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Summary Repetitive transcranial magnetic stimulation (rTMS) is a novel technique of non-invasive brain stimulation
which has been used to treat several neuropsychiatric disorders such as major depressive disorder, chronic pain and
epilepsy. Recent studies have shown that the therapeutic effects of rTMS are associated with plastic changes in local
and distant neural networks. In fact, it has been suggested that rTMS induces long-term potentiation (LTP) and long-
term depression (LTD) – like effects. Besides the initial positive clinical results; the effects of rTMS are still mixed.
Therefore new tools to assess the effects of plasticity non-invasively might be useful to predict its therapeutic effects
and design novel therapeutic approaches using rTMS. In this paper we propose that brain-derived neurotrophic factor
(BDNF) might be such a tool. Brain-derived neurotrophic factor is a neurotrophin that plays a key role in neuronal
survival and synaptic strength, which has also been studied in several neuropsychiatric disorders. There is robust
evidence associating BDNF with the LTP/LTD processes, and indeed it has been proposed that BNDF might index an
increase or decrease of brain activity - the ‘yin and yang’ BDNF hypothesis. In this article, we review the initial studies
combining measurements of BDNF in rTMS clinical trials and discuss the results and potential usefulness of this
instrument in the field of rTMS.

�c 2008 Elsevier Ltd. All rights reserved.
Introduction

The field of neuromodulation has grown signifi-
cantly in the past decade. Recent developments
and studies in this field have increased our
understanding on the physiological effects of
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neuromodulation; but at the same time, several
questions have been raised. One neuromodulatory
tool that has been increasingly used is repetitive
transcranial magnetic stimulation (rTMS). We pro-
pose in this article that brain derived neurotro-
phic factor (BDNF) might be used to understand
and predict the effects of rTMS.

TMS is a novel non-invasive brain stimulation
therapy in which a strong magnetic field induces
rved.
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an electric current in a cortical focal brain area.
Because TMS can interrupt brain activity tran-
siently, it was initially used to induce ‘‘virtual brain
lesions’’, thus exploring the brain-behavior rela-
tionship [1]. Later on, it was found that if TMS is
applied repeatedly, it can change and modulate fo-
cal activity beyond the stimulation period [2].
Therefore, researchers started to explore its neu-
romodulatory effects in different neuropsychiatric
disorders such as major depression, Parkinson’s
disease, chronic pain, and epilepsy. However, as
stated by Ridding and Rothwell [3], rTMS produces
a mixture of excitatory and inhibitory effects and it
is still unknown how rTMS modifies brain activity
and induces long-term, therapeutic effects.

BDNF is a neurotrophin related to neuron sur-
vival, synaptic signaling and synaptic consolidation
[4]. The main breakthrough in this field was the
association of BDNF with brain plasticity; particu-
larly with the phenomenon of long term potentia-
tion and depression (LTP and LTD), which is a
property of hippocampus neurons to increase or de-
crease synaptic strength due to a remote, past
stimulus. Here an important difference between
mature and precursor BDNF (m- and proBDNF)
needs to be underscored. Mature BDNF plays a
key role in all stages of LTP, being implicated in
early and late LTP; also inducing dendritic and ax-
onal growth and de novo gene expression - for a de-
tailed review, see Bramhman and Messaoudi [5]. In
contrast, proBDNF, which has affinity to p75NTR

death receptors [6], is associated to LTD.
Based on these observations, Lu, Pang and Woo

[7] proposed the ‘yin and yang’ hypothesis for
proBDNF and mBDNF; in which mBDNF might be
associated with an increase in brain activity and
excitability and proBDNF might be associated with
an opposite effect: a decrease in brain activity
and excitability. Interestingly, both neuropeptides
(proBDNF and mBDNF) are in extracellular equilib-
rium; therefore, for instance, an excessive in-
crease in proBDNF might induce secondarily an
increase in mBDNF due to peptide cleavage; thus,
resulting in a homeostatic effect.

