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Summary

Repetitive transcranial magnetic stimulation (rTMS) was shown to
have therapeutic potential for some neurological and psychiatric
disorders. Previous studies reported that low-frequency rTMS
(21 Hz) affected synaptic plasticity in rats, however, there were
few investigations to examine the possible effects of rTMS on
structural synaptic plasticity changes in rats, which included the
effects on synaptic morphology in the hippocampus, synaptic
protein markers and Ca**/calmodulin-dependent protein II
(CaMKII). Sprague-Dawley rats were subject to 500 pulses of
0.5Hz rTMS for 15days, or sham stimulation. After last
stimulation, transmission electron microscope (TEM) and
real-time PCR were used to determine the effects of rTMS on
synaptic plasticity. Results showed that rTMS could cause the
change of structural synaptic plasticity, increase the expression of
synaptic protein markers: synaptophysin (SYN) and increase the
expression of CaMKII, relative to normal rats. suggesting
a modulatory effect of chronic rTMS on synaptic plasticity that

may be attributed to the increased expression of CaMKII in rats.
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Introduction

Transcranial magnetic stimulation (TMS) was
developed by Barker in 1985 as a non-invasive, safe and

painless method for the stimulation of the brain.
A growing number of studies suggested a therapeutic
effect for repetitive transcranial magnetic stimulation
(tTMS) on some neurological disorders and other
psychiatric disorders, such as Parkinson's disease,
Alzheimer’s disease and depression (Avirame et al. 2016,
Ba et al. 2017, Cacace et al. 2017, Mi et al. 2017, Reyes-
Lopez et al. 2018). The rTMS has been authorized for use
in resistant depression patients by US FDA.

Although rTMS has been used broadly, the
neurobiology mechanisms underlying these properties
still remains to be explored. By inducing electric currents
in brain tissue via a time-varying strong magnetic field,
which depends on the amplitude, duration, and direction
of the currents, rTMS can depolarize cortical neurons and
generate action potentials to modulate neuronal circuits.
Evidences show that rTMS can activate not only cortical
neurons but also cells at some distance from the
stimulation via transsynaptic connections (George et al.
1996). Low-frequency rTMS affected electroencephalo-
grams (EEG) and amino acid neurotransmitter (Li et al.
2007, Li et al. 2009). The EEG correlation dimension
(D2), mean absolute power (MAP) of the gamma band
and relative power (RP) of the beta and gamma bands
were reduced significantly after low-frequency rTMS,
while no changes were observed with sham stimulation.
Previous research reported that low-frequency rTMS
affected synaptic plasticity in vascular dementia rats
(Yang et al. 2015), however, there were few studies to
examine the possible effects of low-frequency rTMS on
structural synaptic plasticity changes in rats.

Synapse can change its structure and function
which

with external environmental factors, include
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synaptic transmission plasticity, synaptic developmental
plasticity, and synaptic structures as synaptic loss and
formation of new synaptic connections. The synaptic
morphology and function changes were observed during
physiological processes as brain development maturation,
learning and memory, and recovery of neurological
function after brain injury (van Spronsen and Hoogenraad
2010).

Synaptophysin (SYN) and Calcium/calmodulin-
dependent protein kinase II (CaMKII) were important
synapse related molecules. SYN, as a general marker
protein of pre-synaptic nerve terminals, has been
commonly used to quantify the number of terminals
during development, aging and following injury
(Eastwood 2004, Masliah and Terry 1993, Walaas et al.
1988). CaMKII was a ubiquitous serine/threonine protein
kinase involved in a vast variety of cellular functions and
reduced LTP were observed by application of CaMKII
inhibitors (Nayak et al. 1996) or in animals carrying
a genetic disruption of the CaMKII gene (Gordon et al.
1996), suggesting the role of CaMKII in LTP induction.

To better understand the structural synaptic
plasticity changes in response to chronic low-frequency
rTMS, we conducted the present study to investigate the
synapse structure by TEM as well as measure the
expression of synaptic related genes by quantitative
real-time PCR.

Methods

Animals
10-week-old adult
Dawley rats (250 g to 300 g) were used in this study.

Sixteen male Sprague-
Four rats were housed in each cage. The rats were
randomly divided into the following two groups (n=8 per
group): sham group and rTMS-treated group. During the
whole experiments, the animals had free access to food
and water at constant ambient temperature (23+1 °C)
with a 12 h:12 h light-dark cycle (08:00-20:00). The
experiment was conducted according to the regulations of
the Beijing Laboratory Animal Use and Care Committee.

