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Ultrasound modulates microglial activity
and reduces neuroinflammation in a
parameter-dependent manner
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Neuroinflammation contributes to the progression of many neurological diseases. Here, we explore
whether ultrasound can reduce microglia-mediated inflammation in vitro and in vivo. We tested a
broad range of ultrasound parameters in a BV2 microglial cell line, treated with lipopolysaccharide
(LPS) to induce an inflammatory response. We found that specific combinations of centre frequency,
acoustic pressure and treatment duration can significantly lower the levels of pro-inflammatory
cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6. These effects lasted up
to 72 h and were associated with the downregulation of the nuclear factor κB (NF-κB), suggesting a
mechanistic link between ultrasound and inflammation. Further investigation in vivo, in LPS-treated
mice, revealed a reduction in TNF-α expression in the hippocampus following ultrasound. Overall, our
findings showcase the potential of ultrasound as a non-invasive therapeutic strategy to reduce
neuroinflammation and restore brain homeostasis.

Neuroinflammation can drive the pathology of several neurological dis-
eases, including Alzheimer’s disease, Parkinson’s disease, ischemic stroke
and traumatic brain injury1. Although inflammation is initially protective
and temporary, a sustained inflammatory response can disrupt brain
homeostasis and contribute to disease progression2.

Microglia are the brain’s resident immune cells and play an integral
role in mediating inflammation in the central nervous system3. They
exert a multitude of physiological functions, including synaptic plas-
ticity, clearance of cellular debris through phagocytosis and immune
surveillance4–6. Notably, microglia are highly dynamic cells and con-
tinuouslymonitor their microenvironment by extending and retracting
their processes7,8. In response to brain damage or injury, they alter their
morphology and rapidly trigger an immune response by secreting
signalling molecules such as chemokines and cytokines that aim to
contain the damage9. However, a continuous release of NF-κB-regu-
lated pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6, can
amplify inflammation and exacerbate pathology10. Therefore, it is of
prime significance to develop therapeutic interventions to modulate
microglia-mediated inflammation.

Given the significant challenges of developing safe and effective
treatments for neurological diseases, novel approaches are being
investigated11,12.Ultrasound is anon-invasive technology that can treat brain
tissue without relying on pharmacological agents13. Ultrasound waves
induce mechanical effects that can result in changes to cellular membranes,
including the activation of mechanosensitive ion channels such as
PIEZO113. Several animal and human studies have shown that ultrasound
can cause an influx of intracellular calcium in neurons and induce changes
in membrane potential, leading to inhibitory or excitatory effects14–16.
Emerging evidence shows that ultrasound can also influence microglial
functions and inflammatory responses in disease17–19.

Microglia are known to respond to mechanical cues and have been
shown to migrate to sites of inflammation following ultrasound exposure
(centre frequency = f: 2.25MHz, intensity = I: 0.31 to 1.16mW/cm²,
treatment duration = t: 20 s)20. Increases in the cell density of microglia
stainedpositively for ionized calcium-binding adaptormolecule 1 (Iba1)has
been reported in ultrasound-treated brain regions in mice (f: 0.6MHz,
pressure: 260 to 270 kPa, t: 95 s)21. In Alzheimer’s pathology, enhanced
microglial phagocytosis of amyloid plaques was observed following

1Department of Bioengineering, Imperial College London, London, UK. 2Department of Brain Sciences, Imperial College London, London, UK. 3UK Dementia
Research Institute, Imperial College London, London, UK. 4The BioRobotics Institute, Scuola Superiore Sant’Anna, Pisa, Italy. 5Department of Excellence in
Robotics & AI, Scuola Superiore Sant’Anna, Pisa, Italy. 6Department of Chemistry, Imperial College London, Molecular Science Research Hub, White City,
London, UK. 7Department of Computing, Imperial College London, London, UK. 8Rosalind Franklin Institute, Harwell Science and Innovation Campus, Didcot,
Oxon, UK. e-mail: s.grewal@imperial.ac.uk; sophie.morse11@imperial.ac.uk

npj Acoustics |            (2026) 2:15 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s44384-026-00047-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44384-026-00047-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44384-026-00047-8&domain=pdf
http://orcid.org/0000-0002-0016-8976
http://orcid.org/0000-0002-0016-8976
http://orcid.org/0000-0002-0016-8976
http://orcid.org/0000-0002-0016-8976
http://orcid.org/0000-0002-0016-8976
http://orcid.org/0000-0002-3914-1957
http://orcid.org/0000-0002-3914-1957
http://orcid.org/0000-0002-3914-1957
http://orcid.org/0000-0002-3914-1957
http://orcid.org/0000-0002-3914-1957
http://orcid.org/0000-0001-8797-3742
http://orcid.org/0000-0001-8797-3742
http://orcid.org/0000-0001-8797-3742
http://orcid.org/0000-0001-8797-3742
http://orcid.org/0000-0001-8797-3742
http://orcid.org/0000-0002-0626-8652
http://orcid.org/0000-0002-0626-8652
http://orcid.org/0000-0002-0626-8652
http://orcid.org/0000-0002-0626-8652
http://orcid.org/0000-0002-0626-8652
http://orcid.org/0000-0001-5184-0200
http://orcid.org/0000-0001-5184-0200
http://orcid.org/0000-0001-5184-0200
http://orcid.org/0000-0001-5184-0200
http://orcid.org/0000-0001-5184-0200
mailto:s.grewal@imperial.ac.uk
mailto:sophie.morse11@imperial.ac.uk
www.nature.com/npjacoustics


ultrasound treatment (f: 1MHz, I: 294mW/cm², t: 30min),with an increase
in anti-inflammatory IL-10 protein expression in the hippocampus of APP/
PS1 mice22. These results suggest that ultrasound can modulate microglial
activity to promote their protective functions in disease. Additionally, in
Parkinson’s disease, ultrasound (f: 1MHz, I: 528mW/cm², t: 15min)
treatment has been shown to reduce IL-1β levels and enhance glial cell-line-
derived neurotrophic factors, which promote the survival of dopaminergic
neurons in the substantia nigra23. Following ultrasound (f: 1MHz, I:
30mW/cm², t: 15min) in vitro, microglial cells treated with LPS to induce
inflammationhavebeen shown topromote the release of anti-inflammatory
cytokine arginase-1, which is involved in tissue repair and the resolution of
inflammation24. Despite these promising findings, little is known about how
varying ultrasound parameters can shape microglial inflammatory
responses.

