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ARTICLE INFO ABSTRACT

Keywords: Background and objectives: The effects of noninvasive focused magnetothermal brain stimulation using magnetic

Magnetic nanoparticles (MNPs) on post-stroke motor deficits and metabolic dormancy in subacute ischemic injury are not

Stimulation well-established. This study examined if magnetothermal brain stimulation using magnetic nanoparticles (Nano-

IS\It;SISEarticle MS) enhances motor recovery after stroke.

Hyperexcitability Methods: We randomly distributed rats into Sham, Control, MNP injection only, and Nano-MS groups. We
administered focused magnetic stimulation for 30 min daily following an MNP injection (15 mg/mL) into the
targeted motor cortex via the carotid artery three weeks after the transient (90 min) middle cerebral artery
occlusion. We assessed motor functionality via behavioral tests and conducted positron emission tomography
(PET) imaging to verify cerebral metabolic activity. We assessed neuronal excitability, neuroinflammation,
blood-brain barrier (BBB) integrity, and neurogenesis four weeks post-stroke.

Results: The Nano-MS group exhibited significantly improved motor deficits and cerebral metabolic activity
compared to the Control and MNP groups (p < 0.05). Focused Nano-MS modulated neuronal excitability, evident
by a depolarized action potential threshold for spike initiation and reduced firing frequency post-stroke. The
Nano-MS group demonstrated markedly decreased inflammatory markers, such as IL-1f, IL-6, TNF-a, MCP-1, and
ICAM-1, compared to the Control and MNP groups. BBB integrity and immunofluorescence for neurogenesis
markers were substantially improved in the Nano-MS group.

Conclusions: Focused Nano-MS facilitates the recovery of motor deficits and metabolic inactivity in the brain by
effectively modulating excitability, reducing neuroinflammation, enhancing BBB stability, and promoting neu-
rogenesis. Nano-MS is a potential novel, noninvasive therapy for stroke rehabilitation. Further investigation is
warranted.

1. Introduction comprehensive contemporary rehabilitation efforts. There is growing in-

terest in developing innovative neurostimulation treatments to enhance

Stroke remains the leading cause of severe chronic functional post-stroke motor recovery [2-4]. Unlike invasive techniques, noninva-
disability worldwide. The insufficient recovery of walking ability in the sive alternatives, such as repetitive transcranial magnetic stimulation
chronic post-stroke phase is a particularly challenging consequence [1]. (rTMS) and transcranial direct current stimulation (tDCS), are more

Most survivors exhibit significant residual motor weakness despite practical and may offer lasting, demand-based control effects [4].
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Ischemic stroke can induce neuronal excitability in the affected
hemispheres, which is associated with post-stroke motor disability [5,6].
Current noninvasive brain stimulation methods under clinical investi-
gation show improvements in motor recovery after stroke by modulating
abnormal brain excitability [2,3,7-9]. Although rTMS or tDCS can
indirectly stimulate deep brain regions by targeting superficial brain
structures such as the cortex, they cannot directly penetrate the brain
and lack precise localization of the target brain region [4] Therefore,
innovative, noninvasive brain stimulation methods are required. We
have recently demonstrated that focused magnetothermal brain stimu-
lation using magnetic nanoparticles (MNP) significantly elevates the
temperature of precisely localized target brain regions, facilitating
stimulation. Moreover, our prior proof-of-concept study showed that
focused magnetothermal stimulation using MNP (Nano-MS) accesses
deep brain targets [10].

Excitation of MNPs by a low radiofrequency field of magnetic stim-
ulation can release energy as heat to surrounding tissues and increase
the temperature without perturbing brain cells [11]. MNPs are injected
systemically and stick to the blood vessel wall due to the non-zero
gradient magnetic field in the field-free point (FFP) region. Focused
magnetic stimulation can be applied to the targeted region, providing
thermal stimulation to only that area. However, the concrete effect and
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the detailed therapeutic mechanism of focused Nano-MS treatment
remain unclear.

In this study, we present the effects of focused Nano-MS on modu-
lating the excitability of the primary motor cortex, aiming to enhance
motor recovery and cerebral metabolic function post-ischemic stroke.
Furthermore, we explored the therapeutic mechanism of focused Nano-
MS in post-stroke motor rehabilitation, examining its effects on neuro-
inflammation, blood-brain barrier (BBB) integrity, apoptosis, and
neurogenesis.

2. Materials and methods
2.1. Animals

All animal protocols adhered to the Chonnam National University
guidelines for the care and use of laboratory animals and received
approval from the Institutional Animal Care and Use Committee (IACUC).
The study complied with the National Institutes of Health (NIH) guide-
lines concerning the care and use of animals in experimental procedures.
The animals were kept on a 12-h light/dark cycle with ad libitum access to
food and water. We obtained adult (8-week-old) male Sprague-Dawley
(SD) rats, with body weights of 250-290 g, from Samtako Bio Korea

A Follow-up test: PET-CT, Rotarod, NDS, est, PCR, WB, EB, Immunofluorescence
Baseline test: ; e ;BrdU ;BrdU 4
PET-CT, —> Day 21 22 23 24 25 26 27 28
Rotarod, NDS
Control Saline 1A Saline 1A
Day 0 Randomization 21 22 23 24 25 26 27 28
MCAOC |:| D |:| MNP Nano 1A Nano IA
(90 mins)
21 22 23 24 25 26 27 28
Nano-MS Nano IA Nano IA
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Fig. 1. Experimental arrangement. (A) We introduced magnetic nanoparticles at a concentration of 15 mg/mL via the carotid artery, followed by 30 min of daily
magnetic stimulation to the target brain area for one week. (B) The magnetic stimulation was directed at the motor and sensory cortex and the subcortical striatum.
(C) We performed electrophysiology studies and immunofluorescence (IF) staining on the border region of the frontal cortex adjacent to the subventricular zone

(SVZ).

