAO, and successfully increased in the
IS US sh and the IS US gf-sh groups compared with the
IS US control (figure 5B). Quantification of the number
of CAMK2NI1'/GFAP" astrocytes showed that 80% of
CAMK2N1" cells were astrocytes and 20% of CAMK2N1*

cells were other cells in the perifocal regions at 14 days
after MCAO (figure 5C).

Western blot analysis showed that CAMK2N1 was
downregulated in the IS US groups compared with the
IS group, which was reversed in the IS US CAMK2NI1
(CAMK2N1 overexpression in the whole brain) and
the IS US gf~CAMK2N1 (CAMK2NI overexpression
in astrocytes) groups (figure 5D,E). Meanwhile, IS US
groups exhibited higher expression of Phospho-Ca®'/
calmodulin-dependent protein kinase II (p-CAMK2),
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Figure 4 LIFUS upregulated astrocytic HMGB1 via increased CBF and lectin* microvessels in MCAQO mice. (A) Representative
images showed immediate CBF changes and endpoint CBF of ROI at 7 days and 13 days by laser speckle imaging in the sham,
sham US, IS scramble, IS US scramble, IS US sh (HMGB1), IS US gf-sh (HMGB1) groups. (B) Quantification of CBF normalised
to sham. Start row was the quantification of CBF at 7 days and 13 days, respectively. End row was the quantification of
immediate CBF changes followed ultrasound at 7 days and 13 days respectively, (n=6 mice/group in the sham groups, n=10
mice/group in the IS groups). (C) Representative lectin (red) and Ki67 (green) immunostaining images, scale bar=150 pm.

(D) Quantitative analysis of capillary number, (E) surface area showing angiogenesis in perifocal region. (F) Quantification of the
Ki67* cells and (G) Ki67*/lectin® signals to exhibit newly formed endothelial cells and microvessels, (n=3 mice/group in sham
groups, n=4 mice/group in the IS groups). Sham groups indicated sham group and US group. IS groups indicated IS scramble
group, IS US scramble group, IS US sh(HMGB1) group and IS US gf-sh (HMGB1) group. Data are mean + SD. IS, ischaemic
stroke mice; IS US, ischaemic stroke mice treated with US; US, mice treated with ultrasound; LIFUS, low-intensity focused
ultrasound stimulation.
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Figure 5 Astrocytic CAMK2N1 overexpression reversed the synapses increase after LIFUS in MCAO mice. (A) Representative
images of CAMK2N1 (green) signals and GFAP+ astrocytes (red) in IS scramble, IS US scramble, IS US CAMK2N1, and IS

US gf-CAMK2N1 mice. Scale bar = 75 pm. (B) Corresponding quantification of CAMK2N1 mRNA expression level in different
groups and (C) percentile of astrocytes, (n= 3 mice/group). (D) Western blotting and (E) quantification of CAMK2N1, p-CAMK2,
BDNF, GluR1, VGLUT1, VGLUT2, VGAT, Gephyrin, Synl, Homer1, respectively, from left to right and up to down, relative to
B-actin and normalised to corresponding sham in ipsilateral hemisphere of mouse brain, (n=4 mice/group). Sham groups
indicated sham scramble group, US group, US CAMK2N1 group and US gf-CAMK2N1 group. IS groups indicated IS scramble
group, IS US scramble group, IS US sh (HMGB1) group and IS US gf-sh (HMGB1) group. Data are mean + SD. IS, ischaemic
stroke mice; IS US, ischaemic stroke mice treated with US; US, mice treated with ultrasound; LIFUS, low-intensity focused
ultrasound stimulation.
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which was also reversed after CAMK2N1 overexpres-
sion (figure 5E). In addition, LIFUS increased BDNF,
excitatory synapse-related protein glutamate receptor 1
(GluR1l), VGLUTI1 and VGLUT2 expression. Inhibitory
synapse protein (VGAT and Gephyrin), and total synapse
protein (Synapsin I and Homerl) had similar expression
pattern (figure 5E). At the same time, CAMK2N1 overex-
pression did not affect other protein expression or neuro-
behaviour in the sham mice (online supplemental figure
4G-L).

LIFUS-driven astrocytic CAMK2N1 downregulation promoted
electrical signals and increased dendritic spine density after
MCAO

To investigate morphological changes in neuron
after increased synaptic protein levels, we performed
Golgi-Cox staining to visualise neuronal dendritic spines
in the peri-focal region (figure 6A). The number of total
spines on secondary dendrites was shown and calcu-
lated (figure 6B). Results showed that the number of
total spines was significantly increase in the IS US group
compared with the IS group, which was reversed in the
IS US CAMK2NI1 and the IS US gf~=CAMK2NI1 groups
compared with the IS US groups (figure 6C), suggesting
that inhibition of downregulated CAMK2NI1 in whole
brain or astrocyte was beneficial for dendritic spines
increase after ischaemic stroke.

