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ABSTRACT

Magnetic brain stimulation has greatly contributed to
the advancement of neuroscience. However,
challenges remain in the power of penetration and
precision of magnetic stimulation, especially in small
animals. Here, a novel combined magnetic
stimulation system (c-MSS) was established for brain
stimulation in mice. The c-MSS uses a mild magnetic
pulse sequence and injection of superparamagnetic
iron oxide (SPIO) nanodrugs to elevate local cortical
susceptibility. After imaging of the SPIO
nanoparticles in the left prelimbic (PrL) cortex in
mice, we determined their safety and physical
characteristics. Depressive-like behavior was
established in mice using a chronic unpredictable
mild stress (CUMS) model. SPIO nanodrugs were
then delivered precisely to the left PrL cortex using in
situ injection. A 0.1 T magnetic field (adjustable
frequency) was used for magnetic stimulation (5
min/session, two sessions daily). Biomarkers

representing therapeutic effects were measured
before and after c-MSS intervention. Results showed
that c-MSS rapidly improved depressive-like
symptoms in CUMS mice after stimulation with a 10
Hz field for 5 d, combined with increased brainderived neurotrophic factor (BDNF) and inactivation
of
hypothalamic-pituitary-adrenal
(HPA)
axis
function, which enhanced neuronal activity due to
SPIO nanoparticle-mediated effects. The c-MSS was
safe and effective, representing a novel approach in
the selective stimulation of arbitrary cortical targets in
small animals, playing a bioelectric role in neural
circuit regulation, including antidepressant effects in
CUMS mice. This expands the potential applications
of magnetic stimulation and progresses brain
research towards clinical application.
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INTRODUCTION
Physical therapies have been increasingly used for the
prevention and treatment of a wide range of diseases in
humans (Diana et al., 2017; Polanía et al., 2018). For
example, repetitive transcranial magnetic stimulation (rTMS)
has been used to treat neuropsychiatric disorders due to its
non-invasive, convenient, and effective properties (Hauer et
al., 2019; Trevizol & Blumberger, 2019). However, there
remain technical limitations to rTMS, including poor
penetrating power, lack of precision in magnetic stimulation,
limited depth of stimulation, and inadequate ability to focus on
target brain regions. In particular, in small animals such as
rats and mice (Fang & Wang, 2018; Sun et al., 2011), even
the smallest universal coil will stimulate a whole hemisphere
or even the complete brain (Salvador & Miranda, 2009; Tang
et al., 2016). It is therefore a challenge to accurately identify
the underlying molecular and neural circuit mechanisms within
target regions (Guadagnin et al., 2016; Meng et al., 2018).
Thus, there is a need to improve technology to satisfy the
rapid development of brain science research.
Non-selectivity could be attributed to the low susceptibility χ
of biological tissues. There are various effects that result from
magnetic fields, including direct magnetization and indirect
magneto-electrical, magneto-elastic, or magneto-thermal
effects. However, the consequences of these effects rely on
the susceptibility of tissues. Regarding brain stimulation,
magneto-electric induction is a common neural regulatory
principle (Bestmann, 2008; Tarapore et al., 2016). Magnetoelectric induction can be expressed using Faraday’s law:
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where t is time, E is the induction electric field, B is the
→
−
magnetic flux density, H is the magnetic field intensity, and μ
is the local tissue permeability. Given that permeability μ is
→
−
very small, field intensity H must be very high to yield an
adequately strong electric field. Similarly, the region of focus
cannot be too small. As an alternative, augmentation of μ can
essentially alter the level of magnetic stimulation and
overcome the current drawbacks of this technique. Given the
remarkable
development
of
nanotechnology,
superparamagnetic iron oxide (SPIO) nanoparticles, which
exhibit excellent biocompatibility, offer a great opportunity to
advance research (Li et al., 2017). Targeted delivery of SPIO
nanoparticles into a specific tissue could significantly enhance
the local susceptibility of tissues. When a weak magnetic field
covers multiple cortical areas, only the region containing SPIO
nanoparticles would be activated, with little influence
elsewhere. This technique would allow the magnetic effect,
rather than the magnetic field, to be focused on a specific
tissue for precise stimulation. Theoretically, this strategy could
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stimulate nearly any tissue that contains SPIO nanoparticles.
We have termed this stimulation technique a combined
magnetic stimulation system (c-MSS).
Application of magnetic nanomaterials in neuroscience has
attracted increasing interest from researchers, with several
excellent reports on neural regulation based on targeted
binding of magnetic nanoparticles and neurons (Chen et al.,
2015; Huang et al., 2010; Roet et al., 2019). By activation of
ion channels with the magneto-thermal effect, neural function
can be controlled. In addition to the magneto-thermal effect,
the influence of magneto-electric nanoparticles upon intrinsic
neuro-electric signals has been predicted and studied (Guduru
et al., 2015; Yue et al., 2012). However, reports on the
successful application of nanoparticle-dependent magnetic
stimulation in neurological disorders remain scarce. Here, for
the first time, we tested the action of c-MSS in a depressivelike animal model. Our results showed that the magnetic effect
of magnetic iron oxide nanoparticles on the cortex significantly
improved neurological symptoms.
Major depressive disorder (MDD) is a common and severe
mental disorder in humans (Otte et al., 2016), causing the
highest disability-adjusted life years (DALYs) and total disease
burden of all mental diseases (GBD 2016 Disease and Injury
Incidence and Prevalence Collaborators., 2017). Transcranial
magnetic stimulation (TMS) was first used as an antidepressive therapy in 1996, with high-frequency (10 Hz)
magnetic field targeting of the left dorsolateral prefrontal
cortex (DLPFC) for clinical intervention in treatment-resistant
depression (TRD) approved in 2008 by the US Food and Drug
Administration (US-FDA) (Pascual-Leone et al., 1996). In the
present study, we explored whether depressive-like behavior
in mice could be quickly and effectively improved by c-MSS
stimulation of the left prelimbic (PrL) cortex, considered to be
potentially homologous to the DLPFC in primates (Vertes,
2006). Because of its mild field and precise action, this
technique could greatly expand the applicability of magnetic
stimulation in anti-depression. Moreover, in vivo magnetic
resonance imaging (MRI) demonstrated that the magnetic
nanoparticles were stably retained within the PrL cortex during
the treatment period. Furthermore, SPIO nanoparticle toxicity
and safety were investigated in cultured primary cortical
neurons and in brain tissue of mice. The antidepressant
effects in chronic unpredictable mild stress (CUMS) mice were
also investigated preliminarily. Importantly, field frequency and
treatment duration were determined for optimization of
treatment effects. This novel approach should complement
clinical rTMS, playing an important role in neuroscience
research with small animals.
MATERIALS AND METHODS
Establishment of c-MSS
The c-MSS consisted of SPIO nanodrugs and a magnetic
pulse sequence. The SPIO nanodrugs were polyglucose
sorbitol
carboxymethylether
(PSC)-coated
γ-Fe2O3
nanoparticles (trade name: Ferumoxytol), manufactured by the