NDS = Neurological deficit score; EB = Evans blue; MCAO = Middle cerebral artery occlusion; IA = Intra-arterial injection; SVZ = Subventricular zone; IF =
Immunofluorescence. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Co., Ltd. (Seoul, Korea). Local authorities sanctioned the animal proced-
ures in accordance with national regulations on animal care.

2.2. Surgical procedures

To create the middle cerebral artery occlusion (MCAO) model, we
occluded the left middle cerebral artery (MCA) for 90 min in SD rats
using the intraluminal filament method as previously described [12].
Three weeks after the MCAO, we administered magnetic nanoparticles
(MNP) via the ipsilateral carotid artery at a concentration of 15 mg/mL
(total volume 60ul). This injection was immediately followed by 30 min
of magnetic stimulation of the rat brains. This regimen was repeated for
one week, with daily magnetic stimulation and biweekly MNP admin-
istrations at three-day intervals (Fig. 1A). We randomly distributed the
animals into four treatment groups. The first experimental group un-
derwent sham surgery without MCAO (Sham group). The second group
received saline post-MCAO (Control group). The third group was
administered MNP post-MCAO (MNP group). The fourth group under-
went daily 30-min magnetic stimulation following MNP administration
post-MCAO (Nano-MS group). Detailed methodical descriptions are
provided in the Supplementary Materials.

2.3. Focused magnetic stimulation

We utilized Synomag-D, a commercially available particle, as the
heat transfer medium. We determined the particle’s specific loss of
power (SLP) as 139 W/g, based on the experimentally measured tem-
perature [13]. The characterized MNPs experience magnetic relaxation
in the FFP region. This is generated by the superposition of an alter-
nating magnetic field with 7 mTrms at 595.4 kHz from a 17-turn coil
with a diameter of 5 cm and a gradient magnetic field of 2.1 T/m from a
pair of permanent magnets. This combined magnetic field induces the
MNPs to generate heat. The generated FFP allows the thermal energy to
be focused on a specific target area. We validated the target heating
efficiency range and the MNP’s heating efficiency via COMSOL simu-
lation for the measured SLP (eFigure I) [14]. Detailed methodical de-
scriptions are provided in the Supplementary Materials.

2.4. Behavioral tests

We performed a neurological examination at defined intervals
following MCAO in all rats except for the sham group. An investigator
blinded to the experimental groups evaluated the neurological deficit
score (NDS) [15]. Only rats with a pre-treatment NDS score of 1 were
included in the study. Motor function was assessed through the accel-
erating rotarod test. Each experimental group underwent a 5-min
pre-training two to three times before the initial treatment and after
the final one. The rotarod was steadily accelerated over 5 min, and we
measured how long (in seconds) the rat remained on the rotating drum
until it fell. Each session encompassed three successive attempts with a
cap of 300 s at 10 RPM. We derived the average of three attempts for
behavioral tests.

2.5. Brain PET imaging

We acquired PET brain images twice using a preclinical PET-CT
scanner: initially at baseline and subsequently following Nano-MS.
Rats without stroke lesions in the baseline PET-CT images were
excluded from the study. We analyzed the PET brain images using
PMOD. We calculated the glucose uptake (%ID/g) to compare the PET
signal intensity values from the first and second scans for each rat. We
generated subtraction images to visualize the changes between the two
PET scans post-treatment. The difference between the scans was
expressed as the uptake ratio (%), calculated using the formula: [(mean
of the second scan-mean of the first scan)/mean of the first scan] x 100.
Detailed methodologies are described in the Supplementary Materials.
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2.6. Electrophysiology

We obtained whole-cell patch clamp recordings from pyramidal
neurons in the second and third layers of the motor cortex (M1)
(Fig. 1C). Recordings were confined to the motor cortical area defined
by the stereotaxic coordinates [16]. To establish the relationship be-
tween injected current amplitude and firing frequency (f-I curve), we
counted the number of action potentials (APs) induced by 500-ms
depolarizing current pulses ranging from O to 400 pA in 50 pA steps
occurring in 500 ms and then converted them into firing frequency (Hz).
The rheobase was defined as the amplitude of the minimum current step
to elicit at least a single AP. Input resistance was characterized as the
linear slope of the relationship between hyperpolarizing current from
—100 pA to 0 pA in 50 pA increments and the average membrane po-
tential for the entire length of the current step [17]. AP threshold,
afterhyperpolarization (AHP) amplitude, AHP duration, and AHP slope
were characterized in a voltage trace elicited by a current pulse of 300
PA [18]. Detailed methodologies are described in the Supplementary
Materials.

