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Abstract: There are rapidly replicating human data suggesting the therapeutic and neurorestorative
role of repetitive transcranial magnetic stimulation (rTMS) in clinical depression. However there are
only limited experimental studies in the literature and the neurobiological mechanisms of the tech-
nique are still unclear. Studies have suggested that modulating of either excitatory or inhibitory neural
circuitry may be responsible for the mechanism of action of rTMS while it is still unclear whether
rTMS exerts a neuroprotective effect. In the light of these findings, we aimed to review the neuropro-
tective effect of rTMS in animal models of depression. We have shown that rTMS may exert signifi-
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cant neuroprotective effect through acting on the oxidative injury, stress hormones, dopamine and serotonin levels, Brain
Derived Neurotrophic Factor expression, neuroinflamation and hippocampal cell proliferation.
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1. INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) is a
unique technique giving us the opportunity to stimulate the
neurons noninvasively at frequencies between 1 and 50 Hz.
Depending on stimulation frequency [1, 2] repetitive TMS
can modulate neuronal activity. Low-frequency stimulation
induces a transient inhibition, or a decrease in activity, of the
cortex [1, 3] while stimulation at high frequencies may acti-
vate the cortical neuronal network [1, 4]. The underlying
cellular mechanisms behind such inhibition and excitation is
unclear. It has been hypothesized that reduced activity in
specific synapses [1, 3] or transient increase in the efficacy
of excitatory synapses [1, 5] may play an important role in
mediating rTMS effects. It has also been postulated that de-
pending on the orientation between the coil and underlying
neural tissue it is possible to selectively activate different
groups of neuronal networks that may secondary activate or
inhibit the cortex [1, 7]. Interestingly, it has been recently
shown that stimulation at high frequencies can also induce
neuronal plasticity through repeated and regular discharge of
synergic cells in a similar manner to the antidepressant effect
of serotonin reuptake inhibitors suggesting that rTMS may
exert its antidepressant effects partly by potentiating plastic-
ity in the cortex [1, 7, 8]. In contrast to rapidly increasing
human data suggesting the neurorestorative effect of rTMS
[9], there are only restricted animal studies in the literature
[46-66, 68-76]. These studies have demonstrated that rTMS
may induce the stimulation of both anti-apoptotic and neu-
roadaptive pathways that increase the neurotrophic
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factors and up-regulate the antioxidant, antiexitotoxic and
anti-inflammatory activity. One possible explanation for the
discrepancy between the human and animal studies could be
technical difficulties by delivering the stimulation to the
large regions of the brain of a small animal and related large
artifacts generated on the recording electrodes that makes the
electrophysiological data to focal cortical stimulation in hu-
mans irrelevant [10, 11]. This lack of animal data restricts
not only our understanding of underlying molecular mecha-
nisms of the neuroprotective effect but also provides a lim-
ited animal safety data that prompted us to review the ex-
perimental data on Major Depressive Disorder (MDD).

2. THE ROLE OF NEUROINFLAMATION, OXIDA-
TIVE INJURY, AND BRAIN DERIVED NEUROTRO-
PHIC FACTOR (BDNF), IN THE PATHOGENESIS OF
DEPRESSION

Major Depressive Disorder (MDD) is a common disorder
and a significant cause of disability in the world. This find-
ing was suggested by a very recent research, showing that
depression has been found to be the major cause of disability
worldwide [12]. It has been recently revealed that MDD
worsens the outcome of dementia and also contributes to the
death from cardiovascular disease and stroke which are char-
acterized by significant oxidative injury and inflammation
[13, 14]. These findings suggest that the underlying patho-
physiological feature of depression may be responsible for
the worsening of the prognosis of conditions that are also
characterized by inflammation. It is well known that depres-
sion is associated with chronic, low-grade inflammatory re-
sponse and related activation of cell-mediated immunity
[15]. This hypothesis is supported by various studies demon-
strating that stress and depression lead to a reduction of the
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Fig. (1). The underlying mechanisms of the neuroprotective effect of rTMS.

