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Transcranial magnetic stimulation (TMS) is a neurostimulation device used to modulate brain cortex
activity. Our objective was to enhance the therapeutic effectiveness of low-frequency repeated TMS
(LF-rTMS) in a rat model of autism spectrum disorder (ASD) induced by prenatal valproic acid (VPA)
exposure through the injection of superparamagnetic iron oxide nanoparticles (SPIONs). For the
induction of ASD, we administered prenatal VPA (600 mg/kg, I.P.) on the 12.5th day of pregnancy. At
postnatal day 30, SPIONs were injected directly into the lateral ventricle of the brain. Subsequently,
LF-rTMS treatment was applied for 14 consecutive days. Following the treatment period, behavioral
analyses were conducted. At postnatal day 60, brain tissue was extracted, and both biochemical and
histological analyses were performed. Our data revealed that prenatal VPA exposure led to behavioral
alterations, including changes in social interactions, increased anxiety, and repetitive behavior,
along with dysfunction in stress coping strategies. Additionally, we observed reduced levels of SYN,
MAP2, and BDNF. These changes were accompanied by a decrease in dendritic spine density in the
hippocampal CA1 area. However, LF-rTMS treatment combined with SPIONSs successfully reversed
these dysfunctions at the behavioral, biochemical, and histological levels, introducing a successful
approach for the treatment of ASD.

Keywords Transcranial magnetic stimulation, Autism spectrum disorder, Valproic acid, Superparamagnetic
iron oxide nanoparticles

Autism spectrum disorder (ASD) is a complex condition characterized by repetitive behaviors and difficulties
with social interactions, affecting more than 1% of the child population'. While genetics play a significant role
in its etiology, a growing number of cases are believed to be caused by environmental factors such as maternal
separation and exposure to drugs such as valproic acid (VPA)*™.

Evidence suggests that the hippocampus plays a crucial role in the pathophysiology of autism and social
interactions’. Dendrites and spines are critical structures in neurons for receiving input and integrating signals
from other neurons and glial cells. The morphology and density of these structures play a key role in signal inte-
gration in brain regions such as the hippocampus®’. Abnormalities in dendrites and synaptic transmission have
been increasingly observed in autism patients and animal models®’. Notably, microtubule-associated protein 2
(MAP?2) is a protein enriched in dendrites and serves as a marker for synaptic plasticity'®. On the other hand,
synaptic proteins, including synaptophysin (SYN), are involved in synaptic plasticity and transmission''. Any
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changes in the levels of these proteins may be associated with abnormal dendritic and synaptic function. Overall,
the health of dendrites and efficient synaptic transmission are essential for normal brain function in different
regions, such as the hippocampus.

Physical therapy, including repetitive transcranial magnetic stimulation (rTMS), has become increasingly
popular for the prevention and treatment of various medical conditions'>'">. rTMS involves the application
of multiple magnetic pulses to specific areas of the brain cortex to modify its activity'*. Despite its safety and
tolerability, more research is needed before rTMS can be widely recommended as a treatment option for ASD
patients'>'6. There are two types of rTMS treatment: low-frequency rTMS (LF-rTMS) and high-frequency rTMS
(HF-rTMS). LE-rTMS, with frequencies < 1 Hz, has inhibitory effects, while HF-rTMS, with frequencies > 5 Hz,
has excitatory effects'”. A study in a maternal separation model of autism revealed that LF-rTMS could modu-
late synaptic and neuronal activity'®. Additionally, studies have reported that transcranial magnetic stimulation
(TMS) can increase brain-derived neurotrophic factor (BDNF) levels in serum'. It has also been noted that
BDNF plays a significant role in dendritic growth and spine maturation®*?!. Another study showed that LF-
rTMS improved social behavior, but HE-rTMS did not, due to overexcitation of the brain in a genetic model of
ASD?. However, TMS has limitations, including limited penetration power and accuracy?. Research suggests
that deeper parts of the brain, including the hippocampus, play a crucial role in the pathophysiology of ASD*.
Therefore, developing a new technique for using TMS to stimulate deeper parts of the brain is crucial.

Magnetic nanoparticles such as superparamagnetic iron-oxide nanoparticles (SPIONs) can influence brain
activity through magneto-thermal and magnetoelectric mechanisms when exposed to magnetic fields or radi-
ofrequency waves*?’. Studies have demonstrated that magnetic stimulation using SPIONSs can enhance brain
stimulation and improve depression and stroke recovery**%.

Building on this knowledge, it is hypothesized that combining TMS to target both superficial and deeper brain
areas with SPIONS, such as the hippocampus, may be more effective in reducing symptoms of ASD.

Results

SPIONSs characteristics

According to TEM, the nanoparticles displayed an appropriate shape (Fig. 1a) and had a diameter of 28.6 nm
after the coating process, calculated using the ImageJ program based on 100 random particles (Fig. 1b). The DLS
test revealed that the SPIONSs possessed a negative charge (- 11.7 mV) and exhibited a hydrodynamic diameter
of 71.2 nm (Fig. 1c).

Furthermore, the MTT assay data demonstrated no significant change in cell viability across all concentra-
tions (0-100 ug/ml) compared to the control group (Fig. 1d). The graph (Fig. le) illustrates that the coated
nanoparticles exhibit superparamagnetic properties (zero remanence and coercivity) with magnetization satu-
ration at 43 emu/g. Moreover, the FTIR results confirmed the successful binding of Fe;O, to chitosan (Fig. 1f).
The total SPION content in the hippocampus after 30 days from lateral ventricle injection was 21.45+0.69 pg/
ml, whereas it was 9.96 +0.14 pg/ml in those that did not receive SPIONSs. Figure 1g displays the structure of
the coated SPIONS.