The assessment was made in a double blind way.

Chronic rTMS treatment

Rats were treated with rTMS daily for chronic
condition after a week adaption. The magnetic
stimulations were performed on 8 rats with a magnetic
(BEMS-1, IEE, CAS, China)

monophasic pulses. The stimulation was given with

stimulator using

a figure-of-eight coil and the frequency of 0.5 Hz. The
coil had seven turns in each loop with the inner radius of
3.5 cm and the outer radius of 5 cm. The stimulation was
done once daily on 15 consecutive days. A stimulation
train was consisted of 500 pulses. Stimulation intensity
was adjusted to 250 V/m at the plane of 0.5 cm distance
from the coil, which was above the threshold for evoking
motor responses in the hindlimb muscles. The rats were
placed in the epoxy-made holder with awakeness. The
coil was held tangentially to the parietal bones of rats and
the coil handle was parallel to the midline of the head.
The sham rats were also placed in the holder but with
a distance of 20 cm away from the coil as to avoid
effective stimulation of the brain.

Tissue Preparation

Four rats randomly selected from each group
were decapitated immediately after the last TMS
treatment. The hippocampus was separated from each rat
and stored at -70 °C for use in quantitative real-time PCR
(qRT-PCR) assay.

Transmission electronic microscopy (TEM)

After the last rTMS treatment, the specimen
preparation was performed for transmission electron
microscope (TEM). Under deep anesthesia, four rats
randomly selected from each group were transcardially
perfused for 10 min with 0.9 % saline and then with 4 %
cold paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS) for 20 min. The brains were removed from
the skulls and post-fixed for 2 h in the same fixative
condition. The hippocampus were sliced into ultrathin
sections and post-fixed with 1 % osmium tetroxide for
1 h. After dehydrated with graded ethanol and propylene
oxide and embedded in Epon, the sections were stained
with uranyl acetate and lead citrate, and observed using
a transmission electron microscope (H-7650, Hitachi,
Tokyo, Japan). The synapse density was evaluated by
using 12 randomized areas in each rat at 20,000 times of
magnification. The synapse density was recorded as
average numbers per pm’.

Total RNA
quantitative real-time PCR

isolation, reverse tramscription, and

Total RNA was isolated from the hippocampus
using TRIzol reagent according to the manufacturer’s
recommendation (Invitrogen/Life Technologies). The
RNA (2 pg) was reversely transcribed into cDNA in 20 pl

of reverse transcription reaction mix using Oligo dT of
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the FastQuant RT kit (Tiangen Biotech, Beijing, China)
instruction. The
quantitative real-time PCR was performed using SYBR
CA, USA) as the
fluorescence dye according to the following cycle
conditions: 30 s at 95 °C for 1 cycle, 5s at 95 °C, and
30s at 60°C for 40cycles (Applied Biosystems
StepOneTM Fast Real-time PCR system).

according to the manufacturer’s

green (Applied Biosystems,

Data analysis

Statistical analysis was performed with SPSS
20.0 (SPSS Inc., Chicago, IL, USA). The data were
expressed as means = SEM and analyzed with two-tail
Student’s t-test. A level of P<0.05 was considered to be
significant in all statistical tests.

Results

rTMS changed the ultrastructure of hippocampus in rats

As shown in Figure 1, synaptic ultrastructure in
the CAl of hippocampus was analyzed by transmission
electron microscope (TEM). Compared with the sham
group, synaptic density was significantly increased in the
rTMS-treated group (P<0.05).

rTMS regulated the gene expression of SYN
As shown in Figure 2, the gqRT-PCR results
analyzed by the 2*Ct method revealed change trends

regarding the SYN gene expression. Relative to the sham
group,
increase in the transcription of synaptic markers, SYN
(P<0.05).

rTMS-treated group displayed a significant
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Fig. 1. Ultrastructure alterations of the CA1 of hippocampus in rats. (A) Synapse structure of sham group rats. Synapses are indicated
by arrows. The scale bar represents 2 ym. (B) Synapse structure of rTMS-treated rats. (C) Number synapse per ym?. Values are

presented as mean £+ SEM.
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Fig. 2. Relative expression levels of SYN gene by quantitative
real-time PCR assay. The hippocampus was used in the
experiment. Real-time PCR assays were performed to detect the
mRNA expression levels of SYN related to B-actin. Data are
presented as mean + SEM. Analysis of relative mRNA level of
SYN using 22Ct method. * P<0.05, compared to sham group.
n=4 for each group.

rTMS modulated the gene expression of CaMKII

As shown in Figure 3, with reference to B-actin
for the qRT-PCR assay and compared with sham group,
rTMS treated group showed a significant upregulation in
the mRNA expression of CaMKII (P<0.05).

