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ABSTRACT 

To overcome the limitations of invasive neuromodulation systems, we introduce a wireless magnetomechanical approach for 
remote, minimally-invasive deep brain stimulation (DBS) without chronically implanted hardware. This method leverages 
biocompatible magnetite nanodiscs (MNDs) with ground vortex magnetization, which undergo in-plane transitions under 
low-frequency alternating magnetic fields, generating localized piconewton-scale torques. These torques engage endogenous 
mechanosensory pathways to modulate neural activity, enabling reversible stimulation without genetic modifications. Calcium- 
imaging validated rapid neuromodulatory effects of MNDs in vitro and ex vivo, motivating the application of magnetomechanical 
DBS to the subthalamic nucleus in mice. We demonstrated remote control of motor behavior in wild-type mice and significant 
restoration of motor function in a severe hemiparkinsonian model. Demonstrating efficacy at multiple experimental scales, 
this work establishes a clinically compatible, electrode-free neuromodulation technology combining nanoscale engineering with 
mechanosensory signaling, paving the way toward a minimally-invasive DBS approach suitable for outpatient use and for patients 
ineligible for conventional DBS. 
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 Introduction 

eep brain stimulation (DBS) is a clinically established, yet
nvasive, neuromodulation technique requiring surgical implan-
ation of electrodes to deliver electrical stimulation to targeted
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deep brain regions. It has demonstrated significant therapeutic
efficacy in neurological disorders, such as Parkinson’s disease
(PD), essential tremor, and dystonia. Despite its clinical success,
core DBS technology has remained largely unchanged since its
initial implementation [ 1, 2 ]. Reliance on permanently implanted
its use, distribution and reproduction in any medium, provided the original work is properly 
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ardware poses challenges related to surgical complexity, device
ongevity, and patient acceptance [ 3 ]. Moreover, conventional
BS often lacks the spatial precision required to selectively target
pecific neural circuits because standard electrodes activate large
issue volumes. This can result in off-target effects, including
nwanted motor or cognitive changes, and contribute to vari-
bility in clinical outcomes [ 4 ]. Clinically, these complications
ften translate into recurrent hospitalization, hardware infection,
r surgical revision, especially in older PD patients or those
ith comorbidities. These limitations motivate efforts to develop
lternative neuromodulation strategies that preserve DBS efficacy
hile reducing invasiveness [ 5, 6 ]. 

agnetic nanomaterials, which transduce magnetic fields into
iological effects, are emerging as promising tools in bio-
lectronics and neuromodulation [ 7 ]. Their ability to enable
emote, localized stimulation without physical wiring makes
hem attractive for minimally invasive approaches. Magneto-
lectric nanoparticles, for example, convert magnetic field input
nto electrical signals [ 8, 9 ], but often contain non-biocompatible
lements that present a risk of long-term degradation and pose
hallenges in achieving consistent synthesis and control over
hysical properties [ 10, 11 ]. Magnetothermal approaches use
agnetic nanoparticles to dissipate heat under an alternating
agnetic field (AMF), thereby activating thermosensitive ion
hannels [ 12, 13 ]. While effective, this approach offers limited
emporal precision, requires high concentrations of nanopar-
icles, raises concerns about the long-term effects of repeated
euronal heating, and typically relies on genetic modification to
ensitize target neurons to thermal stimuli [ 14, 15 ]. 

ere, we introduce magnetomechanical DBS (mDBS; Figure 1A ),
 wireless, minimally invasive neuromodulation strategy
hat employs biocompatible magnetite nanodiscs (MNDs;
igure 1C,D ) [ 16 ] to activate mechanosensitive ion channels
n the brain, such as Piezo-type mechanosensitive ion channel
omponent 1 (Piezo1) and transient receptor potential vanilloid
 (TRPV4) [ 17, 18 ]. Unlike conventional DBS, mDBS delivers
patially confined stimulation through piconewton-scale
orques generated under low-frequency AMF [ 16 ]. This enables
recise, therapeutic modulation of deep brain circuits, thereby
vercoming limitations of wired neurostimulation approaches.
y eliminating implanted hardware, mDBS could extend access
o DBS for patients who decline or are ineligible for surgery,
sing injectable, magnetic resonance imaging (MRI)-compatible
anoparticles detectable with standard clinical imaging. 

 single prior study reported magnetomechanical stimulation
sing MNDs [ 19 ], based on our earlier work on MND design and
agnetic parameter optimization [ 16 ]. However, that approach
elied on high frequency and high amplitude magnetic fields
nd targeted transient receptor potential cation channels, which
ikely limited efficacy and translational relevance [ 16 ]. Other mag-
etomechanical strategies, such as mTorquer, require extremely
arge nanoparticle concentrations (50 mg/mL) and genetic over-
xpression of Piezo1 to achieve functional efficacy, further
onstraining their clinical translation [ 20 ]. 

n contrast, the mDBS approach introduced here operates at
linically compatible field strengths to activate endogenous
echanosensitive ion channels such as Piezo1 and TRPV4,
of 16
enabling targeted neuromodulation without genetic modification
or high nanoparticle burden. Piezo1 and TRPV4 are expressed
in neurons and glial cells in multiple regions of the mammalian
central nervous system (CNS) [ 21, 22 ] and play a key role in
transducing mechanical strain into electrical or biochemical
responses [ 23, 24 ]. Although their role in glia and vascular
mechanotransduction in the CNS is well established [ 22, 25, 26 ],
their contribution to neural circuit dynamics remains largely
unexplored. 

Here, we harness these endogenously expressed mechanosensi-
tive ion channels to enable precise and wireless neuromodulation
using MNDs actuated by clinically relevant low-frequency AMF
parameters. We show that microgram-level nanoparticle doses
are sufficient to evoke robust neuromodulatory responses in vitro,
ex vivo, and in freely moving mice. This approach reveals a
functional role for endogenous mechanosensitivity in modulating
neural activity and provides a genetically unmodified, clinically
scalable paradigm for minimally invasive DBS. 

Crucially, we demonstrated functional recovery in a severe
Parkinsonian mouse model, representing the first therapeutic
application of fully endogenous magnetomechanical neuromod-
ulation. Our mDBS approach may offer potential for future
human applications, with the possibility of improving patient
adherence and clinical outcomes in DBS treatment [ 12 ]. 

2 Results 

2.1 MNDs Mediate Calcium Influx In Vitro via 
Endogenous Mechanosensitive Ion Channels 

We examined whether MNDs can induce intracellular calcium
responses via magnetomechanical stimulation, thereby activating
mechanosensitive ion channels in vitro. Human embryonic stem
cell (hESC)-derived neurons (H9 lineage, differentiated for > 10
weeks) were incubated with the intracellular calcium indicator
Fluo-4 AM and exposed to AMF stimulation (5 Hz, 28 mT) [ 16 ].
Cells were treated with or without 30 µg/mL MNDs and subjected
to three 30s AMF On/AMF Off cycles using a custom-built
solenoid coil (Figure 1A,C ). 

In cultures pre-incubated with MNDs, AMF pulses consis-
tently showed robust increases in Fluo-4 fluorescence ( ΔF/F0 )
(Figure 1G,H ). No response was observed in MND-free controls
(Figure 1G ), MND-treated cultures that were not exposed to
AMF (Figure S2D,E ), or in the presence of the mechanosensitive
cation channel inhibitor GsMTx4 (Figure S2F ). Consistent with
activation of mechanosensitive pathways, addition of the Piezo1
agonist Yoda1 induced an increase in Fluo-4 fluorescence (Figure
S2G ), indicating that intracellular Ca2 + influx is mediated by
mechanosensitive channels [ 27–29 ]. The safety of magnetome-
chanical actuation under these conditions was confirmed by
the absence of propidium iodide uptake 30 min after AMF
stimulation (Figure S2H ). Immunohistochemistry confirmed the
expression of Piezo1 and TRPV4 in differentiated hESC-derived
neurons (Figure S2I ). 