Three-chamber test

This study, which investigated the effects of LF-rTMS on social behavior, is presented in Fig. 2. The sociability
index was calculated by dividing the time spent exploring the social chamber by the total time spent explor-
ing both the social and nonsocial chambers. One-way ANOVA revealed significant main effects of autism and
rTMS treatment on the sociability index (F (5, 41) =25.89, p <0.001; Fig. 2a). The Tukey post hoc test indicated
a significant decrease in the sociability index for the ASD group compared to the sham group (p <0.001). Addi-
tionally, rTMS treatment significantly increased the sociability index in both the LF+ ASD and LF + NP + ASD
groups (p <0.001).

The direct social interaction index was defined as the time rats spent sniffing social stimuli minus the time
spent sniffing nonsocial stimuli, divided by the sum of these times. Data analysis revealed significant differences
among the groups (F (5, 42) =24.57, p <0.001; Fig. 2b). Post hoc test analysis demonstrated significant distinctions
between the ASD group and the sham group (p <0.001). Furthermore, rTMS treatment in both the LF+ ASD and
LF + NP + ASD groups showed that rats displayed significant social responses compared to untreated autistic rats
(p<0.001). In the LF + NP + ASD group, a significant increase in direct social interaction was observed compared
to the LE+ ASD group (p <0.05).

The social novelty index was defined as the time spent investigating novel social stimuli minus the time spent
investigating familiar stimuli, divided by the sum of the abovementioned times. The data revealed significant
differences between the experimental groups (F (5, 42) =6.494, p <0.001; Fig. 2c). Autistic rats exhibited a sig-
nificant reduction in social novelty preference (p <0.01). The combination of LF-rTMS treatment with SPIONs
demonstrated a significant treatment effect (p <0.001). The three-chamber test is presented in Fig. 2d.

Marble burying test

The study’s findings indicated significant differences in the marble burying test (F (5, 42) =5.482, p <0.001; Fig. 3).
Multiple comparisons revealed that autistic rats buried significantly more marbles compared to the sham group
(p<0.01). However, the LF + ASD group showed significant differences compared to the autistic group (p <0.01).
Additionally, treatment with SPIONS led to significant improvements in the LF + NP + ASD group (p <0.001).

Open field test
The experiment aimed to measure anxiety-like behavior and locomotion in rats using an apparatus where spend-
ing more time in the center indicated less anxiety. One-way ANOVA showed significant differences in anxiety-like
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Figure 1. Characteristics of chitosan-coated superparamagnetic iron oxide (Fe;O,) nanoparticles (SPIONs). (a)
Transmission electron microscopy (TEM) shows that these particles have a spherical shape, with chitosan well
coated around the iron core. (b) The mean diameter of these particles was calculated based on the measurement
of 100 random particles in TEM images (28.6 nm). (c) Dynamic light scattering (DLS) testing revealed the
mean hydrodynamic diameter of these particles (71.2 nm). (d) The MTT assay of SPION showed no significant
toxicity at different concentrations. (e) Vibrating sample magnetometer (VSM) provided information on the
magnetic hysteresis of chitosan-coated SPIONSs. (f) Fourier transform infrared spectroscopy (FTIR) analysis
showed several distinct bands indicating the presence of iron and chitosan in the final product. These bands
include 3445 cm™ (O-H and N-H), 2922 cm™! and 2852 cm™! (C-H), 1449 cm™ (C-N), 1034 cm™! (C-O-C),
and 583 cm™ (Fe-0). (g) The chemical structure of chitosan-coated SPION (KingDraw).

behavior between the groups (F (5, 42) =3.805, p=0.006; Fig. 4a). The data revealed that autistic rats spent sig-
nificantly less time in the center of the apparatus compared to the sham group (p <0.05). However, compared to
the autistic group, the LF + NP + ASD group demonstrated reduced anxiety-like behavior (p <0.05).

Self-grooming time was also recorded when the rats were in the open field. Significant differences were
observed between groups (F (5, 42) =7.314, p <0.001; Fig. 4b). ASD rats exhibited significantly more self-groom-
ing behavior compared to the sham group (p <0.001). LE-rTMS significantly reduced this behavior (p <0.01),
and when this treatment was combined with SPION injection, self-grooming behavior decreased significantly
even further (p <0.001).
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Figure 2. The effect of low-frequency repeated transcranial magnetic stimulation (LF-rTMS) and
superparamagnetic iron oxide nanoparticles (SPIONs) on social behavior. (a) Sociability index. (b) Direct social
interaction index. (c) Social novelty index. (d) This figure illustrating the different stages of the test, including
habituation, sociability, and social novelty. (N =8, mean+SEM). *p<0.05, **p <0.01, ***p <0.001.

Additionally, the rat’s locomotion behavior was recorded as the distance traveled in the apparatus. However,
none of the groups showed significant differences in locomotion compared to the sham and ASD group (Fig. 4¢).

Forced swim test (FST)
The results of the present study indicated a statistically significant difference in the FST among the groups
regarding the time of immobility (F (5, 42) =6.085, p <0.001; Fig. 5a). Post hoc analysis revealed that the time of
immobility in the ASD group was significantly higher compared to the sham group (p <0.01). However, treatment
with LF-rTMS with SPIONS significantly decreased the time of immobility in rats (p <0.01).

Furthermore, concerning climbing time, there were also significant changes among the experimental groups
(F (5,42)=9.877, p<0.001; Fig. 5b). The autistic group exhibited a significant reduction in climbing time com-
pared to the sham group (p <0.001). Treatment in LF + NP + ASD groups showed significant increase in climbing
time (p <0.001).
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Figure 3. The effect of low-frequency repeated transcranial magnetic stimulation (LF-rTMS) and

superparamagnetic iron oxide nanoparticles (SPIONSs) on repetitive digging behavior. The graph displays the
results of the marble burying test, which assesses repetitive digging behavior. (N =8, mean + SEM). **p<0.01,
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Figure 4. The effect of low-frequency repeated transcranial magnetic stimulation (LF-rTMS) and
superparamagnetic iron oxide nanoparticles (SPIONs) on the open field test. (a) The time spent in the center
of the apparatus as an indicator of anxiety behavior. (b) Self-grooming behavior representing repetitive

and convulsive behavior. (c) The distance traveled through the apparatus during the experiment. (N =8,
mean + SEM). *p <0.05, **p <0.01, **p <0.001.