hippocampal volumes which is correlated with a significant
neuro-inflammatory response [16-20]. Moreover, in addition
to the disturbance of neurotrophic mechanism(s) and im-
paired levels of glucocorticoid and excitatory neurotransmit-
ters, it has been also shown that the neuroinflammation re-
lated oxidative injury may play a significant role by cell
death mechanisms of depression [16, 17, 21, 22, 23]. Recent
stress-associated, experimental depression studies have
shown that depression is associated with an impairment of
the total antioxidant defense mechanisms involving in-
creased levels of oxidative injury and altered concentrations
of various endogenous antioxidant compounds [24-29] that
is in common with the pathogenesis of various neurodegen-
erative disorders [30, 32]. This finding was suggested by
previous studies demonstrating the role of oxidative stress in
combination with the pro-inflammatory mechanisms by the
development of depression, bipolar disorder, and schizo-
phrenia [30-33]. These findings are in line with a recent
study confirming that in experimental olfactory bulbectomy
model of depression, the oxidant activity was significantly
decreased after the administration of chronic desipramine
and lithium treatment [75]. In accordance with this, recent
animal studies have demonstrated that chronic mild stress
resulted in reduced total antioxidant and peroxidase activity
that was reversed by lamotrigine, aripiprazole, and escitalo-
pram administration [34]. Furthermore, human studies re-
vealing that MDD is associated with an increased activity of
inflammation, may suggest a common therapeutic role of
both antidepressants and anti-inflammatory medications [35,
36]. BDNF is one of the most interesting neurotrophic fac-
tors with its antidepressant, anti-inflammatory and neuropro-
tective effect [20,37-44,76]. Recent studies have shown that
central administration of BDNF is associated with the en-
hancement of the SHT1A receptor gene expression and also
produces antidepressant effect in animal models of depres-
sion [37, 77, 78]. This is suggested by Monteggia et al. [41]
showing that the BDNF knockout mice showed depression-
like neurobehavioral deficits that indicated to the role of
BDNF in the pathogenesis of depression. However, it has
also been shown that BDNF may inhibit neuronal cell death
cascades in various brain insults that are mediated through

its ability to increase antioxidative enzyme activities and
local anti-inflammatory cytokine levels [42-44]. These find-
ings together might open up a new multimodal therapeutic
window enabling development of specific pharmacological
ligands or exogenously applied techniques to induce poten-
tial endogenous antidepressant and neuroprotective pathways
in depressive disorder.

3. THE ROLE OF RTMS IN DEPRESSION

There are rapidly replicating evidence showing the de-
generative nature of many psychiatric disorders (i.e., depres-
sion and schizophrenia) which have lead to an overwhelming
progress in basic neuroscience research. However, despite
these achievements, treatment opportunities for many psy-
chiatric disorders (i.e., bipolar disorder, depression, and
anxiety disorder) are still very limited. Therefore, research
focused not only on the development of novel neuropharma-
cological candidates but also on the complementary strate-
gies that are causally interacting in brain disease pathophysi-
ology and have the potential to enhance neuroprotection in
combination with conventional therapeutic approaches.
Transcranial magnetic stimulation (TMS) has been shown to
be an effective treatment option in the treatment MDD. Re-
cent evidence from meta-analyses suggests that rTMS has a
comparable effect with ECT and antidepressant medication
in MDD [45]. In the light of these findings, to understand the
underlying pathophysiological mechanisms of rTMS in de-
pression, we analyzed and critically reviewed the existing
experimental data in animals with depression. Despite lim-
ited neuroprotection studies of TMS in animal models of
depression, rTMS is an interesting therapeutic option for
depression not only with its well defined antidepressant and
anxiolytic properties [52-60, 68-73], but also with its effect
on the brain regions which are playing a significant role in
the pathogenesis of depression.

3.1. The Neuroprotective Role of rTMS in Depression

Keck et al. have shown using intracerebral microdialysis
that acute rTMS significantly increased the release of dopa-
mine (DA) and its metabolites on the intrahippocampal, in-
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traaccumbal and intrastriatal regions in rats which provided
the first data that acute rTMS has a modulatory effect on the
dopaminergic systems [61]. This suggested that the augmen-
tation in dopaminergic neurotransmission might be associ-
ated with the beneficial effects of rTMS in the treatment of
major depression. These findings were suggested by two
other studies showing that acute repetitive transcranial mag-
netic stimulation raised the monoaminergic outflow and re-
established the dysregulated DA secretion during withdrawal
in morphine-sensitized male rats supporting the therapeutic
role rTMS in the treatment of drug withdrawal symptoms (i.e
sadness and loss of interest symptoms) in humans [62, 63].
Furthermore, a very recent study has shown that subacute
administration of rTMS reduced beta-adrenergic receptor
binding in cortex, which was in common with electroconvul-
sive shock (ECS) and other antidepressant treatments that
could be interesting in the light of some previous findings
showing that the modulation of beta-adrenergic receptors
may exert in-vivo neuroprotective effect in focal cerebral
ischemia model [64, 65]. Suggesting the neuroprotective
effect of rTMS, Miiller e al. recently evaluated the long-
term effects of rTMS on the expression of brain-derived neu-
rotrophic factor (BDNF), in the rat brain [66]. Interestingly,
they have revealed that the BDNF mRNA levels were sig-
nificantly increased after the application of rTMS. These
findings were similar with the clinical results of antidepres-
sant drug treatment and electroconvulsive therapy, suggest-
ing the existence of a common molecular mechanism of
rTMS and different antidepressant treatment strategies
[39,40]. In the light of previous findings showing the neuro-
protective effect of BDNF in various experimental models as
well as recent studies suggesting the antidepressant effect of
BDNF [67], these results together suggest that BDNF may
play a significant role by mediating the neuroprotective ef-
fects of rTMS. In agreement with this, a very recent study
showed that chronic application of rTMS improved the
andehonic-like behavior, hippocampal cell proliferation, and
BDNF protein level, which lasted even a short period after
the discontinuation of rTMS treatment indicating to a strong
link between the application of high frequency rTMS and the
adaptive neuroplasticity [68].

