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 
Abstract— Repetitive transcranial magnetic stimulation 

(rTMS) is a non-invasive neuromodulation technique used 
for the treatment of a great variety of neurological 
disorders. The technique involves applying a magnetic field 
in certain areas of the cerebral cortex in order to modify 
neuronal excitability outside the skull. However, the exact 
brain mechanisms underlying rTMS effects are not 
completely elucidated. For that purpose, and in order to 
generate a pulsed magnetic field, a half-bridge converter 
controlled by a microcontroller has been designed to apply 
rTMS in small animals. Moreover, the small size of the 
rodent head makes it necessary to design a magnetic 
transducer, with the aim of focusing the magnetic field on 
selected brain areas using a specific and a small magnetic 
head. Then, our purpose was to compare the effects of five 
different rTMS dosages on the rat brain metabolic activity. 
The experimental results showed that one day of 
stimulation leads to an enhancement of brain metabolic 
activity in cortical areas, meanwhile with three days of 
stimulation it is possible to also modify subcortical zones, 
results that were not found when extending the number of 
rTMS applications up to seven days. In consequence, the 
number of pulses delivered might be an important 
parameter in rTMS protocols, highlighting its importance 
in rTMS impact.  
 

Index Terms— Cytochrome c-oxidase, magnetic therapy, 
neuromodulation, repetitive transcranial magnetic stimulation. 
 

I. INTRODUCTION 

HE transcranial magnetic stimulation (TMS) is a non-
invasive technique used both to explore neurophysiological 

functions and to modulate cortical excitability being in the latter 
case, promising as a brain stimulation therapy [1]. TMS 
employs magnetic fields delivered by a stimulation coil located 
over the skull. However, those magnetic fields are converted 
into electric energy according to Michael Faraday 
electromagnetic induction principle [2]. Ultimately, this 
electromagnetic energy is the responsible of the physiological 
effects that TMS achieves [3]. 

The first effective transcranial electrical stimulation method 

 
A M. Pernía and C. Zorzo are combined first authors and they have 

contributed equally to this work. 
 

was used by Merton and Morton in 1982 [4]. They showed that 
an electric current on the scalp was able to activate the motor 
cortex, producing a contraction of the contralateral muscles and 
that the stimulus in the visual cortex produced phosphenes. 
Barker and Col in 1985 designed an electromagnetic stimulator 
and for the first time managed to stimulate the motor cortex 
through the scalp [5].  

Depending on the researcher/clinician purpose, the selection 
of the TMS modality can vary. Generally, single-pulse TMS 
(sTMS) and paired-pulsed TMS (ppTMS) are selected to 
examine brain functioning whereas repetitive TMS (rTMS) is 
commonly employed to the treatment of a wide variety of 
nervous system disorders [6]. The core reason is that rTMS 
effects can last beyond the stimulation period as it may promote 
long-term changes in neurons [7], [8]. 

Assuming that several psychiatric and neurological disorders 
show an altered neuronal connectivity, rTMS is expected to 
normalize the brain dysfunctional circuitry [9]. Nowadays, the 
main target of rTMS therapy is major depression [10], [11] and 
chronic pain [12]. However, other disorders such as anxiety, 
schizophrenia, substance use or neurodevelopmental disorders 
and even, neurodegenerative diseases have found benefits from 
its administration [13]–[15].  

Nevertheless, despite the extensive variety of human studies 
focusing on the clinical effects using very different rTMS 
dosages [16], there is less research addressed to compare its 
impact on brain activity, although as may be expected, the 
dosage seems to influence rTMS modulatory effects [17]. Also, 
other parameters such as the intensity, magnetic waveforms, the 
cortical area targeted or the coil size and shape selected might 
be interesting [18].  

Specifically, the application of rTMS requires the use of a 
transducer that focuses the magnetic radiation on a specific 
cortex area [19], [20]. 

This is remarkably important when conducting rTMS in 
animal studies, where the size of the magnetic head is a limiting 
factor. Thus, the geometry of the transducer will be a significant 
aspect in the design of the equipment, together with the 
intensity, frequency and repetition of the stimulus. 