Biochemical parameters

Statistical analysis of MAP2 levels in the hippocampus showed significant differences between groups in our
study (F (5, 24) =7.479, p<0.001; Fig. 6a). The data demonstrated that the ASD group had significantly lower
levels of MAP2 in hippocampal tissue compared to the sham group (p <0.01). However, autistic rats treated with
LE-rTMS with SPIONs showed a significant increase in MAP2 levels in the hippocampus (p <0.05).
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Figure 5. The effect of low-frequency repeated transcranial magnetic stimulation (LF-rTMS) and
superparamagnetic iron oxide nanoparticles (SPIONSs) on stress coping strategy. (a) Immobility time. (b)
Climbing time. Both serving as markers for stress coping strategy. (N =8, mean + SEM). *p <0.01, ***p<0.001.
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Figure 6. The effect of low-frequency repeated transcranial magnetic stimulation (LE-rTMS) and
superparamagnetic iron oxide nanoparticles (SPIONs) on biochemical parameters of the hippocampus. (a)
Microtubule-associated protein 2 (MAP2). (b) Synaptophysin (SYN). (¢) Brain-derived neurotrophic factor
(BDNF). (N =5, mean + SEM). *p <0.05, **p <0.01.

Furthermore, one-way ANOVA of SYN levels in the hippocampus also showed significant differences among
groups (F (5, 24) =6.175, p<0.001, Fig. 6b). SYN levels in the hippocampus were reduced in the ASD group
(p<0.01), and treatment with LF-rTMS, with or without SPIONS, significantly increased SYN levels (p <0.01).

Additionally, BDNF levels exhibited significant differences in this study (F (5, 24) =4.946, p=0.003, Fig. 6¢).
VPA exposure in rats significantly reduced BDNF levels compared to the sham group (p <0.01). When this
treatment was combined with SPION injection, BDNF levels increased significantly in this region (p <0.01).

Dendritic spine density

Figure 7 displays the spine density in the CA1 area of the hippocampus. Spine density exhibited significant dif-
ferences in this area between groups (F (5, 30) =4.593, p=0.003). The ASD group displayed significant reduced
density compared to the sham group (p <0.01), and LE-rTMS treatment with SPIONSs significantly increased
spine density in this area (p <0.05).
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Figure 7. The effect of low-frequency repeated transcranial magnetic stimulation (LF-rTMS) and
superparamagnetic iron oxide nanoparticles (SPIONs) on dendritic spine density. This graph displays images
of dendritic spines in the CA1 region of the hippocampus and the density of spines in different groups. (N=6,
mean +SEM). *p <0.05, **p<0.01.

Discussion

In this study, our aim was to use LF-rTMS and SPIONSs for the treatment of VPA-induced ASD model and inves-
tigate the potential mechanisms in the hippocampus. This is in consideration of the fact that the hippocampus
plays a significant role in the pathophysiology of the VPA model of ASD. For this purpose, we demonstrated
the dysfunctions caused by prenatal VPA in this model at the behavioral, biochemical, and histological levels.
At the behavioral level, our data showed major dysfunction in social behavior, anxiety and repetitive behavior.
Furthermore, we observed a reduction in stress coping strategies in this model, which is noteworthy because
the hippocampus plays a key role in stress management®’. These behavioral dysfunctions are associated with
reduced MAP2, SYN, and BDNF levels in the hippocampus, as well as a decrease in CA1 hippocampal dendritic
spine density. After treatment with LF-rTMS, we observed some improvement. However, when this treatment
was combined with SPION injection, the effectiveness of the treatment increased.

Previous studies suggest that rTMS can affect brain excitability, behavior, and physiological changes. Repeat-
ing rTMS for several sessions has cumulative effects, and all the mentioned outcomes become more significant.
Magnetic pulses generated with a coil induce an electrical field when they reach the neurons, causing neural stim-
ulation. The final outcome may be seen in a change in synaptic efficacy related to the excitability of the neuron
and other chemical factors like BDNF?. This may eventually lead to changes in the behavioral symptoms of ASD.

Studies suggest that LF-rTMS may lower the risk of seizures in patients, primarily due to its inhibitory effects
on the cortex when compared to HF-rTMS'®*2. Moreover, multiple studies have explored the potential thera-
peutic benefits of LE-rTMS for both individuals with autism and animal models!®333,

While there have been reports suggesting that a human coil can stimulate the entire brain of small rodents®®,
it is worth noting that evidence indicates a reduction in magnetic field intensity with increased distance from the
surface of the coil®®. To address this limitation, some research has shifted focus toward the utilization of SPIONs
and their magnetoelectric properties to effectively stimulate specific brain regions*”. SPIONs, when exposed to
a magnetic field such as that produced by TMS, can generate local magnetic pulses and stimulate surrounding
areas”’. These particles exhibit remarkable stability both outside and inside the body.

Our findings demonstrated that chitosan-coated SPIONs remain in the hippocampus for a period of one
month. This aligns with a prior study in which Fe;O, particles persisted in the brain for over a month?. Addi-
tionally, our TEM images and FTIR spectra indicate the presence of well-formed chitosan-coated SPIONs and
the successful bonding of chitosan with Fe;O,. These findings are also consistent with previous research on
these particles®.

