
Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

5

Workshop
New prospects of transcranial electrical stimulation (tES): 

from bench to bed side
12 November 2010

IRCCS Centro San Giovanni di Dio Fatebenefratelli - Brescia, Italy
Supported by: James S. McDonnell Foundation

8
November 2010

http://www.ledonline.it/NeuropsychologicalTrends/


Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

6

Abstracts 11 

Short Papers 000 

Carlo Miniussi - Maria Concetta Pellicciari - Paolo Maria Rossini 
New prospects of transcranial electrical stimulation (tES): 31 
from bench to bed side 
Walter Paulus 
Transcranial electrical stimulation: basic aspects 36 
Letizia Leocani 
Application of transcranial direct current stimulation (tDCS) 41 
in animal models 
Federico Ranieri - Fabio Pilato - Paolo Profice 
Fioravante Capone - Vincenzo Di Lazzaro 
Transcranial direct current stimulation: animal models 45 
and epidural recordings 
Luisella Bocchio-Chiavetto 
Molecular correlates of brain stimulations: focus on tDCS 50 
Nadia Bolognini - Giuseppe Vallar - Luigi Tesio - Felipe Fregni 
Using tDCS to increase the effect of motor therapies 53 
Maria Cotelli - Rosa Manenti - Sandra Rosini 
Michela Brambilla - Orazio Zanetti - Carlo Miniussi 
Brain stimulation in Alzheimer disease 57 
Adelio Lucca - Alessia Malaguti - David Rossini 
Raffaella Zanardi - Giulia Paredi - Fausto Panigada 
Adele Pirovano - Cristina Colombo - Enrico Smeraldi 
Transcranial direct current stimulation (t-DCS) 61 
in neuropsychiatric disorders 
Filippo Cogiamanian - Roberta Ferrucci - Alberto Priori 
New sites for non-invasive DC-stimulation 65 
of the central nervous system 
Vincenzo Rizzo - Giovanna Liotta - Luciana Ricciardi 
Francesca Morgante - Domenica Crupi - Roberta Allegra 
Corrado Messina - Paolo Girlanda - Angelo Quartarone 
Bi-directional enduring changes of cortical plasticity 69 
induced by a novel paired stimulation protocol 

Workshop - New prospects of transcranial electrical stimulation (tES)



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

7

Franca Tecchio - Filippo Zappasodi - Giovanni Assenza
Mario Tombini - Stefano Vollaro - Giulia Barbati - Paolo Maria Rossini
Procedural consolidation enhanced by anodal transcranial 72
direct current stimulation
Giuseppe Giglia - Paola Mattaliano - Angela Puma
Silvia Rizzo - Brigida Fierro - Filippo Brighina
Neglect-like effects induced by bilateral tDCS modulation 75
of posterior parietal cortices in healthy subjects
Simone Rossi - Matteo Feurra - Giovanni Bianco
Emiliano Santarnecchi - Massimiliano Del Testa - Alessandro Rossi
Frequency-dependent tuning of human motor system induced 79
by transcranial oscillatory potentials 
Debora Brignani - Maria Concetta Pellicciari - Carlo Miniussi
Effects of transcranial direct current stimulation 81
on electroencephalographic activity
Paolo Maria Rossini - Giovanni Assenza
Future prospects of transcranial electrical stimulation (tES) 84
Marco Cambiaghi - Letizia Leocani
Electrophysiological effects of transcranial direct current 87
stimulation (tDCS) in the visual system: evidence from a mice study
Elena Olgiati - Nadia Bolognini - Angela Rossetti - Angelo Maravita
Modulating crossmodal spatial orienting by non-invasive 91
brain stimulation
Michela Balconi - Davide Crivelli - Adriana Bortolotti
Detection of facial expression of emotion and self-report measures 95
in empathic situations are influenced by ACC inhibition:
rTMS evidences
Michela Balconi - Chiara Ferrari - Simona Amenta
Dorsolateral prefrontal cortex involvement 100
in recognition memory. A rTMS study on stress-related words
Marco Sandrini - Anna Fertonani - Carlo Miniussi
A transcranical direct current stimulation study
on working memory 104
Lara Bardi - Ryota Kanai - Vincent Walsh
Parietal asymmetry in local/global and salience-based selection: 107
a tDCS study

Workshop - New prospects of transcranial electrical stimulation (tES)



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

8

Workshop
New prospects of transcranial electrical stimulation (tES): 

from bench to bed side

Introduction Marco Fabello 
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia. 
 Giovanni De Girolamo
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia. 
 Carlo Miniussi 
 Dipartimento di Scienze Biomediche e Biotecnologie, Università di 

Brescia; 
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia.
Chairperson  Massimo Cincotta 
 Ospedale San Giovanni di Dio, Azienda Sanitaria di Firenze.
9.00-10.00 Transcranial electrical stimulation: basic aspects 
 Walter Paulus
 Department of Clinical Neurophysiology, University of Göttingen, 

Germany.
10.00-10.25 Application of transcranial direct current stimulation (tDCS) in animal 

models 
 Letizia Leocani
 Dipartimento Neurologico, Istituto di Neurologia Sperimentale;
 INSPE-IRCCS Ospedale San Raffaele, Milano.
10.25-10.50 Transcranial direct current stimulation: animal models and epidural 

recordings
 Vincenzo Di Lazzaro
 Istituto di Neurologia, Università Cattolica, Roma.
10.50-11.10 Molecular correlates of brain stimulations: focus on tDCS 
 Luisella Bocchio-Chiavetto 
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia.
11.30-11.55 Using tDCS to increase the effect of motor therapies 
 Nadia Bolognini
 Dipartimento di Psicologia, Università degli Studi di Milano-Bi coc   ca; 
 Laboratorio di Neuropsicologia, IRCCS Istituto Auxologico Italiano, 

Milano.
11.55-12.20 Brain stimulation in Alzheimer disease 
 Maria Cotelli
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia.



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

9

Workshop - New prospects of transcranial electrical stimulation (tES)

12.20-12.45 Transcranial direct current stimulation (tDCS) in neuro psy chiatric dis-
orders 

 Adelio Lucca
 Centro Disturbi dell’Umore, IRCCS Ospedale San Raffaele, Mi  lano.
Chairperson Giuseppe Vallar 
 Dipartimento di Psicologia, Università degli Studi di Milano-Bi  cocca; 
 Laboratorio di Neuropsicologia, IRCCS Istituto Auxologico Ita liano, 

Milano.
14.15-14.40 New Sites for Non-Invasive DC-Stimulation of the Central Nervous System 
 Alberto Priori
 Dipartimento di Scienze Neurologiche, Università di Milano, Centro 

Clinico per la Neurostimolazione; 
 IRCCS Ca’ Granda-Ospedale Maggiore Policlinico, Milano.
14.40-15.05 Bi-directional enduring changes of cortical plasticity induced by a novel 

paired stimulation protocol 
 Angelo Quartarone
 Dipartimento di Neuroscienze, Scienze Psichiatriche e Anestesiologi-

che, Università di Messina.
15.05-15.30 Procedural consolidation enhanced by Anodal transcranial direct current 

stimulation
 Franca Tecchio
 LET’S-ISTC-CNR, Dipartimento di Neuroscienze, Giovan ni Ca  li-

bi ta, Isola Tiberina, Roma.
15.40-16.05 Neglect-like effects induced by bilateral tDCS modulation of posterior 

parietal cortices in healthy subjects 
 Filippo Brighina
 Dipartimento di Biomedicina sperimentale e Neuroscienze Clini che, 

Università di Palermo.
16.05-16.30 Frequency-dependent tuning of human motor system induced by transcra-

nial oscillatory potentials 
 Simone Rossi
 Dipartimento di Neuroscienze, Sezione Neurologia, Neurofisiologia 

Clinica, Policlinico Le Scotte, Università di Siena.
16.30-16.50 Effects of transcranial direct current stimulation on electroencephalo-

graphic activity 
 Debora Brignani
 IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia.
16.50-17.20 Future prospects of transcranial electrical stimulation 
 Paolo Maria Rossini
 Clinica Neurologica, Università Campus Biomedico;
 AFaR Dipartimento di Neuroscienze, San Giovanni Calibita, Isola 

Tiberina, Roma.





SHORT PAPERS





Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

31

New prospects 
of transcranial electrical stimulation (tES): 
from bench to bed side

Carlo Miniussi 
1, 2 - Maria Concetta Pellicciari 

1 
Paolo Maria Rossini 

3, 4

1 Cognitive Neuroscience Section, IRCCS San Giovanni di Dio Fatebenefratelli, Brescia, 
Italy

2 Department of Biomedical Sciences and Biotechnologies,
National Institute of Neuroscience, University of Brescia, Italy

3 IRCCS San Raffaele - Pisana and Casa di Cura San Raffaele - Cassino, Roma, Italy
4 Neurology, University Campus Biomedico of Roma, Italy

carlo.miniussi@cognitiveneuroscience.it

Keywords: transcranial Electrical Stimulation; tES; transcranial Direct Cur-
rent Stimulation; tDCS; Non-invasive brain stimulation

Over the last decade, the field of neuroscience has experienced the introduc-
tion and rapid development of non-invasive brain stimulation techniques. 
These techniques include transcranial magnetic stimulation (TMS) (Rossi et 
al., 2009) and transcranial electrical stimulation (tES) (Nitsche et al., 2008), 
which interact non-invasively with spontaneous brain activity and, by impli-
cation, with related sensory-motor and higher order cognitive behavior. The 
establishment of non-invasive brain stimulation techniques to evaluation the 
underling functional mechanisms of the central nervous system constitutes 
a significant breakthrough in basic as well as in clinical neuroscience. The 
principal aim of this workshop is to meet and discuss the new knowledge 
gathered about these innovative approaches. Specifically the discussion will 
be focused on the potential role of tES in different fields from animal studies 
to clinical application in psychiatry and neurological rehabilitation.

