Original paper Folia

Neuropathologica

Theta burst stimulation influence the expression of BDNF in the
spinal cord on the experimental autoimmune encephalomyelitis

Ivana Stevanovic!, Bojana Mancic?, Tihomir Ilic?, Petar Milosavljevic3, Irena Lavrnja? Ivana Stojanovic®,
Milica Ninkovic!
!Institute of Medical Research, Military Medical Academy, Belgrade, Serbia, 2Medical Faculty of Military Medical Academy,

University of Defence, Serbia, 3Center of Veterinary Services, Ministry of Defence, Serbia, #Institute for Biological Research “Sinisa
Stankovic”, University of Belgrade, Serbia, °Institute for Biochemistry, Faculty of Medicine, University of Nis, Serbia

Folia Neuropathol 2019; 57 (2): 129-145 DOI: https://doi.org/10.5114/fn.2019.86294

Abstract

Repetitive transcranial magnetic stimulation (rTMS) induces changes in expression of proteins engaged in the activ-
ity of excitatory and inhibitory systems, restores these functions and suppresses the progression of disability in
experimental autoimmune encephalitis (EAE). The structural type of TMS, the arrangement as theta burst stimu-
lation (TBS) has been applied as intermittent TBS (iTBS) and continuous TBS (cTBS) protocols to female adult DA
rats. The animals were randomly divided into experimental groups: control group (C), group treated with complete
Freund’s adjuvant (CFA), experimental autoimmune encephalomyelitis (EAE) group, group treated with (TBS post EAE
immunization (EAE + (TBS), group treated with cTBS post EAE immunization (EAE + cTBS), group of healthy animals
treated with (TBS or cTBS. Therapeutic protocols of i(TBS or cTBS in all EAE groups of animals were performed starting
from 14 days post immunization (dpi), for 10 days with time point decapitation at 24 dpi. After decapitation, spinal
cords were analysed for BDNF and Ki67 expression. The results revealed reduced BDNF expression in the rat’s spinal
cord of EAE animals in the stage of remission, which was associated with increased Ki67 and GFAP expressions.
Decreased Iba 1 and BDNF expression, contrary to increased Iba 1 and Ki67 expression, suggests clustered microglia
in the resolution phase of EAE. Enhanced GABA expression in spinal cord sections indicates higher GABA metabol-
ic turnover, and also GAD activity in astrocytes, or prominent activity of GABAergic neurons. Both TBS protocols
induced advance BDNF expression; amongst (TBS application provoked elevating of BDNF and stabilizing of GFAP
and Ki67 expressions.
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Introduction disease, i.e. experimental autoimmune encephalo-

Major pathological processes in the central ner-
vous system (CNS) during multiple sclerosis (MS)
are neuronal inflammation and neurodegeneration
[31]. Developing techniques directed to protect neu-
ron structure and function; decreasing perivascular
inflammation and supporting blood/brain barrier
(BBB) integrity are promising in MS analogous CNS

myelitis (EAE).

According to present knowledge of factors influ-
encing neuronal survival and repair during EAE,
it has been shown that the proposed mechanism
could be lymphoid imported and surrounding cells
derived production of brain-derived neurotrophic
factor (BDNF). Previously known as dorsal root gan-
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glion-derived, BDNF is known to enhance the neu-
ronal survival following CNS damage, to promote
the growth of dendrites and axons, and the synapse
formation. It is a major factor of the neurogenesis,
the migration, and differentiation of neurons [5].
Besides cytokines, BDNF is also a paracrine and
autocrine signal molecule that interacts with spe-
cific receptors expressed on different cell types in
the spinal cord. However, important aspects of its
production in CNS auto-immunity such as cellular
distribution and regulation remain unknown. Such
data are important for the interpretation of the role
of autoreactivity/inflammation in nonspecific CNS
impairments, e.g. trauma or stroke, as well as for the
evaluation of immunotherapy in MS.

The role of BDNF in EAE is controversial. Pub-
lished data of mRNA in the lumbar spinal cord of
EAE rats have shown that BDNF begins to upreg-
ulate 8 days post immunization (dpi), with a peak
level at 12 dpi and normalized expression at 16 dpi.
The course of changes in BDNF is similar to changes
in tumor necrosis factor a (TNF-o) and interferon y
(IFN-y) [30]. Other data have shown that BDNF pro-
tein expression in the spinal cord was significantly
increased at 12 dpi, and maintained at 15 dpi with
no significant change in mRNA levels [45].