Zhengda Tianqing Pharmaceutical Enterprise (China) and
approved by the Chinese FDA for clinical use.
The magnetic pulse sequence was generated by the
rotation of a pair of tapered magnets (NdFeB permanent
magnet, N45, Innuovo, China) symmetrically attached to a
motor (IKA RW20 Digital, Germany) using a rigid plastic
crossbar. Rotational speed of the motor could be adjusted
continuously. The heads of the experimental mice were placed
within the magnetic field. For mice, the wave profile was a
pulse sequence. A rotational speed of 300 r/min corresponded
to a frequency of 10 Hz because the pair of magnets yielded
two pulses every cycle. Magnetic flux density was measured
using a gauss meter (HT20, Hengtong, China). During all
experiments, the apparatus was maintained in a humidity- and
temperature-controlled environment.
Observation of SPIO nanoparticles by MRI
The procedure for SPIO nanodrug injection into the left PrL
cortex of mice is presented in Supplementary Note S1. The
MRI (Bruker BioSpec Horizontal 7.0 T) scans were then
performed on days 1, 3, 5, 7, and 11 after stereotactic
microinjection of the SPIO drugs for in vivo imaging of the PrL
cortex. Details on the MRI procedure are described in
Supplementary Note S2.
Safety evaluation of SPIO nanoparticles in cultured
neurons and brain tissue of mice
Cell counting kit-8 (CCK-8) assay: Viability of primary cortical
neurons (details shown in Supplementary Note S3) was
measured over time using a CCK-8 kit (Dojindo, Kumamoto,
Japan). Primary cortical neurons were incubated with 5 μg/mL
SPIO nanodrugs to measure dependency of cytotoxicity with
time (0, 6, 12, 24, and 48 h) and nanodrug concentration (0, 5,
25, 125, and 625 μg/mL) over 24 h. Calculation of cellular
viability is detailed in Supplementary Note S4.
Lactate
dehydrogenase
(LDH)
release
analysis:
Experimental design was identical to that of the CCK-8 assay.
LDH release into culture supernatants was measured using an
LDH cytotoxicity assay kit (Beyotime Co., Shanghai, China).
Maximal LDH release was determined in primary cortical
neurons lysed by incubation in lysis buffer at room
temperature for 60 min. Mean LDH release of control neurons
was indexed to 100%, the value used for normalization.
Terminal
deoxynucleotidyl
transferase-mediated
deoxyuridine triphosphate nick end-labeling (TUNEL) assay
for apoptosis: A TUNEL kit (Invitrogen, Carlsbad, CA, USA)
was used for evaluating apoptosis in the left PrL cortex of
experimental mice. The tissue was sliced after 5 days of
treatment by c-MSS. The rate of apoptosis was determined by
enumerating TUNEL-positive cells in six random fields in the
left PrL cortex in comparison with total number of cells using
ImageJ software.
Preliminary analysis of physical mechanism of c-MSS
The physical effects of c-MSS were assessed in a hydrogel
phantom, in which SPIO nanoparticles were injected into a
model of tissue. The amount of SPIO nanoparticles was the