The recently revived technique of tES (Nitsche & Paulus, 2000; Priori, 
2003) involves the application of weak electrical currents (~1-2 mA) directly 
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to the head for several minutes (~5-30 minutes). The stimulation is delivered 
by a battery-driven current stimulator through a pair of electrodes. These cur-
rents generate an electrical field that modulates neuronal activity according 
to the modality of the application, which can be direct (transcranial Direct 
Current Stimulation, tDCS), random noise (transcranial Random Noise 
Stimulation, tRNS) or alternating (transcranial Alternating Current Stimula-
tion, tACS). Neurons respond to tDCS by altering their firing rates. Several 
studies using animal models (Bindman et al., 1964; Creutzfeldt et al., 1962) 
suggest that cathodal tDCS reduces spontaneous neuronal firing rates, while 
anodal tDCS has the opposite effect. Firing increases when the positive pole 
(anode) is located near the cell body or dendrites and decreases when the field 
is reversed. Accordingly, similar neurophysiological effects have been observed 
(e.g., Nitsche et al., 2008). Cathodal polarisation over the motor cortex can 
induce robust motor cortex excitability reductions, while anodal polarisa-
tion increases motor cortex excitability (Nitsche & Paulus, 2000). tRNS has 
been used in only one study (Terney et al., 2008). In contrast to tDCS, it 
has no constraints of current flow direction sensitivity. Terney et al. (2008) 
reported that tRNS improved performance in implicit motor learning tasks 
and increased motor cortex excitability for many minutes post-stimulation. 
Therefore, tRNS, like tDCS, can change cortex excitability by inducing depo-
larisation. Finally it is possible to deliver an oscillatory current to the cortex 
in a frequency-specific fashion to induce entrainment using tACS (Kanai et 
al., 2008). In this respect, tACS may serve as an instrument for interacting 
with ongoing cortical oscillations and induce entrainment (Thut & Miniussi, 
2009) and thereby contribute to a better understanding of cortical rhythms. 

Importantly, tES effects have been shown to outlast the stimulation 
period itself, and mechanisms of synaptic long term potentiation/depression 
(LTP/LTD) have been suggested to account for these modifications. Using 
tDCS behavioural facilitatory effects have been highlighted in healthy sub-
jects with regard to implicit motor learning (Nitsche et al., 2003), work-
ing memory (Fregni et al., 2005; Ohn et al., 2008), perception (Antal et 
al., 2004) and language (Fertonani et al., 2009; Iyer et al., 2005; Sparing 
et al., 2008). Recently it has also been shown that a single tDCS session 
can ameliorate visuospatial attention deficits in stroke patients suffering from 
neglect (Sparing et al., 2009), naming abilities in vascular aphasia (Monti et 
al., 2008), and recognition memory in Alzheimer’s disease (Ferrucci et al., 
2008), motor functions (Williams et al., 2009), in depression (Fregni et al., 
2006; Boggio et al., 2008a; Rigonatti et al., 2008), alcohol craving (Boggio 
et al., 2008b) and many others pathologies (Nitsche et al., 2008).

The facilitatory function highlighted in healthy subjects and patients 
may be very important for the use of tDCS in cognitive neuroscience, not 
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only in establishing the role of the stimulated area, but also to enhance 
reduced function in cognitive neurorehabilitation. Given these premises, 
there is currently a growing interest in applying tES not only to study the 
basic aspects of the central nervous system but also as an alternative thera-
peutic approach of different pathologies to ameliorate psychiatric, motor, 
perceptual, behavioral and cognitive deficits in many type of patients. 

Moreover the combination of brain stimulation with other approach 
of brain imaging, tDCS-electroencephalography or tDCS and functional 
Magnetic Resonance co-registration, has potential to be of great value for 
understanding human brain function. It provides real time information 
about the state of the cortex activity, its functional connectivity, and how 
brain stimulation modifies such activity and connectivity. Moreover study on 
animals and humans, about neurophysiological, biochemical and genomic 
aspects might be very useful to understand influences of brain stimulation 
on the central nervous system. Work in this area might provide new insights 
into the neurobiological mechanism underlying neuroplasticity (Fritsch et 
al., 2010) and lead to the identification of molecular profiles useful for the 
personalisation of future clinical applications.

The use of tES provides an important opportunity to gain insight into 
the mechanisms underling the central nervous system and the possibility 
of non-invasively interacting with brain functions and its plasticity mecha-
nisms. The aim of this workshop is to cover the basic topics that could be 
useful when using tES in the basic but also clinical neuroscience fields. 
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Weak transcranial electric stimulation of the brain at intensities of around 
1 mA allows inducing plastic effects in the cortex. Transcranial direct current 
stimulation (tDCS) polarizes the membrane potential of neurons, it is how-
ever insufficient on its own to discharge them. Prolonged application can 
cause after effects on the excitability of neurons and networks that outlast the 
stimulus by minutes or even hours. Transcranial random noise stimulation 
(tRNS) is a highly effective method of increasing the reliability and avoid-
ing directional sensitivity of standard tDCS; sinusoidally varying transcranial 
stimulation (transcranial alternating current stimulation: tACS) may even be 
able to interact with ongoing rhythms in the cortex.

tDCS. As soon as after effects of direct current application were measured 
by transcranial magnetic stimulation tDCS became a reliable tool (Nitsche 
& Paulus, 2000) (Overview in: Nitsche et al., 2008). If the anode is placed 
above the motor cortex transcranial magnetic stimulation will result in a larger 
motor evoked potential (MEP). If the cathode is placed at the motor cortex 
MEP size will be reduced. Originally it seemed to be evident that the longer 
the stimulation lasts the longer the after effects will last. Most recent data 
however have shown that there is an upper limit for continuous anodal tDCS. 
The application of 26 min of continuous anodal tDCS finally resulted in 
inhibition (Monte-Silva et al., in press). When applying cathodal tDCS con-
tinuously for 18 min after effects did not switch into excitation, however they 
were not as impressively prolonged as with increments in time with shorter 
durations (Monte-Silva et al., 2010a) We expect a similar switch with even 
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longer cathodal tDCS since recently we obtained other evidence for reversal 
of theta burst after defects with prolonged duration (Gamboa et al., 2010). 
An advantage compared to rTMS studies seems to be the robustness against 
BDNF polymorphisms (Antal et al., 2010) which in theta burst stimulation 
seems to impede plasticity in the Met allele carriers (Cheeran et al., 2008).

Pharmacological interaction with tDCS is most interesting. One of the 
most impressive effects is the application of 100 mg L-Dopa. Anodal after 
effects are converted into inhibition, and both anodal (now inhibitory) and 
cathodal inhibitory after effects are prolonged by a factor of about 30 until 
next evening. As a control we added a paired associative stimulation pro-
tocol (Kuo et al., 2008) which showed a similarly impressive prolongation 
of excitatory after effects. Here we argued that synapse specific plasticity as 
induced by PAS is boosted by this dose of L-dopa whereas synapse-unspecific 
plasticity as induced by tDCS is suppressed. This effect however holds only 
true for the 100 mg dose, with 25 and 200 mg effects are much less impres-
sive (Monte-Silva et al., 2010b). Other drugs of relevance for boosting tDCS 
after effects are rivastigmine increasing acetylcholine content of the CNS 
providing similar results as 100 mg L-Dopa (Kuo et al., 2007) and the serot-
onin reuptake inhibitor Citalopram which converts cathodal inhibitory after 
effects into excitation and prolongs standard tDCS after effects into the 24 
hours range (Nitsche et al., 2009). 

tRNS. A principal advantage of alternating current is the loss of current 
flow direction sensitivity present in tDCS. For screening of most efficient 
frequencies we used tRNS (Terney et al., 2008). tRNS induces a consistent 
excitability increases lasting at least 60 min after 10 min stimulation dura-
tion through both physiological measures and behavioural tasks (Terney et 
al., 2008). Unexpectedly higher frequencies (100-640 Hz) were responsible 
for generating this excitability increase. During tRNS and finger tapping, 
a reduction of the Bold response in the motor cortex can be seen in the 
fMRI (Chaieb et al., 2009). While tRNS appears to possess at least the same 
therapeutic potential as anodal tDCS it is even easier to blind than tDCS 
(Ambrus et al., 2010).

tACS. In contrast to tRNS, tACS applies only a single frequency during 
electric stimulation. Initial results (Antal et al., 2008) were confined to an 
improvement of motor learning, which was only seen with 10 Hz, a fre-
quency imminent in the motor cortex (Castro-Alamancos et al., 2007). Since 
the intensity was limited to 400 µA in order to avoid retinal phosphenes with 
higher amplitudes (Antal et al., 2008) the results are not directly comparable 
with the tDCS effects having been obtained at 1 mA (Nitsche et al., 2003).

Stimulation of the visual cortex at Oz with a reference at Cz seemed to 
be able to elicit directly cortical phosphenes in a frequency dependent way, 
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with a peak slightly lower in darkness than in brightness (Kanai et al., 2008). 
These results were challenged by arguing that even remote electrodes may be 
able to stimulate the retina by far field potentials (Schutter & Hortensius, 
2009; Schwiedrzik, 2009). Separation of retinal and cortical phosphenes is 
not easy (Paulus, 2010). tACS at the visual cortex influences TMS induced 
phosphenes (Kanai et al., 2010). tACS seems to be able to open a new era 
of directly interfering with cortical rhythms and is expected to synchronize 
actively cortical rhythms. Recently tACS in a frequency range of 140 Hz, 
so-called ripple frequency, was shown to be able to increase excitability in a 
similar way than anodal tDCS (Moliadze et al., 2010). Thus it appears as if 
the higher frequency tRNS effects are carried by interference with cortical 
ripple frequency oscillations.
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In the last few years, transcranial direct current stimulation (tDCS) has 
become one of the most appealing non-invasive neuromodulatory tech-
niques (Priori, 2003; Priori et al., 1998) and it has been widely used for 
both modulation of cortical excitability (Antal et al., 2004; Nitsche et al., 
2003; Nitsche & Paulus, 2000) and for the treatment of neurological dis-
eases such as depression (Murphy et al., 2009), stroke (Boggio et al., 2007), 
Alzheimer (Ferrucci et al., 2008) or Parkinson (Wu et al., 2008). The direc-
tion of the modulation depends on stimulation polarity; anodal stimulation 
increases cortical stimulation, while cathodal reduces it (Nitsche & Paulus, 
2000; Nitsche et al., 2005). However, despite the increasing clinical use, 
the underlying mechanism of action of tDCS remains poorly understood; 
human pharmacological studies suggest that long-lasting effects depend on 
modulation of NMDA receptor activity, while shorter effects may be due 
to neuronal membrane polarization (Nitsche et al., 2003). Early studies in 
animal, although quite invasive, have shown that anodal DC stimulation 
produces neuronal membrane depolarization that is associated with an 
increase in spontaneous spiking while cathodal stimulation results in oppo-
site effects (Bindman et al., 1964; Creutzfeldt et al., 1962). In addition, in 
rats, the importance of protein synthesis and synaptic modification for DCS 
after-effects has been documented (Gartside, 1968), as well the involvement 
of NMDA receptors and calcium (Islam et al., 1995). More recent literature 
on animal models has been performed with a minimal invasive stimulation 
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technique, due to the epicranial application of plastic electrodes, filled with 
saline solution (Cambiaghi et al., 2010; Liebetanz et al., 2006; Liebetanz et 
al., 2006). Liebetanz et al., in rats, demonstrated that anodal tDCS is able to 
increase the propagation velocity of induced cortical spreading depression, 
CSD (Liebetanz et al., 2006), while cathodal tDCS has an anticonvulsive 
effect in a cortical ramp-stimulation model of focal epilepsy (Liebetanz et 
al., 2006); in mice, Cambiaghi et al. showed that tDCS is able to modulate 
motor evoked potentials, MEPs, by electrical cortical stimulation, in a way 
similar to what obtained in humans (Cambiaghi et al., 2010). In in-vitro slice 
preparation it has been showed that anodal DCS induces a form of long-
term synaptic plasticity that requires activity-dependent BDNF secretion, a 
form of synaptic plasticity differs from the conventional NMDA-dependent 
LTP (Fritsch et al., 2010). Moreover, the application of DC fields suggests a 
more complex situation: when a constant electric field is applied parallel to 
the somato-dendritic axis, the result is a polarization of the entire neuronal 
cell in a time-dependent manner, with no clear threshold, as a result of inter-
actions between neuronal compartment. In conclusion, there is a mounting 
evidence for the efficacy of tDCS and more animal studies should be needed 
to better understand its possible applications and mechanisms of action.
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Transcranial direct current stimulation (tDCS) is nowadays widely used to 
stimulate non-invasively the intact human brain (Priori et al., 1998; Nitsche 
& Paulus, 2000; Nitsche et al., 2008). This kind of stimulation can produce 
a modification of cortical activity that outlasts the period of stimulation and 
has a potential therapeutic application in many psychiatric and neurological 
diseases, including major depression (Nitsche et al., 2009a), stroke (Schlaug 
et al., 2008), epilepsy (Nitsche & Paulus, 2009b) and movement disorders 
(Wu et al., 2008).