Recent studies revealed that an external magnet-
ic field, which is a consequence of transcranial mag-
netic stimulation (TMS) may affect BDNF content in
the serum and cerebrospinal fluid (CSF). The results
obtained from assessments of serum BDNF levels
after TMS sessions are unclear. Some of them have
found that repetitive TMS (rTMS) increases serum lev-
els of BDNE while the other studies have found no
effect [11,44]. Wang et al. reported that high-frequen-
cy rTMS increases serum BDNF levels and the affinity
of BDNF for TrkB receptors, whereas low-frequency
TMS reduces BDNF levels [42].

Alternating magnetic fields during rTMS stimu-
late cortical neurons spreading the effects spatially
and temporarily. Neuronal activity similar to long-
term potentiation (LTP) and long-term depression
(LTD) could support and create a favourable cellular
environment for instigated neuroplasticity. Perform-
ing the activity in cortical zones it is forward to the
lumbar spinal cord via corticospinal pathway activi-
ty. According to previously reported data, neuroplas-
ticity similar to LTP might be induced by intermit-
tent theta burst stimulation (iTBS) while continuous
theta burst stimulation (cTBS) seems to induce the
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pattern of activity like LTD [4,10]. Neural plasticity
induction with a BDNF released from surrounding
cells could support growth and survival of neurons
suffering from inflammatory/mediated oedema and
energy deficiency as well as free radical attack from
the neuroinflammation-activated astrocyte/micro-
glia/lymphocyte [27]. Increased levels of BDNF with-
in the dorsal root ganglion and spinal cord in EAE
rats may facilitate myelin repair and remodel the
synapses in the CNS. Anterograde transport of BDNF
protein from the dorsal root ganglion to the dorsal
horn of the spinal cord may promote neuroprotection.
The importance of BDNF is accentuated by inter-
connections of BDNF and y-aminobutyric acid (GABA)
availability. It has been reported that the progressive
failure of neuronal connectivity, particularly tran-
scallosal during MS development may be a result of
impaired neuroinhibition [28]. Manyam et al. report-
ed that the levels of GABA in the cerebrospinal fluid
of patients with MS are significantly lower compared
to healthy subjects [26]. Such data could be defend-
ed by the accepted facts that GABAergic neurons in
the neocortex are parts of neural circuits involved in
behaviour, perception, memory, and consciousness.
In MS patients as well as EAE animals, most of these
functions have been getting worse [6,13,20,34,46].
Assuming that the release of BDNF in neural tis-
sue is stimulated by rTMS, such protocol could be
promising for the therapy of MS. Neuroplasticity
induced by LTP and LTD may induce the local brain
changes at the molecular level, such as higher avail-
ability of BDNF that may decrease inflammation and
support myelin repair. The target of the study was
to analyse both iTBS or cTBS-induced changes of
BDNF expression in lumbar spinal cords of EAE rats,
to establish whether synthesized BDNF is originated
from astrocytes or microglia and to correlate it with
GABA availability due to the TMS protocol used.

Material and methods

All experimental procedures were performed
according to decision No. 323-07-00622/2017-05
obtained from the Ethics Committee for Animal
Welfare and the Ministry of Agriculture and Environ-
mental Protection of the Republic of Serbia, which
respects the rules of the European Parliament’s
Directive 2010/63/EU on the protection of animals
used for scientific purposes.
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Experiments were conducted on female Dark
Agouti (DA) rats aged 10-14 weeks (150-200 g). The
rats were housed in cages under standardized hous-
ing conditions (ambient temperature of 23 +2°C, rel-
ative humidity of 55 +3% and a light/dark cycle of
13 h/11 h) with laboratory chow and water ad libitum.
All the experiments were performed after 7 days’
period of adaptation to laboratory conditions and
were carried out between 9 a.m. and 1 p.m. During
the period of paralysis, for the purpose of welfare,
water and food were down positioned to rats or giv-
en manually.