Thus, our aim was to compare the effects of five different 
rTMS protocols on the brain metabolic capacity of healthy rats. 
Brain metabolism was explored through quantitative 
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cytochrome c oxidase (CCO) histochemistry. Cytochrome c-
oxidase is a mitochondrial enzyme that catalyses oxygen 
consumption during cellular respiration, and it is involved in the 
oxidative phosphorylation process that generates energy [21], 
[22]. Interestingly, CCO reveals sustained changes in tissue 
metabolic capacity [23]. Therefore, metabolic brain activity 
oscillations could be assessed by the use of CCO histochemisty. 
Here, in each protocol, our independent variables were the 
number of pulses delivered –determined by different session 
trials and days of stimulation– and the maintenance of rTMS 
effect on brain metabolic activity.  

II. MAGNETIC TRANSDUCER 

There are several commercial systems designed to apply 
rTMS therapies. All of them are designed to radiate a large area 
of the human brain. For a more exhaustive analysis of the 
possible applications and benefits of rTMS-based therapy, it 
would be convenient to be able to further limit the radiated field. 
The use of animal models is proposed, specifically Wistar rats. 
These animals introduce a new problem in the study, the small 
size of the brain, which makes it necessary to redesign the 
magnetic transducer used, in order to concentrate the magnetic 
radiation on specific brain regions [24], [25]. 

Therefore, the radiation must be selective, limiting itself to 
the area of the brain that is going to be studied. The typical 
structure of the magnetic transducer is an open core winding. 
This geometry implies the need to use high currents in the 
winding to mitigate the attenuation of the magnetic field with 
distance. Since the geometry must be adapted to the size of the 
head of the rat, a new difficulty appears, the construction of a 
small winding meant to manage high currents. Therefore, the 
design of the magnetic coil or transducer has two basic 
limitations. On the one hand, it is desirable to reach high field 
values on the brain surface, but, on the other hand, it is also 
necessary to limit the section to be radiated. 

 

 
Fig. 1. Magnetic field distribution using two coils I = 100 A, N = 200. Distance 
to the skull 5mm with ANSYS-MAXWELL. 

 

Fig. 2. Magnetic field distribution in section A-A (fig. 1) 

 
As first alternative an air coils can be used but it makes the 

latter feature very difficult to achieve due to the field dispersion 
obtained. 

In fig.1 the distribution of the magnetic field shows the high 
magnetic dispersion around the brain rat when using air coils. 
It is very difficult to identify which are the brain regions 
affected by the magnetic radiation and whether there are some 
others which are not. The high current amplitude (100A) also 
results in high conduction losses. The maximum magnetic field 
obtained appear on the surface of the coil (400 mT) and 
decrease to 100 mT in around 15mm. 

Thus, both problems make it difficult to think of air coils as 
a good solution to build a small device that can focus the 
magnetic field and to get large field amplitudes while using low 
current amplitude. 

The alternative proposed involves the use of a magnetic 
material core, aiming to conduct the magnetic flux lines to a 
specific region. This solution, however, involves limiting the 
maximum magnetic field that could be obtained to 1.5T which 
is the typical saturation value for iron-based magnetic materials. 

 

 

Fig. 3. Magnetic field distribution with magnetic core  

 
Figure 3 shows a finite element analysis simulation of the 

geometry proposed. It represents a U core of grain-oriented iron 
where the two columns approach each other without contacting 
keeping a gap distance of 5 mm. The windings handle 3000 At 
(Amps-turn). 
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Fig. 4. Magnetic field distribution across section A-A, 2mm from magnetic core 
 

 

 
Fig. 5. Magnetic field distribution across section B-B.  

 
 
The magnetic field along section A-A shows a maximum 

value of 0.35T (Fig. 4), i.e., similar magnetic field amplitude 
can be obtained with this transducer while using lower currents 
(compared to those needed in the structure of fig. 1). The 
magnetic field is also expanded through the air but there is a 
clear direction of propagation (Fig.3, BB) defined by the flux 
lines in which the amplitude is maximum. Fig. 5 represents the 
magnetic field through the BB section and how it is attenuated 
with the distance to the magnetic header. Assuming around 5 
mm to the brain cortex a magnetic field close to 200mT is 
applied. The maximum amplitude is obtained in the gap of the 
magnetic core. 