In this study, we investigated how varying ultrasound centre fre-
quencies (0.5, 1, 2MHz), acoustic pressures (0.1, 0.2, 0.4MPa) and treat-
ment durations (5, 30, 60min) alter microglial inflammation. Given the
diverse ultrasound parameters reported in previous microglial and neu-
roinflammation studies, we selected a broad range of parameters from low
to high18–20,22,23. This allows us to systematically map how each parameter
and its combinations influence microglial responses under inflammatory
conditions. We identified parameters that significantly attenuated

microglia-mediated inflammation in vitro and subsequently validated the
findings in a neuroinflammation mouse model. Our results reveal a
parameter-dependent modulation of microglial activity with ultrasound,
which provides critical insights into how this technology could be harnessed
to modulate immune responses in neurological diseases for advanced
therapies.

Results
Ultrasound centre frequency differentially modulates inflamma-
tion in microglia
First, we explored how varying ultrasound centre frequency, acoustic
pressure, and treatment duration affected the release of pro-inflammatory
cytokines in LPS-treated microglial cells (Fig. 1). Overall, the strongest
reductions in cytokine levels were observed when ultrasoundwas applied at
0.5 and 2MHz,while increasing acoustic pressure or treatment durationdid
not produce consistent trends in cytokine reduction across the parameters
investigated.

LPS treatment led to significantly higher levels of all cytokines com-
pared to the untreated controls (Fig. 1). In terms of TNF-α levels, at
0.5MHz, ultrasound reduced LPS-elevated TNF-α levels, with significant
decreases at 0.2MPa following 5 and 30min of exposure (p < 0.05; Fig. 1A).
In contrast, ultrasound at 1MHz did not produce significant changes in

Fig. 1 | Ultrasound centre frequency differentially modulates inflammation in
microglia. Quantification of TNF-α, IL-1β and IL-6 levels in LPS-treated microglia
is shown following ultrasound treatment at different frequencies (0.5, 1, 2 MHz),
acoustic pressures (0.1, 0.2, 0.4 MPa) and durations (5, 30, 60 min). Cytokine

concentrations were measured by ELISA 24 h after ultrasound (A–I). Data is shown
as means ± SD (n = 3). Statistical analysis was performed by two-way analysis of
variance (ANOVA) with Tukey’s post hoc test relative to LPS-treated controls;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TNF-α across the acoustic pressures or durations tested (Fig. 1B). Themost
pronounced suppression of TNF-α release was achieved at 2MHz, which
significantly reduced TNF-α concentrations at all pressures and durations
compared with LPS-treated controls (p < 0.001 to p < 0.0001; Fig. 1C).

When analysing IL-1β levels, the strongest reductions relative to the
elevatedLPS-induced levelswere observed at 0.5 and2MHzacross all tested
pressures and treatment durations (Fig. 1D–F). At 1MHz, IL-1β levels were
significantly reduced at 0.1MPa across all durations, with additional
decreases at 0.2MPa after 60min (p < 0.05) and at 0.4MPa after 5min
(p < 0.01) and 60min (p < 0.05) of treatment (Fig. 1E).

IL-6 levels were also significantly reduced under several ultrasound
conditions.At 0.5MHz, IL-6decreased at 0.1MPa after 60minof treatment
(p < 0.01), at 0.2MPa after 5min (p < 0.001), and at 0.4MPa after 30min of
treatment (p < 0.05; Fig. 1G). In contrast, no significant changes were
observed at 1MHz across the tested pressures (Fig. 1H). At 2MHz, IL-6
levels were markedly reduced at all pressures compared with LPS, with
effects observed at 0.1MPa after 5 (p < 0.001) and 30min (p < 0.0001), at
0.2MPa across all durations (p < 0.05 to p < 0.0001), and at 0.4MPa after 30
and 60min of ultrasound (p < 0.0001; Fig. 1I).

Minimal thermal effects across all ultrasound parameters
To investigate the potential contribution of thermal effects, wemeasured the
temperaturewithin the device across all parameter combinations (Fig. 2). In
alignmentwith the InternationalTranscranialUltrasonic Stimulation Safety
and Standards (ITRUSST) guidelines, which consider thermal risks negli-
gible when temperature rises remain below 2 °C, our results indicate that
nearly all ultrasound parameter combinations in this study produced
minimal thermal effects25,26. At the higher frequencies of 1 and 2MHz,
temperature increases remained below 2 °C across all pressures and

treatment durations. A temperature rise of 2.1 °C was observed only at
0.5MHz, at the highest acoustic pressure (0.4MPa) following 60min of
ultrasound.

Ultrasound reduces cytotoxicity in microglia
To evaluate any changes in cytotoxicity induced by ultrasound in LPS-
treated microglia, we measured the LDH release. LDH is a stable cyto-
plasmic enzyme that is present at high levels when cells undergo damage or
stress. As expected, LPS significantly increased LDH release compared to
untreated controls (p < 0.0001; Fig. 3A–C), while ultrasound was able to
reduce these elevated cytotoxic levels across most parameter sets. At
0.5MHz, LDH levels decreased at 0.1MPa and 0.2MPa after 5 and 30min
of treatment, and at 0.4MPa across all treatment durations (Fig. 3A).
Similarly, at 1MHz, reductions in cytotoxicity were observed at 0.1MPa
after 5 and30minof ultrasound, at 0.2MPa for all durations, andat 0.4MPa
after 60min of ultrasound (Fig. 3B). Notably, 2MHz parameter sets pro-
duced the most consistent reductions in LDH release across all the para-
meters tested (Fig. 3C).

Overall, the ultrasound parameters that reduced inflammatory and
cytotoxic responses most effectively in microglia were 0.5MHz at 0.2MPa
for 5min, and 2MHz at 0.1 and 0.2MPa for 5min (Figs. 1 and 3). The
0.5MHz parameter set was selected for further investigation due to its
greater clinical relevance for neurological applications, as lower frequencies
penetrate the skull more effectively and can reach deeper brain regions.