2.7. Immunoblot analysis and quantitative reverse transcription
polymerase chain reaction (qQRT-PCR)

We bisected the brains of MCAO rats to segregate their left (ischemic)
hemispheres (n = 6 for each group). We prepared protein extracts to
evaluate the expression patterns of occludin, JAM-A, claudin-5, zona
occludens-1 (ZO-1), matrix metalloproteinase-9 (MMP-9), and p-actin in
the ischemic hemispheres. To quantify of the protein expression levels,
we calculated the mean gray value for each band using Image J software.

We extracted total RNA from the brain tissues and subsequently
synthesized cDNA. We conducted RT-PCR assays in duplicate for tumor
necrosis factor-alpha (TNF-a), ionized calcium-binding adaptor mole-
cule 1 (Iba-1), interleukin-1 beta (IL-1f), interleukin-6 (IL-6), monocyte
chemoattractant protein-1 (MCP-1), and intercellular adhesion
molecule-1 (ICAM-1). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was a reference gene as an internal control for the qRT-PCR
analysis. The detailed methodology is detailed in the Supplementary
Materials.

2.8. Immunofluorescence and fluorescence imaging

To assess whether Nano-MS can activate neurons in the primary
motor cortex, we performed double labeling immunofluorescence with
c-fos and NeuN in normal rats. We quantified the proportion of c-fos
positive neurons in the primary motor cortex. For the c-fos staining
experiments, we sacrificed the rats 90 min after a single 30-min mag-
netic stimulation followed by MNP administration in the Nano-MS
group. As a previously demonstrated method to permeate the brain,
we intraperitoneally administered BCTC (30 mg/kg, MedChemExpress),
a CNS penetrant transient receptor potential (TRP) vanilloid-1 (TRPV1)
antagonist, before the Nano-MS manipulation in the Nano-MS + BCTC
group [19]. The thymidine analog 5-bromo-2-deoxyuridine (BrdU;
Sigma-Aldrich, St Louis, MO, USA) was used to label proliferating cells.
We injected the solution intraperitoneally at 50 mg/kg (10 mg/mL) into
each group. For the final three days, we administered BrdU to maximize
proliferating cell labeling (Fig. 1).

To assess neurogenesis levels, we performed double labeling with
fluorescent-tagged secondary antibodies. We washed the sections with
buffer and incubated them with primary antibodies against doublecortin
(DCX) to detect neuronal progenitor cells, NeuN for mature neurons, or
cleaved caspase-3 (CC3) as an apoptosis marker at four weeks. We
prepared six slices from six rats for each group. At 200x magnifications,
we counted double-labeled cells in the prespecified boundary area of the
frontal cortex adjacent to the subventricular zone in each brain to ensure
identical quantified methods (Fig. 1C). We utilized Evans blue staining
and an in vivo imaging system (IVIS lumina S5, PerkinElmer) to
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investigate magnetic heating-induced changes in BBB permeability and
assess the safety of Nano-MS [10]. Detailed methodological descriptions
are provided in Supplementary Materials.

2.9. Statistical analysis

The sample size of each experiment was chosen empirically to pro-
vide sufficient statistical power to detect the treatment effects. Accord-
ing to a two-tailed calculation, type I error of 0.05, and power of 0.9, the
sample size was six rats per group to clarify the brain metabolism using
PET-CT and motor function using the rotarod test based on our prior
proof-of-concept study. The normality of data distribution was evalu-
ated using the Shapiro-Wilk test, and the homogeneity of variance be-
tween groups was assessed with Levene’s test. Parametric data were
analyzed using one-way ANOVA with Tukey’s multiple comparison tests
and presented as mean + standard deviation or standard error of the
mean. For data with unequal variances, ANOVA with Welch’s correction
was employed, followed by Dunnett’s multiple comparisons. Nonpara-
metric data were analyzed with the Kruskal-Wallis test followed by
Dunn’s post hoc analysis and were presented as median [interquartile
range]. Parametric tests were applied to data with a small sample size (n
< 6) [20]. The rotarod test, which involved repeated trials, was assessed
for sphericity using Mauchly’s test. When the sphericity assumption was
violated, Greenhouse-Geisser estimates were used for correction. After
confirming the assumption of equality of covariance between groups,
the rotarod test data were analyzed using repeated-measures ANOVA to
determine the interaction effect between treatment and time (treatment
x time), as well as the main effects of experimental treatment and time,
followed by Tukey’s post hoc test. A probability value (P) < 0.05 was
considered statistically significant, with * indicating p < 0.05, ** indi-
cating p < 0.01, and *** indicating p < 0.001. All measurements were
taken by observers who were blinded to the individual treatments.