same as that injected in vivo (1.67 mg/mL, 300 nL). The
fabrication process is presented in Supplementary Note S5.
Measurement of magnetic heating effect: A fiber sensor
(FISO UMI 8, Canada, measuring range: – 4 ℃– 100 ℃ ) was
inserted into the cubic hydrogel, with its tip inside the SPIO
nanoparticles. The temperature sensor was connected to a
workstation to record data. The induction current curve was
plotted using Origin software.
Measurement of magneto-acoustic signals: The magnetovibration effect of SPIO nanoparticles within a 10 Hz magnetic
field was measured using acoustic signals. The hydrogel
phantom and acoustic transducer were submerged in
deionized water at a distance of 45 mm. Acoustic signals were
recorded using a transducer (S/N 240 992 , Olympus Ltd.,
Japan), and then amplified (5 058PR, Olympus Ltd., Japan).
Finally, the signals were digitized and displayed on an
oscilloscope (DSOX4054A, Keysight Technologies, USA).
Measurement of magnetic field induction voltage: The
magnetic field generator and hydrogel phantom were placed
inside a Faraday cage to eliminate external electrical noise. A
glass microelectrode containing artificial cerebrospinal fluid
(126 mmol/L NaCl, 3 mmol/L KCl, 24 mmol/L NaHCO3, 1.25
mmol/L NaH2PO4, 2 mmol/L CaCl2, 2 mmol/L MgSO4, and 10
mmol/L glucose; resistance: 2–5 MΩ) was used to record local
field potential in the hydrogel phantom. An Ag/AgCl wire was
used as a reference electrode. The field potential was
amplified (Axoprobe 1A, Axon Instruments, USA), filtered
using a band-pass filter (Neurolog NL125, Digitimer Ltd., UK)
to exclude signals outside the 2 to 200 Hz range, then
digitized using an analog-to-digital conversion (ADC) board
(CED 1 401 plus, Cambridge Electronic Design, UK) and
recorded using Spike 2 software (Cambridge Electronic
Design, UK).
Establishing, evaluating, and screening depressive-like
mouse model
Experimental animals: All experiments were performed on
male C57BL/6 JAXTM mice (age: 6–8 weeks; weight: 18–24 g,
Sino-British SIPPR/BK Lab Animal Ltd., China). Details of
animal husbandry are described in Supplementary Note S6.
All animal experiments were conducted strictly in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Animal Study
Committee of Southeast University, China (permit No.
20 180 501 006).
Establishing chronic unpredictable mild stress model and
confirming sensitive depressive-like symptoms: Behavioral
tests, including a sucrose preference test (SPT) and forced
swim test (FST), were used to evaluate, screen, and identify
sensitive depressive-like mice as the initial stage of the CUMS
mouse model. The behavioral tests are described in
Supplementary Note S7 and the detailed modelling process is
described in Supplementary Note S8.
Selecting and optimizing therapeutic schedule for CUMS
mice using c-MSS
Selection of optimized frequency: A total of 0.5 μg of SPIO
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nanoparticles (1.67 mg/mL, 300 nL) were microinjected into
the left PrL cortex of each CUMS mouse. During the c-MSS
treatment, all experimental mice were placed in an aluminum
restraint while awake. Mice were allocated into four groups:
without magnetic field intervention or treated by c-MSS (2, 5,
or 10 Hz) twice daily (5 min duration each time, once in the
morning and once in the afternoon) for 5 days.
Selection of optimized duration of treatment: After selection
of optimized frequency, as described above, the same volume
of SPIO nanoparticles was microinjected into the left PrL
cortex of fresh CUMS mice. Depending on group allocation,
the mice were treated in a 10 Hz magnetic field for 1, 3, 5, or 7
days.
Confirmation of anti-depressive effectiveness of c-MSS: The
effectiveness of c-MSS was evaluated by comparing the
treated CUMS mice with control animals. The CUMS mice
were allocated into four groups, those injected with saline and
treated
with
10
Hz
magnetic
field
stimulation
(CUMS+Saline+10 Hz MF), those injected with Au
nanoparticles and treated with 10 Hz magnetic field
stimulation (CUMS+Au+10 Hz MF), those injected with SPIO
nanoparticles but without magnetic field stimulation
(CUMS+SPIO), and those injected with SPIO nanoparticles
and treated with 10 Hz magnetic field stimulation (CUMS+10
Hz c-MSS). The frequency and duration of the magnetic
stimulation treatment was consistent with that described
above (10 Hz for 5 days). Treatment effectiveness was
evaluated using SPT and FST.
Measurement of biomarkers of effective treatment of
depression
Animal sacrifice and sample preparation: All procedures
related to animal sacrifice and preparation are detailed in
Supplementary Note S9.
c-fos testing by immunohistochemistry: The expression of cfos
protein
was
measured
using
standard
immunohistochemistry protocols. Details on the procedure are
described in Supplementary Note S10.
Testing of brain-derived neurotrophic factor (BDNF) by
immunoblot analysis: The complete left PrL cortex tissue was
analyzed for the expression of BDNF protein. The detailed
procedure is described in Supplementary Note S11.
Testing of adrenocorticotropic hormone (ACTH) and
corticosterone (CORT) levels in serum: The concentrations of
ACTH and CORT were determined using an enzyme-linked
immunosorbent assay (ELISA) (Angel Gene, China) as a
measure of the hyperactivation of the hypothalamic-pituitaryadrenal (HPA) axis, in accordance with the manufacturer's
protocols.
Statistical analysis
Statistical analyses were conducted using GraphPad Prism 7
(GraphPad Software Inc., USA). Results are expressed as
mean±SEM. Multiple-group comparisons were achieved using
one-way analysis of variance (ANOVA) followed by Bonferroni’
s post hoc test.
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RESULTS
Establishment of c-MSS
The mean core diameter and entire structure of the γ-Fe2O3
nanoparticles were approximately 9 nm and 30 nm,
respectively (Figure 1A, C ). The inset in Figure 1A shows an
external view of the nanodrugs and a schematic of the
nanodrug injections (300 nL, 1.67 mg/mL) into the left PrL
cortex of experimental mice in Figure 1B. Generation of the
magnetic field is shown in Figure 1D. Magnetic flux was
simulated using Ansoft software (Figure 1E). The
nanoparticles were superparamagnetic and uniformly
dispersed without significant aggregation (Figure 1F). The
actual output wave profile is shown in Figure 1G, which was a
continuous pulse sequence with a half width of ~30 μs. The
cone shape of the magnets was to reduce pulse width. Peak
field intensity in the brains of mice was 100 mT. Frequency
was tuned by adjusting the rate of rotation. We hypothesized
that the left PrL cortex would be stimulated magnetically every
time the magnet passed over the mouse brain.
Imaging of SPIO nanoparticles by MRI
After microinjection into the left PrL cortex of CUMS mice, the
SPIO nanoparticles were imaged in vivo using MRI. The
injected SPIO nanoparticles were visible as sphere-like dark
regions by MRI and remained stable and aggregated within
the left PrL cortex for at least 11 days (Figure 2A–D).
Safety evaluation of SPIO nanoparticles in cultured
neurons and brains of mice
A SPIO nanodrug suspension (100 μL) was placed in a 96well plate in which primary neurons were growing for
evaluation of cell viability. In the animal experiments, the SPIO
nanoparticles were injected into the left PrL cortex of mice at a
volume of 0.5 μg. A corresponding concentration of 5 μg/ml
was used for 100 μL of culture medium, and the in vitro safety
of the SPIO nanodrugs was evaluated at concentrations of 5
μg/mL to 625 μg/mL. After 24 h of co-culture, significant
cytotoxicity occurred only at the highest concentration of 625
μg/mL (P<0.01, Figure 2E, F ). Experiments investigating the
time dependency of cytotoxicity demonstrated that 5 μg/ml
SPIO nanoparticles over the study time range were not toxic
(Figure 2G, H ). TUNEL assay demonstrated that left PrL
cortical slices treated by microinjection of SPIO nanodrugs
showed a non-significant increase in cell apoptosis in the four
mouse groups compared with that observed in the control
mice after 5 days (Figure 2I, J).
Preliminary analysis of physical mechanism of c-MSS in
hydrogel phantom
Firstly, the SPIO nanoparticles did not cause significant
heating in the hydrogel phantom when placed within a 10 Hz
magnetic field (Figure 3A). Heating curves demonstrated only
a small temperature rise over a 1 h period (Figure 3B).
Secondly, no acoustic signal was identified within the 5, 10, or
15 Hz magnetic fields of the phantom, thus, any magnetovibration effect of the SPIO nanoparticles could be ignored