Ultrasound modulates NF-κB-associated cytokines and enhan-
ces anti-inflammatory gene expression inmicroglia for up to 72 h
To explore the time-dependent changes of ultrasound on microglia, we
analysed themRNA expression of pro- and anti-inflammatory genes 24, 48

Fig. 2 | Temperature measurements show minimal thermal effects across all ultrasound parameters. Temperature rises (°C) were recorded with a thermocouple probe
during ultrasound treatment at different frequencies: 0.5 MHz (A), 1 MHz (B), and 2MHz (C); and acoustic pressures (0.1, 0.2, 0.4 MPa) for up to 60 min (A–C).

Fig. 3 | Ultrasound reduces cytotoxic responses in microglia. LDH release was
quantified in LPS-treated microglia 24 h after ultrasound treatment at varying fre-
quencies (0.5, 1, 2 MHz), acoustic pressures (0.1, 0.2, 0.4 MPa) and durations (5, 30,

60 min) (A–C). Data is shown as means ± SD (n = 3); two-way ANOVA with
Tukey’s post hoc test was performed. Statistical comparisons were performed
relative to LPS-treated controls; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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and 72 h after ultrasound treatment using the selected parameter set
(0.5MHz at 0.2MPa for 5min; Fig. 4). Ultrasound significantly reduced
TNF-α gene expression compared with LPS-treated microglia 24 h after
treatment (p < 0.05), with the effect persisting at 48 and 72 h (p < 0.01; Fig.
4A). Similarly, IL-1β and IL-6 mRNA levels were significantly down-
regulated for up to 72 h, suggesting a sustained anti-inflammatory response
(p < 0.001; Fig. 4B, C).

To investigate the underlying mechanisms, we assessed NF-κB gene
expression, a key transcriptional regulator of TNF-α, IL-1β and IL-6. NF-κB
expressionwas significantly decreased 72 h after ultrasound, consistentwith
the reductions observed in pro-inflammatory cytokines (Fig. 4D). These
findings suggest that NF-κB signalling contributes to the ultrasound-
induced modulation of these pro-inflammatory cytokines.

Additionally, anti-inflammatory IL-10 and IL-4 mRNA levels were
upregulated following ultrasound treatment. IL-4 expression was sig-
nificantly increased 72 h after (p < 0.001; Fig. 4E) and IL-10 expression was
significantly increased 48 h after ultrasound compared with LPS-treated
microglia (p < 0.01; Fig. 4F). These results indicate that ultrasound can
induce a transcriptional shift by downregulating NF-κB-mediated pro-
inflammatory geneswhile promoting anti-inflammatory changes associated
with immune resolution.

To determine whether these gene expression changes translated to the
protein level, we measured the concentration of TNF-α, IL-1β and IL-6
cytokines 24, 48 and 72 h after ultrasound treatment. TNF-α and IL-1β
protein levels were significantly lower 24 and 72 h after ultrasound com-
pared with LPS-treated microglia (Fig. 4G, H), whereas IL-6 protein levels
didnot change at the24 and72 h timepoints butwere found to increase 48 h
after treatment (Fig. 4I).

Ultrasound attenuates TNF-α in the hippocampus of an LPS
mouse model of neuroinflammation
To determine whether the in vitro effects of ultrasound translate in vivo, we
evaluated the selected parameter set (0.5MHzat 0.2MPa) in amousemodel
of sustained inflammation. Mice received daily intraperitoneal injections of
LPS or saline for 7 consecutive days to induce neuroinflammation and
activatemicroglia (Fig. 5A)27.Onday7,mice in theLPS+Ultrasoundgroup
received a single whole-brain ultrasound treatment, whereas the saline and
LPS-only groups underwent sham treatments. Four hours post-treatment,
brains were collected for morphological and protein analysis (Fig. 5A). All
the in vivo data presented were obtained from female mice.

TNF-α, IL-1β and IL-4 protein levels were quantified in the prefrontal
cortex and hippocampus (Fig. 5A). LPS administration significantly
increased TNF-α and IL-1β levels, indicating an enhanced inflammatory
response (p < 0.0001; Fig. 5B−C). Ultrasound treatment reduced TNF-α
levels in the hippocampus significantly compared with LPS-only mice
(p < 0.05; Fig. 5B), although levels remained higher than in saline controls.
IL-1β and IL-4 levels, on the other hand, were not significantly altered by
ultrasound at this early 4 h time point compared to LPS-treated mice (Fig.
5B−D).

Ultrasound induces changes in microglial morphology
Wenext assessedmicroglialmorphology by immunostaining brain sections
for Iba1, a morphological marker of microglia, in the prefrontal cortex and
hippocampus (Fig. 6A–F). LPS treatment alonemarkedly alteredmicroglial
morphology. Compared with saline controls, LPS increased the density of
Iba1-positive microglia in both regions (p < 0.05; Fig. 6A) and significantly
elevated the proportion of cells classified as “activated” by the HALO soft-
ware (p < 0.01; Fig. 6B). LPS also increased the average optical density (OD)
of Iba1 staining per microglial cell, indicating enhanced Iba1 expression
(p < 0.0001; Fig. 6C), and induced shortening and retraction of processes,
reflected by decreased average process length and area (p < 0.001 and
p < 0.01, respectively; Fig. 6D, E). Morphologically, LPS-treated microglia
exhibited enlarged cell bodies with thick, retracted processes and multiple
spiny protrusions, giving them a “bushy” appearance characteristic of a
reactive phenotype (Fig. 6F).

Ultrasound treatment partially mitigated several of these LPS-induced
changes. In both regions, ultrasound reduced the average Iba1 OD com-
pared with LPS-only mice (p < 0.05 and p < 0.01; Fig. 6C), although, at this
time point (4 h after ultrasound), values did not return to baseline saline
levels. Ultrasound also increased the average process area permicroglial cell
relative to LPS treatment alone (p < 0.05; Fig. 6E), suggesting partial
recovery of microglial branching complexity.