To assess the biocompatibility of the MNDs, we monitored
HEK293 cell proliferation using phase-object confluence mea-
Advanced Science, 2026
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FIGURE 1 MNDs for magnetomechanical neuromodulation. (A) Illustration of MND-mediated neuromodulation. (B) Schematic of the direct 
(red), indirect (blue), and hyperdirect (green) pathways under physiological conditions. Dopaminergic input from the substantia nigra pars compacta 
(SNc) activates the direct pathway and inhibits the indirect pathway. Cortical projections reach the subthalamic nucleus (STN) via the hyperdirect 
pathway, which then conveys signal to the globus pallidus internus (GPi). The GPi and substantia nigra pars reticulata (SNr) provide basal ganglia 
output, completing the cortico-basal ganglia-thalamo-cortical pathway (adapted from [ 30 ]). (C) Transmission electron micrograph (TEM) of bare MNDs 
(100 nm). (D) TEM micrograph showing poly(maleic anhydride-alt-1-octadecene)-coated MNDs (100 nm). (E) TEM micrograph showing MND within 
the STN of a mouse (500 nm). (F) Illustration of a mouse brain highlighting the STN (pink) and analyzed regions: primary motor cortex (yellow), 
substantia nigra (pink), and ventral anterior/lateral thalamic nuclei (pink). (G) Heatmaps (top) showing fluorescence changes expressed as ΔF/F0 and 
significance plots (bottom) indicating the presence or absence of statistically significant response relative to baseline recorded from Fluo-4 AM transients 
observed in human embryonic stem cell (hESC)-derived neurons during magnetic field stimulus (grey) with (left) and without (right) MNDs. Each 
condition was repeated across six different cultures, with ∼ 10 cells randomly selected for analysis. (H) False-color stills from a representative recording 
of hESC-derived neurons (50 µm). 
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TABLE 1 Patient demographics and experimental applications. 

Gender Age Experiment(s) 

M 39 IHC; C-Fos 
F 31 IHC; C-Fos 
F 46 IHC; C-Fos 
F 32 IHC; C-Fos 
M 32 IHC; C-Fos 
F 56 IHC; C-Fos 
M 25 Ca2 + -Imaging 
F 63 IHC; TRPV4 and Piezo1 
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urements. Over five days, untreated HEK293 cells showed a
teady increase in confluence, reaching approximately an eight-
old increase (Figure S2A,B ). Exposure to MND at concentrations
f 15 and 30 µg/mL did not inhibit cell growth, indicating the
bsence of cytotoxic effects. These findings confirm that MNDs
re well tolerated and do not impair HEK293 cell viability or
roliferation at low concentrations. The concentration used for
ll further in vitro experiments was 30 µg/mL. 

.2 MND-Mediated Magnetic Stimulation 

vokes Neuronal Activation Ex Vivo 

o address magnetomechanical activation in brain tissue, we
ncubated human organotypic brain slices (hBSCs; Table 1 ) 3
ays post-resection in artificial cerebrospinal fluid (aCSF) with
 4 µg MNDs or without MNDs. Magnetomechanical stimulation
as performed using the same custom-built solenoid coil system
Figure S1A,C ) with three 20s AMF On/ Off cycles. Calcium
maging revealed that only neurons treated with MNDs exhibited
 reproducible increase in calcium signals during the field-On
dvanced Science, 2026
epochs (Figure 2A ; Figure S4 ), confirming effective mechanical
stimulation in a physiologically relevant ex vivo environment.
Immunohistochemistry confirmed the expression of Piezo1 and
TRPV4 in human neurons (Figure 2B ). 
3 of 16
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FIGURE 2 Ex vivo magnetomechanical control. (A) Heatmaps (top) showing fluorescence changes expressed as ΔF/F0 and significance plots 
(bottom) indicating the presence or absence of statistically significant response relative to baseline recorded from Fluo-4 AM transients observed in hBSC 
during magnetic field stimulus with (left) and without (right) MNDs. Each condition was repeated across six different cultures, with ∼ 15 cells randomly 
selected per culture. (B) Representative high-power (50 µm) photomicrographs of hBSC stained for NeuN with TRPV4 or Piezo1. (C) Representative low- 
(100 µm) and high-power (25 µm inset) photomicrographs of hBSC stained for c-Fos in slices receiving mDBS ( n = 6) or control stimulation ( n = 6). The 
white arrows indicate examples of c-Fos-positive cells. (D) Quantification comparing AMF-only slices ( n = 6) and mDBS-treated slices ( n = 6). mDBS 
significantly increased c-Fos expression * * p < 0.01, mean ± S.E.M., one-tailed paired t -test. 

T  

t  

t  

o  

a  

e  

0  

t  

g

2
S

N  

i  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75097 by U

niversitatsbibliothek R
W

T
H

 A
achen U

niversity, W
iley O

nline L
ibrary on [15/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
o determine whether MND-mediated stimulation activates func-
ional neural circuits, tissues were fixed 90 min after AMF
reatment and subsequently immunolabeled for c-Fos, a marker
f recent neuronal activity [ 31 ]. Slices incubated with MNDs
nd exposed to AMF showed a significant increase in c-Fos
xpression compared to AMF-only controls (t [ 5 ] = 5.4180, p =
.0018, Figure 2C,D ). These findings demonstrate that magne-
omechanical actuation can effectively induce activity-dependent
ene expression in intact human brain tissues. 

.3 In Vivo MND-Based Magnetomechanical 
timulation Modulates Motor Behavior In Mice 

ext, we tested the ability of MNDs to modulate brain activity
n vivo. Adult C57BL/6J mice received unilateral stereotaxic
of 16
injections of 1.5 µg MNDs (1.5 µL per animal) into the subthalamic
nucleus (STN) (Figure 1E ), a deep brain structure clinically
targeted for DBS in patients with PD. Unilateral targeting was
chosen, given that classical unilateral STN DBS induces changes
in motor behavior in rodents [ 32 ]. Motor behavior in response
to magnetomechanical STN stimulation of mechanosensitive ion
channels (Figure S3D,E ) was evaluated 1–2 weeks post-injection. 

To compare AMF On and Off conditions, mice were placed inside
the AMF coil for 3 min at 5 Hz and 28 mT. AMF stimulation led
to significant improvement in motor performance on the rotarod
task, which evaluates balance, coordination, physical condition,
and motor planning. Mice exposed to AMF remained on the
rotating rod for significantly longer than during the AMF Off
sessions (t [ 9 ] = 2.708, p = 0.0120, Figure 4B ). In addition, mice
were evaluated using the open field test (OFT) for 5 min. The
Advanced Science, 2026
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FIGURE 3 Magnetomechanical STN DBS improves motor behavior in naïve male mice. (A) In vivo experimental scheme. (B) Rotarod latency 
to fall across four trials during AMF Off and AMF On conditions. STN-targeted MND stimulation delivered 3 min prior to testing improved motor 
performance (paired t -test, t [ 9 ] = 2.708, * p = 0.0120). (C-I) CatWalk XT gait metrics across five runs in AMF Off versus AMF On conditions ( n = 11). 
AMF stimulation reduced run duration (* p = 0.0173) (C), did not alter step number (n.s.) (D), increased diagonal limb support (* p = 0.0275) (E), increased 
stride length ( p ≤ 0.0346) (F), decreased paw print area ( p = 0.0176) (G), decreased initial dual stance ( p ≤ 0.0276) (H), and reduced body speed variation 
( p ≤ 0.0290) (I) of STN mDBS ( n = 11) during AMF On and Off conditions (paired t -test). * p < 0.05, mean ± S.E.M., RF: right front paw, RH: right hind 
paw, LF: left front paw, LH: left hind paw. 
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FT assesses general locomotor behavior in a novel open arena.
ollowing AMF On stimulation, mice exhibited significantly
educed movement compared to the AMF Off condition (t [ 10 ]
 1.860, p = 0.0463; Figure S5A–C ). 

o examine lateralized motor output, rotational behavior was
valuated in a circular plexiglass arena (Ø 9 mm, height 30 cm)
itted within a custom-built solenoid coil (Figure S1D ). Mice
howed no significant change in contralateral rotations (t [ 20 ]
 1.2209, n.s., Figure S5D,E ) or ipsilateral rotations (t [ 20 ] =
.2868, n.s., Figure S5D,E ) during the AMF On versus AMF Off
onditions. While a trend toward reduced ipsilateral rotations was
bserved during the AMF On condition, the overall rotational
ymmetry remained unchanged. 