Figure 1 Construction of combined magnetic stimulation system (c-MSS) and microinjection of mice
A: TEM image of PSC-capped γ-Fe2O3 nanoparticles and external view of injection (Inset). B: Schematic of injection process in left PrL cortex of
mice. C: Measurement of PSC-capped γ-Fe2O3 nanoparticle size using Dynamic Light Scattering. Mean diameter was approximately 30-35 nm. D:
Schematic of imposed magnetic field. E: Simulation of field intensity and magnetic flux of cone-shaped magnets. F: Magnetic hysteresis of SPIO
nanoparticles. G: Output wave-profile of magnetic field. c-MSS: Combined magnetic stimulation system; TEM: Transmission electronic microscopy;
PSC: Polyglucose sorbitol carboxymethylether; PrL: Prelimbic; SPIO: Superparamagnetic iron oxide.
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Figure 2 MRI tracing and cytotoxicity of nanodrugs
A–D: in vivo MRI images of injected nanodrugs in left PrL cortex of mice after 1, 3, 7, and 11 days, respectively. n=3 in each group. E, F: CCK-8
and LDH assay of primary cortical neurons after treatment for 24 h with various doses of SPIO nanoparticles. G, H: CCK- 8 and LDH assay of
primary cortical neurons treated with 5 μg/mL SPIO nanoparticles for 6, 12, 24, and 48 h (n=8). I: Representative images of in situ TUNEL assay
using confocal microscopy (magnification,×400). J: Percentage of TUNEL-positive cells. Scale bar: 50 μm. n= 8 slices from eight mice in each
group. **: P <0.01 compared with control group (one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test). MRI: Magnetic
resonance imaging; PrL: Prelimbic; CCK-8: Cell counting kit-8; LDH: Lactate dehydrogenase; SPIO: Superparamagnetic iron oxide; TUNEL:
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling.
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(Figure 3C). Thirdly, a magneto-electric induction effect was
observed in the phantom using an electrophysiological
recording system, with decreased induction voltage as field
frequency increased in the absence of SPIO nanoparticles,
indicating that high frequency caused the pulse sequence to
resemble a direct-current field (Figure 3D, E). Interestingly, the