Although the flux lines are now more concentrated around 
the section defined by the magnetic core, in order to be able to 
further limit the section that is radiated with the magnetic field, 
a shielding conductor (Cu) with a thickness of 1 mm is used 
(Fig. 6). The alternating magnetic field generated will induce 
eddy currents in the Cu shielding that will partially cancel the 
magnetic field, thus reducing the section where it is present. As 
a result, a greater focus of the magnetic field is achieved. 

The effectiveness of a copper foil to shield magnetic field 
depends mainly on absorption losses, which depends on the 
skin depth () that for a frequency of 1.6kHz is 1.63mm. Then, 
the attenuation due to absorption losses (A) obtained with a 
t=1mm copper foil can be calculated with the expression: 

𝐴ሺ𝑑𝐵ሻ ൌ 20𝑙𝑜𝑔𝑒
ି௧

ఋൗ ൎ 8.7 ቀ
௧

ఋ
ቁ ൌ 5.3 𝑑𝐵   (1) 

This means that the magnetic field is reduced by half using 
the 1mm foil. Increasing the thickness of the shield will 
attenuate much more the whole magnetic field at the rat brain 

because of the higher distance. Then there is a trade-off between 
the distance from the magnetic material to the brain and the 
shielding attenuation. It is interesting to point out that the shape 
of the flux lines has been modified by introducing the copper 
shielding as we can observe comparing fig 3 and fig 6. 

The magnetic field amplitude remains almost the same along 
section BB (Fig. 7), but the important achievement is that the 
dispersion of the flux lines is drastically reduced once the Cu 
shield is reached (Fig. 8). There is a higher concentration of the 
magnetic field around the gap. 
 

 

 
 

Fig. 6. Magnetic field distribution with 1 mm copper shield 
 

 
 
Fig. 7. Magnetic field distribution across section B-B with 1 mm copper shield, 
varying the frequency from 1Hz to 4kHz 

 

 
 
Fig. 8. Magnetic field distribution across section A-A (fig. 6) 
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Fig. 9. Magnetic field distribution across section C-C, 4 mm from the magnetic 
core (fig. 6) 

 
This effect is clearer when the frequency in the coil is higher. 
The simulations shown in fig 8 and fig. 9 have been carried out 
with frequencies from 1Hz to 4kHz. When the distance to the 
core increases the effect is less evident but still patent (Fig.9). 

 

 
 

Fig. 10. Coil designed for magnetic field radiation 
 

Thus, the inclusion of a magnetic core with a shielding like 
that indicated in fig. 6 provides the two initial objectives: 
reducing the winding current and focusing the magnetic field 
on a specific area. Therefore, the construction of a coil with a 
geometry similar to that already simulated was accepted (Fig. 
10). As a first option and trying to minimize any high frequency 
effect and core losses a nanocrystalline material (Vitroperm 
500F) with BS=1T was selected. 

Two windings of N=25 turns were placed in each leg of the 
core and connected in series. The theoretical maximum current 
that gives rise to the saturation of the material can be calculated 
from the expression: 

 

 𝑖௠௔௫ ൌ ே൉஺೐൉஻ೄ

௅
        (2) 

 
With Ae = 30 mm2 N = 50, L = 100 μH and BS = 1 T, the 

current that makes the core reach the saturation is imax = 15 A. 
The use of ferrites is discarded since the material saturation is 
reached with values of 0.35T, making it impossible to have 
values close to 1T in the magnetic material, which is necessary 
to have hundreds of mT in the rat brain. 

III. CONVERTER TOPOLOGY  

The activation of the coil is carried out by means of a half 
bridge converter controlled by a PIC microcontroller (Fig. 11), 
which is responsible for the management of the pulse train and 
the waiting times between each train of pulses [26]–[29]. The 
variability of these parameters will allow identifying how they 
affect the behaviour after the applied treatment. 

By alternating the time conduction of Q1 and Q2 a positive 
and negative voltage is applied to the header winding, thus 
charging and discharging the inductor L. 
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Fig. 11. Half bridge converter used in the tests.  