Animal models provide fundamental data to understand the neurobio-
logical mechanisms underlying the after-effects of tDCS in humans.

The first evidence of the possibility of modulating neuronal discharge 
with low voltage gradients came from isolated preparations of single nerve 
cells (Terzuolo & Bullock, 1956): these authors evaluated the threshold value 
of imposed electric currents upon nerve cells and found it to be far lower for 
modulation of the frequency of an already active neuron than for the excita-
tion of a silent one. In isolated preparations, the efficacy of DCS critically 
depends on the axis of polarization, thus morphology of nerve cells and their 
architectural arrangement might have a crucial role in the determination of 
the observed effects of tDCS in vivo (Terzuolo & Bullock, 1956). In fact, 
many other early experiments have shown that cortical DCS, at an intensity 
lower than the intensity needed for eliciting action potentials, can induce 
polarity-specific changes in spontaneous and evoked neuronal activity: 
anodal polarization of the cerebral cortex increases neuronal activity, while 
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cathodal polarization decreases it (Bindman et al., 1962; Creutzfeld et al., 
1962; Purpura & McMurtry, 1965). These changes were found to last up 
to several hours if the stimulation was applied for 5 minutes or more (Bind-
man et al., 1964a). A similar long lasting bidirectional modulation of cortical 
activity is replicated in humans with the application of tDCS to the primary 
motor cortex (Nitsche & Paulus, 2000).

Since DCS does not initiate action potentials, it has been proposed that 
its action on neuron firing properties is mainly related to changes in the rest-
ing membrane potential (Bindman et al., 1964a and 1964b); however since 
the after-effects of DCS are still present after temporary abolition of cerebral 
activity by hypothermia (Gartside, 1968a), they are not explained only by 
the prolonged modification of membrane potential or a mechanism of recur-
rent excitation and have rather been attributed to a persistent modification of 
synaptic efficacy related to the phenomena of long-term potentiation (LTP) 
and long-term depression (LTD) of synaptic activity (Islam et al., 1995; 
Liebetanz et al., 2002; Zaghi et al., 2010). Nonetheless the maintenance of 
synaptic potentiation, as well as the effects of tDCS, is a protein synthesis-
dependent process (Gartside, 1968b).

The synaptic effects of DCS in mouse brain slices have been investi-
gated recently by Fritsch et al. (2010) in the primary motor cortex (M1) at 
layer V ® II/III synapses. After a single stimulus to the presynaptic axon, 
a field excitatory postsynaptic potential (fEPSP) is recorded and the level 
of LTP/LTD induced by an appropriate repetitive stimulation protocol is 
expressed as the variation of fEPSP amplitude and slope from baseline values. 
These authors have shown that: (1) anodal DCS to M1, in the absence of 
simultaneous synaptic activation, elicits only a short lasting synaptic poten-
tiation; (2) by coupling DCS with low frequency stimulation (at 0.1 Hz) a 
long lasting potentiation is obtained; (3) LTP is polarity specific (no effects 
using cathodal DCS) and also related to the frequency of synaptic co-acti-
vation (lower and higher frequencies do not produce LTP); (4) LTP induc-
tion is dependent on N-methyl-D-aspartate receptor (NMDAR) activation 
(the administration of an NMDAR antagonist blocks LTP induction) and 
requires activity-dependent BDNF secretion (no LTP was induced on BDNF 
knockout mice, using a BNDF scavenger or after inhibition of BDNF recep-
tor). Moreover, they observed an enhancement of motor learning by anodal 
tDCS, that requires activity-dependent BDNF secretion (Fitsch et al., 2010). 
These data are particularly relevant because they not only confirm the pos-
sibility of inducing functional modifications, but also confirm the involve-
ment of activity-dependent synaptic plasticity in the origin of the long lasting 
motor effects of tDCS. They also suggest that this technique of stimulation 
might act mainly by modulating LTP induction rather than inducing per se 



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

47

Short Papers

LTP. In fact LTP was not induced by DCS delivered in isolation, but only in 
the presence of simultaneous synaptic activation. Nonetheless the possibility 
of tDCS of influencing cortical plasticity has been demonstrated in humans 
(Siebner et al., 2004; Lang et al., 2004) and a similar mechanism of action 
would give strong support to the clinical application of tDCS, where it could 
be used to increase the response of the brain to interventions to promote 
plasticity, such as the neurorehabilitation techniques commonly used for 
the recovery of motor function or language after stroke (Talelli & Rothwell, 
2006; Schlaug et al., 2008).

In the intact human brain, it is possible to obtain a direct information 
on the output of the primary motor cortex by recording the corticospinal 
activity evoked by a magnetic or electrical stimulus to M1 from a cervical 
epidural electrode, usually implanted for the treatment of drug-resistant 
pain. Corticospinal volleys consist of a series of high frequency waves origi-
nating from either the direct or transynaptic activation of pyramidal neurons 
(Patton & Amassian, 1954). In particular, when human M1 is activated 
with a single pulse of transcranial magnetic stimulation (TMS), the corti-
cospinal descending activity reflects the activation of pyramidal cells through 
interneuronal cortical projections, thus providing information on the activity 
of excitatory or inhibitory intracortical circuits (Di Lazzaro et al., 1998a, 
1998b, 2003). That way, corticospinal recordings have represented a unique 
opportunity to shed light on the physiological basis of the effects of many 
TMS and repetitive TMS protocols, to confirm the cortical origin of these 
effects and to formulate hypotheses on the involvement of specific intracorti-
cal circuits (see Di Lazzaro et al., 2004 and 2010 for a review). In the same 
way, corticospinal recordings might provide useful information on the basis 
of the effects of tDCS protocols designed to modulate the excitability of 
motor cortex or other areas of the brain for therapeutic purposes.

References

Bindman, L.J., Lippold, O.C., & Redfearn, J.W. (1962). Long-lasting changes in 
the level of the electrical activity of the cerebral cortex produced by polarizing 
currents. Nature, 196, 584-585.

Bindman, L.J., Lippold, O.C., & Redfearn, J.W. (1964a). The action of brief polar-
izing currents on the cerebral cortex of the rat (1) during current flow and 
(2) in the production of long-lasting after-effects. J. Physiol., 172, 369-382.

Bindman, L.J., Lippold, O.C., & Redfearn, J.W. (1964b). Relation between the size 
and form of potentials evoked by sensory stimulation and the background 
electrical activity in the cerebral cortex of the rat. J. Physiol., 171, 1-25.



Workshop - New prospects of transcranial electrical stimulation (tES)

Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

48

Creutzfeld, O.D., Fromm, G.H., & Kapp, H. (1962). Influence of transcortical 
DC-currents on cortical neuronal activity. Exp. Neurol., 5, 436-452.

Di Lazzaro, V., Oliviero, A., Pilato, F., Mazzone, P., Insola, A., Ranieri, F., & 
Tonali, P.A. (2003). Corticospinal volleys evoked by transcranial stimulation 
of the brain in conscious humans. Neurol. Res., 25, 143-150.

Di Lazzaro, V., Oliviero, A., Pilato, F., Saturno, E., Dileone, M., Mazzone, P., et al. 
(2004). The physiological basis of transcranial motor cortex stimulation in 
conscious humans. Clin. Neurophysiol., 115, 255-266.

Di Lazzaro, V., Oliviero, A., Profice, P., Saturno, E., Pilato, F., Insola, A., et al. 
(1998a). Comparison of descending volleys evoked by transcranial mag-
netic and electric stimulation in conscious humans. Electroencephalogr. Clin. 
Neuro physiol., 109, 397-401.

Di Lazzaro, V., Profice, P., Pilato, F., Dileone, M., Oliviero, A., & Ziemann, U. 
(2010). The effects of motor cortex rTMS on corticospinal descending activ-
ity. Clin. Neurophysiol., 121, 464-473.

Di Lazzaro, V., Restuccia, D., Oliviero, A., Profice, P., Ferrara, L., Insola, A., et al. 
(1998b). Magnetic transcranial stimulation at intensities below active motor 
threshold activates intracortical inhibitory circuits. Exp. Brain Res., 119, 265-
268.

Fritsch, B., Reis, J., Martinowich, K., Schambra, H.M., Ji, Y., Cohen, L.G., & Lu, B. 
(2010). Direct current stimulation promotes BDNF-dependent synaptic 
plasticity: potential implications for motor learning. Neuron, 66, 198-204.

Gartside, I.B. (1968a). Mechanisms of sustained increases of firing rate of neurons 
in the rat cerebral cortex after polarization: reverberating circuits or modifica-
tion of synaptic conductance? Nature, 220, 382-383.

Gartside, I.B. (1968b). Mechanisms of sustained increases of firing rate of neurones 
in the rat cerebral cortex after polarization: role of protein synthesis. Nature, 
220, 383-384.

Islam, N., Aftabuddin, M., Moriwaki, A., Hattori, Y., & Hori, Y. (1995). Increase 
in the calcium level following anodal polarization in the rat brain. Brain Res., 
684, 206-208.

Lang, N., Siebner, H.R., Ernst, D., Nitsche, M.A., Paulus, W., Lemon, R.N., & 
Rothwell, J.C. (2004). Preconditioning with transcranial direct current 
stimulation sensitizes the motor cortex to rapid-rate transcranial magnetic 
stimulation and controls the direction of after-effects. Biol. Psychiatry, 56, 
634-639.