We next assessed microglial lysosomal activation by co-staining for
Iba1 and CD68, a lysosomal protein marker (Fig. 6G–I). LPS led to a sig-
nificant increase in both the proportion of microglia expressing CD68 and
the CD68-positive area in both the prefrontal cortex and hippocampus
comparedwith saline controls (Fig. 6G,H), consistentwith an inflammatory
response. Ultrasound did not alter the proportion of CD68-positive
microglia relative toLPSalone (Fig. 6G), indicatingno shift in thenumberof
cells engaging lysosomal pathways at this time points. However, ultrasound
significantly increased the area of microglia expressing CD68 in both brain
regions compared with LPS (Fig. 6H), pointing to an increase in lysosomal
protein content per microglial cell, which could potentially be associated
with phagocytic activity.

Together, these findings indicate that LPS induces pronounced mor-
phological changes of microglia, and that ultrasound treatment shows
promise in partially reversing these structural changes, despite not fully
attenuating lysosomal activation to saline levels at this early time point (Fig.
6G, H).

Discussion
Neuroinflammation contributes to the progression of numerous neurolo-
gical diseases, with microglia playing a key regulatory role. Microglia
promptly respond to perturbations in their microenvironment by releasing
a range of cytokines that can either restore homeostasis or exacerbate
disease9. In this study, we aimed to determine whether ultrasound could
modulate microglial-mediated inflammation in both in vitro and in vivo
models. By screening a range of ultrasound parameters, we found that
distinct parameters differentially regulate the expression of pro-
inflammatory cytokines in LPS-treated microglia. Our in vitro results
revealed that the modulatory effects of ultrasound on microglia depend on
the centre frequency applied. Among the frequencies tested, 2MHz con-
sistently produced themost pronounced reduction in inflammation, even at
the lowest pressure (0.1MPa) and shortest treatment duration (5min).
Reductions were also observed at 0.5 and 1MHz, although only under
specific parameter combinations. Importantly, the reduction in inflam-
mation induced by ultrasound was not associated with increased cytotoxi-
city, as confirmed by the LDH assay.

Despite the efficacy of 2MHz treatments in reducing inflammation,we
selected the 0.5MHz parameter set for further investigation due to its
greater tissue penetration, which is more clinically relevant for transcranial
applications. Lower frequencies are better suited at overcoming the
attenuation of the skull, as longer wavelengths lose less energy when pro-
pagating through bone28, allowing for deeper penetration into the brain.
Higher frequencies may be preferable for peripheral tissue applications,
where skull attenuation is not a limiting factor. For subsequent gene and
protein analysis, we selected 0.5MHz at 0.2MPa for 5min as a clinically
relevant parameter set for transcranial brain applications.

Following ultrasound treatment with the selected parameter set, we
observed a significant downregulation of pro-inflammatory cytokine genes
and an upregulation of anti-inflammatory genes. These findings indicate
that ultrasound not only reduces inflammation but also promotes a shift
towards tissue repair and regeneration. The observed downregulation of
NF-κB gene expression also suggests that ultrasound modulates this path-
way at the transcriptional level.

Mice exposed to seven consecutive days of LPS exhibited significant
changes in body weight, pro-inflammatory cytokine levels, and microglial
morphology (Figs. 5 and 6). Using the selected ultrasound parameters, we
found a significant reduction in hippocampal TNF-α levels and morpho-
logical changes in microglia as early as 4 h after a single ultrasound
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Fig. 4 | Ultrasound modulates NF-κB-associated cytokines and enhances anti-
inflammatory gene expression in microglia for up to 72 h. Relative mRNA
expression of pro- and anti-inflammatory genes (A–F) and protein levels of TNF-α,
IL-1β, and IL-6 (G–I) were measured in LPS-treated microglia at 24, 48 and 72 h

following ultrasound at 0.5 MHz and 0.2 MPa for 5 min. Data is shown as
means ± SD (n = 3); one-way ANOVA with Tukey’s post hoc test. Statistical com-
parisons were performed relative to control and LPS treated groups; *p < 0.05,
**p < 0.01, ***p < 0.001.
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treatment. Following systemic LPS challenges, microglia can respond
rapidly and typically display hypertrophic changes, characterised by shor-
tened, thickened processes and increased Iba1+ process OD7,8,29. In the
current study, we provided evidence that ultrasound treatment can reduce
Iba1+ processOD and increase the average process area comparedwith the
LPS-treated group. These early morphological changes suggest that ultra-
sound may restore microglial structure towards a more ramified and
homeostatic state that is supportive of inflammation resolution. Given that
our in vivo analyses were conducted in an acute timeframe, further changes
at later stages should be investigated in future studies.

Our results align with previous studies showing that ultrasound can
modulate inflammation and enhance protective functions in microglia. In
vitro studies have shown that ultrasound attenuates TNF-α, IL-1β and IL-6
protein levels in LPS-treated BV2 microglia19 and increases arginase-1 and

IL-10 gene expression24. Building on these findings, our work demonstrates
that ultrasound regulates microglial cytokine expression and reduces
cytotoxicity through parameter-dependent mechanisms. Additionally, NF-
κB has been identified as a potential therapeutic target due to its central role
in mediating inflammation30,31. Our results align with previous studies,
which also demonstrate a reduction in NF-κB expression following
ultrasound17,19. This suggests that the modulation of this pathway may
contribute to the anti-inflammatory effects of the treatment. The underlying
mechanisms likely involve the activation of mechanosensitive ion channels,
which respond to ultrasound mechanical forces and influence downstream
signalling pathways. Ultrasound-induced mechanical forces can activate
channels like PIEZO1/2 and TRPV4, leading to calcium influx and mod-
ulation of immune signalling pathways32,33. Microglia express several
mechanosensitive ion channels, including PIEZO1, that coordinate both