Studies have reported that the consumption of VPA by pregnant women during early pregnancy may increase
the risk of ASD in their children®. Consequently, many studies suggest using VPA to induce ASD in small
rodents’. There are several protocols for ASD induction in rodents with VPA. One study aimed to compare pre-
natal VPA-induced ASD to a postnatal VPA model, and the results suggested that ASD symptoms are more pro-
nounced in offspring in the prenatal model, with a much lower mortality rate in offspring*. Although the most
commonly used model for ASD induction is 600 mg/kg VPA at 12.5 days of pregnancy, this period is crucial*'.
Studies have shown that day 12 of pregnancy in rats is the most critical day for ASD and social impairment
induction*?. Furthermore, several clinical and preclinical studies have explored the use of TMS as a therapeutic
intervention for ASD!84>44,

Our data showed that LE-rTMS intervention has the potential to reverse core autism behavioral deficits in
the VPA model of ASD, similar to findings described in another study involving a maternal separation-induced
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ASD model'®?. Interestingly, when this treatment is combined with SPION injection, it appears to have a
stronger impact on behavioral characteristics. This effect is in line with findings from another study involving
a depression model?,

Atypical hippocampal development in ASD has recently received increased attention in research. This dys-
function is associated with deficits in memory processing, social interaction, and spatial reasoning’. Studies
have suggested that the CA1 area of the hippocampus plays a crucial role in social memory, which is essential
for social interactions in animals*. In our studies, we observed reduced dendritic spine density in the CA1 area
of the hippocampus in autistic rats. Another study also demonstrated a reduction in dendritic spine density in
this region when animals were exposed to prenatal VPA.

Our results further indicate that treatment with LE-rTMS + SPIONSs can increase spine density in this area.
From another perspective, studies have reported that MAP2 is associated with spine density and structures®’. Our
findings from MAP?2 also support the spine density results obtained through Golgi-Cox staining. Additionally,
an important factor influencing dendritic spines in the CA1 area is BDNE Research has shown that BDNF can
impact dendritic spine density and dendritic length in this region®®.

SYN is well known for its involvement in synaptic plasticity mechanisms, and it is one of the most crucial
proteins within synaptic vesicles. The synaptic vesicle is a site within the presynaptic neuron where neurotrans-
mitters are stored'!. An increase in SYN levels can enhance neurotransmitter secretion into the synaptic space,
thereby facilitating synaptic transmission between neurons®. Our results indicated a reduction in SYN levels
in the hippocampus of autistic rats, and LF-rTMS therapy has been shown to increase SYN levels, consequently
enhancing neural transmissions.

One limitation relates to the size of the rat brain, posing a challenge in focusing TMS coil stimulation specifi-
cally on the hippocampus. Unintended stimulation of other brain areas may influence our results. Using a smaller
coil with a new design could potentially improve the precision of stimulation in the desired area. Additionally, the
injection of SPIONSs into the lateral ventricle may result in their dispersion with cerebrospinal fluid to other brain
regions rather than concentrating in the hippocampus. For future studies, exploring alternative methods, such
as direct injection of SPIONS into the hippocampus or developing less invasive ways to target SPION delivery
to the hippocampus, would be beneficial. Another limitation of our study is related to the timing of behavioral
analysis to assess the long-term effect of TMS. It may be worthwhile to conduct behavioral and molecular analyses
several months after treatment. Furthermore, assessing gender diversity to identify sex-dependent effects of this
treatment on the ASD model is worthwhile. Due to the wide-ranging effects of VPA on the body, future studies
may benefit from specific pharmacological methods or genetic models. This is another limitation of our study.

Our study suggests that ASD involves dysfunction in hippocampal dendritic spines and neural transmission,
which can also have an impact on several core ASD behaviors. LE-rTMS treatment, when combined with SPION
injection, has the potential to improve behavioral symptoms associated with ASD. The increased spine density
in the CALl area of the hippocampus is associated with this treatment and is mediated by an increase in BDNE,
MAP?2, and SYN levels. Furthermore, our research highlights the success of deep brain stimulation with SPIONS,
offering a promising avenue for further investigation into the effects of TMS on deep brain structures and the
development of novel treatments for neurological disorders.

Methods

Animal study and experimental procedure

This study adhered to the ARRIVE guidelines. This study comply with the rules and guidelines of Shahid Beheshti
University. The study was approved by Research Ethics Committees of Shahid Beheshti University with approval
ID: IR.SBU.REC.1401.108. Adult Wistar rats were housed in standard animal facilities, maintaining controlled
conditions (22 £1 °C, humidity: 45+ 3%, and a 12-h light/dark cycle). The rats had free access to standard food
and water. Male and female rats were co-housed in cages with nesting materials, and successful mating was
confirmed by the presence of a white plug in the vagina or cage.

Following successful mating (Fig. 8a), female rats were randomly divided into two groups: one group received
vehicle, while the other group received an intraperitoneal injection of 600 mg/kg of VPA (Darou Pakhsh Co., Teh-
ran, Iran) at 12.5 days after successful mating®’. One of the side effects of VPA on 100% of rat offspring is a twisted
tail observed at one or several locations, as shown in Fig. 8b. Later, on postnatal day 21, male rats were separated
from the others and randomly assigned to one of six groups, each consisting of 8 rats: Sham, Control + SPION
(NPC), Control + LE-rTMS (LEC), VPA (ASD), ASD + LE-rTMS (LE + ASD), and ASD + SPION + LE-rTMS
(LF+ NP+ ASD).

On day 30, stereotaxic surgery was performed under ketamine/xylazine anesthesia to inject SPION solution
(15 mg/ml, 2.5 yl) into the lateral ventricle of the brain.