Liebetanz, D., Nitsche, M.A., Tergau, F., & Paulus, W. (2002). Pharmacological 
approach to the mechanisms of transcranial DC-stimulation-induced after-
effects of human motor cortex excitability. Brain, 125, 2238-2247.

Nitsche, M.A., Boggio, P.S., Fregni, F., & Pascual-Leone, A. (2009a). Treatment of 
depression with transcranial direct current stimulation (tDCS): a review. Exp. 
Neurol., 219, 14-19.



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

49

Short Papers

Nitsche, M.A., Cohen, L.G., Wassermann, E.M., Priori, A., Lang, N., Antal, A., 
et al. (2008). Transcranial direct current stimulation: state of the art 2008. 
Brain Stimul., 1, 206-223. 

Nitsche, M.A., & Paulus, W. (2000). Excitability changes induced in the human 
motor cortex by weak transcranial direct current stimulation. J. Physiol., 527, 
633-639.

Nitsche, M.A., & Paulus, W. (2009b). Noninvasive brain stimulation protocols in 
the treatment of epilepsy: current state and perspectives. Neurotherapeutics, 
6, 244-250.

Patton, H.D., & Amassian, V.E. (1954). Single- and multiple-unit analysis of corti-
cal stage of pyramidal tract activation. J. Neurophysiol., 17, 345-363.

Priori, A., Berardelli, A., Rona, S., Accornero, N., & Manfredi, M. (1998). Polariza-
tion of the human motor cortex through the scalp. Neuroreport, 9, 2257-
2260.

Purpura, D.P., & McMurtry, J.G. (1965). Intracellular activities and evoked potential 
changes during polarization of motor cortex. J. Neurophysiol., 28, 166-185.

Schlaug, G., Renga, V., & Nair, D. (2008). Transcranial direct current stimulation in 
stroke recovery. Arch. Neurol., 65, 1571-1576.

Siebner, H.R., Lang, N., Rizzo, V., Nitsche, M.A., Paulus, W., Lemon, R.N., & 
Rothwell, J.C. (2004). Preconditioning of low-frequency repetitive tran-
scranial magnetic stimulation with transcranial direct current stimulation: 
evidence for homeostatic plasticity in the human motor cortex. J. Neurosci., 
24, 3379-3385.

Talelli, P., & Rothwell, J. (2006). Does brain stimulation after stroke have a future? 
Curr. Opin. Neurol., 19 (6), 543-550.

Terzuolo, C.A., & Bullock, T.H. (1956). Measurement of imposed voltage gradient 
adequate to modulate neuronal firing. Proc. Natl. Acad. Sci. USA, 42, 687-
694.

Wu, A.D., Fregni, F., Simon, D.K., Deblieck, C., & Pascual-Leone, A. (2008). Non-
invasive brain stimulation for Parkinson’s disease and dystonia. Neurothera-
peutics, 5, 345-361.

Zaghi, S., Acar, M., Hultgren, B., Boggio, P.S., & Fregni, F. (2010). Noninvasive 
brain stimulation with low-intensity electrical currents: putative mechanisms 
of action for direct and alternating current stimulation. Neuroscientist, 16, 
285-307.



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

50

Molecular correlates 
of brain stimulations: focus on tDCS

Luisella Bocchio-Chiavetto
Neuropsychopharmacology Unit, IRCCS San Giovanni di Dio Fatebenefratelli, Brescia, 
Italy

lbocchio@fatebenefratelli.it

Keywords: Brain stimulation; tDCS; rTMS; Genetic; BDNF 

The identification of the underlying molecular mechanism of non invasive 
brain stimulation techniques has garnered increasing interest in the last years 
due to their potentialities in the clinical practice for rehabilitation and treat-
ment of neurological and neuropsychiatric patients (George et al., 2010). 
Studies in animals and in human subjects have provided new insights into 
the cellular and molecular events essential for the biological mechanism by 
which brain stimulations elicited their modulatory effects on synaptic regula-
tion and plasticity. In particular, preclinical studies reported that repetitive 
transcranial magnetic stimulation (rTMS) could modulate glutamate – and 
GABA – systems activity and could influence the regulation of hypothalamic-
pituitary-adrenocortical (HPA) system and the neurotransmission, inducing 
modifications in dopaminergic and serotoninergic neurotrasmitter systems. 
Furthermore, rTMS might regulate synaptic plasticity and neuronal func-
tions modulating the expression and release of Brain Derived Neurotrophic 
Factor (BDNF) a neurotrophin widely expressed in the brain playing a pivotal 
role in neurogenesis and synaptic plasticity in the adult brain. A potential 
role of BDNF in rTMS protocols has been supported also by biochemical 
studies that showed in depressed patients an increase of this neurotrophin 
in blood after the stimulation (Zanardini et al., 2006). Genetic tools have 
enabled the study of individual differences in the response to stimulation 
protocols and recent studies showed a direct influence of a frequent single 
nucleotide polymorphism (Val66Met) in the gene coding for BDNF on the 
short-term synaptic plasticity in the adult human brain (Kleim et al., 2006; 
Cheeran et al., 2008). This polymorphism and also other functional genetic 
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variants in genes regulating brain synaptic plasticity might influence the effi-
cacy of rehabilitative protocols based on brain stimulations. At this regard we 
reported an association of both the BDNF Val66Met polymorphism and the 
5-HTTLPR variant in the serotonin transporter gene with the antidepres-
sant response to a rTMS protocol (Bocchio-Chiavetto et al., 2008). 

To date, the cellular and molecular mechanisms underlying transcranial 
direct current stimulation (tDCS) modulations of the human brain functions 
remain mostly unknown. First experiments suggested that tDCS strengthens 
synaptic connections inducing long-term potentiation (LTP) through biolog-
ical mechanisms shared by other brain stimulation techniques. It was dem-
onstrated by pharmacological tools in humans that the long-lasting effects of 
tDCS depend on modifications of NMDA receptor-efficacy since they are 
blocked by the NMDA receptor antagonist dextrometorphan (Liebetanz et 
al., 2002). Also intraneuronal calcium concentration contributes to the mod-
ulation of LTP, since calcium channel antagonists eliminate the excitability-
enhancing after-effects of anodal tDCS (Nitsche et al., 2003). More recently, 
a study in mouse primary motor cortex slices indicated that BDNF secretion 
and the activation of its receptor TrkB are potential key mediators also of 
tDCS induced synaptic plasticity (Fritsch et al., 2010). In particular, DCS 
induced long lasting synaptic potentiation was absent in BDNF and TrkB 
mutant mice. Moreover, the same study confirmed that the presence of the 
BDNF Val66Met polymorphism impairs motor skill acquisition in humans 
and transgenic mice. Further investigations in animal and cellular models 
together with studies in humans are needed to clarify the molecular corre-
lates of tDCS as a new potential therapeutic agent in neurorehabilitation. 
Moreover genomic and biochemical studies in human subjects might help to 
understand genetic influences on individual differences in brain function and 
behavior and might also provide innovative instruments to identify biologi-
cally distinct patient subgroups to sharpen entry criteria in order to reduce 
variance in clinical trials for future “tailored” brain stimulation therapies.
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Motor impairments following stroke are a leading cause of disability in adults. 
Although some degree of recovery may occur spontaneously, there is strong 
evidence that intensive practice is essential in order to substantially promote 
motor recovery. However, the functional outcomes are often of limited prac-
tical significance (Langhorne et al., 2009). Therefore, an important issue is 
how to enhance cortical plasticity during motor learning, in order to maxim-
ise the training-induced recovery of motor functions. In this context, it has 
been proposed that transcranial direct current stimulation (tDCS) might be 
a valuable option for the treatment of motor disorders. tDCS delivers weak 
polarizing direct currents to the cortex via two electrodes placed on the scalp: 
an active electrode is placed on the site overlying the cortical target, and a ref-
erence electrode is usually placed over the contralateral supraorbital area, or 
in a non-cephalic region. tDCS acts by inducing sustained changes in neural 
cell membrane potential: cathodal tDCS leads to brain hyperpolarization 
(inhibition), whereas anodal results in brain depolarization (excitation), with 
long-lasting alterations in motor cortical excitability (Nitsche et al., 2008). In 
motor rehabilitation, two approaches have been tested for the use of tDCS, 
which are based on a model of interhemispheric rivalry between motor areas 
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in the damaged and undamaged (intact) hemispheres. The model of inter-
hemispheric rivalry proposes that motor deficits are due to reduced output 
from the damaged hemisphere and excess inhibition of the damaged hemi-
sphere from the intact hemisphere (Fregni & Pascual-Leone, 2007). In this 
scenario, improvement may be possible by either up-regulating excitability 
of the lesioned motor cortex with anodal-tDCS or in down-regulating excit-
ability in the intact motor cortex with cathodal-tDCS (Fregni & Pascual-
Leone, 2007). In patients with chronic strokes, both approaches has been 
shown to be effective in improving motor functions (Williams et al., 2009). 
However, the functional benefits are often of limited clinical significance, 
inducing about 10-20% functional improvement in some single-session and 
longer-term therapeutic trials (Williams et al., 2009).

Noteworthy, most studies to date have examined the effects of tDCS 
without coupling it with any specific behavioural, physical or occupational 
therapy. This is probably a suboptimal approach, as tDCS activates a bulk 
of neural circuits in a non-specific way. Instead, motor training, if coupled 
with tDCS, might steer the plastic process towards a functional outcome 
(Liebetanz et al., 2002; Rioult-Pedotti et al., 2000). In fact, tDCS and motor 
training are thought to share synergistic impacts on synaptic and network 
plasticity. Hence, practice of a motor task may be more effective at using 
the (surviving) neural mechanisms sub-serving training-dependent plastic 
changes if pertinent areas of the cortex are facilitated. Conversely, motor 
training can guide the activation of specific neural networks associated with 
the desired behaviour. In this scenario, the rationale of coupling tDCS and 
motor therapy is that it is possible to enhance or depress the response of a 
neural network to a form of stimulation, e.g. motor training, by previous 
priming it with a different form of stimulation, e.g. tDCS (and vice versa) 
(Bolognini et al., 2009). As consequence, the mutual use of tDCS and motor 
therapy can optimize the plastic changes induced by motor practice, lead-
ing to more remarkable and outlasting clinical gains in rehabilitation. Some 
experimental evidence from our laboratories provides preliminary support to 
the clinical validity of this approach. 