MF stimulation also produced significant improvements in gait-
nd balance-related general coordination, as assessed using the
atWalk XT test [ 33 ]. Mice exhibited decreased run duration ( p =
.0173, Figure 3C ), no change in the number of steps (Figure 3D ),
ncreased diagonal support ( p = 0.0275, Figure 3E ), and increased
tride length ( p ≤ 0.0346, Figure 3F ). Additional changes included
 decreased print area ( p = 0.0176, Figure 3G ), decreased initial
ual stance ( p ≤ 0.0276, Figure 3H ), and lower body speed
ariation ( p ≤ 0.0290, Figure 3I ). 
dvanced Science, 2026
Supplementary analyses revealed a decreased maximum contact
area ( p ≤ 0.0255) (Figure S8A ), decreased terminal dual stance
( p ≤ 0.0425) (Figure S8B ), decreased print length ( p = 0.0026)
(Figure S8C ), unchanged print width (Figure S7D ), unchanged
speed duty cycle (Figure S7E ), decreased run max variation ( p =
0.0075) (Figure S8F ), and decreased support three ( p = 0.0134)
(Figure S8G ), indicating enhanced dynamic coordination and
postural control following AMF stimulation. 

Consistent with in vitro effects (Figure S2A ), in vivo exposure
to MNDs showed no increase in astrocytes and microglia. In
the MND-injected hemisphere ( n = 7), no significant increase in
microglia was found compared to the non-injected hemisphere (t
[ 6 ] = 0.4114, n.s.). Similarly, no significant increase in astrocytes
was found in the MND-injected hemisphere ( n = 8) compared to
the non-injected hemisphere (t [ 7 ] = 0.3581, n.s.) (Figure S3 ). 

2.4 Therapeutic Efficacy of Magnetomechanical 
DBS in a Severe Hemiparkinsonian Mouse Model 

To assess the clinical relevance of mDBS, we applied this
approach to a well-established model of PD, using mice with
a unilateral 6-hydroxydopamine (6-OHDA) lesion targeting the
5 of 16
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FIGURE 4 Magnetomechanical STN DBS alleviates severe Parkinsonian symptoms. (A) In vivo experimental scheme. (B) Representative low- 
(1000 µm) and high-power (50 µm) photomicrographs of Tyrosine Hydroxylase (TH)-positive cells in the substantia nigra pars compacta (SNc) 
contralateral and ipsilateral to the 6-OHDA injection. The lesion caused ∼ 90% loss of TH in the ipsilateral SNc versus the contralateral side (mean 
± S.E.M., one-way ANOVA), * * * * p < 0.0001. (C) Rotarod performance across five trials on two testing days. STN-targeted MND stimulation improved 
motor performance versus sham (t [ 19 ] = 1.875, p = 0.0381). (D–J) CatWalk XT results across four runs. AMF stimulation reduced run duration ( p < 

0.0001) (D) and step count ( p = 0.0472) (E), increased stride length ( p ≤ 0.0006) (F), decreased paw print area ( p ≤ 0.0224) (G), increased diagonal limb 
support ( p = 0.0118) (H), decreased initial dual stance ( p = 0.0190) (I), and decreased body speed variation ( p = 0.0352) (J) between sham ( n = 9) and 
STN mDBS mice ( n = 8), independent one-tailed t -test. (K) Representative low- (500 µm) and high-power (50 µm) c-Fos photomicrographs in M1, ventral 
anterior/ lateral thalamus, and amygdala in sham ( n = 6) and STN mDBS ( n = 6). The white arrows indicate examples of cells expressing c-Fos. (L) STN 

mDBS increased c-Fos in M1 ( p < 0.0001) and thalamic motor areas ( p < 0.0001), but not in the amygdala. * p < 0.05, * * p < 0.01, * * * p < 0.001, * * * * p < 

0.0001, mean ± S.E.M., RF: right front paw, RH: right hind paw, LF: left front paw, LH: left hind paw. 
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igrostriatal pathway and projecting to the STN. Given that
TN stimulation is a standard DBS target for levodopa-resistant
otor complications, MNDs were unilaterally injected into the
TN of hemiparkinsonian mice. This hemiparkinsonian model
s characterized by selective dopaminergic neuron loss on one
ide of the brain, mimicking the motor deficits observed in PD
 34 ]. We found that a unilateral 6-OHDA injection resulted in a
0% reduction in Tyrosine Hydroxylase (TH) expression in the
psilateral substantia nigra pars compacta (SNc) when compared
o the contralateral hemisphere ( p < 0.0001) (Figure 4B ). To
of 16
compare the behavioral effects of mDBS, sham, and MND-treated
mice were evaluated for their performance on the rotarod. Perfor-
mance was significantly improved in the MND group compared
to the sham control group (t [ 19 ] = 1.875, p = 0.0381) (Figure 4C ),
indicating improved balance, coordination, physical condition,
and motor planning under magnetomechanical stimulation. 

Rotational behavior was quantified as previously described by
assessing ipsilateral or contralateral rotations around the body
axis. While a trend toward reduced ipsilateral turning was
Advanced Science, 2026
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bserved in MND-treated mice, statistical analyses revealed no
ignificant differences in ipsilateral (t [ 20 ] = 0.2868, n.s.) (Figure
6A ) or contralateral rotations (t [ 20 ] = 0.2868, n.s.) (Figure
6B ) between sham and STN mDBS. Nevertheless, the overall
istribution of rotational behavior appeared to be more balanced
nder stimulation, suggesting subtle modulatory effects. 

ham and MND-treated mice were additionally evaluated in the
FT for 5 min as previously described. No significant difference
n the total distance travelled was observed between the MND
nd sham groups (t [ 15 ] = 0.1679, n.s.) (Figure S7A ), although a
ositive trend toward increased locomotion was observed in the
ND group. Similarly, the average velocity did not differ between
roups (t [ 14 ] = 0.9838, n.s.) (Figure S7B ). The time spent in the
enter (t [ 15 ] = 1.142, p = 0.1356) (Figure S7C ), corners (t [ 15 ] =
.9593, n.s.) (Figure S7D ), and along the walls (t [ 15 ] = 0.08598,
.s.) (Figure S7E ) of the OFT arena were also comparable between
he groups, indicating no anxiety-related behavior (Figure S7 ). 

n the CatWalk XT test, AMF stimulation induced significant
hanges in multiple gait and balance-related parameters, reflect-
ng improved coordination and motor control. MND-treated mice
xhibited a decreased run duration ( p < 0.0001) (Figure 4D ),
educed number of steps ( p = 0.0472) (Figure 4E ), increased stride
ength ( p ≤ 0.0006) (Figure 4F ), increased print area ( p ≤ 0.0224)
Figure 4G ), and diagonal support ( p = 0.0118) (Figure 4H ).
he contact dynamics also changed with an elevated maximum
ontact area ( p ≤ 0.0228) (Figure S9A ), increased terminal dual
tance ( p ≤ 0.0246) (Figure S9B ), and a higher initial dual stance
 p = 0.0190) (Figure 4I ). Additional improvements included
ncreased print dimensions, length ( p ≤ 0.0110) (Figure S9C ),
nd width ( p ≤ 0.0358) (Figure S9D ). Measures of gait variability
ere reduced, including decreased body speed variation ( p =
.0352) (Figure 4J ), speed duty cycle ( p = 0.0352) (Figure S9E ),
nd maximum run variation ( p = 0.0485) (Figure S9F ), consistent
ith enhanced dynamic stability and postural control. 

onsistent with behavioral effects, magnetomechanical stimu-
ation activated neural circuits across motor regions. In AMF-
timulated mice ( n = 6), a significantly higher proportion of c-Fos
ositive cells was detected in the motor cortex (t [ 10 ] = 9.405, p <
.0001) and ventrolateral and ventral anterior thalamic complex
t [ 9 ] = 6.958, p < 0.0001) compared to the sham control group ( n
 6). No difference was observed in the amygdala (t [ 9 ] = 0.2276,
.s.) in AMF-stimulated mice ( n = 5) when compared to the
ham control group ( n = 6) (Figure 4K,L ), confirming the effective
ctivation and recruitment of areas of the cortico-basal ganglia-
halamo-cortical circuitry (Figure 1B,F ). The degree of motor
ecovery observed parallels improvements achieved with STN-
BS in advanced PD, supporting the translational potential of
DBS as a minimally invasive, electrode-free neuromodulation
trategy. 