The EAE was induced by a subcutaneous (s.c.)
injection of 0.1 ml solution of rat spinal cord tissue
homogenate (50% w/v in saline) suspended in com-
plete Freund’s adjuvant (CFA) containing 1 mg/ml
Mycobacterium tuberculosis (CFA; Sigma, St. Louis,
MO, USA). The suspension was injected in animal’s
right hind footpads. From the day of immunization,
the rats were daily monitored and clinically scored.

Theta burst stimulation was performed using
a MagStim Rapid2 device and a 25 mm figure-of-
eight coil (The MagStim Company, Whitland, Dyfed,
UK). The procedures of rTMS were done according
to Huang et al. [17]. The iTBS protocol consisted of
20 trains of ten bursts (3 pulses at a frequency of
50 Hz) repeated at 5 Hz (lasting 192 s with 10 s
intervals between trains) (iTBS groups), while the
cTBS protocol consisted of a single 40 s train of
bursts repeated at 5 Hz (cTBS groups). Each block
contained 600 pulses. Stimulus strength was 30% of
the maximal stimulator output, just below the motor
threshold value, which had been estimated as the
visible contraction of upper limbs in all TBS-treat-
ed animals. During the TBS, the rats were slightly
stressed and immobilized manually. The coil was
gently relied on the rats’ head, centring the coil right
above bregma [25].

Experimental procedure

The animals were randomly divided into experi-
mental groups: control group (C, n = 8); group treat-
ed with complete Freund’s adjuvant (CFA, n = 8),
experimental autoimmune encephalomyelitis group
(EAE, n = 8), group treated with iTBS post EAE immu-
nization (EAE + iTBS, n = 8), group treated with cTBS
post EAE immunization (EAE + cTBS, n = 8), group
of healthy animals treated with iTBS (iTBS, n = 8) or
CTBS (cTBS, n = 8). Therapeutic protocols with iTBS
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or cTBS in all EAE groups were performed starting
from 14 dpi, for 10 days with time point decapitation
at 24 dpi. Healthy animals were treated with iTBS or
cTBS for 10 days.

Animals before the immunization as well as all
animals before the decapitation were intraperitone-
ally anaesthetized (sodium-pentobarbital 45 mg/kg
body weight — b.w.). The decapitations were per-
formed 24 h after the last TBS protocol or at the
appropriate time point. Clinical evaluation of EAE was
undertaken daily in a double-blind manner for up to
24 dpi [14]. All immunized animals developed clini-
cal signs of the EAE that appeared between 10 and
12 dpi and reached a peak at 11-14 dpi. Develop-
ment of the EAE signs was accompanied by body
weight loss in all experimental groups and maximal
weight loss coincided with paralysis. Two different
TBS protocols, which had been reported to modulate
cortical excitability in opposite directions, induced
similar effects on the clinical score in EAE-induced
animals. Duration of paralysis was notably shorter
in EAE animals by 49% (iTBS) and 54% (cTBS) treat-
ment (p < 0.05, respectively), compared to the EAE

group.

Immunofluorescence

The experimental procedure for immunofluores-
cence staining was performed according to Dalmau
and colleagues [7]. Spinal cords of each of three rats
per group removed quickly and fixed in 4% parafor-
maldehyde (TAAB Laboratory Equipment, Aldermas-
ton, UK) in 0.1 M phosphate buffer (PBS; pH 7.4)
for 12 h at 4°C. For cryoprotection, lumbar spinal
cord tissue was transferred into the graded sucrose
(10-30% in 0.1 M PBS, pH 7.4), frozen in 2-methyl
butane, and kept at —=80°C until sectioning on a cryo-
tome (CRIOCUT-E Reichert-Yung).

Sections of the spinal cord (25 um thick) were col-
lected serially, mounted on superfrost glass slides, dried
for 2 h at room temperature and stored at —20°C until
staining. Initially, one series of slides of all experimental
groups was incubated with primary polyclonal rabbit
anti-BDNF antibody (1 : 50; Thermo Fisher Scientific,
USA) overnight at 4°C, then secondary goat anti-rab-
bit Alexa Fluor 488 (1 : 500; Invitrogen, Carlsbad, USA)
for 2 h at room temperature in the dark. Subsequently,
the sections were incubated with primary monoclonal
mouse anti-GFAP (1 : 200; Elabscience, USA) or mouse
monoclonal anti-lba 1 (1 : 50; Abcam, Germany) and
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after that with secondary donkey anti-mouse Alexa
Fluor 555 (1 : 250; Invitrogen, Carlsbad, USA) for 2 h at
room temperature in the dark.