Repetitive transcranial magnetic stimulation (rTMS)
According to a previous study, rats underwent LE-rTMS (1 Hz, 20 trains, 30 pulses in each train, with 2-s
inter-train intervals, totaling 600 pulses)'® from postnatal day 31 to 44, conducted between 8 a.m. and 12 p.m.
Throughout the experiments, the stimulation intensity for LF-rTMS sessions remained consistently set at 100%
of the average resting motor threshold (50% of the maximum output). The determination of this threshold was
established through an initial experiment conducted on conscious animals. In this experiment, the average
stimulation intensity required for bilateral forelimb movement was evaluated through visual observation in a
group of 4-5 rats'®.

To ensure the rats immobility during the experiment, a cloth restraint based on a previous study®' was utilized.
The TMS stimulator employed in this research was the Super Rapid 2 device (MagStim, UK), equipped with a 70
mm human 8-shaped coil (D70 air film coil). To acclimate the rats and minimize stress, they were restrained and
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Figure 8. The timeline of the study and anatomical malformation caused by prenatal valproic acid (VPA).

(a) After mating on the 12.5th day of pregnancy, valproic acid (VPA) or saline was injected intraperitoneally
(600 mg/kg) to induce autism spectrum disorder (ASD). On postnatal day 30, superparamagnetic iron oxide
nanoparticles (SPIONs) were injected into the lateral ventricle of the brain (15 mg/ml, 2.5 pl). From days 31 to
44, low-frequency repeated transcranial magnetic stimulation (LF-rTMS) treatment was administered for 14
consecutive days. Subsequently, rats were subjected to behavioral testing, and on day 60, rats were sacrificed
for brain sample collection for further analysis. (b) Anatomical malformation of the tail of a rat compared to a
healthy rat after prenatal VPA exposure.

exposed to TMS device noise for one week prior to the experiment. All treatments were administered in a quiet,
low-light environment to minimize potential stressors. During the experiment, the coil was positioned over the
area between the eyes and ears of the rats. For the sham group, the coil was oriented in the opposite direction to
ensure that no electromagnetic stimulation was delivered, while the auditory conditions remained unchanged.

SPIONs coating

To prepare coated nanoparticles (Fig. 1g), a mixture was created by combining 11.60 ml of acetic acid (MERCK,
Germany) with 40 mg of chitosan (Iran Chitosan, Iran), and 0.14 g of iron-oxide nanoparticles (Fe;O,) (Armin-
ano, Iran) was added to 200 ml of distilled water and stirred for 15-20 h. This resulted in a color change from
black to brown. The mixture was then subjected to centrifugation and washed twice with distilled water. Finally,
the nanoparticles were dried at 65 °C to obtain a powdered form*2.

The morphology of the coated SPIONs was examined using a transmission electron microscope (TEM, Philips
EM 208). The hydrodynamic diameter/zeta potential of the nanoparticles were measured using a HORIBA
S-Z100 instrument. Fourier transform infrared spectroscopy (FTIR) was employed to identify the chemical
groups and interactions in the chitosan-coated SPIONs (Bomem, Japan). Additionally, the magnetic hysteresis
curve was measured using a vibrating sample magnetometer (VSM) from Magnetic Kavir Kashan Co., Iran.

Assessment of cytotoxicity

Following the previously described method®, the MTT assay was employed to assess the cytotoxic effects of
SPION on human neuroblastoma cells (SH-SY5Y). Various SPION concentrations (ranging from 0 to 100 pg/ml)
were introduced to the cells in 96-well plates and incubated for 24 h. Cell viability was subsequently determined
using a microplate reader at 570 nm and compared to the untreated control group.

Three chamber test
To assess social behavior and the ability to adapt to new social stimuli, the researchers employed the three-
chamber task (Fig. 2d). The experimental setup consisted of an 80 x 80 x 40 cm Plexiglass box divided into three
equal chambers. The task involved three stages: familiarization, social interaction, and novelty response.

In the first stage, the rat was introduced into the center chamber of the empty apparatus and allowed to
explore for a duration of 10 min. Subsequently, in the second stage (10 min), one of the side chambers housed an
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unfamiliar rat, while the other remained unoccupied but contained a metal cage. The test rat was then returned
to the center chamber to assess its level of social interaction and sniffing behavior.

In the third stage (10 min), the metal cage in one of the chambers was filled with a new, unfamiliar rat, while
the metal cage in the other chamber still contained the same rat (familiar rat) from the previous stage. This step
aimed to evaluate social novelty.

Marble burying test

The marble burying test was conducted in a 40 x 40 x40 cm box containing 20 glass marbles arranged in 5 rows.
The test spanned 30 min, during which the rats were permitted to interact with the marbles. Upon completion
of the test, the researchers counted the number of marbles that had been buried under the bedding material as
an indicator of repetitive digging behavior?.

Open field test

In the open-field test, each rat was positioned in a 40 X 40 x 40 cm box that was partitioned into a central circular
area and squares surrounding it. The rat was allotted 15 min to explore the box, while various parameters were
observed. These parameters included the time the rat spent in the central circular area, the duration of self-
grooming behavior, and the distance traveled by the rat.

Forced swim test

Rats were subjected to a swimming test in a cylindrical plastic container filled with water (30 cm in diameter
and 50 cm in height) maintained at a temperature of 25+ 1 °C**. The rats were given two minutes to acclimate
to the cylinder. This test measures the response to acute stress, which may be influenced by certain neurological
disorders, such as ASD®. The duration of immobility and climbing time was subsequently monitored for 5 min.
Following the completion of each swimming test, the rats were gently dried with a towel, and the water in the
tank was replaced.

Biochemical parameters

At post-natal day 60, following the behavioral tests, rats were anesthetized with a combination of ketamine/xyla-
zine (80 mg/kg and 10 mg/kg). Subsequently, the brains were removed, and the hippocampus was homogenized
with a lysis buffer solution for further processing.