>

Fig. 2. c-fos immunofluorescence images in the primary motor cortex. (A) Representative fluorescence images of DAPI (cyan), NeuN (green), and c-fos (red)
stained brain slices in the primary motor cortex in the naive, Nano-MS, and Nano-MS pre-treated with TRPV1 antagonist BCTC groups (scale bar = 100 pm). (B)
Group average of the proportion of c-fos positive neurons for each group (naive: 0.71 + 0.45; Nano-MS: 41.05 + 15.46; Nano-MS + BCTC: 3.71 + 1.39, one-way
ANOVA, p = 0.008). We quantified three fields of view in a single brain slice per animal. The data are shown as the mean + standard error of the mean (n = 6,
5, and 5 for Naive, Nano-MS, and Nano-MS + BCTC, respectively). *: p < 0.05. We performed a statistical comparison using one-way ANOVA with Tukey tests. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results
3.1. Nano-MS induces neuronal activation by TRPV1 channels

To investigate whether Nano-MS can induce neuronal activation, we
performed c-fos and NeuN double immunofluorescence staining in the
primary motor cortex after Nano-MS (Fig. 2). The Nano-MS group
exhibited a significantly larger proportion of c-fos positive neurons
compared to the naive group (naive: 0.71 + 0.45 %; Nano-MS: 41.05 +
15.46 %, ANOVA with Tukey’s post hoc analysis, corrected p = 0.008;
eTable I). To clarify the involvement of TRPV1, a thermo-sensitive
channel, in neuronal activation via Nano-MS, we administrated BCTC,
a CNS penetrant TRPV1 antagonist, before the Nano-MS manipulation.
The administration of the TRPV1 antagonist markedly reduced c-fos
positive neurons compared to the Nano-MS group (Nano-MS + BCTC:
3.71 £ 1.39 %; corrected p = 0.023; eTable I).

3.2. Brain PET imaging

We utilized '3F-FDG PET to evaluate the alterations in metabolic
activity pre- and post-treatment. Baseline infarct volumes were similar
between the groups (eTable II). Relative to baseline, the metabolic
function of the brain in both the Control and MNP groups remained
comparable after a one-week treatment period (Fig. 3). However, an
analysis of the data before and after Nano-MS therapy indicated a
marked elevation in metabolic activity within the focused stimulated
cortex (22.4 %) and the subcortex (21.7 %). Brain metabolic function
was significantly restored following focused stimulation in the Nano-MS
group compared to baseline (pre-Nano-MS therapy vs. post-Nano-MS
therapy; p < 0.05). The increase in glucose metabolism uptake ratio
was notably greater in the Nano-MS group than in the Control and MNP
groups (p < 0.001; eTable II).
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Fig. 3. Brain PET imaging and motor function. (A) In vivo brain FDG PET images illustrate metabolic changes post-treatment. The magnetic stimulation (Nano-
MS) group displayed a notable increase in metabolic activity in both the (B) cortex and (C) subcortex compared to the Control and MNP groups. The motor function
changes from baseline after treatment were evident by (D) a rotarod test and (E) the neurological deficit score. Repeated-measures ANOVA for the rotarod test
showed a significant interaction between treatment and time (p < 0.001) with the main effect of treatment (p < 0.001). Significantly longer times to fall were
observed in the Nano-MS group compared to the Control (p < 0.001) and MNP (p < 0.001) groups in post hoc analysis using Tukey’s test. The data are shown as the
mean =+ standard deviation (n = 6 in each group). *: p < 0.05, **: p < 0.01, ***: p < 0.001.

3.3. Functional recovery of ischemic stroke coordination, balance, and endurance in animals subjected to focal
ischemic injury throughout their post-treatment recovery [21]. The

We performed rotarod tests to assess the restoration of motor func- rotarod test offers a more precise evaluation of significant motor func-
tion in subacute stroke following Nano-MS therapy. These tests measure tion impairments compared to beam walking and balance tests [22].

1052



J.-H. Kim et al.

Fig. 3 presents the average time until fall and the variations in the
rotarod tests for each group. Before treatment, the time until fall was
similar across the three experimental groups. However, post-treatment
times to fall (seconds + SD) in the Nano-MS (246.5 + 33.7) group was
longer than those in the Control (133.7 + 47.2) and MNP (123.7 +47.1)
groups (treatment x time interaction effect, F 51 = 19.332, p < 0.001;
main effect of time, F; 51 = 3.203; p = 0.079; main effect of treatment,
Fy51 = 23.633, p < 0.001; two-way ANOVA for repeated measures),
suggesting enhanced balance and endurance for the Nano-MS group (p
< 0.001 compared to the Control group, p < 0.001 compared to the MNP
group, Tukey’s post hoc analysis; eTable II). Additionally, the
improvement rate of neurological deficit scores for the Nano-MS group
was higher (16.7 %) than those for the Control and MNP groups (—5.6
%) following treatment (Fig. 3 and eTable II).
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3.4. Nano-MS ameliorates neuronal hyperexcitability in MCAO

We examined the effect of Nano-MS on intrinsic firing characteristics
of motor cortical neurons in MCAO rats via whole-cell patch clamp re-
cordings from the second and third layer pyramidal neurons in the
primary motor cortex of the ischemic hemisphere (Fig. 1). We recorded
pyramidal cells’ voltage responses, elicited by current step pulses from
—100 to 400 pA in 50 pA increments, and compared the intrinsic firing
properties between groups.