The next series of spinal cord sections was incu-
bated also with primary polyclonal rabbit anti-BD-
NF antibody (1 : 50; Thermo Fisher Scientific, USA)
overnight at 4°C, but later with secondary donkey
anti-rabbit Alexa Fluor 647 (1 : 500; Abcam, Germa-
ny) for 2 h at room temperature in the dark. After-
wards, spinal cord sections were incubated with
primary polyclonal guinea pig anti-GABA (1 : 1000;
Abcam, Germany) overnight at 4°C and then with
secondary goat anti-guinea pig Alexa Fluor 488
(1 : 500; Invitrogen, Carlsbad, USA) for 2 h at room
temperature in the dark.

A new series of slides was incubated with pri-
mary monoclonal rabbit anti-Ki67 antibody (1 : 300;
Thermo Fisher Scientific, USA) overnight at 4°C, and
later with secondary goat anti-rabbit Alexa Fluor 488
(1 : 500; Invitrogen, Carlsbad, USA) for 2 h at room
temperature in the dark. Afterward, slides were
incubated with primary mouse monoclonal anti-
GFAP (1 : 200; Elabscience, USA) or mouse mono-
clonal anti-lba 1 (1 : 50; Abcam, Germany) and then
with secondary donkey anti-mouse Alexa Fluor 555
(1 : 250; Invitrogen, Carlsbad, USA) for 2 h at room
temperature in the dark.

Finally, all slides were prepared on microscop-
ic slides using the Mowiol medium (Sigma Aldrich)
and analysed under the confocal microscope (Zeiss
Axiovert 200M, LSM 510 laser module).

Image processing and calculation
of a colocalization coefficient

Three sections of three animals per group were used
to verify fluorescence intensity. From each section, five
random photomicrographs in the ventral horn regions
of the spinal cord were captured at magnification
(40x objective). Semi-quantitative fluorescence inten-
sity analysis was made using Image) software. Inten-
sities were expressed as a mean + standard deviation
(SD) of average grey values [41].

Quantitative colocalization analysis employs
specialized algorithms which calculate a number of
respective coefficients, according to which colocal-
ization can be evaluated quantitatively [1]. As raw
confocal images have high levels of background, they
should be prepared to become suitable for reliable
calculation of colocalization coefficients by correcting
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it. Colocalization is detected by correspondent anti-
bodies with diverse excitation spectra when staining
of antigens visualized in different colours overlaps.
Confocal microscopes provide resolution required
for viewing colocalization in images clearly. This anal-
ysis can be explained as an existence of the signal at
the same pixel location when examining multi-chan-
nel fluorescence microscopy images. The channels
are generated by two different fluorochromes when
respective antigens are visualized during examining
of the same sample region. Observed colocalization of
the antigens of interest gave valuable clues regarding
their structural and functional characteristics.
Colocalization presented as a plate of three imag-
es consisting of fluorescence for red and green chan-
nels, as well as a third merged image where the chan-
nels are combined (overlapping pixels turned yellow).
The analysis is assisted by computer software, which
estimates the degree of colocalization according to
specialized algorithms within the selected region of
interest (ROI). The analysis is performed for the eval-
uation of the colour components of the selected pair
of channels. Images were imported into the Fiji ver-
sion of the free image processing software Image). Fiji
contains a number of pre-installed plugins including
a procedure for colocalization analysis, designated
as coloc2, which calculates a variety of colocaliza-
tion parameters such as the Pearson coefficient and
Manders coefficients, both of which are based on
pixel-intensity-correlation measurements. Numerical
correlation parameters are recorded, as well as the
2D intensity histogram for visualization of the cor-
relation between the two channels. Threshold objects
are binarized followed by a watershed segmentation
to separate adjacent entities. The results of coloc2
derived intensity-based correlation analysis were cop-
ied into the same MS-Excel sheet and the different
parameters, such as the Pearson coefficient or the
Manders coefficients were multiplied with the colo-
calization fraction value. This results in a reduction of
the pixel intensity-based correlation according to the
percentage of object-based colocalization.