.5 Magnetomechanical STN Stimulation Drives 
etwork-Level Neural Responses In Vivo 

o investigate the effects of low-frequency magnetomechanical
ctivation of the STN on basal ganglia output and characterise
etwork-level neural responses in vivo, we performed high-
ensity extracellular recordings targeting the SNr and GPi in a
dvanced Science, 2026
hemiparkinsonian mouse model (Figure 5A ). Spike sorting and
assignment of single units were based on stereotactic coordi-
nates and confirmed histologically. During electrophysiological
recordings, repeated measures ANOVA revealed a significant
effect of AMF stimulation on the firing rate of SNr neurons
across baseline, during, and after stimulation (F [ 2, 12 ] =
6.802, p = 0.0063) (Figure 5B,C ). Further post-hoc comparisons
revealed a significant increase in firing rate between baseline
and stimulation ( p = 0.0430) and between baseline and post-
stimulation ( p = 0.0280). At the same time, no difference was
found between stimulation and post-stimulation. Similar results
were observed in the GPi, with repeated measures ANOVA
indicating a significant effect across time points (F [ 2, 5 ] = 14.25,
p = 0.0071) (Figure 5E,F ). In particular, a significant increase
in firing rate was observed between baseline and stimulation
( p = 0.0302) and between baseline and post-stimulation ( p =
0.0320), while no difference was found between stimulation and
post-stimulation. These findings suggest that low-frequency mag-
netomechanical stimulation can modulate basal ganglia output in
a manner comparable to conventional high-frequency STN-DBS
[ 35 ], potentially preserving or restoring more physiological neural
activity patterns within the network. 

Interestingly, SNr and GPi neurons showed no changes in
bursting activity during AMF stimulation (Figure 5D,G ). Bursting
activity in the basal ganglia nuclei is a well-established electro-
physiological hallmark of PD, due to dopamine depletion, and
is typically associated with impaired motor function [ 36–38 ].
Conventional high-frequency STN DBS suppresses bursting activ-
ity [ 38 ]. Therefore, our findings suggest that AMF stimulation
modulates neuronal firing rates without affecting pathological
bursting patterns, indicating a distinct mechanism of action
compared to conventional high-frequency DBS. 

We next investigated whether neuronal activity in basal ganglia
output structures was entrained by AMF stimulation. Represen-
tative single-unit recordings from the SNr revealed time-locked
responses, with spikes aligned to stimulation onset showing
changes in firing within a 100-ms window surrounding the
event (Figure 5H , top). Phase analysis further revealed coherent
entrainment and significant spike-AMF phase locking in both the
SNr and GPi (Figure 5H,I ), with preferred phases exceeding the
statistical threshold (Z = 1.96). 

3 Discussion 

There is an increasing interest in advanced neuromodulation
technologies for PD, particularly in cases where pharmacological
treatments are insufficient. STN-DBS has proven to be more
effective for advanced PD, demonstrating increased efficacy over
dopaminergic medication alone in managing motor symptoms
and improving the quality of life in patients [ 39 ]. The STN
plays a central role in the cortico-basal ganglia-thalamo-cortical
circuitry, exerting excitatory glutamatergic projections to down-
stream nuclei, including the globus pallidus and substantia nigra
[ 40, 41 ]. However, analyses of DBS surgical outcomes have found
that 15%–34% of DBS surgeries later require follow-up surgical
interventions to either remove or revise the placement of DBS
electrodes. Of these, 47% were due to hardware malfunctions or
infections. 
7 of 16
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FIGURE 5 Magnetomechanical STN DBS neural responses. (A) Neuropixels probe trajectories targeting SNr (pink) and GPi (blue) based on the 
Allen mouse brain atlas, with recording sites shown. (B) Raster plot (top) of 13 units recorded before, during, and after AMF stimulation with burst 
index (bottom) shown as the summed spike rate of all units, binned at 50 ms intervals in the SNr. (C) Average spike rates of the 13 SNr units significantly 
increased ( p < 0.05) during and after AMF stimulation compared to the pre-stimulation baseline. (D) Burst index remained unchanged during and after 
AMF stimulation relative to the pre-stimulation period. (E) Raster plot (top) of 6 units recorded before, during, and after AMF stimulation with burst 
index (bottom) shown as the summed spike rate of all units, binned at 50 ms intervals in the globus pallidus internus. (F) Average spike rates of the 6 
GPi units significantly increased ( p < 0.05) during and after AMF stimulation compared to the pre-stimulation baseline. (G) The average burst index 
remained stable during and after AMF stimulation relative to the pre-stimulation period. (H) Two representative substantia nigra units responding to 
AMF stimulation. Top: trial-aligned raster plots showing spike activity 0.1 s before and after AMF onset. Bottom: polar plots showing preferred phase of 
AMF modulation; blue line denotes Z-score threshold of 1.96. (I) Two representative globus pallidus internus units responding to AMF stimulation. * p 
< 0.05, mean ± S.E.M. Repeated-measures ANOVA with Bonferroni post hoc correction. 
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dditionally, minor surgery is required regularly for battery
eplacement in the pacemaker component of DBS devices [ 42 ].
hese risks associated with conventional DBS contribute to its
nderutilization, as a significant number of patients decline the
rocedure due to surgery-related concerns, resulting in a mere
of 16
10% of eligible patients ultimately receiving DBS [ 43 ]. Given this,
there is an increasing demand for neuromodulatory approaches
that offer greater specificity, improved safety, and long-term
stability, while minimizing invasiveness. Recent innovations in
miniaturized and wireless systems have sought to address these
Advanced Science, 2026
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imitations by enabling remote neural control without the need
or chronically implanted hardware or frequent surgical inter-
entions such as battery replacement [ 8, 12 ]. For clinicians, the
bility to deliver DBS-like therapeutic benefits without implanted
ardware could eliminate device-related infections, lower revi-
ion surgery rates, and enable earlier intervention in disease
rogression. 

ithin this context, magnetothermal DBS has emerged as a
romising strategy for remote neuromodulation through exter-
ally applied magnetic fields [ 12, 44, 45 ]. However, to date,
o clinical studies targeting neurological disorders have been
eported. This is largely due to limitations such as reliance
n transgenes, low temporal resolution, and high nanoparticle
oncentrations [ 12, 13 ]. Recently, approaches capable of delivering
echanical or electrical stimuli without genetic modification
ave therefore gained attention due to their translational poten-
ial [ 8, 9, 14, 16 ]. 

n this study, we introduce mDBS, a wireless approach using
njectable, anisotropic MNDs with vortex magnetization that
ransduce externally applied AMF energy into mechanical forces
o activate neurons in the STN. After characterizing the magne-
ization behavior and confirming previously demonstrated bio-
ompatibility of MNDs stabilized with poly(maleic anhydride-alt-
-octadecene) (PMAO) and their non-toxic effects, we validated
he mechanistic underpinnings in in vitro models. 

hrough Ca2 + imaging in hBSC and hESC-derived neurons,
e observed that MND stimulation induced transient calcium
nflux through mechanosensitive ion channels, predominantly
ediated by Piezo1. Pharmacological inhibition of Piezo1 and
RPV4 using GsMTx4 significantly reduced AMF-induced activ-
ty, whereas the Piezo1 agonist Yoda1 potentiated responses in
itro. Together, these results confirm that MND-driven AMF
xposure causes torques sufficient for membrane deformation
nd Piezo1 opening, initiating a calcium influx cascade, similar
o our reported MND application to activate dorsal root ganglions
ominated by Piezo2, with ∼ 18 pN exerted from a single MND
nder 5 Hz and 28 mT AMFs [ 16 ]. 