In a cohort of chronic stroke patients we investigated in a double-blind 
sham-controlled study the behavioural effects of bi-hemispheric modulation 
with tDCS (cathodal electrode on the unaffected, and anodal electrode on 
the affected hemisphere) combined with an intensive behavioural motor 
training, namely Constraint Induced Movement Therapy (CIMT). This 
therapy combines intensive physical practice using the affected upper limb 
with restricted use of the unaffected upper limb, in order to prevent adaptive 
recovery and establishment of the so-called learned non-use (Mark & Taub, 
2004). We choose this treatment to be associated to tDCS because it has 
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proven to be effective in selected samples of patients (Bonaiuti et al., 2007), 
and it might be a good candidate for testing any potential additive effect of 
tDCS. In fact, as tDCS, CIMT mostly acts non-focally through a “forced-
use” of the paretic upper limb, i.e. by “enforcing the brain” to overcome the 
motor impairment (Wittenberg & Schaechter, 2009). The clinical effects of 
this combined treatment were compared with those achievable with CIMT 
alone plus sham tDCS. Additionally, we explored local neurophysiological 
and bi-hemispheric changes associated with such intervention by means of 
transcranial magnetic stimulation (TMS). Patients in both groups showed 
improvement in a number of functional tests, e.g. Jebsen Taylor Hand Func-
tion Test (Jebsen et al., 1969), Fugl-Meyer Assessment of Motor Recovery 
(Fugl-Meyer et al., 1975). Crucially, the improvement was larger after active 
tDCS (and CIMT), as compared with sham tDCS (and CIMT). Explora-
tory analysis of neurophysiological indexes showed that only the group of 
active tDCS/CIMT had a significant reduction in transcallosal inhibition 
(TI) from the intact to the affected hemisphere (as revealed by MEP ampli-
tudes), and an increase in corticospinal excitability in the affected hemi-
sphere. Such changes in cortical excitability correlated with the magnitude of 
the behavioural improvement. In conclusion, these findings suggest that the 
combination of tDCS with functional therapies has the potential to promote 
more remarkable clinical gains in motor functions, which are associated with 
neurophysiologic changes in cortical excitability, that otherwise could not be 
achieved by administering the motor treatment alone. Further investigation 
is warranted in order to address the overall utility of tDCS as an adjuvant to 
stroke rehabilitation, and the optimal strategy to combine the two interven-
tions in order to maximize their functional interaction.
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Recent studies have reported enhanced performance on specific cognitive 
tasks in patients with several types of neurological disease, after receiving 
non invasive brain stimulation (BS), i.e., repetitive Transcranial Magnetic 
Stimulation (rTMS) or transcranial Direct Current Stimulation (tDCS) to 
specific cortical areas (Miniussi et al., 2008). Regarding rTMS, in the lan-
guage domain, facilitation effects have been reported following online stimu-
lation of the left or right prefrontal cortex (PFC). Specifically, this procedure 
has been shown to reduce vocal reaction times for picture naming in normal 
subjects (Cappa et al., 2002) and to improve the number of correct responses 
in Alzheimer Disease patients affected with mild to moderate (Cotelli et 
al., 2006b) and moderate to severe (Cotelli et al., 2008) stages. In addition, 
persistent beneficial effects of off-line rTMS on sentence comprehension in 
Alzheimer (AD) patients have been recently described (Cotelli et al., 2010). 
These facilitati61on effects seem related to the possibility of inducing changes 
in cortical excitability and therefore reorganization of a functional network 
from which cognitive performance may benefit. Moreover, regarding aphasia 
patients, recent studies reported that the administration of rhythmic rTMS 
to the anterior portion of the right homologue of Broca’s area results in 
improvements in the ability to name pictures in patients with non-fluent 
aphasia (Naeser et al., 2010). 

Another BS technique that can be tested in these kinds of studies is 
tDCS. The recently revived technique of tDCS involves applying weak elec-
trical currents directly to the head, over a long period of time, usually in 
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the order of minutes (~5-30 min). Behavioral facilitatory effects have been 
highlighted with regard to implicit motor learning (Nitsche et al., 2003; Reis 
et al., 2009), working memory (Fregni et al., 2005), pitch memory (Vines 
et al., 2006), perception (Antal et al., 2004) and language (Fertonani et al., 
2010). tDCS has been shown to be able to induce modifications of the corti-
cal excitability and behavior which may outlast the stimulation period itself. 
Given this potential, there is currently a growing interest in applying these 
methodologies therapeutically, to reduce cognitive deficits in patients with 
chronic neurodegenerative diseases.

Using tDCS in eight patients with chronic, non fluent, post stroke 
aphasia Monti and coauthors (Monti et al., 2008) reported naming facilita-
tion when the patients receive cathodal stimulation over the damaged left 
frontotemporal areas. Moreover, an interesting study of combined treat-
ments was conducted by Baker and coauthors (Baker et al., 2010). The study 
revealed significantly improved naming accuracy of treated items after anodal 
tDCS compared with sham tDCS. In addition, the treatment effect persisted 
at least 1 week after treatment.

In the present pilot study fourteen AD patients were randomly assigned 
to one of two study groups. The first group underwent a 4-week of real tDCS 
stimulation protocol, while the second one underwent a 2-week placebo treat-
ment, followed by 2 weeks of real tDCS stimulation. Both the patients and the 
examiners were blind to the group assignment in order to reduce confounding 
placebo effects. The assessment included a standard cognitive assessment and 
an experimental testing. The cognitive assessment included tests to screen for 
dementia (Folstein et al., 1975) together with neuropsychological tests for 
memory, praxia abilities, reasoning, executive functions and language. All the 
tests were administered and scored according to standard procedures (Lezak 
et al., 2004). The experimental evaluation assessed action and object naming 
abilities as reported also in previous studies (Cotelli et al., 2006a). 

Regarding the pilot results described in the present report the research-
ers do not know yet the experimental group associated to each patient and 
the unique available follow up for the present report is at 12 weeks (assessed 
for 11 patients out of the 14 included patients). Accordingly, the behavioral 
effects induced by the tDCS protocol were assessed using a repeated measures 
ANOVA, considering time (baseline, 4 and 12 weeks) as a within-subject 
factor. A significant effect of the time of the assessment was found in Mini 
Mental State Examination (MMSE) (F(2, 20) = 3.47, p = 0.05), experimental 
action naming (F(2, 20) = 3.26, p = 0.06), action naming subtest of the Bat-
tery for the Analysis of Aphasic Deficits, BADA (F(2, 20) = 3.83, p = 0.04) 
and nouns naming subtest of the Aachener Aphasie Test, AAT (F(2, 20) = 
3.70, p = 0.04). Post hoc comparisons showed that in all the five measures the 
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performance was higher at the end of the treatment than at baseline and no 
significant changes were shown from the end of the treatment and the follow 
up at 12 weeks. 

The present preliminary results suggest once more the possible effect of 
BS applied to left PFC on cognitive performance of AD patients. 
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Transcranial direct current stimulation (t-DCS) is a non invasive and safe 
method to stimulate cerebral cortex with two scalp electrodes, anode and 
cathode. The technique was established in 1950s-1960s primarily in ani-
mals. Early studies showed that the exposure to sub-threshold direct current 
stimulation induced acute and long-lasting effects on neuronal activity: an 
increased neuronal activity with the anode placed on the scalp and a reduced 
neuronal activity with the cathodal polarity (Bindman et al., 1964). These 
results have been replicated in humans in recent years (Nitsche et al., 2000). 
Moreover, it has been shown that t-DCS influences cerebral blood flow, in 
particular anodal stimulation increases regional cerebral blood flow in many 
cortical and subcortical regions compared to cathodal and sham stimulation 
(Lang et al., 2005).

In neurological clinic t-DCS has been tested on cognitive/behavioural 
dysfunctions, such as stroke, Parkinson Disease and pain. In psychiatric 
clinic, the t-DCS has been investigated only in the treatment of depression, 
unlike transcranial magnetic stimulation (TMS), that has been used for dif-
ferent psychiatric disorders, like Obsessive Compulsive Disorders and alco-
hol or cocaine craving.
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The rationale of t-DCS as antidepressant treatment is to modify activity 
in prefrontal cortex, re-establishing the balance of left and right hemisphere. 
Positive effects of t-DCS in depression is sustained by some open or control-
led studies and clinical observations (Fregni et al., 2006; Boggio et al., 2008; 
Rigonatti et al., 2008). However, other studies could not replicate these find-
ings (Loo et al., 2010). Thus, results about clinical potential of these early 
t-DCS protocols to treat depression are mixed (for a review see Nitsche et al., 
2009). One possible reason for such mixed findings is the large variability in 
patients populations. For example, more severely depressed individuals are 
likely to be more resistant either to TMS or to t-DCS.

After various empirical attempts our attention focused on late-life 
depression with concomitant cerebral or cardiovascular disease. The relation 
between vascular disease and depression is likely bidirectional as pre-existing 
vascular disease predicts the onset of depression and pre-existing depression 
predicts the onset of cardiovascular disease and stroke (Thomas et al., 2004). 
Late-life depression is often associated with executive dysfunction, a neu-
ropsychological expression of frontal system impairment, with the clinical 
presentation of depression resembling medial frontal lobe syndrome. Depres-
sion affects cognitive function in all age groups, but the executive tasks of 
response inhibition and sustained effort are more frequently impaired in 
geriatric depression. Executive dysfunction generally subsides as depression 
improves, but tends to persist after remission of depression.

Neuroradiological and histopathological studies have analyzed the 
association among depression, executive function and brain abnormalities. 
In particular, prefrontal white matter micro structural abnormalities have 
been correlated with poorer performance on tasks of executive function 
in depressed elders and have been hypothesized to reflect a disconnection 
state that can increase the risk of geriatric depression (Murphy et al., 2007). 
Cerebrovascular disease predisposes, precipitates and perpetuates a late-life 
depression through damage to specific brain circuits or less directly through 
inflammation. Proinflammatory cytokines, such as interleukins 1 and 6 (IL1 
and IL6) and tissue necrosis factor alpha (TNF-a), are released after damage 
of the vascular endothelium (Joynt et al., 2003). Elevated levels of ischemia-
induced inflammation have been found in the dorsolateral prefrontal cortex 
of depressed subjects (Thomas et al., 2000). Since that proinflammatory 
cytokines are associated with atherosclerosis and cardiovascular disease, they 
could be involved both in depression and vascular disease.

For these reasons we analyzed the effect of anodal t-DCS over left 
dorsolateral prefrontal cortex on mood and cognitive functions in a group 
of patients with a major depressive episode and a concomitant vascular cer-
ebral disease, like microinfartual ischemia and white matter microstructural 
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abnormalities. We included 32 patients that underwent real or sham t-DCS 
stimulation with a 3:1 randomization in a double blind study. All patients 
take antidepressant drugs: 28 sertraline, 4 tryciclic, 1 fluvoxamine, 1 parox-
etine, 1 citalopram.

Assessment of depressive symptoms was performed using the 21-item 
Hamilton Rating Scale for Depression (HAM-D) (Hamilton, 1967), which 
is the most frequently used in clinical trials, administered at baseline and 
weekly thereafter for 2 weeks.