induction voltage within the 10 Hz magnetic field was
significantly enhanced when the SPIO nanoparticles were
present (Figure 3F). The physical effects of the c-MSS were
also simulated using COMSOL software. It was found that the
SPIO nanoparticles enhanced the magnetization, magnetovibration, and magneto-electrical induction effects under pulse

Figure 3 Measurement of magneto-electric induction and physical effects in a hydrogel phantom
A: Hydrogel phantom containing injected SPIO nanoparticles. B: Heating of phantom within a 10 Hz (300 r/min) magnetic field. C: Magneto-electric
induction in different field frequencies. D: Schematic of measurement of magneto-electric induction. E: Acoustic signals of phantoms with SPIO
nanoparticles in presence of a 5, 10, and 15 Hz magnetic field. F: Induced voltages in presence or absence of SPIO nanoparticles. Result was
confirmed in triplicate. SPIO: Superparamagnetic iron oxide.
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sequences of the magnetic field in tissue. More importantly,

Establishing, evaluating, and screening depressive-like

these effects were highly restricted to regions around the

mice

SPIO nanoparticle surfaces (Figure 4).

The experimental procedure is shown in Figure 5A. After the

Figure 4 Simulation using COMSOL software of magnetization, induction of electric field, induction of electric current, and induction of
stress field for SPIO nanoparticles in presence of a 10 Hz magnetic field
Left column represents magnetic spheres; right column represents non-magnetic spheres.
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Figure 5 Treatment of CUMS mice and confirmation of effects of c-MSS through behavioral experiments
A: Experimental procedures for selection of optimal field frequency and duration of treatment. B, C: SPT and FST results in CUMS mice. n=15 mice
for each group. Values are mean±SEM. ***: P <0.001 vs. before CUMS modelling (control mice) (paired Student’s t- test). D: Monitoring of body
weight of mice compared with age-matched control mice. n=15 mice for each group. Values are mean±SEM. *: P<0.05 vs. Control; **: P<0.01 vs.
Control; ***: P<0.001 vs. Control. E, F: SPT and FST results in CUMS mice after c-MSS treatment using different frequencies of magnetic field. G, H:
SPT and FST results in CUMS mice after treatment with a 10 Hz c-MSS for a variety of durations. Values are mean±SEM, n=8-10 mice. *: P<0.05
vs. Control; **: P<0.01 vs. Control; ***: P<0.001 vs. Control. #: P<0.05 vs. CUMS; ##: P<0.01 vs. CUMS; ###: P<0.001 vs. CUMS (one-way ANOVA
followed by Bonferroni’s multiple comparison post hoc test). I,J: SPT and FST results. Sham groups were administered saline and 10 Hz magnetic
field, SPIO nanoparticles without a magnetic field, and Au nanoparticles in a 10 Hz magnetic field. All treatments lasted 5 days (two 5 min sessions
per day). Data were calculated from six mice for each group. Values are mean±SEM. ***: P <0.001 vs. Control. ###: P <0.001 vs. CUMS (one-way
ANOVA followed by Bonferroni’s multiple comparison post hoc test). c-MSS: Combined magnetic stimulation system; FST: Forced swim test; SPT:
Sucrose preference test; CUMS: Chronic unpredictable mild stress; SPIO: Superparamagnetic iron oxide; PrL: Prelimbic.
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CUMS procedure, 65% of mice exhibited depressive-like
symptoms and were subsequently utilized in follow-up studies,
as confirmed by significantly reduced sucrose consumption in
the SPT (Figure 5B) and increased immobility time in the FST
(Figure 5C). Furthermore, the successful establishment of
CUMS mice was partly confirmed by the significant decrease
in body weight during weeks 2–5 compared to the agematched control mice (Figure 5D).
Selection and optimization of therapeutic schedule for
CUMS mice by c-MSS
Firstly, the frequency optimization tests indicated that only
stimulation with 10 Hz c-MSS for 5 days significantly improved
depressive-like behavior in CUMS mice, as indicated by
increased sucrose consumption in the SPT and reduced
immobility time in the FST (Figure 5E, F). Consequently, a 10
Hz magnetic stimulation regimen was used in subsequent
experiments. Secondly, improvement in depressive-like
behavior was observed after 3 days of treatment, which
became prominent and stable after 5 days of treatment using
the c-MSS (Figure 5G, H).
To further confirm the specific therapeutic effects of SPIO
nanoparticles on CUMS mice, Au nanoparticles were
microinjected into their left PrL cortices under c-MSS
conditions. As expected, experimental mice, in which the antidepressive effects of c-MSS were confirmed, exhibited