Statistical analysis

Statistical data analysis was performed using
one-way ANOVA and Tukey’s post hoc multiple tests
(software GraphPad Prism, version 5.03). Values are
presented as the means * SD. Differences were con-
sidered statistically significant for p < 0.05.
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BDNF GFAP Merge

CFA

EAE

EAE + iTBS

iTBS

EAE + cTBS

cTBS

Fig. 1. Double fluorescence staining showing immunoreactivity for BDNF and GFAP in rats’ spinal cords.
Bright grey (green in a colour photograph) represents BDNF positivity, and darker grey (red in a colour
photograph) represents GFAP positivity. C — control group, EAE — rats (EAE) with experimental autoimmune
encephalomyelitis, CFA —rats treated with complete Freund’s adjuvant, iTBS treatment on EAE animals (EAE
+iTBS) or on healthy animals (iTBS) and cTBS treatment on EAE animals (EAE + cTBS) or on healthy animals
(cTBS). The photomicrographs were taken at magnification 400x. Scale bar corresponds to 200 um.
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Pearson’s correlation coefficient of BDNF
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Fig. 2. Effects of iTBS and cTBS on BDNF (A) and GFAP (B) expression in the spinal cords. Results were
expressed as average grey value + SD (n = 3). Changes of Pearson’s correlation coefficient (C) and Manders
coefficients (D): M1 (BDNF) and M2 (GFAP). Values are presented as means + SD. Differences were consid-
ered statistically significant for *p < 0.05 compared to controls and "p < 0.05 compared to the EAE group.
Results

Photomicrographs of fluorescent immunoreactiv-
ity of BDNF and GFAP in the spinal cord tissue are
shown in Figure 1, while analysed results are shown
in Figure 2.

Decreased BDNF immunoreactivity was mea-
sured in EAE, but also in healthy animals treated with
iTBS (Fig. 2A, p < 0.05). Application of iTBS or cTBS
on EAE animals induced BDNF elevation, compared
to the EAE group (p < 0.05). A significant increase
in GFAP was noted in the EAE group, compared to
controls (p < 0.05), while cTBS treatment suppressed
GFAP immunoreactivity, compared to the EAE group
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(Fig. 2B, p < 0.05). High positive coefficients of cor-
relations of BDNF and GFAP were detected in both
iTBS/cTBS groups with EAE and these correlations
were significantly higher compared to control groups
as well as compared to the EAE group (Fig. 2C,
p < 0.05). Both Manders coefficients M1 (BDNF) and
M2 (GFAP) increased in EAE +iTBS compared to both
control and EAE groups (Fig. 2D, p < 0.05, respective-
ly). Although neither BDNF nor GFAP immunoreac-
tivity in healthy animals treated with cTBS changed
compared to controls, the correlation coefficient
and Manders coefficient of colocalization notably
increased (p < 0.05).
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Ki67 GFAP Merge
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Fig. 3. Double fluorescence staining showing immunoreactivity for Ki67 and GFAP in rats’ spinal cords.
Bright grey (green in a colour photograph) represents Ki67 positivity, and darker grey (red in a colour pho-
tograph) represents GFAP positivity. C — control group, EAE — rats (EAE) with experimental autoimmune
encephalomyelitis, CFA — rats treated with complete Freund’s adjuvant, iTBS treatment on EAE animals
(EAE + iTBS) or on healthy animals (iTBS) and cTBS treatment on EAE animals (EAE + cTBS) or on healthy
animals (cTBS). The photomicrographs were taken at magnification 400x. Scale bar corresponds to 200 um.
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Fig. 4. Double fluorescence staining showing immunoreactivity for Ki67 and GFAP in the spinal cords of
EAE animals. Bright grey (green in a colour photograph) represents Ki67 positivity, and darker grey (red in
a colour photograph) represents GFAP positivity. The photomicrographs were taken at magnification 630x.

Scale bar corresponds to 20 pm.