Fig. 5 | Ultrasound attenuates TNF-α in the hippocampus of an LPSmousemodel
of neuroinflammation. Schematic of the experimental procedure and brain regions
analysed are shown (A). Protein levels of TNF-α, IL-1β, and IL-4 in the prefrontal
cortex and hippocampus are shown for saline, LPS and LPS + ultrasound-treated

mice 4 h post-treatment (B–D). Data is shown as means ± SD (saline n = 3, LPS and
LPS + ultrasound n = 4); two-way repeated-measures ANOVA with Tukey’s post
hoc test was performed. Statistical comparisons weremade relative to saline and LPS
controls; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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physiological and pathological processes34,35. It is therefore plausible that
ultrasoundmodulates microglial immune responses through the activation
of mechanosensitive ion channels, converging on transcriptional regulators
such as NF-κB. The parameter-dependent effects observed in vitro, parti-
cularly at the 2MHz centre frequency, suggest that differences in acoustic
radiation force under these conditions may contribute to the observed
cellular responses36. At higher centre frequencies, increased acoustic
absorption in soft tissue can lead to greater radiation force-induced dis-
placement for a given acoustic intensity, which can increase mechan-
otransductive effects at the cellular level36–38. This may explain the stronger
bioeffects observed when microglial cells were treated at 2MHz as com-
pared with 0.5MHz. Additionally, acoustic pressure and stimulation
durationmay alsomodulate the cellularmembrane and ionchannel activity.
In addition to the activation ofmechanosensitive ion channels, our findings
may also involve heat shock proteins that help protect cells from damage.
Previous studies have reported that low-intensity pulsed ultrasound can
activate these proteins, such as HSP70 and HSP90, which promote cellular
repair mechanisms by reducing the production of pro-inflammatory
cytokines like IL-1β and TNF-α39,40.

Studies have shown that repeated ultrasound treatments can promote
the clearance of neurotoxic debris after stroke injury41 and reduce hippo-
campal TNF-α and IL-1β protein levels in LPS-treated mice42. Our data

reveals a significant reduction in hippocampal TNF-α levels following a
single ultrasound treatment. At this time point, the protein levels of IL-1β
and IL-4 remainedunchanged; however, assessing these levels after repeated
sessions or at later time points could reveal differences in these cytokines.
Additionally, ultrasound was applied for only 6 seconds (s) per targeted
brain region, and longer sonication durations could potentially further
enhance the modulation effects.

Regional brain effects and microglial heterogeneity should also be
considered when interpreting our results. The hippocampus, in parti-
cular, is among the brain regions most susceptible to LPS-induced
inflammation43,44, with increased expression of pro-inflammatory
cytokines and pronounced microglial responses compared to the
cortex45. Consistently, in our LPS model, we observed a higher pro-
portion of morphologically activated Iba1+microglia, characterised by
an enlarged soma and retracted processes in the hippocampus compared
with the prefrontal cortex (Fig. 6B). Microglia display region-specific
morphologies as well as distinct gene and protein expression profiles
across different brain regions46,47. Compared with cortical microglia,
those in the hippocampus tend to exhibit a hyper-ramified morphology
and greater lysosomal and phagocytic activity48. These characteristics
may render the hippocampus more responsive to therapeutic inter-
ventions such as ultrasound. The hippocampus is more vulnerable in

Fig. 6 | Ultrasound induces changes in microglial morphology. Quantification of
Iba1+microglia shown for theprefrontal cortex andhippocampususingDABstaining:
A Iba1+ cell density (cells/mm2),B percentage of activated Iba1+microglia,C average
process optical density (OD) per Iba1+ cell, D average process length per Iba1+ cell,
andE average process area (μm2) per Iba1+ cell. FRepresentativeDAB-stained images
of microglia in saline, LPS and LPS + ultrasound-treated mice at 4 h post-treatment
(scale bar at 100 μm). Quantification of Iba1+CD68 immunofluorescence

quantification shown: G percentage of Iba1+ cells expressing CD68,H percentage of
area co-expressing Iba1+CD68+ and I representative immunofluorescence images of
microglia in saline, LPS and LPS + ultrasound-treated mice 4 h post-treatment (scale
bar at 100 μm). Data shown is as means ± SD (saline n = 3, LPS and LPS+ ultrasound
n = 4).Two-way repeatedmeasuresANOVAwithTukey’s post hoc testwas performed
with statistical comparisons done relative to saline and LPS groups; *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001.
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several neurological diseases, including Alzheimer’s disease, where
efficient clearance through phagocytosis of pathological proteins such as
amyloid-β and neurofibrillary tangles is critical to slowing disease
progression49. In our histology data, we observed an increase in the area
of microglia positive for CD68 after ultrasound treatment in both the
hippocampus and prefrontal cortex. This enhanced lysosomal activity in
the LPS brain could potentially indicate that these cells are primed for
phagocytosis of cellular debris. To determine whether ultrasound pro-
motes microglial phagocytosis, future studies should include neuronal
and synaptic markers alongside CD68 measurements to identify
engulfed components within microglia.

For our in vitro experiments, we used an immortalized BV2
microglial cell line to assess the direct effects of ultrasound parameters.
However, immortalized cultures do not fully reproduce the complexity
of primary or humanmicroglia, which display greater heterogeneity and
context-dependent phenotypes. To enhance therapeutic relevance,
future studies should incorporate induced pluripotent stem cell-derived
human microglial models. Given the functional diversity of microglia,
future investigations should also employmulti-omic approaches such as
transcriptomics and proteomics to obtain a more comprehensive
understanding of microglial responses to ultrasound. Moreover,
microglia in vivo engage in cross-communication with other brain cells,
including astrocytes and neurons, which play key roles in modulating
the immune responses in homeostasis and in disease50,51. The absence of
this interaction of cells in our in vitro model lies as a limitation, and
therefore, to enhance the biological relevance, future studies should
incorporate co-culture systems that can better recapitulate the brain’s
cellular environment. Additionally, LPS stimulation is a well-established
model for studying sustained inflammation, however, it does not fully
recapitulate the inflammation driven by genetic or pathologicalmarkers,
such as amyloid or tau, which is found in neurodegenerative diseases52.
In particular, LPS lacks the progressive accumulation of amyloid and tau
pathology and progressive neuronal and synaptic degeneration52. Future
studies will incorporate disease-relevant models, including transgenic
Alzheimer’s mice or amyloid-β stimulation in vitro, which would be
essential to extend these findings. In the in vivo study, we applied
ultrasound for just 6 s per target to scan the entire brain. This method
aligns with previous studies that have reported the modulation of
microglia with ultrasound with this short exposure time53,54. While this
approach minimised anaesthesia duration and enabled whole-brain
targeting, future studies will explore whether longer sonication times or
repeated treatments could enhance the effects observed on cytokines and
microglial morphology. Additionally, a 4 h post-treatment time point
was chosen to investigate whether ultrasound could modulate early
immune responses. Previous studies show that LPS-induced neuroin-
flammation can lead to rapidmorphological and cytokine changes in the
hippocampus within hours of administration55. Future work will also
assess additional time points, such as 24 and 72 h as per our in vitro
experiments, which could reveal further changes in cytokine activity that
were not captured during this acute phase. A further limitation of the
in vivo study was the use of only female mice. Previous evidence shows
that female microglia display a lower baseline inflammatory response
and enhanced tissue repair mechanisms compared to males, which may
influence the degree of immune modulation achievable with
ultrasound56,57. Future studies should incorporate animals of both sexes,
particularly when mapping parameter-mediated effects of ultrasound.
This is also important for clinical translation, especially in the context of
diseases where sex differences in disease prevalence and therapeutic
outcome are known. Larger sample sizes will also strengthen the
robustness of future findings.