Since GluRlI is a calcium-permeable neurotransmitter
receptor and plays a key role in synaptic plasticity, we also
applied fibre photometry records to detect Ca®* changes
after LIFUS. The results showed that frequency change
of the calcium signals slightly increased in the US group
(figure 6D), while it was significantly higher in the IS US
groups than that in the IS, IS US CAMK2NI and IS US
gf-CAMK2N1 groups during 3-min LIFUS (figure 6E).
Heatmap displayed variance of three mice in one group,
suggesting that there was a relatively strong increase of
frequency after LIFUS, and this enhancement could be
reversed by CAMK2NI1 overexpression in whole brain
cells and astrocytes (figure 6F,G). Furthermore, we also
evaluated nerve-to-muscle signal transmission of motor
neurons by electromyography (EMG) amplitude. Results
showed that the amplitude increased during LIFUS both
in the US and the IS US groups at day 7 and day 13 after
MCAO, which was consistent with Ca®" level changes in
the brain. LIFUS-induced enhancements were inhib-
ited in US CAMK2N1 and US gf-CAMK2NI1 groups
(figure 6H-K). Calcium signals frequency and EMG
amplitude of original waves were stable before LIFUS
in the different groups (online supplemental figure 5).
These results suggested that LIFUS induced calcium
changes and increased neuronal activities. Neurobe-
havioural outcomes including the mNSS, tail suspension
test, grid walking and rotarod test were better in the IS
US group than that in the IS US CAMK2NI and IS US
gf-CAMK2N1 groups of mice (figure 6L.-O). The recovery
was reversed by CAMK2N1 overexpression in the whole
brain and astrocytes.

DISCUSSION

In this study, we demonstrated that LIFUS enhanced
HMGBI1 expression in a subcluster of astrocytes of
ischaemic mouse brain, which promoted microvascula-
ture repair and remodelling. At the same time, downreg-
ulated CAMK2NI increased neural dendritic spines and
synapse generation, which eventually leads to neurolog-
ical functional recovery. We highlighted a molecularly
targeted mechanism for the LIFUS therapy at the single-
cell level and implies a therapeutic rationale for neuro-
genesis, angiogenesis and synaptogenesis for the preclin-
ical trials, and provided a theoretical basis for LIFUS to be
applied to other diseases.

Previous studies showed that LIFUS with 400 mW/
cm® preconditioning mitigated focal cerebral ischaemia
in rats.*® LIFUS pretreatment could also significantly
decrease the neuronal cell apoptosis, downregulation of
apoptosis-related signalling molecules and upregulation
of BDNF in the ischaemic brain tissue with Ispla=528 mW/
cm?? It is noted that [ =39 mW/cm2 for mice® or I
= 2.6 W/cm* for rats i the post ischaemic stage were
proved protective when LIFUS with 12-hour or 24-hour
interval. LIFUS with 193 mW/ cm? used to the whole
brain 3 times in the first week after MCAO upregulated
neurotrophies including VEGF and eNOS.*’ Our study
supported that 3 min with 101 mW/cm? every other day
was optimal ultrasound parameter for neurorehabilita-
tion in the late acute stage (after 7 days) of MCAO, which
provided a safe and effective treatment for ischaemic
stroke.

Based on proteomic protein expression and enrichment
pathways, we set the indicators as angiogenesis and synap-
togenesis, the key factor for stroke recovery, to observe
the effects of ultrasound stimulation. Therefore, we
first considered the components of neurovascular units,
including astrocyte end-foot, endothelium, pericytes,
neurons and 111icroglia.29_31 Microglia-enriched pathways
mainly promote inflammation and immune-related func-
tions, neurons and endothelial cell are the target cell for
angiogenesis and synaptogenesis, astrocytes are cardinal
mediator between neurons and endothelial cells, and
played a vital role in the neurovascular unit remodelling
after ischaemic stroke.” ** Astrocyte-mediated neurovas-
cular coupling signals could stimulate neurons, leading
to a calcium efflux and release of vasoactive substances
onto vessels.”*™ Increasing evidence showed that astro-
cytes are major cell type affected by ultrasound.'®* At the
same time, we observed significant changes of HMGBI1
and CAMK2NI in ischaemic mice after ultrasound only
in astrocytes, but not in other cells, which intrigue us to
conduct cellular level experiments and related validation
in astrocytes.