Discussion

In this study, the effects of rTMS on synaptic
plasticity in rats were evaluated. The ultrastructure of
hippocampal neurons was examined by transmission
electron microscopy and the mRNA expression of SYN
and CaMKII were detected via quantitative real
time-PCR. Results showed that rTMS could increase the
synaptic density and upregulate the gene expression of
SYN and CaMKII in rats.

Although rTMS has been used to treat a variety
of diseases including depression and Parkinson’s disease,
the mechanisms underlying the effects of long-term TMS
remain unclear. Most researchers believe that the long-
lasting therapeutic effects of rTMS and magnetic
stimulation on the above-described processes are related
with two phenomena: long-term potentiation (LTP) and
long-term depression (LTD) (Chervyakov et al. 2015b).
Repetitive TMS could affect dopamine production
(Ohnishi et al. 2004) and other neuromediators (Li et al.
2009), which improved expressions of brain derived
neurotrophic factor (BDNF) and glial cell line-derived
neurotrophic factor (GDNF) (Dong et al. 2015). High-
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Fig. 3. Relative expression levels of CaMKII gene by quantitative
real-time PCR assay. The hippocampus was used in the
experiment. Real-time PCR assays were performed to detect the
mRNA expression levels of CaMKII related to B-actin. Data are
presented as mean + SEM. Analysis of relative mRNA level of
SYN using 2°Ct method. * P<0.05, compared to sham group.
n=4 for each group.

frequency rTMS could also induce prolonged changes in
the gene expression of cyclin dependent kinase 5 (CDKS5)
and the post synaptic density protein 95 (PSD-95) that
caused by a modulation of histone acetylation.
Furthermore, these changes were dependent on HDAC
and D2 dopamine receptor (D2R) functions. These results
showed that rTMS have long-lasting effects on synaptic
plasticity and these effects can be mediated by
a modulation of dopamine neurotransmission (Etievant
et al. 2015). Other studies also provided evidence that the
effects of rTMS were associated with neuroplastic
changes in synaptic structure that likely occur via the
activation of NMDA receptors (Huang ef al. 2007).
Synapses played a critical role not only in
normal  neurophysiology, but also in many
neurodegenerative diseases. Synapses loss were found in
some neurodegenerative diseases such as Alzheimer’s
disease (Ingelsson et al. 2004) and Parkinson disease
(Finkelstein et al. 2000, Ingham et al. 1997). As synaptic
pathology was a common feature of these disorders, it
was suggested that synapse might be used as a potential
therapeutic target. Avoidance of synaptic loss or
strengthening of existing connections between neurons
may delay or even reverse disease-related neurological
changes. (Henstridge et al. 2016). In a vascular dementia
(VaD) rat model, 1 Hz rTMS could significantly reduce
synaptic structure damage (Yang et al. 2015). Vlachos
et al. (2012) reported that a high-frequency (10 Hz)

rTMS induced structural remodeling of dendritic spines.
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In our study, compared with the sham group, synaptic
density was significantly increased in the rTMS treated
group which was consistent to the previous reports except
for the difference in the parameters used, suggesting that
rTMS may function with the effectiveness on structural
synaptic plasticity.

SYN and CaMKII are key synapse-related
molecules. As a presynaptic vesicle protein and a marker
SYN affects the release of
neurotransmitters. By using different frequency of rTMS,

of synaptic density,

increased expression of SYN could be observed in
cultured hippocampal neurons, normal Wistar rats, aging
rats and vascular dementia rats (Ma et al. 2013, Shang
et al. 2016, Wang et al. 2015, Zhang et al. 2015). On the
other hand, as a calmodulin-dependent protein kinase,
CaMKII plays a crucial role in learning and memory by
mediating a wide variety of intercellular responses. High-
frequency rTMS enhanced the expression of BDNF
via activation of Ca’’-CaMKII-CREB pathway in the
Neuro-2a cells and in vitro neuronal model of
ischemia/reperfusion (I/R) injury (Baek et al. 2018a,
Baek et al. 2018b). However, this effect was found only
in high-frequency rTMS rather than low-frequency
r'TMS. The investigation using 5 Hz rTMS with 30 %
maximum output on senescence-accelerated-prone mouse
8 (SAMPS) showed that rTMS significantly upregulated

the protein and mRNA expression of SYN and PSD95 in
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