mmunohistochemical analysis further revealed the presence
f Piezo1 and TRPV4 in ex vivo brain tissue, suggesting the
ossibility of multi-channel mechanotransduction. Although our
unctional experiments focused on Piezo1, TRPV4 is known to
espond to mechanical and osmotic stimuli and is involved in
eurosensory and glial modulation [ 24, 48 ]. Its expression raises
he possibility of parallel or synergistic activation of pathways
uring mDBS. However, TRPV4 activation often requires more
ustained or indirect stimuli compared to Piezo1’s direct bilayer
ension gating [ 23 ]. Future studies using TRPV4 antagonists or
nockout models may reveal whether this channel contributes
o neuromodulatory outcomes, particularly under chronic stim-
lation. Importantly, the presence of multiple mechanosensitive
hannels highlights the potential of mDBS to engage a broader
ange of endogenous mechanosensitive pathways, enhancing its
obustness and translational scope. 

n naïve mice, unilateral stereotactic injection of MNDs into the
TN, followed by AMF stimulation, significantly enhanced per-
ormance in the rotarod and CatWalk XT assays. These findings
dvanced Science, 2026
suggest that mDBS can modulate motor circuits, even under
baseline physiological conditions, thereby increasing motor coor-
dination and balance. Notably, significant improvements in gait
and balance assays, including walking speed, stride length,
and variability in body speed, support the notion that magne-
tomechanical activation selectively enhances locomotor function,
likely via motor-related neuronal pathways, including the STN
and its downstream effects on the globus pallidus externa (GPe)
and SNr via the indirect and hyperdirect pathways of the basal
ganglia [ 49 ], as well as the motor thalamus [ 50 ], motor cortex [ 49 ],
and brain stem centers, such as the pedunculopontine nucleus
[ 51 ]. 

To test its therapeutic potential, mDBS was applied in a severe 6-
OHDA hemiparkinsonian mouse model, which mimics advanced
PD pathology with over 90% loss of TH-positive neurons in
the SNc. While general locomotor activity in the OFT did not
improve, likely because of the limited sensitivity of the test in
detecting subtle motor improvements in severe dopaminergic
depletion, mice treated with mDBS displayed significant ben-
efits in rotarod latency and CatWalk XT parameters including
increased walking speed, extended stride length, and a reduced
duty cycle, suggesting a more efficient gait with less time spent
in the stance phase. These results mirrored those observed in
naïve animals. The behavioral improvements also align with key
clinical endpoints used in DBS trials, such as gait speed, balance,
and coordination, which underscores the direct clinical relevance
of the magnetomechanical response. 

Static CatWalk XT parameters also showed improvements com-
pared to the sham controls. These behavioral outcomes are
consistent with those of conventional STN DBS studies, including
enhanced forelimb use asymmetry [ 52 ], enhanced treadmill
performance [ 53 ], stepping and rotarod scores [ 54 ], and increased
locomotor activity [ 55 ]. Notably, static and dynamic Catwalk XT
parameters have differential sensitivity to stimulation-induced
changes in locomotor speed, suggesting that the dynamic
improvement observed here reflects the selective engagement of
fast locomotor circuits by mDBS. 

To assess downstream neuronal activation, c-Fos immunostain-
ing was used as a marker of neural activity [ 31 ]. In hBSC, AMF
stimulation in the presence of MNDs significantly increased c-
Fos-positive cell counts compared to AMF alone. In vivo, a similar
increase in c-Fos-positive cells was observed in the motor cortex
and motor thalamus, confirming that MND-mediated mDBS
can wirelessly drive cellular responses in mechanosensory deep
brain structures. Although hBSCs offer a translational ex vivo
platform, some limitations need to be considered, particularly the
fact that this tissue is typically resected from pharmacoresistant
epilepsy patients. While this does not entirely exclude the impact
of disease-related changes, several factors support the broader
relevance of our results. First, slices were obtained from cortical
regions distant from the epileptogenic area, thereby reducing the
epileptogenic effects. Second, our findings were confirmed in
vivo, which are free from epileptic pathology, strengthening the
generalizability of the observed neuromodulatory effects. Impor-
tantly, this study integrates human ex vivo tissue and mouse
in vivo models, allowing complementary levels of validation.
Human brain slices were used to directly validate magnetome-
chanical activation of endogenous mechanosensitive pathways in
9 of 16
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linically relevant tissue, while mouse models enabled circuit-
evel and behavioral assessment. The targeted mechanotransduc-
ion mechanisms, including Piezo1-mediated force sensing and
embrane-cytoskeleton coupling, are highly conserved across
pecies, supporting mechanistic continuity between the human
nd mouse data [ 59, 60 ]. 

o examine the magnetomechanical activation of the STN, we
erformed high-density extracellular recordings targeting the SNr
nd GPi in a hemiparkinsonian mouse model. AMF stimulation
esulted in modulation of the basal ganglia output by increasing
he firing rates in both structures. These increases were observed
uring and after stimulation, suggesting that mDBS modulates
ownstream basal ganglia output pathways. This effect is similar
o the response to conventional high-frequency STN-DBS, which
ncreases tonic firing in the SNr and GPi while disrupting
athological synchrony [ 35 ]. Moreover, the increased excitability
s in line with previous research indicating that 6-OHDA lesions
isrupt the balance of synaptic inputs in favor of excitation,
articularly in the GPi [ 56 ]. 

espite the increase in firing rate, bursting activity in the SNr and
Pi neurons remained unchanged during and after stimulation.
ursting is a hallmark of Parkinsonian basal ganglia activity and
s closely related to dopamine depletion and motor dysfunction
 36–38 ]. While high-frequency DBS is known to suppress patho-
ogical bursting [ 38 ], MND-mediated stimulation did not alter
his activity under the current parameters. This suggests that
lthough magnetomechanical neuromodulation can modulate
asal ganglia output, its mechanism of action may differ from that
f conventional DBS. In addition, the ability of mDBS to impose
hase-locked activity on basal ganglia output structures suggests
emporally entrainment, which could be applied to disrupt
athological oscillations in Parkinsonian circuits [ 57 ]. Together,
hese findings highlight the potential of mDBS to influence basal
anglia circuitry that is similar, but mechanistically distinct, from
onventional DBS approaches [ 35, 41, 58 ]. 

europixels recordings from basal ganglia output nuclei provide a
ircuit-level readout integrating excitatory and inhibitory inputs.
he consistent increase in SNr and GPi firing rates and spike-
MF phase locking argue against canceling mixed activation
nd support coordinated modulation of therapeutic networks. A
etailed cell-type-specific dissection of excitatory and inhibitory
euronal populations is an important focus of future studies. 

n summary, this study presents a wireless, minimally invasive
latform consisting of micromolar concentrations of biocompat-
ble MNDs (1.5 µg per mouse) and simple, scalable solenoid coils
or deep brain neuromodulation. By leveraging the magnetome-
hanical actuation of endogenous mechanosensitive ion channels
ominated by Piezo1, mDBS enables targeted activation of the
TN with high spatiotemporal resolution and without the use
f genetic tools or implanted hardware. Together, the behavioral
nd histological data support the conclusion that MND-mediated
DBS can effectively modulate neuronal activity in deep brain
egions and induce functional changes. We propose that these
ffects are driven by selective activation of the thalamocortical
ircuitry, offering a minimally invasive, wireless neuromodula-
ion strategy with therapeutic relevance for neurodegenerative
iseases, such as PD. From a translational perspective, due to the
0 of 16
ease of scaling and manipulating electromagnetic setups, upcom-
ing work focuses on adapting coil geometries and field parameters
for human brain volumes and assessing MND clearance and
long-term biocompatibility in large animal models. Combined
with MRI-guided injection techniques, this platform could be
rapidly adapted for minimally invasive clinical feasibility trials in
movement disorders. 

4 Materials and Methods 

4.1 Magnetic Nanodiscs 

The MNDs were synthesized through a two-step process. First,
hematite nanodiscs were produced via hydrothermal synthesis.
These were then reduced under hydrogen reflux at 360◦C while
dispersed in triethanolamine, which served as a co-reducing
agent, and oleic acid, employed as a dispersing agent. Oleic acid
absorbs onto the MNDs, conferring hydrophobicity and providing
new binding sites for subsequent functionalization with PMAO,
applied at a concentration of 10 mg of PMAO per mg of MNDs, to
enhance hydrophilicity, water dispersibility, and biocompatibility.
Exposure to an AMF at a therapeutically relevant frequency of
5 Hz and an amplitude of 9 Vpp, resulting in the generation of
a magnetic field amplitude of 28 mT, is sufficient to trigger the
reversible activation of mechanosensitive ion channels through
the torque produced by the MNDs. 