Overall, our study adds to the growing evidence that ultrasound can
modulate neuroinflammation, supporting its potential as a non-invasive
therapeutic strategy for neuroinflammatory diseases. Our results suggest that
ultrasound can help restore immune homeostasis without causing wide-
spread immunosuppression, which remains an ongoing clinical challenge.

Methods
Cell culture
BV2 cells (ATCC®), a murine microglial cell line, were obtained from
Professor Elisabetta Ferraro from the University of Pisa, Italy. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich),
100 μL/mL penicillin, and 100 μg/mL streptomycin (Sigma-Aldrich). Upon
90% confluency, the cells were trypsinized, centrifuged, counted and seeded
at a cell density of 1 × 104 cells/well on a thin polystyrene film (Goodfellow)
mounted within a CellCrown (Scaffdex) in a 24 plate (Fig. 7A). The cells
were divided into three groups: (i) control, (ii) LPS and (iii) LPS + ultra-
sound. BV2 cells in groups (ii) and (iii) were treated with 1 μg/mL LPS for
24 h to establish a cellular model of neuroinflammation. Next, the cells in
group (iii) (LPS + ultrasound) were treated with various ultrasound para-
meters. In particular, the group consisted of 9 sub-groups based on the
required combinations of centre frequency (0.5, 1, 2MHz), acoustic peak-
to-peak pressure (0.1, 0.2, 0.4MPa) and treatment duration (5, 30, 60min).
After 24 h, the supernatant was collected for analysis.

In vitro ultrasound treatment
A custom in vitro ultrasound system was used to perform the ultrasound
treatment of BV2 cells58. Three piezoelectric unfocused transducers with
centre frequencies of 0.5MHz (44mmdiameter), 1MHz (23mmdiameter)
and 2MHz (23mmdiameter) were used for the study (PrecisionAcoustics,
UK). The transducers were powered by a 4-channel signal generator (2W/
channel) controlled by software for setting the acoustic pressure, duty cycle,
pulse repetition frequency and treatment duration (ImageGuidedTherapy,
France; Fig. 7A). Duty cycle and pulse repetition frequency were kept
constant at 20% and 1 kHz, respectively. Temperature measurements were
determined using a fine-wire type T thermocouple probe positioned inside
the wells (T.M. Electronics, UK, resolution of 0.1 °C). The spatial-peak
pulse-average intensity (Isppa) was calculated using the equation
Isppa ¼ p2rms

ρc , and the spatial-peak temporal average intensity (Ispta) was
calculated by multiplying Isppa by the duty cycle (20%). A summary of
calculated intensities for eachacoustic pressureused in this study isprovided
in Table S1.

Animals
Eleven female C57BL/6 mice (8–9 weeks old, 19.3 ± 1.2 g, Charles River,
Cambridge, UK) were used in this study. All mice were housed in a 12 h
light/12 h dark cycle with free access to food and water, and were accli-
matised for seven days before any procedure. This study was designed as a
pilot study and all animals were randomly divided into three groups: (i)
saline n = 3, (ii) LPS n = 4 and (iii) LPS+ ultrasound n = 4. Mice in groups
(ii) and (iii) were intraperitoneally injected with LPS (Sigma-Aldrich, Cat.
O111:B4) at a dose of 0.75mg/kg for seven consecutive days, while mice in
group (i) were administered with an equal volume of 0.9% saline NaCl
(Sigma-Aldrich). LPS and saline injections were administered between
09:00 and 11:00 during the animals’ active (dark) phase of a reversed light/
dark cycle. Ultrasound or sham treatment was applied on the seventh day,
4 h after thefinal saline orLPS injection.Allmicewereweigheddailyprior to
any procedures andwere housed under identical conditions throughout the
study.Noanimals ordatapointswere excluded fromthe analysis.All animal
experiments were conducted in accordance with the Animals Scientific
Procedures Act 1986 and approved by UK Home Office and Imperial
College London’s Welfare and Ethical Review Body (PBDB8AA12).

In vivo ultrasound treatment
For the in vivo experiments, mice were anaesthetised with 2% vaporised
isoflurane (Zoetis UK Limited, London, UK) with oxygen (Harvard
Apparatus, Cambridge, UK). The fur on the head was shaved using an
electric trimmer and then depilatory cream. Next, the mouse’s head was
positioned within a stereotaxic frame (45° ear bars; World Precision
Instruments, Hertfordshire, UK). A single-element spherical focused
ultrasound transducer (centre frequency 0.5MHz; focal depth: 39.49mm,
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Fig. 7 | In vitro and in vivo experimental setups. A In vitro experiments were
performed by culturing cells in CellCrown™ inserts mounted on a polystyrene film
within a latex-sealed device filled with media. The device was placed above three
unfocused transducers and submerged in degassed water to ensure acoustic cou-
pling. The transducers were driven by a 4-channel signal generator controlled by a
PC software to modulate acoustic pressure, pulse repetition frequency, duty cycle,
and treatment duration. B In vivo experiments were performed with a 0.5 MHz

focused transducer mounted on a 3D positioning system. The transducer was
coupled to the head via a water-filled cone and parafilm-bottomed bath containing
deionised water, with ultrasound gel applied for acoustic coupling. Ultrasound
pulses were emitted from the transducer driven by a function generator through a
50-dB power amplifier. C The whole mouse brain was treated with ultrasound by
moving the transducer within a grid of 8.52 × 14.98 mm in size. Figures were created
with Fusion 360, BioRender and Figma.