 
The current through the winding (inductor L) involves the 

generation of an alternating magnetic field in the magnetic 
header [30], [31]. The amplitude of the inductor current can be 
controlled by adjusting the timing of switches Q1 and Q2 and 
the input voltage Vi.  

Not only does the microcontroller not only defines the state 
of transistors Q1 and Q2 to achieve the magnetic pulse, it also 
configures the burst pulse period.  
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Fig. 12. Voltage pulses applied to the coil using the half-bridge topology 

 
The prototype developed was configured to define a set of 

pulses during the period tON with the shape indicated in figure 
12. The initial time settings are specified in the attached table I, 
but the study conducted focuses on the frequency of 100Hz, to 
administrate higher number of pulses in a relative few period of 
time, due to the limitation factor of working with animals, 
which need to be immobilized in order to apply rTMS without 
anaesthesia. 
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TABLE I 

 PROGRAMMED TIME SETTINGS  

td 1/T tON=tOFF
 a 

200s 10Hz 5 min 
200s 20Hz 2.5 min 
200s 50Hz 1 min 
200s 100Hz 0.5 min 

  

  
Fig. 13. Activation pulses generated by the microcontroller (upper plot) and 

current through the magnetic header iL (lower plot) [20A/div] according with 
table I.  

 
Figure 13 shows the programmed activation pulse frequency 

according with table I and the current through the coil in the 
magnetic header to generate the magnetic field radiation 
(fig.14).  

Each magnetic pulse has a frequency of 1/(3ꞏtd)=1.6kHz (see 
fig 15 and fig. 16) and the repetition factor will be defined by 
1/T which represents the distance between pulses. As an 
example, if a frequency of 100Hz is selected (last row in table 
I), approximately 3000 pulses will be applied during 
tON=0.5min. 

The converter used in the tests is shown in figure 14. The 
need to incorporate large input capacitors (Cf=1500µF) to 
transfer the pulse energy from the input capacitors to the input 

of the converter is emphasized. 
 

 
Fig. 14. Prototype developed 
 

 
Fig. 15. Experimental results obtained with the converter shown in figure 11. 
The lower curve corresponds to the magnetic field at 5mm from the coil (Scale 
33V / T) 

 

 
Fig. 16. Experimental results obtained with the converter shown in figure 
11. The lower curve corresponds to the magnetic field at 1mm of the coil 
(Scale 12V / T) 
 
The behavior of the converter was tested using the time 

settings that provide a higher repetition frequency (100Hz, as 
indicated in table I), which resulted in the curves shown in 
figure 15. The lower trace shows the magnetic field reached at 
a distance of 5mm (in x-axis direction, perpendicular to the 
copper shielding) from the magnetic head, (Bx=30mT) with 
currents of 15A. For the measurement of this field, the sensor 
AD22151Y was used.  

In figure 16 the field sensor is placed at a distance of 
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approximately 1mm, obtaining a field amplitude Bx=330mT 
(peak to peak).  

We have selected a low intensity of magnetic induction (0.33 
T) to see if neurophysiological changes can be found, basing on 
lower intensities applied in rodents could promote a 
reorganization of abnormal circuits [32].  

IV. REPETITIVE TRANSCRANIAL MAGNETIC STIMULATION 

APPLICATION 

A total of 76 male young Wistar rats (200-250 g.) were used. 
All the animals were maintained under standard laboratory 
conditions (temperature: 20–22 ºC, relative humidity: 65–70%, 
light-dark cycle of 12 h: 08.00–20.00/20.00–08.00. The animals 
received ad libitum access to food and tap water. The 
procedures and manipulation of the animals used in this study 
were carried out according to the European Communities 
Council Directive (2010/63/UE) and the Spanish legislation on 
the care and use of animals for experimentation (RD 53/2013), 
and the study was approved by the Oviedo University 
committee for animal studies.  