4.2 Cell and Tissue Culture 

4.2.1 HEK293 

HEK293 cells (ATCC CRL-1573) were cultured in EMEM (Gibco;
11095080) supplemented with 10% fetal bovine serum, maintained
at 37◦C in a humidified atmosphere with 5% CO2 . The cells
were passaged every 3–4 days. Cells were seeded at 1.5 × 104 
cells/well in 96-well plates for toxicity analysis, and 1% penicillin-
streptomycin was added to the cell culture medium. 

4.2.2 H9 Differentiated Human Neurons 

H9 human embryonic stem cells (hESCs) obtained from WiCell
were successfully expanded and confirmed to have a normal
karyotype. The expression of pluripotency markers was val-
idated following the protocol described by Marchetto et al.
[ 61 ]. H9 cells were cultured on Geltrex-coated plastic plates
(Thermo Fisher Scientific) and maintained in E8 Flex medium
(Thermo Fisher Scientific). Neural progenitor cells were gener-
ated using the STEMdiff Neural Induction Medium (Stemcell
Technologies), according to the manufacturer’s instructions.
Neural progenitor cells were maintained in STEMdiff Neural
Progenitor Medium and subsequently matured into neurons
using Brainphys medium, supplemented with growth factors. 

In brief, hESCs were enzymatically dissociated using Gentle
Dissociation Reagent (Stem Cell Technologies) and plated as
single cells (3 × 106 cells/mL) in AggreWell 800 microwell
culture plates (Stem Cell Technologies) containing STEMdiff
Neural Induction Medium, supplemented with SMAD inhibitors
Advanced Science, 2026
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nd y-27632, to generate EBs. Developing EBs were maintained
n STEMdiff Neural Induction Medium supplemented with
MAD inhibitors for five days. After this period, the EBs were
ransferred to plates coated with polyornithine and laminin.
osette-forming EBs were selectively isolated using an enzyme-
ree neural rosette selection reagent (Stem Cell Technologies) and
lated on polyornithine-laminin-coated 35 mm dishes to generate
eural progenitor cells (NPCs). These NPCs were cultured as
igh-density monolayers and seeded at low densities (4 × 104
ells/cm2 ) for neuronal differentiation. 

uring neuronal differentiation, NPCs were cultured in neu-
al differentiation medium supplemented with brain-derived
eurotrophic factor (20 ng/mL, Peprotech), glial cell-derived
eurotrophic factor (20 ng/mL, Peprotech), dibutyryl-cyclic AMP
1 m M , Sigma), ascorbic acid (200 n M , Sigma), and laminin
1 µg/mL) in BrainPhys Neuronal Medium (Stem Cell Tech-
ologies), which included N2 Supplement-A and SM1. The
ulture medium was refreshed twice a week throughout the
en-week differentiation process. Quality control was main-
ained to ensure that all cultures were free from mycoplasma
ontamination. 

.2.3 Human Organotypic Brain Slice Cultures 

lices for organotypic culture were prepared from the temporal
ortex of eight patients (three male and five female, aged 25–
3 years; Table 1 ) diagnosed with pharmacoresistant temporal
obe epilepsy. All patients provided written informed consent,
nd the protocols were approved by the Medical Ethics Review
ommittee (METC 2024-0496). Tissue processing followed a
odified protocol based on the method described by Bak et al.

 62 ]. Tissue was transported from the operating room to the
aboratory in slicing artificial cerebral spinal fluid (s-aCSF)
omposed of 110 m M choline chloride, 26 m M NaHCO3 , 1.25 m M
a2 HPO4 , 11.6 m M sodium ascorbate, 3.1 m M sodium pyruvate,
 m M MgCl2 , 0.5 m M CaCl2 , 2.5 m M KCl, 10 m M glucose, and 1%
enicillin/streptomycin/amphotericin B in demineralized water.
he solution was carbonated with 95% oxygen and 5% CO2 for at
east 20 min before tissue resection. 

nder sterile conditions, the tissue was washed with carbonated
-aCSF, followed by careful dissection to remove meninges,
apillaries, and damaged sections from the tissue block. Approx-
mately 300 µm thick, cortical tissue slices were cut using a
ibratome (Leica VT1200, Leica Biosystems, Wetzlar, Germany),
ith each slice measuring approximately 5 × 5 mm. These
lices were placed on 0.4 µm pore-size 6-well cell culture inserts
CellQART 9300414, SABEU, Germany), creating an air-liquid
nterface using intermediate step HEPES medium (ISHM). 

SHM was prepared by combining 23.5 mL DMEM F-12 and
3.5 mL Neurobasal medium, supplemented with 1 mL B27,
.5 mL N2 supplement, 0.5 mL GlutaMAX, 0.5 mL peni-
illin/streptomycin, and 0.5 mL non-essential amino acids,
ielding a total of 50 mL. To enhance the buffering capacity,
0 m M HEPES was added, and the mixture was stirred for at
east 20 min. The slices were maintained at 37◦C and 5% CO2 .
fter 1 h, the slices on the inserts were transferred to a pre-
quilibrated 6-well plate in an incubator containing artificial
dvanced Science, 2026
cerebrospinal fluid (aCSF). The aCSF composition included
125 m M NaCl, 25 m M NaHCO3 , 2.5 m M KCl, 1.25 m M NaH2 PO4 ,
1 m M MgCl2 ⋅6H2 O, 2 m M CaCl2 , 25 m M glucose, and 1%
penicillin/streptomycin/amphotericin B in demineralized water.
The aCSF was replaced two to three times per week. Tissue was
afterward collected in 4% paraformaldehyde (PFA) for 24 h at 4◦C.
The tissue was then transferred to a 20% sucrose solution for a
minimum of 24 h. The tissue was then fresh-frozen and stored at
-80◦C. 

4.2.4 Cell Toxicity Analysis 

MNDs were suspended in cell culture medium at 15, 30, 60, and
120 µg/mL and then applied to the cells. Growth of HEK293
cells over 5 days post-MND administration was evaluated using
the IncuCyte S3 imager (Sartorius, USA) with the basic analysis
module. Phase area confluence values were normalized to the 0 h
time point for each condition and presented as a ratio to quantify
relative changes over time. 

4.2.5 In Vitro and Ex Vivo Magnetomechanical 
Stimulation 

The magnetic stimulation setup was custom-designed to fit into
a Leica DIVI LFS microscope (Leica, Wetzlar, Germany) and
accommodate a 35 mm dish. The system utilizes a magnetic coil
to generate an alternating current (AC) magnetic field focused
along the center of the cell culture well. A 1.32 mm-thick copper
wire was wound around a plastic coil frame with 990 turns. This
magnetic solenoid coil, used for the in vitro and ex vivo parts in
this study, was custom-built in our lab by IDEE Research Engi-
neering (based on the design of Gregurec et al. [ 16 ]). AC signals
were produced by an Agilent 33210A 10 MHz Function/Arbitrary
Waveform Generator and amplified using an Aetechron 7224
amplifier. The magnitude of the AC magnetic field was confirmed
using a Wavecontrol SMP2 magnetometer. The coil used for
in vivo experiments was custom-built by the Bionterfaces lab,
Department of Chemistry and Pharmacy at the University of
Friedrich-Alexander-Universität Erlangen-Nürnberg. 

In all the experiments, a 28 mT sine wave at 5 Hz was applied
for 20–30 s during the 120–180 s recording period. Stimulating
timings for differentiated H9 stem cells were as follows: 0–30
s with no field, 30–60 s with AMF, 60–90 s with no field, 90–
120 s with AMF, 120–150 s with no field, and 150–180 s with
AMF. The stimulation protocol for hBSCs was as follows: 0–
20 s with no field, 20–40 s with AMF, 40–60 s with no field,
60–80 s with AMF, 80–100 s with no field, and 100–120 s with
AMF. 