significantly increased sucrose consumption in the SPT and
decreased immobility time in the FST in the 10 Hz c-MSS
group compared with the other four groups (Figure 5I, J). The
Au nanoparticles showed identical morphology and size as the
SPIO nanoparticles but did not improve the behavior of mice.
Taken together, these findings indicate that the observed antidepressive effects resulting from enhanced magnetic
stimulation were due to the use of SPIO nanoparticles.
Testing of biomarkers for effective anti-depression in
mice
Firstly, expression of the c-fos protein, a specific biomarker of
neuronal activation (Herrera & Robertson, 1996), in the left
PrL cortex increased significantly only in the SPIO+10 Hz MF
group after 5 days of 10 Hz magnetic stimulation by the cMSS (Figure 6A–C).
Secondly, injection of SPIO or Au without a magnetic field
did not affect the behavioral tests in CUMS mice. Thus, control
mice, CUMS mice, and CUMS mice treated with 10 Hz c-MSS
for 5 days were used to measure depression markers. Here,
BDNF, a consistent biomarker indicating severity of
depressive symptoms and efficacy of anti-depressive
therapies (Karege et al., 2005; Molendijk et al., 2014), was
markedly decreased in the left PrL cortex of CUMS mice
(Figure 6D) and significantly up-regulated after c-MSS
treatment.
Finally, the serum levels of CORT and ACTH, indicators of
HPA axis activity and biomarkers of depression and antidepressive symptoms (Müller & Holsboer, 2006; Pariante &
Lightman, 2008), respectively, became normalized in CUMS
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mice after c-MSS treatment (Figure 6E, F).
DISCUSSION
The principal findings of the present study include the
following: (1) A novel c-MSS for brain stimulation with a mild
magnetic field was established; (2) c-MSS treatment with a
100 mT/10 Hz magnetic field for 5 days (2×5 min sessions per
day) markedly improved depressive-like behavior in CUMS
mice, which was simultaneously indicated by changes in
therapeutic biomarkers; and (3) Microinjected SPIO
nanoparticles in the left PrL cortex remained stable for 11
days and were relatively safe and non-toxic both in cultured
cells and brain tissue of mice. Taken together, these results
suggest that the c-MSS, representing selective/targeted
magnetic stimulation of the left PrL cortex, played an important
role in reversing depressive symptoms in CUMS mice.
Here, for the first time, the novel c-MSS employed a mild
magnetic field with microinjected SPIO nanoparticles to
elevate local tissue magnetic susceptibility, thereby making
the magnetic effect act upon deep brain structures and
improve the precision of magnetic stimulation of a focused
region in mice. Therefore, the c-MSS has overcome the
technical bottleneck of rTMS, in which the magnetic effect is
focused to activate the cortex, but the magnetic field covers a
wide area. This new technique is particularly suitable for small
animals.
SPIO (PSC@γ-Fe2O3) nanoparticles have been approved
by the FDA for use as a nanodrug (Sun et al., 2019). The
SPIO nanoparticles, whether utilized on primary cultured
neuronal cells or injected into the left PrL cortex, were shown
to be relatively safe and non-toxic. Importantly, the SPIO
nanoparticles maintained stability within the PrL cortex for 11
days, longer than the experimental course of treatment (7
days). However, it should be noted that these results do not
imply that SPIO nanoparticles are not metabolized in brain
tissue in mice. Evidence from previous MRI tracing of SPIO
nanoparticles in mouse brains suggests that SPIO
nanoparticles initially reduce in number after two weeks, and
then undergo a significant reduction after four weeks until they
are barely visible at eight weeks (unpublished data). In
summary, the present study provides evidence that SPIO
nanoparticles are safe and stable for injection into brain tissue
for short periods in mice.
We further demonstrated greater neuronal activity in mice
after stimulation by the c-MSS, as indicated by increased
expression of c-fos in the left PrL cortex. An important
question is how c-MSS induces neuronal activity through
magnetic stimulation. Firstly, evaluation of magnetic heating in
the phantom indicated that the SPIO nanoparticles caused a
negligible rise in temperature, important for the safety of
magnetic stimulation as there is concern about brain heating
in clinical practice. Secondly, magnetic vibration in the
phantom indicated just the slightest vibration. Based on the
simulated results, the physical effects of SPIO nanoparticles
were highly localized. This means the increased energy