Microtubule-associated protein 2 (MAP2)
The samples were assessed using a conventional MAP2 sandwich ELISA procedure, as detailed in a prior research
publication®®.

Synaptophysin (SYN)

The ELISA procedure for quantifying synaptophysin concentration was conducted following the methodol-
ogy outlined in a previously referenced study®” with an ELISA kit (CSB-E13827r). Briefly, the synaptophysin
ELISA involves preparing samples, coating the microtiter plate with synaptophysin antibody, adding samples
or standards, incubation, washing, adding detection antibody conjugated to an enzyme, incubation, washing
again, adding TMB Development Solution for color development, adding Stop Solution to halt the reaction, and
measuring signal intensity at 450 nm for quantitative analysis of synaptophysin levels.

Brain-derived neurotrophic factor (BDNF)

The assessment of supernatant BDNF levels was conducted by employing a BDNF ELISA kit (RAB 1138, Sigma,
USA), adhering strictly to the manufacturer’s guidelines. The rate of the reaction was determined using a micro-
plate reader (Bio Tek, USA) set to a wavelength of 450 nm.

Protein assessment
To quantify the protein content in the samples, we utilized the BCA (bicinchoninic acid) method. The absorbance
at 562 nm was measured to quantify the amount of protein in accordance with a previous study®®.

SPIONs content measurement

In accordance with a previously published article®, the SPIONs content in the hippocampus was measured in
the supernatant. Briefly, to develop color in a 96-well plate, hippocampus supernatant was mixed with an iron
assay solution, and the absorbance was read at 562 nm. The data were expressed as ug/ml.

Golgi-Cox staining

The Golgi impregnation method was employed as described previously®. Brain blocks were fixed and immersed
in a solution for two weeks (1% mercury chloride, 0.8% potassium chromate, 1% potassium dichromate, 0.5%
potassium tungstate), followed by transfer to another solution (1% lithium hydroxide and 15% potassium nitrate).
Subsequently, the brains were placed in a sucrose-buffer solution, and 100 um slices were prepared using a cry-
otome. Spine density in the CA1 hippocampal area was calculated using Image] software.
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Statistical analysis

For data analysis, we utilized GraphPad Prism (ver. 9.5.1). The statistical analysis comprised a one-way ANOVA,
followed by a Tukey test. The Shapiro-Wilk test was employed to assess normality, and ROUT (Q=0.5%) analysis
was used to identify outliers. The homogeneity of variance was calculated using the Brown-Forsythe test. The
results are presented as the mean + SEM, and p values less than 0.05 were considered statistically significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 13 January 2024; Accepted: 3 April 2024
Published online: 06 April 2024

References

1. Zeidan, J. et al. Global prevalence of autism: A systematic review update. Autism Res. 15, 778-790 (2022).

2. Mansouri, M. et al. Dual profile of environmental enrichment and autistic-like behaviors in the maternal separated model in rats.
Int. J. Mol. Sci. 22, 1-18 (2021).

3. Nicolini, C. & Fahnestock, M. The valproic acid-induced rodent model of autism. Exp. Neurol. 299, 217-227 (2018).

4. Maisterrena, A. et al. Female mice prenatally exposed to valproic acid exhibit complex and prolonged social behavior deficits. Prog.
Neuropsychopharmacol. Biol. Psychiatry 131, 110948 (2024).

5. Banker, S. M, Gu, X., Schiller, D. & Foss-Feig, J. H. Hippocampal contributions to social and cognitive deficits in autism spectrum
disorder. Trends Neurosci. 44, 793-807 (2021).

6. Martinez-Cerdeno, V. Dendrite and spine modifications in autism and related neurodevelopmental disorders in patients and
animal models: Dendrite and Spine in Autism. Dev. Neurobiol. 77, 393-404 (2017).

7. Barén-Mendoza, I. et al. Changes in the number and morphology of dendritic spines in the hippocampus and prefrontal cortex
of the C58/] mouse model of autism. Front. Cell. Neurosci. 15, 726501 (2021).

8. Guang, S. et al. Synaptopathology involved in autism spectrum disorder. Front. Cell. Neurosci. 12, 470 (2018).

9. Martinez-Cerdeno, V., Maezawa, I. & Jin, L. W. Dendrites in autism spectrum disorders. Dendrites Dev. Dis. 525-543 (Springer,
2016).

10. Mondello, S. & Hayes, R. L. Biomarkers. Handb. Clin. Neurol. 127, 245-265 (2015).

11. Zhou, Q. et al. Intrahippocampal injection of IL-1pB upregulates Siah1-mediated degradation of synaptophysin by activation of the
ERK signaling in male rat. J. Neurosci. Res. 101, 930-951 (2023).

12. Polania, R., Nitsche, M. A. & Ruff, C. C. Studying and modifying brain function with non-invasive brain stimulation. Nat. Neurosci.
21, 174-187 (2018).

13. Qiu, J., Gu, W,, Zhang, Y., Wang, L. & Shen, J. Alterations of the amplitude of low-frequency fluctuation induced by repetitive
transcranial magnetic stimulation combined with antidepressants treatment for major depressive disorder. Psychiatry Res. Neu-
roimaging 340, 111792 (2024).

14. Afshari, M., Belzung, C. & Bloch, S. Neurostimulation as a treatment for mood disorders in patients: Recent findings. Curr. Opin.
Psychiatry 36, 14-19 (2023).

15. Smith, J. R. et al. Treatment response of transcranial magnetic stimulation in intellectually capable youth and young adults with
autism spectrum disorder: A systematic review and meta-analysis. Neuropsychol. Rev. 2022, 1-22. https://doi.org/10.1007/S11065-
022-09564-1 (2022).