Fig. 4A illustrates that pyramidal neurons in all groups exhibited
tonic firing patterns with slight spike adaptation upon intracellular in-
jection of the depolarizing current. We compared the excitability in each
group by plotting the relationship curve between current injection in-
tensity and firing frequency (Fig. 4B). Fig. 4C presents the gain, defined
as the slope of the frequency-current intensity (f-I) curve and indicative
of neuronal intrinsic excitability. The average gain value in the Control
group was double that of the Sham group. Nano-MS therapy reduced this
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Fig. 4. Electrophysiology of pyramidal neurons in motor cortex layer 2-3. (A) Representative traces of membrane potential in each group, induced by 500-ms
current pulses at —100, —50, 0, and 300 pA. (B) The correlation between current injection intensity and firing frequency (f-I curve). (C) Group average values of the f-
I curve gain (Sham: 0.028 [0.021; 0.038]; Control: 0.046 [0.041; 0.056]; MNP: 0.037 [0.028; 0.056]; Nano-MS: 0.030 [0.026; 0.042]; unit: Hz/pA). (D) Group
average values of rheobase (Sham: 200 [200; 200]; Control: 150 [100; 175]; MNP: 150 [100; 200]; Nano-MS: 200 [150; 238]; unit: pA). (E) Group average values of
the resting membrane potential (Sham: 76.2 [-78.7;-74.7]; Control: 73.5 [-76.6;-71.3]; MNP: 75.1 [-78.3;-72.3]; Nano-MS: 72.4 [-75.0;-69.6]; unit: mV). (F) Group
average values of input resistance (Sham: 101 [74.6; 118]; Control: 119 [81.1; 141]; MNP: 92.3 [70.5; 111]; Nano-MS: 86.0 [64.7; 100]; unit: MQ). A single brain
slice was prepared per animal. The number of recorded neurons is indicated beneath each bar (n = 4, 7, 8, and 6 for Sham, Control, MNP, and Nano-MS, respectively).
All data were analyzed using the Kruskal-Wallis test with Dunn’s post hoc analysis (median with interquartile range indicating min to max whiskers of box plots). *: p

< 0.05, **: p < 0.01, ***: p < 0.001.

1053



J.-H. Kim et al.

value to levels comparable to the Sham group (Sham: 0.028 [0.021;
0.038]; Control: 0.046 [0.041; 0.056]; MNP: 0.037 [0.028; 0.056];
Nano-MS: 0.030 [0.026; 0.042]; unit: Hz/pA; Kruskal-Wallis test, p <
0.001, eTable III).

To investigate the detailed mechanisms by which Nano-MS rescued
the increased gain shown in MCAO rats, we examined passive and active
electrophysiological properties of depolarizing current-evoked APs in
each group. The rheobase was significantly lower in the Control and
MNP groups compared with the Sham group (Sham: 200 [200; 200];
Control: 150 [100; 175]; MNP: 150 [100; 200]; Nano-MS: 200 [150;
238]; unit: pA; Kruskal-Wallis test, p = 0.004; Fig. 4D). No significant
difference was found between the Nano-MS and Control groups (p =
0.116, eTable IV). Nano-MS therapy led to a depolarization of the
resting membrane potential relative to the Sham group (Sham: 75.8
[-78.4;-74.6]; Control: 73.5 [-76.6;-71.3]; MNP: 75.1 [-78.3;-72.3];
Nano-MS: 72.4 [—75.0;-69.6]; unit: mV; Kruskal-Wallis test, p = 0.024;
Fig. 4E and eTable V). No significant differences were observed in input
resistance (Fig. 4F and eTable VI).

As shown in Fig. 5, the Nano-MS group showed a significantly
depolarized AP threshold compared to the Control group (Sham: —39.7
+ 1.0 mV, Control: 36.9 &+ 1.1 mV, MNP: —38.2 + 1.0 mV, Nano-MS:
—32.5 + 0.9 mV; one-way ANOVA, p < 0.0001; eTable VII). The AHP
amplitudes were comparable among the groups (eTable VIII). However,

Brain Stimulation 17 (2024) 1048-1059

AHP analysis revealed that AHP duration in the Control group was
significantly reduced compared to the Sham group, and Nano-MS
significantly increased AHP duration equivalent to the Sham group
(Sham: 70.0 [56.7; 101]; Control: 54.3 [38.8; 53.4]; MNP: 57.7 [41.3;
85.0]; Nano-MS: 70.8 [53.3; 83.6]; unit: ms; Kruskal-Wallis test, p =
0.001; eTable IX). We compared the AHP slope for each group, defined
as a linear slope of AHP amplitude within a 20-60 % interval, to exclude
the possibility that alteration of the AP threshold may affect AHP
duration [18]. The AHP slope for the Nano-MS group was significantly
lower than that for the Control group (Sham: 0.208 + 0.022 mV/ms,
Control: 0.269 + 0.012 mV/ms, NMP: 0.256 + 0.018 mV/ms, Nano-MS:
0.198 + 0.014 mV/ms, one-way ANOVA, p < 0.01; eTable X).