Fluorescent immunoreactivities of Ki67 with
GFAP and magnified photomicrograph in the spinal
cord and the evaluations of obtained data are pre-
sented in Figures 3, 4 and 5.

Elevated Ki67 expression in the EAE group was
associated with elevated GFAR compared to controls
(Fig. 5A, 5B, p < 0.05). Both therapeutic protocols (EAE
+iTBS and EAE + ¢TBS) induced decreased Ki67 and
GFAP immunoreactivity, compared to the EAE group
(p < 0.05). In these groups, both coefficients of correla-
tions between Ki67 and GFAP were not so prominent
(Fig. 5C, D), but Manders coefficient indicates a high
degree of Ki67 and GFAP molecules colocalization. In
the healthy animals that were treated with iTBS/cTBS,
a low level of both M1 (Ki67) and M2 (GFAP) coeffi-
cients of colocalization had been found.
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Double staining of BDNF with Iba 1 and data
analyses of the spinal cord tissue are shown in Fig-
ures 6 and 7.

Contrary to elevated BDNF expression in the CFA
group, it was decreased in EAE animals, compared to
controls (Fig. 7A, p < 0.05). In addition, BDNF expres-
sion increased in iTBS-treated EAE animals com-
pared to controls (p < 0.05), and in EAE + iTBS and
EAE + cTBS, compared to the EAE group (p < 0.05).
Immunoreactivity of Iba 1 decreased in EAE, EAE +
cTBS and cTBS animals, compared to controls (Fig.
7B, p < 0.05). Treatment with iTBS in EAE animals
induced elevation of Iba 1 expression, compared
to controls, as well as compared to the EAE group
(p < 0.05). The Pearson’s coefficients between
BDNF and Iba 1, although at a low level, indicates
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Fig. 5. Effects of iTBS and cTBS on Ki67 (A) and GFAP (B) expression in the spinal cord. Results were
expressed as average grey value + SD (n = 3). Changes of Pearson’s correlation coefficient (C) and Manders
coefficients (D): M1 (Ki67) and M2 (GFAP). Values are presented as means + SD. Differences were consid-
ered statistically significant for *p < 0.05 compared to controls and "p < 0.05 compared to the EAE group.

increased values in all experimental groups (except
CFA) compared to controls (Fig. 7C, p < 0.05).

Fluorescent immunoreactivities of Ki67 with Iba 1
and the estimated values are shown in Figures 8 and 9.

Expression of Ki67 together with Iba 1 is
increased in EAE, compared to controls (p < 0.05),
while iTBS treatment in EAE animals induced low-
er immunoreactivity of both molecules, compared
to the EAE group (Fig. 9A, B, p < 0.05 respectively).
Increased Ki67 in EAE + cTBS (p < 0.05) was not fol-
lowed by changed Iba 1 expression. The coefficients
of correlations and colocalizations between Ki67
and Iba 1 were not significant (Fig. 9C, D).

Double staining of BDNF and GABA and the confocal
assessment of results are shown in Figures 10 and 11.

Folia Neuropathologica 2019; 57/2

Decreased BDNF and increased GABA was noticed
in the EAE group, compared to controls (Fig. 11A, B,
p < 0.05 respectively). Both therapeutic protocols (iTBS
or cTBS) induced opposite changes — increased BDNF
and reduced GABA expression in EAE animals, com-
pared to the EAE group (p < 0.05). Expression of GABA
in cTBS-treated healthy animals increased compared to
controls (p < 0.05). Besides the low level of correlation,
Manders coefficient of colocalization indicates diver-
gent colocalization in the control group which is con-
sistent only with EAE + iTBS group (Fig. 11C, D). Except
for these two groups, all other groups showed a high
level of BDNF and GABA colocalization. The statistical
significance was obtained only for M2 (GABA) in EAE +
cTBS compared to the EAE group of animals (p < 0.05).
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BDNF lba 1 Merge