16. Barahona-Corréa, J. B,, Velosa, A., Chainho, A., Lopes, R. & Oliveira-Maia, A. J. Repetitive transcranial magnetic stimulation for
treatment of autism spectrum disorder: A systematic review and meta-analysis. Front. Integr. Neurosci. 12, 27 (2018).

17. Pascual-Leone, A. et al. Study and modulation of human cortical excitability with transcranial magnetic stimulation. J. Clin.
Neurophysiol. Off. Publ. Am. Electroencephalogr. Soc. 15, 333-343 (1998).

18. Tan, T. et al. Low-frequency rtms ameliorates autistic-like behaviors in rats induced by neonatal isolation through regulating the
synaptic gaba transmission. Front. Cell. Neurosci. 12, (2018).

19. Zhao, X, Li, Y, Tian, Q., Zhu, B. & Zhao, Z. Repetitive transcranial magnetic stimulation increases serum brain-derived neuro-
trophic factor and decreases interleukin-1p and tumor necrosis factor-a in elderly patients with refractory depression. J. Int. Med.
Res. 47, 1848-1855 (2019).

20. Ravindran, S., Nalavadi, V. C. & Muddashetty, R. S. BDNF induced translation of Limk1 in developing neurons regulates dendrite
growth by fine-tuning cofilinl activity. Front. Mol. Neurosci. 12, 64 (2019).

21. Zagrebelsky, M., Tacke, C. & Korte, M. BDNF signaling during the lifetime of dendritic spines. Cell Tissue Res. 382, 185-199 (2020).

22. Hou, Y. et al. LE-rTMS ameliorates social dysfunction of FMR1-/- mice via modulating Akt/GSK-3p signaling. Biochem. Biophys.
Res. Commun. 550, 22-29 (2021).

23. Fang, G. & Wang, Y. Effects of rTMS on hippocampal endocannabinoids and depressive-like behaviors in adolescent rats. Neuro-
chem. Res. 43, 1756-1765 (2018).

24. Hui, K, Katayama, Y., Nakayama, K. ., Nomura, J. & Sakurai, T. Characterizing vulnerable brain areas and circuits in mouse models
of autism: Towards understanding pathogenesis and new therapeutic approaches. Neurosci. Biobehav. Rev. 110, 77-91 (2020).

25. Chen, R,, Romero, G., Christiansen, M. G., Mohr, A. & Anikeeva, P. Wireless magnetothermal deep brain stimulation. Science 347,
1477-1480 (2015).

26. Guduru, R. et al. Magnetoelectric ‘spin’ on stimulating the brain. Nanomed. 10, 2051-2061 (2015).

27. Yue, K. et al. Magneto-electric nano-particles for non-invasive brain stimulation. PLoS One 7, €44040 (2012).

28. Lu, Q.-B. et al. Magnetic brain stimulation using iron oxide nanoparticle-mediated selective treatment of the left prelimbic cortex
as a novel strategy to rapidly improve depressive-like symptoms in mice. Zool. Res. 41, 381-394 (2020).

29. Hong, Y. et al. Enhancing non-invasive brain stimulation with non-invasively delivered nanoparticles for improving stroke recovery.
Mater. Today Chem. 26, 101104 (2022).

30. Levone, B.R,, Cryan, J. E. & O’Leary, O. E. Role of adult hippocampal neurogenesis in stress resilience. Neurobiol. Stress 1, 147-155
(2015).

31. Chail, A,, Saini, R. K., Bhat, P. S, Srivastava, K. & Chauhan, V. Transcranial magnetic stimulation: A review of its evolution and
current applications. Ind. Psychiatry J. 27, 172-180 (2018).

32. Liebetanz, D. et al. Safety aspects of chronic low-frequency transcranial magnetic stimulation based on localized proton magnetic
resonance spectroscopy and histology of the rat brain. J. Psychiatr. Res. 37, 277-286 (2003).

33. Kang, J., Song, J., Casanova, M. E, Sokhadze, E. M. & Li, X. Effects of repetitive transcranial magnetic stimulation on children with
low-function autism. CNS Neurosci. Ther. 25, 1254-1261 (2019).

34. Sokhadze, E. et al. Low-frequency repetitive transcranial magnetic stimulation (rTMS) affects event-related potential measures
of novelty processing in autism. Appl. Psychophysiol. Biofeedback 35, 147-161 (2010).

Scientific Reports | (2024) 14:8082 | https://doi.org/10.1038/s41598-024-58871-5 nature portfolio


https://doi.org/10.1007/S11065-022-09564-1
https://doi.org/10.1007/S11065-022-09564-1

www.nature.com/scientificreports/

35

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

. Lu, Y.-W. & Lu, M. Comparison of induced fields in virtual human and rat heads by transcranial magnetic stimulation. BioMed
Res. Int. 2018, 1-8 (2018).

Bersani, E. S. et al. Deep transcranial magnetic stimulation as a treatment for psychiatric disorders: A comprehensive review. Eur.
Psychiatry 28, 30-39 (2013).

Li, R. et al. Enhancing the effects of transcranial magnetic stimulation with intravenously injected magnetic nanoparticles. Biomater.
Sci. 7,2297-2307 (2019).

Osuna, Y. et al. Chitosan-coated magnetic nanoparticles with low chitosan content prepared in one-step. J. Nanomater. 2012,
327562 (2012).

Ornoy, A., Weinstein-Fudim, L. & Ergaz, Z. Prenatal factors associated with autism spectrum disorder (ASD). Reprod. Toxicol. 56,
155-169 (2015).

Elnahas, E. M. et al. Validation of prenatal versus postnatal valproic acid rat models of autism: A behavioral and neurobiological
study. Prog. Neuropsychopharmacol. Biol. Psychiatry 108, 110185 (2021).

Sailer, L., Duclot, F, Wang, Z. & Kabbaj, M. Consequences of prenatal exposure to valproic acid in the socially monogamous prairie
voles. Sci. Rep. 9, 2453 (2019).