3.5. qRT-PCR for neuroinflammatory markers

We evaluated the expression levels of proinflammatory factors and
adhesion molecules to quantify gene expression levels following ther-
apy. As shown in Fig. 6, the expression of inflammatory cytokines and
chemokines such as IL-1p, IL-6, TNF-a, and MCP-1 in the Nano-MS group
were significantly reduced post-treatment compared to the Control and
MNP groups. Furthermore, adhesion molecule markers, such as ICAM-1,
exhibited elevated gene expression across the three MCAO groups, with
a notable reduction following Nano-MS therapy (eTable II).
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Fig. 5. Analysis of repetitive action potential (AP) trace at a 300 pA injected current. (A) A diagram explaining the analysis of active membrane properties. We
measured AP threshold, afterhyperpolarization (AHP) amplitude, AHP duration, and AHP slope from the trace. (B) Group average values of the AP threshold (Sham:
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error of mean. Nonparametric data are presented as the median with interquartile range indicating min to max whiskers of box plots. *: p < 0.05, ***: p < 0.001,
sk p < 0.0001.
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Fig. 6. RT-PCR and immunoblot analysis. (A) RNA isolation and RT-PCR for IL-1 beta, IL-6, TNF-alpha, MCP-1, ICAM-1, and Iba-1 mRNA expression levels. (B)
Immunoblot analysis for protein expression. We used Western blot analysis (C) to determine protein expression levels of occludin, JAM-A, claudin-5, and ZO-1.
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standard deviation (n = 6 in each group). *: p < 0.05, **

3.6. Immunoblot analysis for tight junction proteins

To investigate the effect of Nano-MS on tight junction protein
expression, we evaluated the protein levels of claudin-5, occludin, ZO-1,
and JAM-A (Fig. 6). The expression of tight junction protein levels was
significantly higher in the Nano-MS group than in the Control and MNP
groups, enhancing BBB integrity via the restoration of endothelial
function. In the Nano-MS group, MMP-9 activity was significantly
diminished relative to the Control and MNP groups, which correlates
with reduced excitotoxicity and BBB disruption (Fig. 7). Regarding BBB
permeability, Nano-MS treatment led to the upregulation of tight junc-
tion protein expression and a decrease in MMP-9 activity in MCAO rats
(eTable II).
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:p < 0.01, ***: p < 0.001.

3.7. Immunofluorescence for apoptosis and neurogenesis

We quantified CC3/NeuN-positive cells to assess apoptotic activity in
the boundary area of cerebral ischemia (Fig. 7). The incidence of CC3/
NeuN-positive apoptotic cells was notably higher in the Control (26.3
+ 5.2) and MNP (22.7 £ 5.9) groups than in the Sham (1.1 £ 0.5) group
(eTable II). However, these cells were significantly less prevalent in the
Nano-MS (2.0 + 1.0) group compared to the Control and MNP groups.
To evaluate endogenous neurogenesis in the boundary area of the ce-
rebral ischemia, we examined the presence of BrdU-positive cells in the
perilesional frontal cortex near the subventricular zone. BrdU/NeuN and
BrdU/DCX-positive cells were scarcely observed in the Control (1.2 +
0.5, 3.2 + 0.6) and MNP (2.3 £ 0.6, 2.7 £+ 0.3) groups. Conversely, in
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legend, the reader is referred to the Web version of this article.)

the Nano-MS group, BrdU/NeuN (16.7 + 2.3) and BrdU/DCX-positive
cells (31.9 + 3.6) were profusely present in the penumbra (Fig. 7 and
eTable II).

3.8. Evans blue staining and fluorescence imaging

To determine the safety of Nano-MS therapy, we analyzed fluores-
cence imaging with Evans blue. In the Nano-MS group, no Evans blue
leakage was observed within the infarct area at the level observed when
there was BBB disruption in our prior proof-of-concept study, other than
the artifact (eFigure II) [10].

4. Discussion
Our study demonstrates that focused Nano-MS therapy alleviates

post-stroke motor deficits and metabolic inactivity in subacute MCAO
rats. Nano-MS therapy reduced hyperexcitability and neuro-
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inflammation and improved endothelial function, BBB stabilization,
and neurogenesis. Our results suggest that targeted, focused Nano-MS
therapy to the motor cortex could be a promising and innovative
noninvasive treatment for chronic ischemic motor deficits. These results
are of potential clinical significance as motor deficits are the most sig-
nificant residual impairments in patients with ischemic stroke.

Our prior proof-of-concept study showed that our focused Nano-MS
therapy effectively and non-invasively stimulates brain regions with the
highest precision [10]. The stimulation range of Nano-MS is approxi-
mately 3.5 mm. Although invasive approaches have been extensively
investigated in animal models, recent endeavors are directed toward
noninvasive techniques in clinical settings [2,3,7-9]. Magnetic stimu-
lation strategies have been used to alter intrinsic neuronal plasticity [23,
24], a potential therapeutic target for stroke [25]. Unlike the current
rTMS and tDCS, which are limited by deep brain penetration and precise
localization, the advantage of focused Nano-MS therapy lies in its ability
to adjust the magnetic field’s gradient force, achieving sustained and



J.-H. Kim et al.

precise stimulation in the targeted area to non-invasively restore brain
function [4]. Additionally, focused Nano-MS can access deep brain
structures, indicating its promise in improving chronic post-stroke
motor function.