4.3 Ca2 + Transient Experiments 

4.3.1 Cell Culture 

Cells were loaded with 1 µM Fluo-4 AM dye (F14201, Invitrogen)
and 1 µg/mL Propidium Iodide (P3566, Invitrogen) in phenol red-
free Hank’s Balanced Salt Solution (HBSS;14025092, Gibco) for 30
min at 37◦C. Following incubation, the cells were washed three
11 of 16
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imes with HBSS, each lasting 5 min, by replacing half of the
edium with fresh HBSS. After the final wash, half the HBSS was
efreshed, and the cells designated for stimulation were incubated
ith MNDs for five additional minutes. Cells were then imaged
sing a Leica DIVI LFS microscope (Leica Biosystems, Wetzlar,
ermany) with a 20x water-dipping objective for 3 min. Changes
n fluorescence ( ΔF/F0) were calculated using the procedure
escribed in Box 1 of Jia et al. 

or the GsMTx4 condition, the cells were incubated with 1 µM
sMTx4 for 30 min post-wash. MNDs were added during the
inal 5 min of incubation. Imaging was conducted in the same
anner as that for the other conditions. For the Yoda1 con-
ition, cells were treated similarly, but without the addition
f MNDs. During imaging, 5 µM Yoda1 was added after 30 s
o assess Piezo1 reactivity. A maximum of six recordings were
sed, and approximately 10 cells per recording were analyzed
sing the custom-written Python script based on the work of
ia et al. 

.3.2 Human Organotypic Brain Slice Cultures 

ll procedures involving human tissue were conducted with
he approval of the Ethics Committee of Maastricht University
METC 2024-0496). A day before the Ca2 + transient experiments,
he tissue was separated to ensure that only one piece of tissue was
n each transwell. On the morning of the experiments, the tissue
as incubated with 2 µL of a 2 mg/mL MND solution. Grids were
laced on top of the tissue and left to settle for a minimum of 1.5
. Tissue was then loaded with a 1 µM Fluo-4 AM dye (F14201,
nvitrogen) in aCSF for 30 min at 37◦C. After incubation with
luo-4, the tissue was gently washed for 5 min with HBSS. After
ashing the tissue, the insert was removed and placed in a 35 mm
ish. The insert was then filled with fresh HBSS and imaged, as
reviously described. 

.4 Subjects 

ll procedures involving mice were conducted with the approval
f the Animal Ethics Committee of Maastricht University
AVD10700202316737). The experiments were performed on 11
ale naïve mice (C57BL/6J, Charles River), which were socially
oused in a controlled environment maintained at 21◦C ± 1◦C
ith 40%–60% humidity, following a reversed 12:12 h light
ycle (lights on at 21:00). All experimental manipulations were
erformed during the dark phase under red light, optimiz-
ng conditions for rodent activity. At the time of surgery, the
ice were aged 10–12 weeks, and food and water were pro-
ided ad libitum. In the second cohort, 28 female wild-type
ice (C57BL/6J, Charles River) were housed under identical
onditions. 

.5 Surgical Procedure 

efore anesthesia, mice received a subcutaneous injection of
uprenorphine at a dosage of 0.05 mg/kg as an analgesic. After 30
in, anesthesia was induced and maintained using isoflurane at
oncentrations of 4% for induction and 1.5%–3% for maintenance.
2 of 16

a

Following adequate induction, each mouse was positioned in
a stereotactic frame secured with ear bars and a mouse gas
anesthesia head holder. Body temperature was monitored and
maintained at 37◦C using a thermoregulated heating pad. An
ocular lubricant was applied to prevent drying of the eyes, and
subcutaneous injection of 1% lidocaine was administered at the
injection site for local anesthesia and analgesia. 

Subsequently, a burr hole was drilled above the left STN at
coordinates AP: − 2.06 mm, ML: − 1.50 mm, DV: − 4.50 mm. A
microinjection apparatus was used to inject 1.5 µL of a 1 mg/mL
MNDs solution at an infusion rate of 100 nL/min. Following the
injection, the syringe needle was left in the brain for an additional
5 min before being slowly removed. In the second cohort, 1.5 µL
of a 1 mg/mL MNDs solution was injected into the left STN, and
0.2 µL of 6-OHDA was unilaterally injected into the left medial
forebrain bundle (AP: − 1.2 mm, ML: − 1.1 mm, DV: − 5 mm) at a
rate of 100 nL/ min (3 µg total). A total dropout rate of ∼ 10% was
observed due to poor body condition of the 6-OHDA mice. 

4.6 In Vivo Magnetic Stimulation 

All in vivo magnetic stimulations were conducted using a custom
coil system, which allowed the mice to move freely during the
stimulation period. The system was designed to generate a 28
mT, 5 Hz alternating current (AC) magnetic field aligned with
the central axis of the animal chamber. This magnetic field was
produced by a single coil with the animal chamber positioned
at its center. A 1.32 mm-thick copper wire was wound around
a plastic coil frame comprising 990 turns. An Agilent 33210A
10 MHz Function/Arbitrary Waveform Generator provided a
5 Hz sine wave that was amplified using an Aetechron 7224
power amplifier. The output was connected to an AC coil, and
the magnetic field strength was verified using a magnetometer
(Wavecontrol SMP2). For all stimulation experiments, the mice
were exposed to a magnetic field for 3 min, with the coil either
turned on or off. 

The quantitative relationship between AMF parameters and
the resulting magnetomechanical torque exerted by vortex-state
MNDs, as well as magnetic field calibration and gradient analysis
of the solenoid-based stimulation system, were previously estab-
lished and experimentally validated [ 16 ], and form the physical
basis of the present study. 

4.7 Behavioral Tests 

All behavioral tests were performed under dim light conditions,
and animals were allowed to acclimate to the behavioral room for
a minimum of 1 h before the start of behavioral testing. 

4.7.1 Rotational Behavior 

The circular arena was made of plexiglass (9 cm diameter and
30 cm height, fitting within the magnetic coil). The mice were
placed into the cylinder, and the AMF stimulation was turned
on or off for 3 min. Two researchers manually scored the videos
independently, and rotations were classified as ipsilateral or
Advanced Science, 2026
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ontralateral around the body axis. The frequency was assessed
er 3 min and per 30 sec time bins. 

.7.2 Open Field Test (OFT) 

he OFT consisted of a square arena with walls 25 cm high,
easuring 40 cm in width and length. The behavior tracking
ystem was operated in semi-darkness for each mouse, employing
 specialized tracking software (EthoVisionXT 15, Noldus Infor-
ation Technology, Wageningen, The Netherlands). Each OFT
asted for 5 min, and each mouse was stimulated in an AMF coil
or 3 min before testing. 

.7.3 Rotarod 

 rotarod with the ability to accelerate using a grooved rotating
eam (3 cm) raised 16 cm above the platform (model 47650, Ugo
asile, Italy) was used to measure the coordination of the mice.
he latency to fall of the rotating rod was recorded. The mice were
ested in four sessions, each lasting 300 s, with and without AMF
timulation, prior to the start. Testing was performed at speeds
tarting at 4 rpm and accelerated to 40 rpm within 300 s. Between
rials, mice were allowed at least 2 min of rest to reduce stress and
atigue. Values are expressed as the mean latency to fall from the
otarod in all test trials. 

.7.4 Catwalk XT 

he mice were assessed using the CatWalk-automated gait anal-
sis system (CatWalk XT 10.6, Noldus). The apparatus consisted
f a long glass walkway illuminated by fluorescent light directed
oward the side of the glass floor. In a dimly lit setting, the light
s reflected downward, allowing a camera positioned beneath
he glass to capture the footprints of the mouse as it moves
long the walkway. The glass plate was cleaned and dried before
esting each mouse to minimize the transmission of olfactory
ues. In general, one successful test recording consisted of an
verage of four to five uninterrupted runs, with a comparable
unning speed and a maximum variation of 60%. The following
arameters, including general, coordination, static, and dynamic
spects, were analyzed to assess individual paw function and
verall gait patterns: run duration, number of steps, number of
tep patterns, step pattern regularity index (%), stride length, max
ontact area, print area, print length, print width, initial dual
tance, terminal dual stance and body speed variation, three limb
upport and diagonal limb support. 