Therefore, mBDNF expression would be desir-
able in conditions in which an increase in cortical
activity is needed, such as major depression; and
proBDNF expression, on the other hand, would be
useful in conditions in which an inhibition of corti-
cal excitability is desirable, such as epilepsy.

Similarly, rTMS also induces opposite effects
according to the parameters of stimulation. For in-
stance, high frequency (HF) rTMS increases motor
cortical excitability and decreases cortical inhibi-
tion, and low frequency (LF) rTMS decreases motor
cortical excitability [8]. Although, this evidence is
supported by electrophysiological measurement
methods in healthy subjects; the understanding of
the mechanism of action of TMS in other conditions
or in other central nervous system (CNS) areas is
mainly empirical [3]. In addition, rTMS effects in
healthy subjects show a significant variability, such
as that up to 20% of subjects receiving LF rTMS have
an increase in cortical excitability and similar ef-
fects are seen for HF rTMS [9].

Given that rTMS appears to induce LTP and LTD-
like effects [3] and BDNF appears to be intimately
correlated with these effects [5] we propose to
use BDNF as a biological marker to quantify rTMS
effects. We further selected three rTMS clinical
models to use as a framework to test this ‘yin
and yang’ BDNF hypothesis model.
Clinical models

Major depressive disorder

Based on earlier neuroimaging studies suggesting a
left prefrontal lobe dysfunction [10,11]; research-
ers hypothesized that rTMS would be an ideal tool
to revert this dysfunction. Pascual-Leone et al.
[12] were the first to demonstrate in a randomized
clinical trial that HF rTMS of the left prefrontal cor-
tex is effective to ameliorate major depression.
Since then, several clinical studies have been de-
signed – initially with mixed results, probably
due to the heterogeneity of stimulation parame-
ters; though more recent studies with different
parameters have presented better results [13].

Recent BDNF studies showed that BDNF levels
are decreased in MDD subjects [14] and antidepres-
sant treatment leads to an increase in BDNF levels
[14]. Similarly, two clinical trials have demon-
strated an increase in BDNF levels following rTMS
therapy [15,16], whereas one clinical trial demon-
strated no significant increase in BDNF levels after
rTMS therapy [17]. Nonetheless, these studies were
limited by small samples, absence of a control
group and previous use of antidepressants in the
treatment group. Despite these limitations, these
results are in accordance with our hypothesis as
HF rTMS that is associated with an increase in cor-
tical excitability increased BDNF levels.

Another interesting, unexplored issue is the po-
tential difference between left and right hemi-
sphere activity in MDD. There are no definite
conclusions on this hypothesis, and, in fact, some
authors suggested a general prefrontal hypoactivity
in MDD [10,18]; however there are studies demon-
strating a differential left and right prefrontal acti-
vation [19], which seems to be reverted after
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treatment [20]. Thus, since excitability-diminishing
low frequency rTMS of the right dorsolateral pre-
frontal cortex also results in a significant improve-
ment of depression, some authors propose that an
initial inhibition in this area leads - via transcallosal
connections - to an increase in the activity in the
left DLPFC (according to the prefrontal hypoactivity
hypothesis); whereas other authors suggest that
pathological right DLFPC overactivation is an inde-
pendent feature of depressive disorder [19].

Since BDNF blood levels are lower in depressed
patients than in controls and are increased after
antidepressant treatment [14], BDNF increases
after low-frequency rTMS (that decreases cortical
excitability) might be explained by a secondarily
increase in left DLPFC activity – via transcallosal
connections; therefore the net result of LF rTMS
of right DLPFC might be an overall increase in cor-
tical activity, leading to an increase in BDNF levels.
In fact, Zanardini et al. [15] observed no differ-
ences in BDNF changes when patients were strati-
fied for high- and low-frequency rTMS.