Cognitive functions have been evaluated before and at the end of the 
treatment with the Milan Overall Dementia Assessment (MODA), that has 
been designed and modelled on the framework of cognitive neuropsycholog-
ical deficits in Alzheimer’s disease with the aim of completing, in quantitative 
terms, the description of a neuropsychological patient who is examined for a 
suspected dementia (Brazzelli et al., 1994). It is used to detect the presence of 
cognitive deficits of Alzheimer type and estimate its severity. The MODA is 
structured as a rating scale and consists of three sections: a section on “orien-
tation enquiry” (temporal orientation, spatial orientation, personal orienta-
tion, family orientation). A section on behavioural component (autonomy 
scale) that comprises a set of items that aim to assess everyday coping skills. 
A section that assesses the ability in neuropsychological tests: attention, intel-
ligence, memory, language, space cognition and visual perception. The total 
score of the MODA emerges from the sum total of the three sections for each 
individual and the resulting correction for age and education. Based on the 
total score obtained one discriminates: above normality (internal limit: above 
89.0), borderline area (uncertain area: from 85.5 to 89.0), below normality 
(external limit: below 85.5).

We also collected patients’ blood samples before and after the treatment 
for the ELISA detection of IL-6 and IL-1. 

So far, our results are not encouraging. In fact, in the whole sample of 
32 patients only 7 responded to the therapy without statistically significant 
differences between active and sham t-DCS stimulation, considering the 
response as the 50% reduction of HAM-D score. Moreover, no differences 
have been found in the MODA scores before and after the treatment with 
slight amelioration of final values which remain in the borderline range.

We think that our low results, if compared with traditional clinical 
trials of depressed patients, could be due to the fact that vascular depression 
is a clinical entity more resistant to all treatments, included electroconvulsive 
therapy, as suggested by our experience. Our hypothesis is that vascular dis-
tress delay synaptic plasticity, the putative mechanism that underlies TMS 
and t-DCS biological mechanisms.
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In the past ten years non-invasive transcutaneous weak direct currents (DC) 
delivered over the scalp to modulate cortical excitability (“brain polariza-
tion” or transcranial direct current stimulation, tDCS) have aroused renewed 
interest. Extensive literature shows that tDCS leads to significant changes in 
cortical excitability that outlast stimulation. Because the technique is con-
sidered safe and inexpensive, it opened the way to experimental treatment 
options using DC stimulation in patients recovering from stroke, central 
pain, depression (Priori, 2003; Williams et al., 2009; Schlaug et al., 2008). In 
this article we present emerging data regarding the application of DC to new 
stimulation sites in the central nervous system.

Transcutaneous spinal direct current stimulation (tsDCS). Recently, 
aiming to develop a new, non invasive approach to spinal cord neuromodula-
tion, we assessed the possibility of modulating the spinal cord function by 
transcutaneous direct current stimulation.

In a group of 12 healthy volunteers we evaluated the after-effects of 
anodal and cathodal tsDCS delivered on the skin overlying the thoracic spinal 
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cord on somatosensory potentials (SEPs) evoked in normal subjects by stim-
ulation of the posterior tibial nerves (PTN) and median nerve (Cogiamanian 
et al., 2008). Anodal tsDCS induces a long-lasting (at least 20 min) depres-
sion of cervico-medullary component (P30) of the PTN-SEPs. Conversely, 
despite a tendency to increase, cathodal tsDCS did not induce significant 
change to P30 amplitude. This long-lasting depression suggests that thoracic 
tsDCS modulates conduction along the spinal somatosensory pathways 
without eliciting adverse effects. The sensory axons running in the posterior 
columns of spinal cord are comparable to the axons in a peripheral nerve. At 
this level whereas cathodal currents depolarize, anodal currents hyperpolarize 
the axon, ultimately leading to the “anodal block” (Bhadra & Kilgore, 2004).

Winkler and collegues investigated the effects of thoracic tsDCS on 
H-reflex size and post-activation depression. In 10 healthy volunteers these 
authors showed a long lasting decrease in H-reflex post-activation depression 
after anodal stimulation (2.5 mA, 0.063 mA/cm2) while cathodal stimulation 
resulted in a sustained increase. H-reflex parameters were unaffected by stim-
ulation. These results expanded our findings suggesting that tsDCS, besides 
modulating conduction along the spinal pathways, is capable of inducing 
sustained changes segmental spinal pathways (Winkler et al., 2010).

Given the clinical effectiveness of invasive spinal neuromodulation to 
treat several pain syndrome, we designed a further study to evaluate whether 
tsDCS affects the central nociceptive signal transmission in humans. To do 
so, in healthy subjects, we evaluated the after-effects of anodal direct current 
applied on the skin overlying the thoracic spinal cord by measuring changes 
in the size of lower limb flexion reflex which is a reliable and widely inves-
tigated neurophysiological tool to assess the efficacy of analgesic therapies.

In our healthy subjects anodal thoracic tsDCS reduced the total lower-
limb flexion reflex area by 40.25% immediately after stimulation and by 
46.9% 30 minutes after stimulation offset. When we analyzed the two lower-
limb flexion reflex components (RII tactile and RIII nociceptive) separately 
we found that anodal tsDCS induced a significant reduction in RIII area with 
a slight but not significant effect on RII area. None of our subjects reported 
adverse effects after active stimulation (Cogiamanian et al., in press).

Taken together these data suggest that tsDCS can modulate the con-
duction along the spinal ascending tracts and the function of segmental 
spinal pathways probably acting on interneurones and synaptic connections. 
Moreover our findings on tsDCS-induced lower limb flexion reflex depres-
sion in healthy subjects confirm that this technique holds promise as a novel 
clinical tool in managing chronic pain.

Cerebellar DC modulation. Though the role of the cerebellum in motor 
processing is relatively well established, how and if the cerebellum is involved 
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in practice of non-motor functions is still controversial. In our previous study 
(Ferrucci et al., 2008) we observed that DC stimulation over the cerebel-
lum could influence the proficiency of the Sternberg task (a cognitive task 
assessing the working memory) thus concluding that the human cerebellar 
function can be influenced by scalp DC. Our results suggest that tDCS can 
interfere with cerebellar control of learning processes, opening the way to 
stimulation-based modulation of cerebellar control over cognitive and pos-
sibly non-cognitive tasks.

This conclusion was further supported by the modulation of cerebellar 
excitability by polarity-specific noninvasive direct current stimulation (Galea 
et al., 2009) found by combining the use of Transcranial Magnetic Stimula-
tion (TMS) and DC cerebellar stimulation. TMS over the cerebellum elicits 
a short latency inhibition of the motor potential evoked by contralateral 
motor cortex TMS. This inhibition is modulated by preceding cerebellar 
DC stimulation in a polarity-dependent way: whereas anodal DC increases 
TMS-elicited cerebellar inhibition, cathodal DC decreased it. Thus available 
data point out that both cognitive and motor cerebellar functions can be 
modulated by DC stimulation.

The possibility to influence the function of cerebellar cortex in humans 
opens attractive therapeutic opportunities for conditions involving cerebellar 
dysfunction, such as autism and schizophrenia (Allen et al., 2004; Daskalakis 
et al., 2005).
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Plasticity is the property of the central nervous system to change the effec-
tiveness of transmission in neural circuits in response to various environ-
mental changes, injuries or in association with skill acquisition. Long-term 
Potentiation (LTP) and Long-term Depression (LTD) of synaptic efficacy 
are considered the candidate mechanisms for cortical plasticity. Long-lasting 
excitability changes can be induced in the human motor cortex by periods of 
repetitive transcranial magnetic stimulation (rTMS), by repetitive electrical 
peripheral nerve stimulation (rEPNS) or by combining these two paradigms 
of stimulation (Huang et al., 2005; Ridding et al., 2001; Stefan et al., 2000).

In the present work we tested the hypothesis that a lasting change in the 
excitability of cortical output circuits can be induced in the human motor 
cortex by a novel neurophysiological protocol. With this aim in mind, we 
combined two different neurophysiological techniques each of which is 
capable of inducing a lasting change of cortical excitability, independently: 
median nerve repetitive electrical stimulation (rEPNS) (Ridding et al., 2001) 
and transcranial direct current stimulation (tDCS) (Nitsche & Paulus, 2000).

Our hypothesis is that providing rEPNS that reaches the somatosensory 
and motor cortex at a time when the membrane potential of its pyramidal 
neuron is biased by tDCS is sufficient to induce an enduring change of motor 
cortex excitability, which is more effective than that induced by tDCS alone.
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Ten healthy volunteers, right-handers (5 men, mean age 30 ± 3 years), 
were enrolled in the study.

All subjects underwent 3 different conditioning protocols in a rand-
omized way.

Anodal or Cathodal tDCS: 5 minutes of constant direct current of 1 
mA, applied via two large-sized (7 ´ 5 cm), saline-soaked, sponge-covered 
electrodes positioned over the optimal motor cortical representation of the 
right APB and on the contralateral frontal pole. tDCS polarity refers to the 
electrode over M1.

Anodal or Cathodal tDCS + rEPNS: anodal or cathodal tDCS for five 
minutes paired with a simultaneous right median nerve 5 Hz electrical 
stimulation (the pulse width was 500 µs and the intensity of the electrical 
stimulus was set at twice the sensory threshold).

Sham tDCS + rEPNS: shamTDCS for five minutes paired with a real 
simultaneous 5 Hz EPNS. 

For sham tDCS, the stimulator was switched on for 5 seconds and then 
turned off for the remaining 5 minutes.

Motor evoked potentials (MEPs) were recorded from the right abduc-
tor pollicis brevis (APB) muscle. MEPs were performed before (baseline) and 
immediately after the different conditioning protocols to the left M1 (T0) as 
well as 10, 20, 30 and 60 min after (T10, T20, T30 and T60).

In 4 subjects we studied the amplitude of H reflex and the amplitude 
of MEPs, recorded from the right flexor carpi radialis (FCR) muscle, before 
(baseline) and after (T0-T10-T20-T30) two different conditioning proto-
cols (Anodal tDCS + rEPNS; Sham tDCS + rEPNS). This control experi-
ment was performed to explore the after effects of our protocol on the spinal 
excitability.

Anodal tDCS alone induced a significant transient increase of MEP 
amplitude immediately after the end of stimulation while Anodal tDCS + 
rEPNS determined MEP changes which persisted for up 30 minutes (two-
way ANOVA: Type of stimulation by Time interaction F = 6.4, p = 0.0001).

Cathodal tDCS alone induced a significant reduction of MEP ampli-
tude immediately after the end of stimulation while Cathodal tDCS + 
rEPNS prolonged the effects for up to 30 minutes (two-way ANOVA: Type 
of stimulation by Time interaction F = 9.1, p = 0.00001. 5 minutes of Sham 
tDCS + rEPNS did not induce significant changes in corticospinal excit-
ability (p > 0.05).