 

 
 
Fig. 17. (A) Application of rTMS in a Wistar rat. The magnetic field is 

applied in direct contact with the skull, in the retrosplenial cortex. (B) 
Representative image of the stimulation applied in rodent brain. Blue area 
indicates retrosplenial cortex (figure extracted from Blue Brain Cell Atlas). (C) 
Sagittal view of rat brain. (D) Coronal view of the brain according to Paxinos 
and Watson׳s atlas. 

 
Prior to the conduct of the rTMS application, all animals 

were handled daily for 7 days in order to reduce the stress 
generated by the immobilization that the rTMS protocol 
requires. The rats were randomly assigned to five groups of 
different rTMS administration procedures and the protocol 
followed was the previously described by Zorzo et al., 2019 
[33]. Briefly, the stimulation coil was placed midline with 
interaural coordinates 5.04 mm and bregma -3.96 mm (Fig. 17) 
[34] at the height of the retrosplenial cortex (RSC). Before 
rTMS application, the skin of the animal’s head was shaved. 
The magnetic head of the rTMS apparatus made of 
nanocrystalline material (Vitroperm 500F) is smaller enough to 
be located upper part of the previously shaved animal’s head, 

in order to stimulate on the RSC (Fig. 17A). 
In all administrations, the stimulator output delivered 0.33 T 

peak to peak with 100 Hz frequency. However, the procedures 
differ between them in the number of trials applied and in days 
of rTMS administration. This results in different total pulses 
received per group.  Furthermore, groups were sacrificed 90 
minutes after the last day of rTMS application except for one 
group which was sacrificed 48 hours after the last rTMS 
application (Table 2). In the procedure in which we applied 5 
trials, the stimulated group received 5 minutes of trains of 100 
Hz lasting 30 seconds each, with 30-second intertrain intervals. 
In those groups in which we applied 10 trials, the stimulated 
group received 10 minutes of trains of 100 Hz lasting 30 
seconds each, with 30-second intertrain intervals. The total 
number of pulses delivered each minute was 3000. Each 
procedure was delivered in two groups: a group in which we 
applied transcranial magnetic stimulation (transcranial 
magnetic stimulated, TMS) and a control group (control, C). 
The C group was exposed to the same conditions as the 
experimental group, but without receiving real stimulation; for 
this purpose, a coil that does not emit stimulation was placed on 
the skull with the coordinates previously referred. The 
intervention was administered between 9:00 and 11:00 a.m. 
There were no signs of abnormal behaviour, pain or disconfort 
after rTMS application. 