It is widely known that augmentation in stress hormone
levels secondary to the exposure of chronic psychosocial
stress may lead to the inhibition of the hippocampal neuronal
cell survival [18,68]. In this respect, repetitive transcranial
magnetic stimulation might be an interesting neuroprotective
candidate for the treatment of depression with its effect on
the elevation of stress-induced hormones [69,70] and related
neurobehavioral outcomes. Keck et al have recently shown
in animals that daily rTMS-treatment of frontal brain regions
may strengthen the stress-related coping strategy that was
associated with decreased plasma cortisol levels showing
parallel therapeutic effects with the antidepressant drugs on
the attenuated neuroendocrine response [69]. This was sug-
gested by another animal study of the same group comparing
the effect of the repetitive transcranial magnetic stimulation
on the anxiety-related swimming behavior in rats. They
showed by their interesting study that repetitive transcranial
magnetic stimulation improved stress-coping abilities in
high-anxiety animals that was associated with decreased
elevation of plasma cortisol concentrations secondary to
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stress [71]. These findings were replicated by Czeh et al.
showing that simultaneous application of daily psychosocial
stress and repetitive transcranial magnetic stimulation treat-
ment normalized the elevation of stress hormones via the
stabilization of the neuroendocrine axis [70]. In contrast to
other studies revealing the beneficial effects of repetitive
transcranial magnetic stimulation on the neurogenesis of the
hippocampal region [70,73,74], present study demonstrated
only a mild effect of rTMS on the reduction of neuronal sur-
vival. Moreover, a very recent study by Wang et al. using
neurobehavioural tests has evaluated the effect of rTMS on
the expression of hippocampal pro and anti-apoptotic protein
levels as well as the number of bromodeoxyuridine (BrdU)-
positive cells after the exposure of chronic stress [72]. They
showed interestingly that the chronic stress-induced impair-
ment in behavioral parameters was associated with impaired
expression of BDNF and Bcl-2 (B-cell lymphoma protein -
2)/Bax protein levels that was correlated with decreased cell
proliferation. However by evaluating the underlying mecha-
nism of the neuroprotective action of rTMS they applied
selective CB1 receptor (cannabinoid receptor-1) antagonist
that abolished the beneficial effects of rTMS on all neurobe-
havioural and histological outcomes. This suggested that
rTMS may exert its neuroprotective effect via the CB1 re-
ceptors against chronic unpredictable mild stress (CUMS)-
induced changes. This neuroprotective effect was confirmed
recently by Tasset er al. who demonstrated that rTMS
showed a significant effect on oxidative injury by a depres-
sion model in rats [75]. Suggesting the oxidative stress hy-
pothesis of depression, they showed that the production of
caspase-3 and lipid peroxidation products was reverted to-
wards normality after the treatment of TMS.

4. CONCLUSION

As a conclusion, rTMS is an interesting therapeutic op-
tion for MDD not only with its well- known antidepressant
effect, but also with the neuroprotective effect that has been
shown by various animal models of depression. Further stud-
ies evaluating the functional and metabolic correlates of
rTMS (i.e., Functional magnetic resonance imaging, FDG-
PET) combined with the neurohistological analysis can give
us the opportunity to evaluate long-term clinical neuropro-
tective effects of repetitive transcranial magnetic stimulation
in the field of neuropsychiatry research. Moreover, besides
their well-known improving effect on clinical symptomatol-
ogy in depression, these preclinical findings provide strong
evidences that might open up a new clinical neuroprotective
perspective in neurodegenerative diseases based on neuro-
modulation.
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