In 4 subjects either Anodal tDCS + rEPNS (one-way ANOVA: Time 
factor F = 5.6, p = 0.008) and Sham tDCS + rEPNS (one-way ANOVA: 
Time factor F = 3.3, p = 0.03) determined changes of the amplitude of H 
reflex which persisted for up 30 minutes. The MEP amplitudes increased 
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only after Anodal tDCS + rEPNS (one-way ANOVA: Time factor F = 6.5, 
p = 0.005) but not after Sham tDCS + rEPNS (p > 0.05).

These data suggest that by providing afferent input to the motor cortex 
while its excitability level is increased or decreased by DC stimulation may be 
a highly effective means for inducing a bi-directional plasticity. The mecha-
nism of this novel paired stimulation protocol may be complex, involving 
either cortical and spinal after effects. Our findings may be relevant for the 
developing of new therapeutic strategies promoting recovery following brain 
damage in humans.
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The primary motor cortex (M1) area recruitment enlarges while learning a 
finger tapping sequence (Karni et al., 1995; Ashe et al., 2006; Richardson 
et al., 2006). Also M1 excitability increases during procedural consolidation 
(Brashers-Krug et al., 1996; Muellbacher et al., 2002; Walker et al., 2003; 
Hadipour-Niktarash et al., 2007). Our aim was to investigate the effects of 
M1 excitability-enhancing, obtained by transcranial direct current stimula-
tion (tDCS, Nitsche et al., 2003), on the implicit motor learning and con-
solidation of a sequential finger tapping task.

Forty-seven right-handed healthy participants were trained in a 9-ele-
ment sequential finger tapping task (SFTT, Figure 1) with the left hand. 
Random sequence blocks were interspersed with training sequence blocks. 
Anodal or sham tDCS was administered over the right M1 after the end of 
the training and test session. For each block, performance was estimated as 
the median execution time of correct sequences. Early consolidation of the 
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trained sequence, assessed by the difference between the first block after and 
the last block before stimulation, was enhanced by anodal and not by sham 
tDCS (Figure 2). Stimulation did not affect random sequences execution. 
No stimulation effect was found on the online learning of either the trained 
or the new untrained sequences.

Our results suggest that anodal tDCS applied on M1 soon after train-
ing improves early consolidation of implicit motor learning (Reis et al., 
2009). Our data highlight the importance of neuromodulation procedures 
for understanding learning processes and support their use in the motor 
rehabilitation setting, focusing on the timing of the application.

Figure 1. Experimental paradigm. Top: tDCS electrodes placement and the modified serial finger 
tapping task (SFTT), with the sequence appearing on the PC screen to be performed with the left 
hand. Bottom: Diagram showing the order of the repeating trained (PRE/POST; white) and un-
trained (POSTNEW ; black) sequences and random sequences (r; gray) blocks

Figure 2. Consolidation Mean and two standard errors of the normalized POST1
norm-PRE10

norm 
difference for Sham and AtDCS stimulation
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The term hemispatial neglect refers to the defective ability of patients to 
report, response, or orient to novel or meaningful stimuli presented to the 
opposite side of a brain lesion (Heilman et al., 1993). The clinical evidence, 
further supported in non-invasive radiologic technique and neurophysiologi-
cal studies, converges on the supramarginal gyrus of the right inferior parietal 
lobule as a critical brain region involved in every case of neglect (Di Russo et 
al., 2008; Vallar & Perani, 1986).

However, so far the basic mechanisms subserving unilateral space per-
ception still remain obscure. The view that received the most relevant experi-
mental support suggests that left hemisphere is dominant for space and the 
balance between right and left hemispace attention is mediated by reciprocal 
interhemispheric inhibitory connections (Kinsbourne et al., 1970). So when 
right brain damage occurs then, based on interhemispheric rivalry, inhibitory 
drive from right hemisphere is abolished and attentional vector is strongly 
oriented toward the right hemispace.

Relevant contribution to this field has been given by transcranial mag-
netic stimulation. Repetitive transcranial magnetic stimulation (rTMS) over 
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right posterior parietal cortex (PPC) was shown to induce interference on 
visuo-spatial perception in healthy subjects so defining a model of visuospa-
tial neglect (Fierro et al., 2000). Moreover, based on the Kinsbourne’s theory 
of interhemispheric rivalry, depressing activity of left parietal cortex through 
rTMS (Oliveri et al., 2001; Brighina et al., 2003) has been shown to amelio-
rate visuospatial defect in neglect patients.

Transcranial direct current stimulation (tDCS) is another non-invasive 
brain stimulation technique that works modulating cortical activity. tDCS 
acts by altering the membrane potential of neurons and the effects depend 
on the polarity of stimulation – anodal currents increases while cathodal 
stimulation decreases cortical excitability (Liebetanz et al., 2002, Nitsche & 
Paulus, 2000). Recently Sparing et al. (2009) found that tDCS of PPC can 
bidirectionally affect visuospatial perception depending on stimulation side 
and polarity:anodal currents giving contralateral and cathodal ipsilateral bias.

Recently Vines et al. (2008) showed that stronger and longer lasting 
effects on motor performance could be obtained using a “dual” stimulation 
setting in which anode and cathode are positioned on the opposite motor 
cortices, different from the classical montage with reference electrode on a 
neutral area.

The aim of the present study was to evaluate if “dual” stimulation could 
induce more powerful effects also on visuospatial attention, exploring if this 
novel stimulation approach over parietal cortices, as compared to the uni-
lateral (right) cathodal one, is able to induce greater and/or longer lasting 
neglect-like effects in normal subjects performing a computerized visuospa-
tial task.

To this aim eleven healthy subjects underwent a computerized visuo-
spatial task requiring judgments about the symmetry of prebisected lines in 
baseline condition, during and after tDCS. Right cathodal and left anodal 
tDCS were simultaneously applied over homologue posterior parietal cor-
tices in the “dual” approach, whereas right cathodal tDCS was used in the 
traditional unihemisphere stimulation. Sham dual stimulation was also 
performed to control for unspecific effects. Real tDCS was given at 1 mA 
intensity (total current density of .07 mA/cm2) for a period of 15 min.

Stimulation site for cathodal was right PPC (P6): for dual stimulation 
cathode was over P6 and anode over P5 positions (according to 10-20 EEG 
system). The sham control condition was identical to the “dual” hemisphere 
condition, except that after 30 seconds the experimenter reduced the cur-
rent to zero and maintained it to zero till the end of the stimulation period. 
A visuo-spatial task was performed before tDCS (T0), during tDCS: 5 
min(T1) and10 min(T2) after start, just after (T3) and 5 min after the end 
of tDCS (T4).
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Results showed a significant rightward bias in symmetry judgments 
as compared with baseline and sham conditions in both the stimulation 
approaches. However, “dual” tDCS induced an earlier (T2 vs. T3) and more 
powerful effect with respect to cathodal stimulation. The effect of both 
stimulation conditions however were completely over just 5 min after the 
end of tDCS.

The stronger and earlier effect of the “dual” stimulation could be 
explained by data deriving from studies in which a damaged cortical asym-
metrical function is often associated to the hyperactivity of the contralat-
eral homologue area (Corbetta et al., 2005). This contralateral hyperacti-
vation can of course be considered as compensatory and seems to support 
the hypothesis of a maladaptive “dead- end strategy” (Brighina et al., 2003; 
Naeser et al., 2005) due to the inter-hemispheric rivalry. We speculate that 
the resulting modulation of interhemispheric inhibition mediated the addi-
tional rightward bias in task performance in “dual” hemisphere compared to 
unihemisphere tDCS.

On this basis one could argue that effects of “dual” tDCS may better 
reproduce mechanisms underlying real lesions, so providing a more suitable 
model for rehabilitation of negligent patients.

Even short lasting effects have been observed also in the work by Spar-
ing et al. (2009), the lack of after-effect we found is more difficult to explain. 
It could follow the peculiar network organization of a strongly lateralized 
function, as the visuospatial one, even if the role of the stimulation param-
eters used has to be taken into account.

Further studies are needed to better explore these issues evaluating the 
real potential of tDCS for rehabilitation of visuospatial dysfunction.
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Oscillatory currents delivered through the scalp by transcranial Alternate 
Current Stimulation (tACS) at different frequencies seem to be able to entrain 
specific electroencephalographic (EEG) brain activities (Thut & Miniussi, 
2009). It has been suggested that tACS may have behavioural counterparts, 
by reinforcing physiological phenomena specifically related to the frequency 
bands of the stimulated brain region (Marshall et al., 2006; Kanai et al., 
2008 and 2010; Pogosyan et al., 2009; Feurra et al., in preparation).

Causal relationships between the oscillatory 20 Hz activity of the motor 
areas at rest with the human corticospinal output still need to be elucidated. 
We used here a novel approach which combines simultaneous single-pulse 
TMS combined on-line with tACS at different frequencies (range 5-40 Hz), 
in order to investigate if the corticospinal output measured by Motor Evoked 
Potentials (MEPs) of the left primary motor cortex (M1) may be modulated 
by frequency-dependent tACS.

Twelve right-handed healthy subjects underwent to seven, random 
and counterbalanced, experimental conditions: two basal sessions (without 
tACS), tACS of the left M1 at 5 Hz (theta band), 10 Hz (alpha band), 20 Hz 
(beta band), 40 Hz (gamma band), as well as 20 Hz of the right parietal 
cortex (control site). Each session of stimulation lasted 1.5-2 minutes. 
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tACS was delivered at an intensity of 1 peak-to-peak milliampere. TMS was 
applied over the sponge electrode used for tACS overlying the left M1 and 
10 MEPs/condition were recorded from the right First Dorsal Interosseus 
(FDI), during online neuronavigation.

In order to exclude that the observed effects might be due to biophysi-
cal interactions of the electric fields produced by tACS and TMS, rather than 
by interactions with cortical neurons, the experiment was then repeated by 
applying tACS (5 Hz and 20 Hz) and TMS on the ulnar nerve at the elbow.

A repeated measures ANOVA followed by Bonferroni corrected post-
hoc comparisons showed that the corticospinal output resulted in a better 
reactivity when tACS was applied on the left M1 at 20 Hz. This was reflected 
by a significant enhancement of the MEPs size obtained during tACS at 
20 Hz with respect to all the other conditions (i.e., Basal, 5 Hz, 10 Hz, 
40 Hz and 20 Hz on the parietal site). Peripheral tACS was uneffective.

Results originally provides causal evidence that 20 Hz rhythm of the 
motor cortex plays a specific role in corticospinal facilitation.

References

Kanai, R., Chaieb, L., Antal, A., Walsh, V., & Paulus, W. (2008). Frequency-depend-
ent electrical stimulation of the visual cortex. Curr. Biol., 18, 1839-1843.