 
TABLE II 

 EXPERIMENTAL DESIGN OF REPETITIVE TRANSCRANIAL MAGNETIC 

STIMULATION PROCEDURE 
Group Sample 

size 
Magnetic 
induction 

Frequency Days Trials Total 
pulses 

Sacrifice 

5T‐7D  TMS=8; 
C=8 

0.33 T  100 Hz  7  5  105000  90 min 

10T‐7D TMS=7;
C=7 

0.33 T 100 Hz 7  10  210000 90 min

10T‐3D TMS=7;
C=7 

0.33 T 100 Hz 3  10  90000 90 min

10T‐1D  TMS=8; 
C=8 

0.33 T  100 Hz  1  10  30000  90 min 

10T‐
1D+2 

TMS=8;
C=8 

0.33 T 100 Hz 1  10  30000 48 hours

 
The animals of 5T-7D, 10T-7D, 10T-3D and 10T-1D groups 

were euthanised 90 minutes after the end of the last stimulation 
session meanwhile 10T-1D+2 groups 48 hours after. Brains 
were removed and immediately frozen in isopentane (Sigma-
Aldrich, Germany) and stored at -40 °C to make coronal 
sections 30μm thick in a cryostat at -20 ° C (Leica CM1900, 
Germany). The sections obtained were mounted on non-
gelatinized slides for CCO histochemistry. The regions of 
interest were anatomically defined according to Paxinos and 
Watson׳s atlas [34].The regions studied were included in the 
bregma coordinates -3 mm to -5.52 for granular (RSG) and 
agranular retrosplenial cortex (RSA), -2.52 mm to -4.56 mm for 
the parietal cortex (PAR), -3 mm for CA1, CA3 and dentate 
gyrus (DG) subfields of the dorsal hippocampus and -4.56 mm 
for entorhinal (ENT) and perirhinal (PHR) cortices. Slides were 
processed with quantitative CCO based on González-Lima and 
Cada (1994) previous study [21]. The protocol was the recently 
explained by Banqueri et al. (2019) [35]. In brief, the sections 
and standards were incubated for 5 min in 0.1 phosphate buffer 
with 10% (w/v) sucrose and 0.5 (v/v) glutaraldehyde, pH 7.6. 
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After, 0.05MTris buffer, pH 7.6, with 275 mg/l cobalt chloride, 
sucrose, and 0.5 (v/v) dimethylsulfoxide, was applied for 10 
min. Then, sections and standards were incubated in a solution 
with 0.0075% cytochrome-c (w/v), 0.002% catalase (w/v), 5% 
sucrose (w/v), 0.25% dimethylsulfoxide (v/v), and 0.05% 
diaminobenzidine tetrahydrochloride (Sigma-Aldrich, Madrid, 
Spain), in 0.1 M phosphate buffer at 37°C for 1 h. The reaction 
was stopped by 4% (v/v) formalin. Finally, the slides were 
dehydrated, cleared with xylene, and, cover-slipped with 
Entellan (Merck, Germany). 

The quantification of CCO histochemical staining intensity 
was carried out by means of a densitometric analysis analyzing 
the images of the selected regions following the procedure 
described by Banqueri et al. (2019) [35]. For this purpose, a 
computer equipped with the specific analysis software MCID 
Core 7.0 (MCID, Interfocus Imaging Ltd., Linton, England) 
was employed.  The average optical density of each structure 
was measured on the right sides of the bilateral structures using 
three consecutive sections with four non-overlapped readings 
of each animal.  The values of the average optical density were 
transformed into units of CCO activity, determined by the 
enzymatic activity of the standards that were taken by 
spectrophotometry [21]. 

All data were analysed with the Sigma-Stat 12.5 program 
(Systat, Richmond, USA). A Shapiro-Wilk test was used to test 
the normality assumption (p>0.05). When data fit a normal 
distribution, a t-test for independent samples was used for the 
statistical comparison of CCO activity values. When the 
normality assumption failed, the Mann-Whitney U test was 
applied. The results were considered statistically significant if 
p<0.05. Finally, graphic representation of the results was 
performed with the SigmaPlot 12.5 software program (SPSS 
Inc. and IBM Company, USA). Data are expressed as mean ± 
SEM.  

V. RESULTS 

Figure 18 shows the mean CCO activity values measured in 
the 8 regions of interest of the different experimental protocols.  

Mean brain CCO activity 5T-7D 
The analysis of metabolic brain activity revealed no CCO 

activity differences between C and TMS group in PAR (t14= 
0.178, p=0.43), RSG (t14=-0.166, p=0.435), RSA (t14=-0.644, 
p=0.265), PHR (t13=0.837, p=0.209), ENT (t13=-0.118, 
p=0.472), CA1 (U=27, n1=7, n2=8, p=0.955), CA3 (t13=0.643, 
p=0.266) or DG (t13=1.465, p=0.0833) (Fig. 18 A).  

Mean brain CCO activity 10T-7D 
The analysis of metabolic brain activity revealed no CCO 

activity differences between C and TMS group in PAR (t12= -
0.566, p=0.291), RSG (t12= -0.449, p=0.331), RSA (t12= 0.393, 
p=0.351), PHR (t11=-0.515, p=0.308), ENT (t11=-0.472, 
p=0.323), CA1 (t12= 0.734, p=0.238), CA3 (t12=0.171, p=0.433) 
or DG (t12=-0.778, p=0.226) (Fig. 18 B). 

Mean brain CCO activity 10T-3D  
The analysis of metabolic brain activity revealed higher CCO 

activity in the TMS group than in the C group in PAR (t12= -
3.919, p<0.001), RSG (t12= -3.304, p<0.001), RSA (U=32, 
n1=7, n2=7, p=0.007) and CA1 (t12= -3.27, p<0.001) and CA3 

(t12= -1.931, p=0.0387). However, no group differences were 
found in PHR (t12= -0.26, p=0.399), ENT (t12=-0.256, p=0.401) 
or DG (t12= -0.204, p=0.421) (Fig. 18 C). 
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Fig 18. Cytochrome c oxidase activity values. Data represent mean ± SEM. 