We used a systemic injection to ensure that Nano-MS is safe and
clinically applicable. Previous studies used the stereotactic direct in-
jection method for magnetothermal stimulation [26,27]. However,
intralesional infusion is challenging to apply in the real-world clinical
setting and poses a risk of surgery and infection. MNPs can be stuck to
the blood vessel wall due to the non-zero gradient magnetic field in the
FFP region. Nano-MS can provide focused stimulation to a targeted area.
The MNPs we utilized have a blood circulation half-life of 37 min, and
previous studies conducted in the same manner demonstrate that MNPs
are in the brain capillaries 30 min after injection [11,28]. Therefore, we
treated the rats using Nano-MS for 30 min post-MNP injection. MNPs can
be cleared within 4 days in the body [29], and our prior study showed
that the effect of MNPs disappeared after 48-72 h [10]. Therefore, we
developed a safe and convenient twice-weekly treatment method. IA
could be ten times more effective in target brain delivery than IV at the
first Nano-MS stimulus [30-32]. Progressive development of clinically
applicable methods and theranostic platforms combining diagnostic and
therapeutic approaches is ongoing [33].

Focused Nano-MS therapy reduces motor impairment and enhances
motor function in ischemic animal models from the subacute to the
chronic stage. Nano-MS may ameliorate neurological motor dysfunction
by modulating the abnormal hyperexcitability of the targeted layer 2/3
neurons in the motor cortex by regulating electrophysiological AP and
AHP characteristics in pyramidal neurons during subacute cortical
ischemia. Neuronal excitability in motor cortical neurons of the affected
hemisphere in MCAO rats was identified using whole-cell patch clamp
techniques. Despite its depolarizing effect on resting membrane poten-
tials, focused Nano-MS therapy normalized abnormal excessive
neuronal excitability by adjusting the after-hyperpolarization of the
action potential in motor cortical neurons. Focused Nano-MS signifi-
cantly depolarized the AP threshold for spike initiation in the targeted
layer 2/3 motor cortex. Nano-MS also prolonged the AHP duration and
reduced the AHP slope, effectively spacing AP firing in the pyramidal
neurons of the targeted layer 2/3 primary motor cortex. The Nano-MS-
induced modulation of AHP might reduce the hyperexcitability of the
layer 2/3 primary motor cortex by curtailing the increased AP firing
frequency in MCAO rats. However, Nano-MS therapy did tend to in-
crease but failed to demonstrate a statistically significant impact on the
rheobase compared with the Control group. Further study is needed to
determine this discrepancy, likely due to large current steps (50 pA)
applied to evoke AP.

Regarding the electrophysiological mechanisms, temperature
changes within the central nervous system have a broad effect on
neuronal function through alterations in receptor kinetics, channel
conductances, and synaptic transmission, which can lead to neuro-
plasticity [34]. Previous research has demonstrated that hyperthermia
at 39 °C reduces excitatory neurotransmission in cultured hippocampal
neurons and that a physiological temperature increase diminishes
evoked field potentials in rat frontal cortex brain slices. The latter is
affected by the temperature-dependent shift in the balance of excitatory
and inhibitory inputs [35,36]. In line with these findings, we induced
brain hyperthermia using focused Nano-MS directed at the primary
motor cortex, which mitigated the neuronal excitability observed from
the subacute to the chronic phases of ischemic stroke.

Our results suggest that Nano-MS-induced hyperthermia may facili-
tate neuroplasticity and promote functional recovery in subacute
ischemia. Tissue temperature changes by magnetothermal stimulation
using MNPs can directly modulate neuronal activity through various
thermo-sensitive ion channels, including TRP channels. Recent research
indicates that targeted stimulation of the TRPV1 channel can modulate
the activity of specific brain regions, thus regulating neuroplasticity by
safely raising tissue temperature [26,27]. We demonstrated that
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Nano-MS could induce hyperthermia sufficiently and activate neurons
via TRPV1 channels in the primary motor cortex [37]. To verify the
effect of Nano-MS on neural activation via stimulation of the TRPV1
channel, we tested whether a TRPV1 antagonist could block this activity
by Nano-MS using c-fos staining. Consequently, the TRPV1 antagonist
blocked Nano-MS-induced neuronal activation. These results suggest
that the effects of Nano-MS are mediated at least partially via TRPV1
channel activation, a well-documented method of increasing neuro-
plasticity. However, the characteristics of TRPV1 expression may differ
between rodents and humans [38,39]. More research is needed to
extrapolate the results from our models into outcomes for human pa-
tients with stroke.

Improvements in post-stroke motor function induced by Nano-MS
are attributed to suppressing the inflammatory response following
ischemic injury and enhancing brain metabolic function. Significant
enhancements in neuroinflammation, BBB integrity, apoptosis, neuro-
genesis, and metabolic activity were observed following Nano-MS
therapy. These findings align with the pathophysiological mechanisms
of cerebral ischemia, where inflammatory factors can initiate or amplify
inflammation, exacerbate ischemic damage, and trigger a series of
pathological cascades, including neuronal cell apoptosis/death and BBB
compromise. This culminates in neuronal dysfunction [40]. FDG PET
imaging supports the positive impact of targeted Nano-MS therapy on
ischemic lesions. The reduced metabolism in stroke lesions is indicative
of diminished neuronal activity [41]. Notably, brain glucose metabolism
in both the cortex and subcortex was significantly increased, by
approximately 20 %, in the Nano-MS group, and decreased in the Con-
trol and MNP groups. These results suggest an improvement in brain
metabolic function for the Nano-MS group. Increased glucose uptake
might be misinterpreted as worsening neuroinflammation post-stroke
[42]. However, the diminished expression of inflammatory cytokines
in the Nano-MS group likely clarifies that the observed hypermetabolism
in the cortex and subcortex results from enhanced brain metabolic
function rather than neuroinflammation.