We also found that angiogenesis and neurogenesis
(synaptogenesis) are the most significantly enriched path-
ways in proteomic analysis by ultrasound stimulation after
stroke, then HMGB1 and CAMK2N1 were identified as
the most significantly differential genes in both pathways.
Furthermore, we performed scRNA sequencing to further
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Figure 6 Astrocytic CAMK2N1 downregulated by LIFUS promoted electrical signals and increased dendritic spine density
after LIFUS in MCAO mice. (A) Presentative Golgi staining images and quantitative analysis. Low magnification of Golgi staining
images of neurons in the perifocal region of ipsilateral hemisphere. Scale bar=75 pm. (B) Representative images of dendritic
spines and (C) a bar graph showed the number of total spines in the sham, US, US CAMK2N1, US gf-CAMK2N1, IS, IS US, IS
US CAMK2N1, IS US gf-CAMK2N1 mice at 14 days after MCAQ, (n=4 mice/group). (D) Average Ca2* transients (detla F/F) and
(E) variance of GCaMP6s signals were displayed at day 7 and day 13 after MCAO. (F) and (G) Heatmap displayed variance of
the calcium activity of neurons during a 5-min records after ultrasound stimulation and CAMK2N1 overexpression respectively
(n=3 mice/group). (H, |) Electromyography (EMG) records showed average EMG amplitude (detla A/A) and (J, K) variance
heatmap during a 5-min records, (n=3 mice/group). (L) mMNSS, (M) tail suspension, (N) grid walking (O) and rotarod test showed
that neurobehavioural outcomes in different groups, (n=3 mice/group in the sham groups, n=12 mice/group in the IS groups).
Ctrl (black line), Ctrl US (blue line), Ctrl US CAMK2N1 (yellow line), and Ctrl US gf-CAMK2N1 (red line) mice. Data are mean =
SD. IS, ischaemic stroke mice; IS US, ischaemic stroke mice treated with US; US, mice treated with ultrasound; LIFUS, low-
intensity focused ultrasound stimulation.
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Figure 7 Low-intensity focused ultrasound stimulation promotes stroke recovery via astrocytic HMGB1 and CAMK2N1 in

mice. LIFUS, low-intensity focused ultrasound stimulation.

identify ultrasound-induced post-stroke changes at the
cellular level, as well as pathways affected by ultrasound
stimulation. Interestingly, we demonstrated that HMGBI1
and CAMKZ2NI1 are also the significantly changed genes in
astrocytes. Previous studies showed that ultrasound stim-
ulation mediated by astrocytes to promote angiogenesis
and synaptogenesis, and HMGB1%*” and CAMK2N1* *
involved in this process. Therefore, we identified these
two genes as targets for further experiments. Overall,
HMGBI1 and CAMK2NI are the overlapping targets of
proteomics and scRNA sequencing in ischaemic stroke
mice, which promoted angiogenesis and synaptogenesis
after ultrasound stimulation. Other studies showed that
HMGBI could release from astrocytes for neurovascular
remodelling and angiogenesis through TLR4 and RAGE
signalling pathways after ischaemic injury.”” * CAMK2
(calcium/calmodulin-dependent protein kinase 2) was
critical for transducing Ca*" signals and contributing to
cellular calcium homeostasis after injury. In our study,
LIFUS promoted angiogenesis-related genes’ expression
including PECAM1 and VEGFR1/FItl in both iTRAQ
proteomics and scRNA-seq. Furthermore, LIFUS also
promoted synaptogenesis-related genes like Atpbfl,
Gabarap, Nyapl, Ryr3 and Trpv2, which could increase
Ca®" influx compared with IS groups. Increased brain
calcium could activate or lead to a high concentration
of CAMK2 translocases from the dendritic shaft to post-
synaptic densities of dendritic spines, which played a
critical role in calcium signalling regulation in learning
and synaptic plasticity, and cell proliferation. CAMK2N1
translocated from the nuclei to the cytoplasm could
directly interact with CAMK2" to inhibit its phosphoryla-
tion, and CAMK2NI-CAMK2 signalling restricts synaptic
progression.

Clinical transformation and application are very important
for the LIFUS. In fact, research on LIFUS for CNS disease
therapy is still in the laboratory and preclinical stage (
fusfoundation.org), especially in ischaemic stroke. Animal
studies help to understand the efficacy, safety and the under-
lying mechanism. In addition, this research proved ultra-
sound stimulation could promote neurological function
and physical rehabilitation, which provides an opportunity
to treat patients who remain disabled after thrombolysis. We
also have a series of further studies to explore the mecha-
nism of ultrasound stimulation, which will further provide
significant translational value for clinical trials eventually.
Our results provided preliminary in vivo data for the poten-
tial clinical application of small and convenient ultrasound
instrument to the human body. The efficacy of ultrasound
treatment in the subacute stage of stroke in animals could
be expanded to the clinical use. In future, the movement
rehabilitation in patients who had a stroke can not only
from limb rehabilitation to brain recovery, but also can from
central angiogenesis and synaptogenesis induced by ultra-
sound to the limb rehabilitation. The mechanism by which
ultrasound acts on astrocytes to promote angiogenesis and
synaptogenesis can also be used as an experimental tech-
nique basis for determining the specific brain region that
ultrasound stimulate in subsequent studies. In addition, our
study provides an important reference for ultrasound treat-
ment of neurodegenerative diseases such as Alzheimer’s
Disease (AD), Parkinson's disease (PD) and other brain
diseases such as glioma.

CONCLUSIONS
Our findings suggest that LIFUS therapy promoted angi-
ogenesis and synaptogenesis via astrocytic HMGBI1 and
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CAMK2N1 (Figure 7). The results highlight a molecu-
larly targeted mechanism for LIFUS therapy at the single-
cell level, which provided a deeper understanding about
the key molecular and cellular events of LIFUS-induced
recovery after ischaemic stroke, and theoretical basis for
extending LIFUS to other disease models and clinical
settings.
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