(A) 5T-7D protocol. There were no significant differences in any brain region 
(p>0.05). (B) 10T-7D protocol. There were no significant differences in any 
brain region (p>0.05). (C). 10T-3D protocol. There were significant differences 
between control and stimulated animals in PAR, RSG, RSA, CA1 and CA3 
(*p<0.05). (D) 10T-1D protocol. There were significant differences between 
control and stimulated animals in PAR, RSG and RSA (*p<0.05). (E) 10T-
1D+2 protocol. There were significant differences between control and 
stimulated animals in PAR, PHR and ENT (*p<0.05). Abbreviations: parietal 
cortex (PAR),granular retrosplenial cortex (RSG), agranular retrosplenial 
cortex (RSA), perirhinal cortex (PHR), entorrinal cortex (ENT), dentate gyrus 
(DG).  

Mean brain CCO activity 10T-ID  
The analysis of metabolic brain activity revealed higher CCO 

activity in the TMS group than in the C group in PAR (t13= -
1,895, p=0.0402), RSG (t13= -4,030, p<0.001), and RSA (t13= -
4,088, p<0.001). However, no group differences were found in 
PHR (t12= -0.403, p=0.347), ENT (U=46, n1=7, n2=7, p= 0.456), 
CA1 (t12= 0.104, p=0.459), CA3 (t12= 0.537, p=0.301) or DG 
(t12= -1.472, p=0.0834) (Fig. 18 D). 

Mean brain CCO activity 10T-ID+2  
The analysis of metabolic brain activity revealed higher CCO 

activity in the TMS group than in the C group in PAR (t14= -
2.375, p=0.0162), PHR (t12= -3.213, p<0.001) and ENT (t12= -
2.841, p<0.001). However, no group differences were found in 
RSG (t13= -0.627, p=0.0638), RSA (t13=-0.934, p=0.118), CA1 
(t13= -1.480, p=0.0814), CA3 (t13= -0.812, p=0.216) or DG (t12= 
-1.285, p=0.111) (Fig. 18 E). 

VI. DISCUSSION 

The aim of the present study was to evaluate the potential 
differential effects of five rTMS protocols on the brain 
metabolic activity of healthy rats. In particular, we examined 
the impact of varying the dosage, determined by different days 
of stimulation and session trials and also, the time interval 
between rTMS stimulation and the study of brain metabolic 
activity. 

Figure 18 allows us to observe an enhancement of CCO 
activity in the groups that were stimulated during one and three 
days receiving both groups, 10 trials per day (black bars: control 
group; grey bars: stimulated groups). Consequently, animals of 
10T-1D and 10T-1D+2 groups were subjected to 30000 pulses 
meanwhile 10T-3D group, to 90000. However, we did not find 
changes in brain metabolic activity when we stimulated during 
7 days, when the total number of pulses delivered were higher 

than 90000, as found in 5T-7D and 10T-7D groups. In these 
cases, the total pulses administrated were 105000 for 5T-7D 
group and 210000 for 10T-7D group. 

Three days of rTMS stimulation (100 Hz; 10 trials; 90000 
pulses) leads to an enhancement of CCO activity in the cortical 
area in which we stimulated, that is, RSC (both granular and 
agranular) but also in another cortical area located near the 
stimulation focus –i.e– PAR. Moreover, we have found an 
enhancement of CCO activity in subcortical areas such as CA1 
and CA3 subfields of the hippocampus. These results could be 
explained by normal connectivity that takes place between 
different brain regions [36], so focal interventions such as 
rTMS do not have only effects on the stimulated brain area but 
may also affect activity in interconnected regions remote from 
the stimulation site [37]. Specifically, the RSC maintains 
connections with the hippocampal formation [38], a key 
structure for learning and memory [39] and also with PAR [40], 
a cortical region involved in a variety of cognitive processes 
[41]. 