Chronic pain

Chronic pain is a result from a complex mechanism
triggered by acute hyperalgesia and followed by
profound peripheral and central nervous system
(PNS and CNS) changes. In chronic pain, pain is usu-
ally not related to peripheral injury or inflamma-
tion. In this model, pain induces sensitization in
all levels of neuroaxis, but regional differences in
plastic changes are often observed. Thus, one must
consider that similar stimulation parameters can
induce different effects according to the targeted
area (e.g., primary motor cortex, sensori-motor
cortex, limbic system and spinal cord) and pain ori-
gin. For instance, LF rTMS of left and right second-
ary somatosensory cortex decreased pain in one
study, whereas LF rTMS of the primary motor cor-
tex worsened it in another [2]. Indeed these differ-
ential plastic changes have also been observed in
BDNF animal studies. Duric and McCarson [21]
showed that BDNF is down-regulated in hippocam-
pus of rats exposed to pain but up-regulated in
the spinal dorsal horn at the same time. Thus,
the main question for our model is whether the
overall brain activity is significantly increased or
decreased, since BDNF blood levels reflect the
net BDNF brain changes. Neuroimage and EEG stud-
ies in healthy subjects showed that experimental
pain induces hyperactivation of several brain areas,
including somatosensory areas, insula and superior,
middle and inferior frontal cortices [22,23].

Moreover, clinical studies that measured BDNF
blood or cerebrospinal fluid levels in chronic pain
conditions like fibromyalgia or migraine demon-
strated that BDNF levels in these conditions are
higher than in healthy controls [24,25]; pointing
out that although animal studies have shown BDNF
mRNA expression varies along the CNS, BDNF levels
in chronic pain are, on average, increased, showing
that BDNF levels might index the phenomenon of
sensitization. Therefore, in this framework, it
might be hypothesized that an effective rTMS
treatment for chronic pain is associated with a de-
crease in BDNF levels. At the same time; the base-
line levels of BNDF might be useful to detect
patients who would be responders to rTMS treat-
ment if this hypothesis is valid.

Epilepsy

Epileptogenesis is the pathologic transformation of
the central nervous system to a state characterized
by recurrent unprovoked seizures. Extensive animal
and limited human work shows that epileptogenesis
involves a potentially reversible increase in excit-
atory synaptic strength in the region of the seizure
focus. In several ways, the changes of epileptogene-
sis resemble those of LTP. Therefore, LF rTMS could
induce a lasting decrease in focal cortical excitabil-
ity, similarly as LTD. Thus, LF rTMS delivered over a
seizure focus may counter (or perhaps reverse) the
pathologic hyperexcitability in that area.

As previously stated, mBDNF relates to LTP and
proBDNF to LTD. Indeed Koyama and Ikegaya [26]
showed that mBDNF is overly expressed in temporal
lobe epilepsy, probably due to extensive and con-
tinuous hippocampus reorganization. In parallel,
it has been shown that excitability diminishing LF
rTMS that induces LTD-like phenomenon signifi-
cantly reduces seizures and decreases epileptiform
discharges [27]. Therefore it is conceivable to
hypothesize that an effective antiepileptic treat-
ment using rTMS might induce a decrease in BDNF
levels. Further studies should explore whether
BDNF blood levels can be used to monitor the anti-
epileptic effect of LF rTMS.
Final thoughts

We have chosen these clinical models because they
represent the advances and limitations of both rTMS
applications and BDNF findings. Major depression
appears to be the prototypical example of BDNF
down-regulation, in which rTMS probably acts by
inducing its expression. Chronic pain is a complex
framework model characterized by plastic changes
along the PNS and CNS, in which BDNF can be used
to measure the net effects of rTMS on this clinical
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condition which appears to be associated with over-
all increased central nervous system activity.
Repetitive TMS for epilepsy is still in its infancy,
as BDNF role in epileptogenesis. Nevertheless, mu-
tual research could lead to appealing results.

One major contemporary limitation of BDNF
application in rTMS field is that, currently, only
BDNF blood levels can be easily assessed, which
translate the overall BDNF net effect in the CNS.
Mapping BDNF expression along the CNS with nonin-
vasive techniques needs to be further explored.

The combination of repetitive TMS in the clinical
field and BDNF assessment seems to be promising.
BDNF expression is very dynamic, being up- and
down-regulated at the same time along the brain
and; hence, BNDF might provide insights not only
of the local but also of distant network effects
associated with the use of rTMS.
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