.8 Electrophysiological Recordings 

ecordings were performed in one anaesthetized, head-fixed,
-OHDA mouse. The mouse was preoperatively injected with
etamine-medetomidine (K, 50 mg/kg; M, 0.2 mg/kg). Following
dequate induction, the mouse was positioned in a custom-built
tereotactic frame secured with ear bars and a head holder.
ody temperature was monitored and maintained at 37◦C using
 thermoregulated heating pad. Subsequently, a burr hole was
rilled above the SNr at coordinates AP: − 3.08 mm, ML: 1.5 mm,
dvanced Science, 2026
DV: 4.75 mm, and GPi at coordinates AP: − 1.34 mm, ML: 1.75 mm,
DV: 4.55 mm. 

After the burr holes were drilled, the mouse was placed inside
the AMF coil. The Neuropixels 1.0 probe was inserted inside the
coil using a Sensapex uMP-3 NP micromanipulator and slowly
inserted into the brain until the desired target was reached. Once
the target was reached, the tissue was left to settle for 10–15
min per target. Recordings were acquired in three blocks: pre-
stimulation, stimulation, and post-stimulation. Neural signals
were acquired for the AP band at a sampling rate of 30 kHz,
band-pass filtered between 0.3 and 10 kHz, and an LFP band at
a sampling rate of 2.5 kHz, band-pass filtered between 0.5 and
500 Hz. 

The recordings were spike-sorted using Kilosort4 and manually
curated using Phy ( https://github.com/cortex-lab/phy) to identify
single units. Single units were distinguished from multi-units
by imposing a threshold of 5% in the contamination parameter
computed by Phy, which is roughly the event rate ratio in the
central 2 ms of the clusters’ autocorrelogram. The data were then
imported into Python 3.8.0 (Anaconda 23.3.1) and analyzed using
custom-written scripts adapted from SpikeInterface ( https://
spikeinterface.readthedocs.io ). The mechanical stability of the
recordings, that is, the lack of significant drifting, was verified
by visual inspection of drift maps, and dorsal-ventral positions of
single units were aligned to the measured insertion depth of the
probe. 

Neurons with an average firing rate of < 0.1 spikes/sec across the
recording were excluded from the analysis. Spikes detected within
1 ms of stimulus cues were indissociable from the stimulation
artefact and were therefore excluded from the study. To identify
SNr neurons, we recorded a total of 13 single units from two
separate recordings ( n = 1), and to study GPi neurons, we recorded
a total of 6 single units from two separate recordings ( n = 1).
Post-recording histological analysis was conducted to verify probe
placement and assess any tissue damage, ensuring that recordings
were made from the intended cortical regions. 

4.9 Tissue Collection 

At the end of the experiments, the mice were euthanized with an
overdose of pentobarbital. Transcardial perfusion was performed
using Tyrode’s buffer, followed by 4% PFA. Brains were then
extracted and placed in fresh fixative for 24 h at 4◦C. After
fixation, the brains were transferred to 0.1% sodium azide (NaN3 )
at 4◦C for long-term storage. For sectioning, the brains were
embedded in 10% porcine skin gelatin (Sigma–Aldrich, Zwijn-
drecht, The Netherlands) and cut into 30 µm coronal sections
using a vibratome (Leica, Wetzlar, Germany). The sections were
immediately placed in 0.1% NaN3 and stored at 4◦C. 

4.10 Immunohistochemistry 

4.10.1 Mouse Brains 

For immunohistochemistry, the sections were incubated
overnight with polyclonal rabbit anti-c-Fos primary antibody
13 of 16
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1:1000, Abcam, ab190289). The tissue was incubated with
iotinylated donkey anti-rabbit secondary antibody (1:400,
nvitrogen, Carlsbad, CA, USA) and avidin-biotin-peroxidase
omplex (1:800, Elite ABC kit, Vectastain, Burlingame, CA,
SA). The staining was visualized using 3,3 ′ -diaminobenzidine
DAB) combined with NiCl2 intensification. The slides were
ehydrated and coverslipped using Entellan. 

or immunofluorescence, the sections were incubated overnight
ith either polyclonal sheep anti-TH (1:2000, Abcam, ab113),
olyclonal rabbit anti-IBA1 (1:2000, Invitrogen, PA5-27436), or
iotin-conjugated rabbit anti-GFAP (1:2000, Merck, MAB3402B)
rimary antibody. Staining was visualized by immunofluores-
ence with donkey anti-sheep Alexa 488 (1:200), donkey anti-
abbit Alexa 594 (1:200), or streptavidin 594 (1:1000). 

.10.2 Human Organotypic Brain Slice Cultures 

.10.2.1 C-Fos Expression. For immunohistochemistry,
he sections were incubated overnight with polyclonal rabbit
nti-c-Fos primary antibody (1:1000, ab190289, Abcam). c-Fos
mmunohistochemistry included biotinylated donkey anti-rabbit
econdary antibody (1:200, Invitrogen, Carlsbad, CA, USA)
nd avidin-biotin-peroxidase complex (1:400, Elite ABC kit,
ectastain, Burlingame, CA, USA). The staining was visualized
sing 3,3 ′ -diaminobenzidine (DAB) combined with NiCl2
ntensification. 

.10.2.2 TRPV4 and Piezo1 Expression. For Immunoflu-
rescence, hBSC sections were incubated overnight with poly-
lonal rabbit anti-TRPV4 (1:500, Alamone Labs, ACC-034) or for
our nights with polyclonal rabbit anti-Piezo1 (1:100, Novus Bio-
ogicals, NBP1-78537) and monoclonal mouse anti-NeuN primary
ntibody (1:100, EMD Millipore, MAB377). TRPV4 and Piezo1
ere visualized with donkey anti-rabbit Alexa 488 (1:200, Invitro-
en, Carlsbad, CA, USA), and NeuN was visualized using donkey
nti-mouse Alexa 594 (1:200, Invitrogen, Carlsbad, CA, USA). The
uclei were stained with Hoechst (1:10.000). Photomicrographs
ere taken using an Olympus Disk Spinning Unit (DSU) with a
0x objective. 

.10.3 Stereology 

he number of c-Fos-, TH-, IBA1-, and GFAP-positive cells was
ounted using the stereological procedure, optical fractionator.
ounts were performed using a microscope (Olympus BX51W1),
 motorized stage, and StereoInvestigator software (MicroBright-
ield, Williston, VT). All positive cells in an average of two to
hree sections per region of interest, 300 µm apart, were counted
sing a 20 × objective. The total number of positive cells was
stimated as a function of the number of cells counted and
ampling probability. 

he number of c-Fos-positive cells in hBSC tissue was counted
sing the same stereological procedure. All positively stained cells
n an average of three sections were counted using a 20 × objective.
he total number of positive cells was estimated as a function of
he number of cells counted and sampling probability. 
4 of 16
4.10.4 Immunocytochemistry 

The cells were seeded at 2.0 × 105 cells per well. Once the cells
reached 80% confluence, the culture medium was removed, and
the cells were washed with PBS. The cells were then fixed with
4% paraformaldehyde for 10 min. The cells were then washed
again, incubated with 3% Triton-X for 10 min, and blocked for
30 min in 5% normal goat serum. The fixed cells were incubated
with polyclonal anti-Piezo1 and polyclonal anti-TRPV4 (1:200;
Alomone Labs, Israel) primary antibodies for 50 min at room
temperature. Next, the cells were incubated with donkey anti-
rabbit Alexa 488 for Piezo1 or donkey anti-rabbit Alexa 594
for TRPV4 (1:200) secondary antibodies for 50 min at room
temperature. 

4.11 Statistical Analysis 

All data are represented as mean ± standard error of the mean
(S.E.M.). Statistical analyses were performed using GraphPad
Prism software (version 10). Data normality and homogeneity
of variance were checked using the Shapiro–Wilk test and
normality plots. All behavioral data from the naïve experiment
were analyzed using a dependent one-tailed t -test to compare
before and after AMF stimulation. Stereological cell counts were
analyzed using a dependent samples t -test for IBA1 and GFAP,
an independent samples t -test for TH, and a one-way ANOVA
for c-Fos. All behavioral data from 6-OHDA experiments were
analyzed using a one-tailed independent t -test. Electrophysiology
data were analyzed using repeated-measures ANOVA with post
hoc Bonferroni correction. Statistical significance was set at p <
0.05. 
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