Figure 6 Comparison of biomarker levels for effective anti-depression in mice
A: Representative immunohistochemistry micrographs of c-fos expression in left PrL cortex after c-MSS treatment for 5 days in mice. B: Schematic
displaying region of left PrL cortex. C: c-fos- positive cells in left PrL cortex. Scale bar: 50 μm. n= 8 slices from eight mice in each group. Values
represent mean±SEM. ***: P <0.001 vs. Control (one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test). D: BDNF protein
levels in PrL whole tissue in various groups. E: Serum levels of CORT in various groups. F: Serum levels of ACTH in various groups. Data were
calculated from eight mice for each group. Values are mean±SEM. **: P<0.01 vs. Control; ***: P<0.001 vs. Control. #: P<0.05 vs. CUMS+Saline+10
Hz MF; ###: P <0.001 vs. CUMS+Saline+10 Hz MF (one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test). PrL: Prelimbic;
CUMS: Chronic unpredictable mild stress; BDNF: Brain-derived neurotrophic factor; CORT: Corticosterone; ACTH: Adrenocorticotropic hormone.

quickly dissipated with increasing distance. Thus, the effect of
the c-MSS was localized around the SPIO nanoparticles
without remote influences. However, enhanced induction of
electrical voltage could be measured, which results from the
high conductivity of PBS buffer in the phantom. As the
physiological medium is also highly conductive, the
enhancement of induction electric field may be an important
physical mechanism. Recent study has also suggested that