CFA

EAE

EAE + iTBS

iTBS

EAE + cTBS

cTBS

Fig. 6. Double fluorescence staining showing immunoreactivity for BDNF and Iba 1 in rats’ spinal cords.
Bright grey (green in a colour photograph) represents BDNF positivity, and darker grey (red in a colour
photograph) represents Iba 1 positivity. C — control group, EAE — rats (EAE) with experimental autoimmune
encephalomyelitis, CFA —rats treated with complete Freund’s adjuvant, iTBS treatment on EAE animals (EAE
+1iTBS) or on healthy animals (iTBS) and cTBS treatment on EAE animals (EAE + cTBS) or on healthy animals
(cTBS). The photomicrographs were taken at magnification 400x. Scale bar corresponds to 200 um.
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Fig. 7. Effects of iTBS and cTBS on BDNF (A) and Iba 1 (B) expression in the spinal cord. Results were
expressed as average grey value + SD (n = 3). Changes of Pearson’s correlation coefficient (C) and Manders
coefficients (D): M1 (BDNF) and M2 (Iba 1). Values are presented as means + SD. Differences were consid-
ered statistically significant for *p < 0.05 compared to controls and "p < 0.05 compared to the EAE group.

Discussion

Decreased expression of BDNF in rats’ spinal
cord tissue of EAE animals in the phase of remis-
sion is consistent with previously published reports
of early-term changes in EAE development (Figs. 2
and 7) [35]. Previously known as dorsal root gangli-
on-derived, BDNF is recognized to have functions in
enhancements of neuronal survival following CNS
damage: neurogenesis, the migration and differ-
entiation of neurons, the growth of dendrites and
axons, and synapse formation [5]. It had been shown
that peripheral chronic BDNF administration in mice
enhanced neuron survival [38]. Initially, mRNA BDNF
transcripts are translated as a precursor protein,
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proBDNF, which may be secreted into the synaptic
cleft [43]. There, BDNF is cleaved by metalloprotein-
ases and/or plasmin, giving rise to mature BDNF and
the BDNF propeptide [22,32]. Then, BDNF is sorted
into large dense core vesicles to be released from
the regulated secretory pathway [29]. The decreased
expression of BDNF in the remissive phase of EAE
could be due to trafficking of BDNF to lysosomal
degradation [8]. Also, decreased BDNF expression
was associated with increased Ki67 and GFAPR the
important marks of astrogliosis, which seems to be
prolonged to the EAE remission (24 dpi). Assuming
that microglia are not diffusely distributed in spinal
cord parenchyma, decreased Iba 1 together with
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Fig. 8. Double fluorescence staining showing immunoreactivity for Ki67 and Iba 1 in rats’ spinal cords.
Bright grey (green in a colour photograph) represents Ki67 positivity, and darker grey (red in a colour pho-
tograph) represents Iba 1 positivity. C — control group, EAE — rats (EAE) with experimental autoimmune
encephalomyelitis, CFA — rats treated with complete Freund’s adjuvant, iTBS treatment on EAE animals
(EAE + iTBS) or on healthy animals (iTBS) and cTBS treatment on EAE animals (EAE + cTBS) or on healthy
animals (cTBS). The photomicrographs were taken at magnification 400x. Scale bar corresponds to 200 um.
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BDNF (Fig. 7) contrary to increased Iba 1 with Ki67
(Fig. 9) expression indicates clustered microglia in
the resolution phase of EAE. Colocalizations of these
molecules in EAE animals did not reveal any dif-
ference, compared to control animals. At the same
time, GABA expression increased in spinal cord tis-
sue sections, indicating higher GABA metabolic turn-
over, probably induced glutamic acid decarboxylase
(GAD) activity in astrocytes, or prominent activity of
GABAergic neurons (Fig. 11). Inflammation in EAE is
related with calcium overload of neurons and mani-
fested process of excitotoxicity in which the release
of glutamate is a crucial manifestation. Such chang-
es are the main events during the relapse phase of
EAE, accordingly, increased GABA expression could
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indicate suppressed excitotoxicity and promoted
inhibitory neuronal pathways [12].