However, with one day of stimulation (100 Hz; 10 trials; 
30000 pulses), we did not succeed in changing metabolic 
activity in subcortical structures, neither in 10T-1D group nor 
in 10T-1D+2. In particular, 10T-1D group showed an 
enhancement of CCO activity in RSC (both granular and 
agranular) and in PAR. These results suggest that the effects of 
rTMS in brain metabolism remain in cortical areas situated near 
the stimulation coil, maybe because only 100 minutes had 
elapsed (10 minutes of stimulation; 90 minutes until the 
euthanasia) between the beginning of the stimulation and the 
study of brain metabolic activity.  

Interestingly, when we applied the same protocol but studied 
the brain metabolic activity 48 hours later (10T-1D+2 group), 
we saw an increment of CCO activity in PAR, ENT and PHR. 
In this experiment, we did not find modifications in CCO 
activity in the target of stimulation, that is, RSC. Nonetheless, 
as ENT and PHR are cortical regions located distant to the 
stimulation focus, we suggest that the increment in CCO 
activity observed could be due to brain functional networks. 
RSC maintains strong reciprocal connections with the 
parahippocampal area, including this region, ENT and PHR 
[42], [43]. Achieving the activation of parahippocampal 
structures far for the stimulation focus thorough rTMS 
administration is interesting as lateral ENT and PHR represent 
a functional network relevant for cognition such as object 
recognition and processing contextual information [43]. In 
human studies, it is emphasized the necessity of studying long-
lasting effects following rTMS applications, as the possibility 
of inducing perdurable effects is critical for the translation into 
clinical applications [44].  

Finally, there are no differences in relation to controls when 
we increment the number of days of stimulation, and 
consequently, number of pulses administrated, neither in 5T-7D 
group (100 Hz; 5 trials; 105000 pulses) nor in 10T-7D group 
(100 Hz; 10 trials; 210000 pulses). Our results indicate that a 
higher number of pulses delivered (from 105000 to 210000) 
does not affect brain metabolism. At this point of prolonged 
administrations, the mitochondrial metabolic activation could 
present a counter-balance mechanism in order to normalize the 
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metabolic pathways in the cell. It could explain why some 
authors do not found neither a cumulative effect [45]  nor better 
treatment progress with higher number of pulses delivered [46]. 
Thus, we can suggest that a lower amount of pulses 
administered is recommended. 

An enhancement of CCO activity on groups stimulated 
during one and three days reveals an increment on the oxidation 
process of cytochrome c-oxidase enzyme, which can cause an 
increase in oxygen consumption of cells leading to higher 
metabolic capacity. It could translate into a benefit at the 
functional level [47]. It is extremely important to note that CCO 
histochemistry allow us to visualize metabolic active regions in 
a restricted time frame; therefore; network interactions due to 
rTMS stimulation may change over time. 

VII. CONCLUSION 

 In summary, we can suggest that the optimal rTMS protocol 
of all the procedures addressed in this study is 3 days of 
application (100 Hz; 10 sessions; 90000 pulses). With this 
protocol, we activate not only cortical zones but also inner 
structures that are essential in cognitive processes. It could be 
useful in order to modulate brain networks that could be altered 
in some experimental models [48] that aim to emulate clinical 
alterations in human population. In addition, we have proved 
that the rTMS effects of 1 day of stimulation (100 Hz; 10 
sessions; 30000 pulses) can endure up to 48 hours, leading to a 
brain metabolic activity enhancement in cortical regions distant 
to the stimulation focus, suggesting that rTMS effects have an 
impact into brain functional networks. The other goal of the 
present work is to design a power supply that generates a train 
of pulses that is configurable in terms of amplitude and 
frequency of repetition and that allows the previous set of 
experiments to be carried out. In order for this to be so, a 
magnetic head of small size has been designed to radiate 
specific areas of the head of a rat by using nanocrystalline 
material. Consequently, our work sums experimental evidence 
into the effectiveness of rTMS as a brain neuromodulation 
technique considering different stimulation parameters. We 
highlight that the parameters selected are able to influence 
rTMS modulatory effects in a different manner. Also, this 
technology still requires further study to identify which 
parameters influence the activation of neurons and how they do 
it.    
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