https://doi.org/10.1038/s44384-026-00047-8 Article

npj Acoustics |            (2026) 2:15 9

www.nature.com/npjacoustics


active diameter: 22.60mm, part number: H-107; Sonic Concepts, Bothwell,
WA, USA) was used to emit the ultrasound (Fig. 7B). The parameters used
were 0.5MHz centre frequency, 0.2MPa acoustic pressure, 1 kHz pulse
repetition frequency, 200 μs pulse length, and 6 s sonication duration for
each targeted point within a grid (8.52mm× 14.98mm) to cover the entire
brain of the mouse (Fig. 7C). A 6 s sonication duration per targeted point
was chosen based on existing ultrasound studies53,54, and due to longer
durations not being as feasible given that the whole brain was targeted. The
transducer was mounted onto a 3D positioning system (Velmex, Bloom-
field, NY, USA) to move the ultrasound focus in the x and y directions to
cover the entire brain. A cone mounted onto the transducer was filled with
deionised water and placed into a parafilm-bottomed bath also filled with
deionised water (Fig. 7B). This was placed on the head of the mouse with
ultrasound gel for coupling to ensure propagation of the ultrasound into the
brain. Ultrasound pulses were generated by a function generator (33500B
series; Agilent Technologies, Santa Clara, CA, USA), with the signal driven
by a 50-dB power amplifier (2100 L Electronics and Innovation, Rochester,
NY, USA) (Fig. 7B). Control mice treated with saline and LPS received the
same duration of anaesthesia as those treated with LPS + ultrasound and
were placedunder the transducer, without turningon the amplifier. 4 h after
treatment, all mice were injected intraperitoneally with pentobarbital before
being transcardially perfused with 30mL of ice-cold phosphate-buffered
saline (PBS; Gibco). The brains were extracted from the skull and split into
two hemispheres. The left hemisphere was fixed with 4% formalin (Sigma-
Aldrich) for 24 h and cryoprotected in 30%sucrose in PBS at 4 °C. The right
hemisphere was further dissected into prefrontal cortex and hippocampus
regions, which were snap frozen in dry ice and stored at−80 °C for protein
analysis.

Acoustic simulations
To estimate potential temperature increases in our in vivo experiments, we
simulated thepropagationpathwayofourultrasoundpulsesusing ak-Wave
MATLAB toolbox59. The anatomical skull geometry of amousewas derived
from a publicly available micro-CTmurine skull, voxelised and rescaled to
match the simulation grid resolution of 0.231mm, corresponding to 13
pointsperwavelengthat 0.5MHz60. TheCourant–Friedrichs–Lewynumber
was set to 0.1 and the parameters of the simulations were set to 0.5MHz
centre frequency, 0.2MPa pressure at the acoustic focus in water, 200 μs
pulse length, 1 kHz pulse repetition frequency, and 6 s sonication duration.
The transducer was positioned perpendicularly to the skull surface, so that
its natural acoustic focus coincided with the centre of the mouse brain. The
mouse skull was treated as a homogeneousmaterial, while the brain and soft
tissues were assumed to have the acoustic properties of water. In addition,
perfect acoustic couplingwas assumedbetween the transducer and the skull,
representing a conservative worst-case scenario with maximum transmis-
sion efficiency (Table S2).

Temperature was evaluated at five spatial positions within the skull,
corresponding to the centre and the four vertices of the grid used in the
in vivo experiments. To achieve this, the transducerwas repositioned at each
location so that its geometric focus aligned with the respective target point
inside the brain. A 200 μs pulse was used to simulate the acoustic field. The
peak pressure was converted to root-mean-square pressure to compute
pulse average acoustic intensity: I ¼ p2rms

ρ�c . In the formula, ρ is the medium’s
density and c is the speed of sound in themedium.Heat depositionwas then
defined as:Q ¼ 2 � αnp � I � D:D is the duty cycle, and αnp is the absorption
coefficient in Nepers per metre, obtained from the frequency-dependent
attenuation input. This heat sourcewas passed to the k-Wave thermal solver
and used to simulate heating over a 6 s sonication periodwith a duty cycle of
20%, corresponding to 200 μs pulses at 1 kHz pulse repetition frequency.

These simulations showed negligible thermal effects, with peak tem-
perature rises remaining below 0.02 °C (Fig. S1). Specifically, the mean
temperature increase in the skull was 0.0134 ± 0.0048 °C, while in the sur-
rounding regions (brain and scalp), the increase was 0.0117 ± 0.0038 °C,
suggesting that thermal effects were minimal for the selected treatment
parameters. The thermal dose was estimated using k-Wave to calculate

cumulative equivalent minutes at 43 °C (CEM43) at the focus of the ultra-
sound beam. Based on these simulations, the in vivo sonication is likely to
produce a negligible thermal dose (0.000024min) average at focus points
within themouse brain, supporting the conclusion that thermal effects were
not significant under the tested neuromodulation conditions26.

Enzyme-linked immunosorbent assay (ELISA)
BV2 cell supernatant was collected 24 h after ultrasound treatment, and
cytokine levels were analysed using mouse TNF-α (Cat. KE10002), IL-1β
(Cat. KE10003), and IL-6 (Cat. KE10091) ELISA kits (Proteintech, UK),
according to themanufacturer’s instructions.Theabsorbancewasmeasured
using a multilabel plate reader (Victor, PerkinElmer, Waltham, MA, USA),
recorded at 450 nm. The prefrontal cortex and hippocampus were homo-
genised in RIPA lysis buffer (Thermo-Fisher, Cat. 89901) with proteinase
tablets (Thermo-Fisher, Cat. A32955). Samples were centrifuged at
15,000 × g for 15min. The supernatant was collected, and the protein
concentration was determined using a Pierce BCA protein reagent kit
(Thermo-Fisher, Cat. 23225). ELISAs (Proteintech, UK) for TNF-α (Cat.
KE10002), IL-1β (Cat. KE10003) and IL-4 (Cat. KE10010) were performed
according to themanufacturer’s instructions.Theabsorbancewasmeasured
using a microplate reader (Varioscan, Thermo-Fisher, UK), recorded
at 450 nm.