Therapeutic procedures of both TBS induced
important changes in investigated molecules
expressions, such as BDNF elevation. Application of
iTBS induced increasing of BDNF, compared to EAE
animals, together with normalized GFAP and Ki67
(Figs. 2 and 5). Resting microgliosis with lower Ki67
in EAE + iTBS indicates clustered microglia with
less mitotic activity. This is in accordance with large
Manders coefficient of colocalization for BDNF and
Iba 1 (Fig. 7D). It has been shown that BDNF sup-
port late hippocampal LTP through a TrkB-dependent
mechanism. Panja et al. showed that LTP consolida-
tion in the dentate gyrus is mediated on a trans-
lational level by sustained BDNF-TrkB signalling to
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Fig. 10. Double fluorescence staining showing immunoreactivity for BDNF and GABA in rats’ spinal cords.
Darker grey (red in a colour photograph) represents BDNF positivity, and bright grey (green in a colour
photograph) represents GABA positivity. C — control group, EAE — rats (EAE) with experimental autoimmune
encephalomyelitis, CFA —rats treated with complete Freund’s adjuvant, iTBS treatment on EAE animals (EAE
+1iTBS) or on healthy animals (iTBS) and cTBS treatment on EAE animals (EAE + cTBS) or on healthy animals
(cTBS). The photomicrographs were taken at magnification 400x. Scale bar corresponds to 200 um.
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MAP-kinase-interacting kinase [33]. Advertising of
LTP induced by iTBS is expected to trigger gluta-
matergic neurotransmission, which is crucial in the
spinal cord. Promotion of BDNF neurotrophic effects
post iTBS in EAE may support the survival of neu-
rons in the dorsal horns as well as in the dorsal root
ganglion [15]. It had been shown that patients with
amyotrophic lateral sclerosis exhibit reduced serum
levels of BDNF after the application of low-frequency
rTMS to the motor cortex while the high-frequency
stimulation increases BDNF levels in the blood plas-
ma of patients with depression [3,44]. Our results
are consistent in beneficial effects of both applied
TMS protocols expressed as elevated BDNF in lum-
bar ventral horn regions of rats spinal cord.
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BDNF binds TrkB with a high affinity [40]. Phos-
phorylation of residues at the cytoplasmic autoreg-
ulatory loop of the catalytic domain is considered
a critical step in TrkB activation, followed by phos-
phorylation of other tyrosine residues triggering the
MAPK/AKT pathways and activation of the signal-
ling pathway through phospholipase C y [16,37]. It
had been shown that BDNF-induced TrkB activation
is able to promote the survival of cultured embry-
onic mesencephalic dopaminergic neurons [18,21],
cholinergic neurons in the basal forebrain [2], retinal
ganglion cells [19], and also cortical embryonic neu-
rons [36].

There are two primary rTMS treatment regimes:
low-frequency rTMS, which is defined by stimulation
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at frequencies lower than 1Hz, and high-frequency
rTMS, which is defined by stimulation at frequencies
higher than 5 Hz. Low-frequency rTMS reduces neuro-
nal excitability, where a high-frequency rTMS increases
cortical excitability [24]. In hippocampal cell cultures,
low-intensity TMS (1.14 T, 1 Hz) results in dendritic
sprouting (axon growth) and growth and increases the
density of synaptic contacts. By contrast, high-intensity
stimulation (1.55 T, 1 Hz) has devastating effects that
result in decreased numbers of dendrites and axons,
the presence of neuronal lesions, and a diminished
number of synapses. Both results are associated with
the BDNF-TrkB signalling system [23].

Long-lasting positive effects of rTMS seem to act
at the single neuron, neural network (mutual exci-
tation and inhibition of cerebral regions), synaptic,
and/or molecular (gene expression, enzyme activi-
ty, and neuromodulation) levels. Numerous studies
have unambiguously demonstrated that TMS stim-
ulate and induce gene expression and enhance the
production of a number of signal molecules [39].
In an animal model of spinal cord injury, under the
influence of TMS, astrocytes increased the ability to
migrate to a zone of the lesion, which might be due
to the activation of MEK1,2/ ERK mitotic pathways,
and enhanced expressions of several genes [9].

In our experiment, changes in molecular expres-
sions indicate beneficial effects of TBS/increased
BDNF together with lower GFAP and Ki67, as well as
GABA depletion. At the moment we could speculate
influenced GAD activity in astrocytes, and/or modu-
lated activity of GABAergic neurons. Effects of both
TBS protocols suggest the TBS as potential thera-
peutic protocols in multiple sclerosis.
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