Nano-MS therapy may restore functional activity by stabilizing the
BBB, diminishing apoptosis, and promoting neurogenesis via the mod-
ulation of abnormal hyperexcitability and attenuation of neuro-
inflammation in the ischemic penumbra. While the ischemic core results
in instantaneous cell death, the penumbra, the surrounding area of the
ischemic core, comprises potentially-reversible call injury [43]. Previ-
ous studies employing the MCAO model indicate that the penumbra
region experiences a significant downregulation of
gamma-aminobutyric acid (GABA) receptors, a decrease in GABA cur-
rent, heightened intrinsic neuronal excitability, and an increase in the
probability of presynaptic glutamate neurotransmitter release [8,9].
Therefore, numerous therapeutic strategies have been explored to
reverse the aberrant brain activity following an ischemic stroke [2,3,8,9,
44]. Additionally, extensive evidence suggests that targeting neuro-
inflammation may offer neuroprotection in the ischemic penumbra
[45]. Our data support that regulating excessive brain activity and
neuroinflammation with Nano-MS could enhance post-stroke motor
recovery by preventing further cell death in the peri-infarct area.

This study has several limitations. First, as our study demonstrated a
treatment effect for only one week, caution must be exercised when
considering the implications for long-term post-stroke motor rehabili-
tation and functional restoration of neuronal circuits by neurogenesis
with Nano-MS. Extended research on the optimal Nano-MS therapy
protocol is warranted. Second, the interpretation of electrophysiological
data is constrained to the firing patterns and AP measurements obtained
from layer 2/3 excitatory neurons in the rat motor cortex. Further
investigation is required to elucidate the impact of Nano-MS therapy on
the firing properties and ion channels of various cell types, including
inhibitory interneurons and glia, across all cortical layers. Additionally,
the number of animals in each electrophysiological group was unbal-
anced. We prepared more animals in the MCAO group, anticipating a
higher failure rate of whole-cell patch-clamp recordings due to MCAO-
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induced ischemic cortical injury. However, since the recordings pro-
ceeded successfully in all groups, including the MCAO rats, and all
recording data were included in the analysis to avoid selection bias, the
animal numbers of each group were unintentionally unbalanced. This
imbalance could influence statistical results and compromise data
representativeness due to potential sampling bias, thus necessitating
cautious interpretation and further studies with balanced sample sizes to
generalize the findings. Moreover, access resistance was not continu-
ously monitored throughout the recordings. An increase in access
resistance during recording, as the neuronal membrane reseals, could
affect the accuracy of membrane potential measurements in current-
clamp mode, particularly by broadening AP duration and reducing AP
amplitude [46]. It may also lead to an artificial decrease in gain, an
increase in rheobase, and depolarization of the AP threshold. Therefore,
future studies should exclude cells with a drift in access resistance to
ensure accurate measurements. Third, since this study was conducted on
young animals, further investigation is necessary to evaluate its appli-
cability to human adult patients. Fourth, our experimental groups did
not include the magnetic stimulation group without MNPs. Previous
studies reported no stimulus delivery with the magnetic field without
MNPs [11,27]. However, the results for this group may be significant,
and further studies are needed to examine the impact of magnetic
stimulation without MNPs. Lastly, anesthesia may confound the effect of
Nano-MS, as rTMS outcomes are reported to differ between anesthetized
and awake animals [47]. Thus, further investigation evaluating the
impact of anesthesia on Nano-MS is necessary.

5. Conclusion

In summary, this study presents the beneficial effects of focused
Nano-MS for recovering motor behavioral deficits and brain metabolic
inactivity in subacute ischemic stroke. This is the first study to demon-
strate that focused Nano-MS therapy can improve neuronal excitability,
neuroinflammation, BBB stabilization, and neurogenesis. Our findings
support the feasibility of focused Nano-MS therapy as a promising,
innovative, noninvasive treatment for patients with post-stroke motor
deficits. Further research is warranted.
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Abbreviations

r'TMS = repetitive transcranial magnetic stimulation

tDCS = transcranial direct current stimulation

Nano-MS = magnetothermal brain stimulation using magnetic
nanoparticles

FFP =  field-free point

BBB =  blood-brain barrier

SD = Sprague-Dawley

MCAO = middle cerebral artery occlusion

MNP = magnetic nanoparticles

MNPO = magnetic nanoparticles occlusion

NDS = neurological deficit score

AP = action potentials

AHP =  afterhyperpolarization

IL= interleukin

TNF-o = tumor necrosis factor-alpha

MCP-1 = monocyte chemoattractant protein-1
ICAM-1 = intercellular adhesion molecule-1
TRPV1 = transient receptor potential (TRP) vanilloid-1
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