Lactate dehydrogenase (LDH) assay
LDHlevels in the experimental samplesweredetectedusing aCyQUANTTM

LDHCytotoxicityAssay kit (Thermo-Fisher,Cat.C20301), according to the
manufacturer’s instructions. The assay kit quantified LDH levels by LDH-
induced catalysis of the enzymatic conversion of lactate to pyruvate via
NAD+ reduction to NADH. The absorbance readings taken using a mul-
tilabel plate reader (Victor, PerkinElmer, Waltham, MA, USA) at 680 nm
were subtracted from those at 490 nm.

Real-time quantitative reverse transcription polymerase chain
reaction (RT-qPCR)
Total RNA was isolated from the BV2 cells using the ReliaPrep™ RNACell
Miniprep System according to themanufacturer’s instructions at 24, 48 and
72 h post-ultrasound (Promega, Cat. Z6011). Next, a NanoDrop spectro-
photometer was used to assess the concentration and the purity of the RNA.
Total RNA was then reverse transcribed to cDNA using the PrimeScript™
RT Master Mix (Takara, Cat. RR036A), according to the manufacturer’s
protocol. Real-time qRT-PCR was performed using PowerUp™ SYBR™
Green Master Mix (Thermo-Fisher, Cat. A25742) in a Rotor-Gene Q
(Qiagen, Hilden, Germany) following the manufacturer’s instructions, for
the following genes: TNF-α, IL-1β, IL-6,NF-κB, IL-10 and IL-4. ThemRNA
levels of these genes were calculated relative to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) house-keeping gene using the 2−ΔΔCT

method and expressed as fold change, equivalent to normalization with
respect to the control group61. The primers used are listed in Table S3.

Histology
Free-floating sagittal brain sections (30 μm) were obtained using a cryostat
(CryoStarNX70; Thermo-Fisher). The blade temperaturewas set to−14 °C
and −12 °C, respectively, and the sections were collected in a 24-well plate
with0.05%sodiumazide (Sigma-Aldrich) inPBS. For immunostainingwith
3,3-diaminobenzidine (DAB), sections were washed in tris-buffered saline
(TBS; Sigma-Aldrich), then permeabilised with 1% hydrogen peroxide
(Sigma-Aldrich) in 0.25% TBS Triton-X (Sigma-Aldrich). Sections were
blocked using 10% FBS and 1% bovine serum albumin (BSA; Sigma-
Aldrich) in 0.1% TBS Triton-X for 2 h. Then, the brain sections were
incubated using 1:1000 rabbit anti-Iba1 (019-1941; Fujifilm WAKO Che-
micals, USA) primary antibody in 2% FBS, 0.2% BSA and 0.02% TBS
Triton-X overnight at room temperature. The sections were washed with
TBS and incubated with 1:200 goat anti-rabbit IgG (BA-1000-1.5; Vector
Laboratories) secondary biotinylated antibody in 2% FBS, 0.2% BSA and
0.02% TBS Triton-X for 2 h at room temperature. Sections were washed 3
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times with TBS and then PBS, followed by signal amplification with avidin
biotin horseradish peroxidase complex (PK-6100; Vector Laboratories).
The stain was visualised withDAB (SK-4105; Vector Laboratories), and the
reaction was stopped after 20 s using distilled water. Brain sections were
mounted ontomicroscope slides (VWREuropean, Cat. 631-0108) in a PBS
bath and left overnight to dry. Finally, the slides were dehydrated in distilled
water, 70%, 90%, 100% ethanol (Sigma-Aldrich) and xylene (Sigma-
Aldrich) and then cover-slipped with DPX mounting medium (Sigma-
Aldrich). Images were acquired with a digital slide scanner (Aperio AT2;
Leica) using a 20X objective. All images were analysed using HALO
quantitative image analysis software (Indica Labs). HALO parameters used
for the microglial analysis are listed in Table S4.

For immunofluorescence, brain sections were washed with TBS and
then permeabilised with 0.25% TBS Triton-X. Sections were blocked using
10% FBS and 1% BSA in 0.1% TBS Triton-X for 2 h. Next, brain sections
were incubated with 1:1000 rabbit anti-Iba1 and 1:500 rat anti-CD68
(MCA1957-MO; Bio-Rad, UK) primary antibodies overnight at 4 °C. After,
the sectionswerewashed5 times inTBS, followedby incubationwith 1:1000
donkey anti-rabbit (ab150075; Alexa Fluor 647; Abcam, UK) and 1:1000
goat anti-rat (ab150157;Alexa Fluor 488;Abcam,UK) secondary antibodies
with 2% FBS, 0.2% BSA in 0.02% TBS Triton-X for 2 h. Following incu-
bation, the sections were washed 5 times with TBS and mounted onto
microscope slides with mounting media (Abcam, Cat. AB104135). Images
were acquired using a MICA microhub fluorescent microscope (Leica
Microsystems, UK) at 20X magnification using filters with excitation at
653 nm and emission at 669 nm to image Iba1 and excitation 499 nm and
emission at 519 nm for CD68 imaging. All images were processed using an
imaging software on MATLAB.

Statistical analysis
Data was normalised according to the Shapiro-Wilk test, and significant
differences were evaluated using one-way or two-way ANOVA followed by
Tukey’s post hoc multiple comparison tests. All statistical analysis was
performedusingGraphPadPrism (Prism10, La Jolla, California,USA), and
the criteria of significance was set at *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. Values shown are the mean and standard deviation of the
mean (mean ± SD).

Data availability
The data supporting the findings are provided in Data S1. Additional data
are available from the corresponding authors on reasonable request.
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