Kim, K. C. et al. The critical period of valproate exposure to induce autistic symptoms in Sprague-Dawley rats. Toxicol. Lett. 201,
137-142 (2011).

Oberman, L. M., Rotenberg, A. & Pascual-Leone, A. Use of transcranial magnetic stimulation in autism spectrum disorders. J.
Autism Dev. Disord. 45, 524-536 (2013).

Khaleghi, A., Zarafshan, H., Vand, S. R. & Mohammadi, M. R. Effects of non-invasive neurostimulation on autism spectrum
disorder: A systematic review. Clin. Psychopharmacol. Neurosci. 18, 527-552 (2020).

Okuyama, T., Kitamura, T., Roy, D. S., Itohara, S. & Tonegawa, S. Ventral CA1 neurons store social memory. Science 353, 15361541
(2016).

Takuma, K. et al. Chronic treatment with valproic acid or sodium butyrate attenuates novel object recognition deficits and hip-
pocampal dendritic spine loss in a mouse model of autism. Pharmacol. Biochem. Behav. 126, 43-49 (2014).

Shelton, M. A. et al. Loss of microtubule-associated protein 2 immunoreactivity linked to dendritic spine loss in schizophrenia.
Biol. Psychiatry 78, 374-385 (2015).

Von Bohlen Und Halbach, O. & Von Bohlen Und Halbach, V. BDNF effects on dendritic spine morphology and hippocampal
function. Cell Tissue Res. 373, 729-741 (2018).

Alder, J., Kanki, H., Valtorta, E, Greengard, P. & Poo, M. Overexpression of synaptophysin enhances neurotransmitter secretion
at Xenopus neuromuscular synapses. J. Neurosci. 15, 511-519 (1995).

Zahedi, E., Sadr, S.-S., Sanaeierad, A. & Roghani, M. Chronic acetyl-L-carnitine treatment alleviates behavioral deficits and neu-
roinflammation through enhancing microbiota derived-SCFA in valproate model of autism. Biomed. Pharmacother. 163, 114848
(2023).

51. Weiler, M. et al. Effects of repetitive Transcranial Magnetic Stimulation in aged rats depend on pre-treatment cognitive status:
Toward individualized intervention for successful cognitive aging. Brain Stimul. 14, 1219-1225 (2021).

52. Nehra, P, Chauhan, R. P, Garg, N. & Verma, K. Antibacterial and antifungal activity of chitosan coated iron oxide nanoparticles.
Br. ]. Biomed. Sci. 75, 13-18 (2018).

53. Tang, S. et al. Brain-targeted intranasal delivery of dopamine with borneol and lactoferrin co-modified nanoparticles for treating
Parkinson’s disease. Drug Deliv. 26, 700-707 (2019).

54. Hu, C. et al. Re-evaluation of the interrelationships among the behavioral tests in rats exposed to chronic unpredictable mild stress.
PLoS One 12, 0185129 (2017).

55. Commons, K. G., Cholanians, A. B., Babb, J. A. & Ehlinger, D. G. The rodent forced swim test measures stress-coping strategy, not
depression-like behavior. ACS Chem. Neurosci. 8, 955-960 (2017).

56. Papa, L. et al. Temporal profile of microtubule-associated protein 2: A novel indicator of diffuse brain injury severity and early
mortality after brain trauma. J. Neurotrauma 35, 32-40 (2018).

57. Hacioglu, C., Kar, E, Kar, E., Kara, Y. & Kanbak, G. Effects of curcumin and boric acid against neurodegenerative damage induced
by amyloid beta (1-42). Biol. Trace Elem. Res. 199, 3793-3800 (2021).

58. Smith, P. K. et al. Measurement of protein using bicinchoninic acid. Anal. Biochem. 150, 76-85 (1985).

59. Wang, Z. et al. Dihydromyricetin alleviates hippocampal ferroptosis in type 2 diabetic cognitive impairment rats via inhibiting
the JNK-inflammatory factor pathway. Neurosci. Lett. 812, 137404 (2023).

60. Torabi, T., Azizzadeh Delshad, A. & Roghani, M. Dietary restriction prevents dendritic changes of pyramidal neurons in hip-
pocampal and prefrontal cortex in diabetic rat. J. Basic Clin. Pathophysiol. 7, 28-32 (2019).

Acknowledgements

This research was supported in part by a Grant (no. 98021565) from Iran National Science Foundation (INSF).

Author contributions

M.A. and M.R. carried out the experiment. M.A. wrote the manuscript with support from M.R. and S.G. H.P.

helped supervise the project and provide resources. M.A. and M.R. conceived the original idea. M.R. and S.G.

Su;

pervised the project. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.G. or M.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:808

2 | https://doi.org/10.1038/s41598-024-58871-5 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:8082 | https://doi.org/10.1038/s41598-024-58871-5 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Reversing valproic acid-induced autism-like behaviors through a combination of low-frequency repeated transcranial magnetic stimulation and superparamagnetic iron oxide nanoparticles
	Results
	SPIONs characteristics
	Three-chamber test
	Marble burying test
	Open field test
	Forced swim test (FST)
	Biochemical parameters
	Dendritic spine density

	Discussion
	Methods
	Animal study and experimental procedure
	Repetitive transcranial magnetic stimulation (rTMS)
	SPIONs coating
	Assessment of cytotoxicity
	Three chamber test
	Marble burying test
	Open field test
	Forced swim test
	Biochemical parameters
	Microtubule-associated protein 2 (MAP2)
	Synaptophysin (SYN)
	Brain-derived neurotrophic factor (BDNF)
	Protein assessment
	SPIONs content measurement
	Golgi-Cox staining
	Statistical analysis

	References
	Acknowledgements