magnetic nanoparticles enhance performance of rTMS (Li et
al., 2019).In the current study, we first adopted the CUMS
mouse model to verify rapid antidepressant action by the cMSS with the optimized strategy of 5 days of 10 Hz magnetic
stimulation (100 mT, 5 min/session, two sessions daily).
Compared with the controls, a 100 mT magnetic field alone
did not cause an anti-depressive effect resulting from the low
field intensity. Although the magnetic field was applied to
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multiple cortices, the therapeutic effects were caused by the
presence of the SPIO nanoparticles in which the PrL cortex
was activated by mild stimulation. This point was established
by the results of injection of Au nanoparticles and the
expression of c-fos. Thus, it is possible to precisely stimulate a
specific cortex using c-MSS.
Additionally, behavioral tests confirmed antidepressant
action, with c-MSS significantly reversing abnormal levels of
BDNF and HPA axis activity (CORT and ACTH) in CUMS
mice, further confirming the effectiveness of this novel
technique. As a biomarker of therapeutic effect, BDNF is
consistently up-regulated after treatment with antidepressants,
including drugs and physical therapy in both animal models
and patients (Ghosal et al., 2018; Oh et al., 2019). Clinical
evidence indicates that 10 Hz is the optimal frequency for
treatment of MDD. In general, it takes 3–5 weeks to
significantly improve patient symptoms (George & Post, 2011).
Previous studies have shown that the most significant antidepressive effects are observed after 10 days of 10 Hz TMS
stimulation in small animals (Hesselberg et al., 2016). Here,
with mild c-MSS precisely stimulating the PrL cortex,
depressive-like behavior in CUMS mice improved significantly
in just 5 days. A wide range of studies have examined the
delivery of stimulation at different pulse frequencies during
rTMS-mediated treatment of depression (Trevizol &
Blumberger, 2019). As a result, both low-frequency (1 Hz,
typically delivered to right DLPFC) (Berlim et al., 2013) and
high-frequency (5–20 Hz, typically delivered to left DLPFC)
(Berlim et al., 2014) rTMS have been found to be efficacious
for the management of depression. Among the distinct
frequencies, the now-standard 10 Hz rTMS for depression
therapy has been widely accepted in clinical settings. Recent
evidence suggests that active 5 Hz or 20 Hz rTMS may
markedly improve clinical symptoms in depressed individuals
when compared with sham rTMS (George et al., 2000;
Luborzewski et al., 2007; Philip et al., 2015; Stubbeman et al.,
2018; Su et al., 2005). However, the primary limitations of 5
Hz or 20 Hz rTMS include modest clinical sample sizes and
uncertain clinical safety and treatment tolerability (Hadley et
al., 2011; Loo et al., 2008; McGirr et al., 2016). In the present
study, we found that depressive-like behaviors were markedly
ameliorated in CUMS mice by stimulation with 10 Hz c-MSS
for 5 days, but not 2 Hz or 5 Hz c-MSS. In light of the clinical
effectiveness of 5 Hz or 20 Hz c-MSS in depression, we
cannot exclude the possibility that 5 Hz treatment may
produce an antidepressant effect over a longer period (more
than 1 week, even 2 weeks), which deserves further study.
Likewise, the effects of 20 Hz c-MSS on depressive symptoms
in CUMS mice will be carried out in our future research. In
addition, it will be interesting to measure the direct effects of
10 Hz stimulation on neuronal spikes, which may provide
novel insights into the effectiveness of 10 Hz c-MSS in the
treatment of depression.
In previous studies on small animals, magnetic fields such
as in rTMS covered the entire hemisphere, and sometimes
even the whole brain, which includes many cortices and deep
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nuclei. Activation of multiple cortices could result in
counteracting effects so that therapeutic performance is
insignificant. Our results demonstrate that this novel
stimulation strategy is feasible and beneficial in mice,
compared to traditional stimulation strategies. Our next goal is
to realize the non-invasive administration of SPIO
nanoparticles via veins into the cortex. This will boost the
clinical translation of this technique.
Therefore, c-MSS could potentially expand the scope of
magnetic stimulation applications. Firstly, SPIO nanodrugs are
injectable, thereby greatly reducing the risk of implantation
surgery. Secondly, the technology allows precise stimulation
of practically any cortex using a mild magnetic field. Thus, we
believe this strategy has considerable potential as a candidate
system for improvement in neural regulation for exploration of
brain activity mechanisms.
CONCLUSIONS
We demonstrated a novel c-MSS for magnetic brain
stimulation in mice, in which the left PrL cortex was targeted,
significantly improving treatment of depressive-like behavior in
CUMS mice using a 10 Hz magnetic field for 2×5 min sessions
per day for 5 days. The treatment also improved biomarkers of
therapeutic effects. Importantly, the SPIO nanoparticles, a
relative safe and non-toxic nano-drug, markedly enhanced
local brain tissue susceptibility, possibly through neuronal
activation of magneto-electric induction. In addition, the nanodrug remained stably localized after microinjection into the left
PrL cortex of mice for 11 days. Therefore, we believe that the
c-MSS improves the selective and precise regulation of neural
circuits, thus allowing additional exploration of activated brain
magnetic mechanisms. This method therefore has potential
clinical value.
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