Kanai, R., Paulus, W., & Walsh, V. (2010). Transcranial alternating current stimu-
lation (tACS) modulates cortical excitability as assessed by TMS-induced 
phosphene thresholds. Clin. Neurophysiol., 121, 1551-1554.

Marshall, L., Helgadottir, H., Mölle, M., & Born, J. (2006). Boosting slow oscilla-
tions during sleep potentiates memory. Nature, 444, 610-613.

Pogosyan, A., Gaynor, L.D., Eusebio, A., & Brown, P. (2009). Boosting cortical 
activity at beta-band slows movement in humans. Curr. Biol., 19, 1637-1641.

Thut, G., & Miniussi, C. (2009). New insights into rhythmic brain activity from 
TMS-EEG studies. Trends Cogn. Sci., 13, 182-189.



Neuropsychological Trends – 8/2010
http://www.ledonline.it/neuropsychologicaltrends/

81

Effects of transcranial direct 
current stimulation 
on electroencephalographic activity

Debora Brignani 
1 - Maria Concetta Pellicciari 

1

Carlo Miniussi 
1, 2

1 Cognitive Neuroscience Section IRCCS San Giovanni di Dio Fatebenefratelli, Brescia, 
Italy

2 Department of Biomedical Science and Biotechnology, School of Medicine,
University of Brescia, Brescia, Italy

debora.brignani@cognitiveneuroscience.it

Keywords: transcranial Direct Current Stimulation; Electroencephalography; 
TMS evoked potentials; Cortical excitability

Transcranial direct current stimulation (tDCS) is a non invasive technique 
used to manipulate cortical excitability through weak electric currents 
applied to the head (usually equal or less than 2 mA). Although the effects 
of weak electrical currents on tissue have been known for centuries, only 
recently tDCS has been revalued after that its efficacy has been definitively 
proved (Nitsche & Paulus, 2000). These authors tested the functional effects 
of tDCS by studying changes in motor evoked potentials (MEPs) elicited in 
a hand muscle by transcranial magnetic stimulation (TMS). Results, subse-
quently confirmed by further investigations, showed that the effects induced 
by tDCS over the motor cortex are dependent on the current polarity: anodal 
stimulation increases excitability, while cathodal polarization decreases it. 
Since tDCS has been proved to induce long lasting modulations of cortical 
excitability (Nitsche & Paulus, 2001), there is a growing interest in using it 
as tool for improving cognitive and behavioural functions in patients with 
neurological diseases. However, there are still many unresolved questions 
concerning its mechanisms of action, including how currents spread to the 
cortex. Although tDCS involves the direct induction of intracerebral current 
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flow, few studies explored the impact of tDCS on electroencephalographic 
(EEG) activity (e.g., Ardolino et al., 2005; Polania et al., in press).

Aim of the current study was to investigate the short and long lasting 
effects induced by tDCS on spontaneous and evoked cortical EEG activity 
during the application of a standard protocol proved to be effective in modulat-
ing corticospinal excitability. Since EEG is assumed to reflect excitability of neu-
ronal populations, it was expected to provide a central measure of tDCS effects.

A group of young healthy right-handed subjects participated in this 
study. Anodal and cathodal tDCS were delivered to every subject above 
the motor cortical representational field of the right first dorsal interos-
seous, identified by the use of TMS. The order of tDCS application was 
randomized across subjects. The EEG activity was recorded from 10 scalp 
electrodes positioned according to functional criteria and to the 10-20 Inter-
national system. MEPs (i.e., peripheral indexes of excitability) were evalu-
ated before and after tDCS application, in order to confirm the efficacy of 
the stimulation protocol in the present experiment. Concurrently to MEPs, 
we measured TMS evoked potentials (TEPs), which may be considered as 
a central index of excitability (Casali et al., 2010; Casarotto et al., 2010). 
To elicit MEPs and TEPs, 100 TMS pulses were delivered with a random 
inter stimulus interval of 2-4 s. In addition to MEPs and TEPs, we acquired 
also EEG activity at rest and collected reaction times during a simple detec-
tion task. In order to assess the duration of the effects, all the measures (i.e., 
MEPs, TEPs, EEG at rest, behavioural performance) were evaluated before 
tDCS as baseline, immediately after and 30 minutes after tDCS.

The tDCS-induced changes on peripheral and cortical responses to 
TMS were evaluated respectively analyzing the peak to peak amplitude of 
MEPs and the cortical local field power of TEPs for the right and left hemi-
sphere. The EEG activity at rest was investigated by calculating the power of 
all the frequencies in the range between 2 and 45 Hz. Reaction times of the 
right and left hand, respectively contralateral and ipsilateral to the stimula-
tion side, were compared considering the polarity of stimulation. Statistical 
analyses were performed for each index to reveal changes between pre- and 
post- anodal and cathodal tDCS.

Consistently with the expectations, results showed that motor corticos-
pinal excitability increased after anodal tDCS and decreased after cathodal 
tDCS, as revealed by MEPs modulations. Interestingly, also TEPs components 
were modulated according to tDCS polarity and consistently with MEPs 
modulations: TEPs amplitude increased after anodal tDCS and decreased after 
cathodal tDCS. This effect was localised to the left stimulated hemisphere, 
while no difference in TEPs amplitude was observed over the right hemisphere. 
Also behavioural results revealed that tDCS effects were focalised to the stimu-
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lated area, since reaction times were modulated by the tDCS polarity only 
when subjects responded with the right hand contralateral to the stimulated 
side and not with the left hand ipsilateral to the stimulated side. The most of 
the results were maintained 30 minutes after tDCS. No relevant modulations 
were observed in EEG activity at rest. In both anodal and cathodal tDCS, 
indeed, an increase of power was present in low frequency bands (i.e, theta and 
alpha), suggesting a general effect not specifically related to the stimulation.

These data provide for the first time direct evidence that tDCS induces 
modulations of the motor cortical excitability. A complete picture emerges, in 
which peripheral and central indexes of excitability (i.e., MEPs and TEPs) as 
well as behavioural measures are all consistently modulated by electrical stimu-
lation. These data show also that EEG responses to TMS are reliable indexes for 
measuring cortical excitability. Thus, they may be employed to detect changes 
in the state of cortical circuits also in those areas without a peripheral correlate.
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In 1980 Merton and Morton recorded the first motor evoked potential by 
means of a transcranial electrical stimulation (TES) applied on the scalp via 
dedicated high-voltage stimulators. Later on by means of a special array of 
stimulating electrodes on the scalp, it was possible to reach the same results 
with commercially available stimulators (Rossini et al., 1985). In the same 
years transcranial magnetic stimulation (TMS; Barker et al., 1985) came 
up and progressively displaced electrical brain stimulation because of the 
minimal discomfort with respect to TES which maintained validity only for 
specific and limited clinical (i.e. comatous subjects, subjects under general 
anesthesia for pyramidal tract monitoring) or research conditions (i.e. when 
direct stimulation at the axonal hillock or deeper is required; Caramia et al., 
1989). In the third millennium, while neuroscientists were refining TMS 
application in human physiology study and in therapeutic protocols induc-
ing cortical plasticity, the transcranial electrical stimulation came back with a 
new kind of application, a prolonged transcranial direct current stimulation 
(tDCS; Nitsche & Paulus, 2000).

tDCS differs qualitatively from other transcranial stimulation tech-
niques such as TES and TMS by not inducing neuronal action potentials 
because static fields in this range do not yield the rapid depolarization required 
to produce action potentials in neural membranes. On the other hand, tDCS 
produces a sustained shift of cortical excitability (Nitsche & Paulus, 2000) by 
a tonic de- or hyperpolarization of resting membrane potential and, hence, 
might be considered a direct type of neuromodulation. In the last decade 
tDCS has been widely used as an experimental probe in a variety of protocols 
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including homeostatic plasticity (Siebner et al., 2004); however, the main 
tDCS application was to modulate attention, memory, motor and language 
functions in humans (for a review see Nitsche et al., 2008).

The neuroscientists’ attention was particularly focused on anodal tDCS, 
which is able to increase cortical excitability and to improve procedural 
learning (Reis et al., 2009) and consolidation (Tecchio et al., 2010). These 
findings prompted tDCS application in motor and cognitive rehabilitation, 
in particular in stroke patients, with promising but not yet definitive results 
(Hummel et al., 2008). In fact several doubts remain unsolved and further 
studies are required to solve them. In particular the mechanisms underlying 
cortical stimulation effects reported so far in the literature are not well under-
stood: tDCS may evoke LTP/LTD – like mechanisms or promote cortical 
efficiency but we are far from demonstrating the underlying molecular and 
cellular processes with a consequent limitation of their application. Further-
more, in stroke patients, published data are difficult to compare as different 
“active” (ipsilesional or contralesional) and “reference” electrode position 
(orbitofrontal, extracephalic) and size have been employed. On the other 
hand, many studies led to clarify the restrictiveness of tDCS and that brain 
electrical stimulation is more (and perhaps only) effective in conjunction with 
physical training, even if the best reciprocal positioning of stimulation and 
training is not definitively proved. In acute neurological conditions, namely 
stroke, it is also necessary to elucidate when cortical stimulation should be 
applied to generate optimal effects on functional recovery and, more pre-
cisely, if electrical stimulation may be safely applied in acute and subacute 
phases. Recent evidence demonstrated that anodal tDCS, administered as 
in “rehabilitation-enhancing” protocols, produces a decrease of vasomotor 
reactivity (Vernieri et al., 2010), a vascular parameter directly correlated with 
a good clinical outcome in vascular patients (Vernieri et al., 2001). These 
evidences raise a serious warning about an uncontrolled and extensive use of 
tDCS in acute stroke patients, strongly recommending an adequate vascular 
examination before any kind of neurostimulation protocol.

In conclusion transcranial electrical stimulation (tES) has enormous 
clinical potential for a future use in rehabilitation and in particular in stroke 
recovery because of its ease of use, its non-invasiveness, its apparent safety 
(does not provoke seizures) in non-acute neurological deficits, its sham mode 
(important for controlled clinical trials), and the possibility to combine it with 
other methods for enhancing recovery (e.g., simultaneous occupational/physi-
cal therapy). If results of pilot and proof-of-principle studies showing long 
lasting benefits can be replicated, tDCS might become a very important adju-
vant therapy in routine rehabilitative procedures, but more basic and clinical 
trials are needed to standardize its use and to demonstrate its safety limitations.
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The application of a non-invasive brain stimulation technique called transcra-
nial direct current stimulation (tDCS) has been shown to painlessly modify 
visual cortex excitability in a polarity dependent way in humans: anodal 
stimulation increases cortical excitability, whilst cathodal one results in a 
reversal effect (Accornero et al., 2007; Antal et al., 2004 and 2006). The idea 
that DCS could modify cortical excitability derives from the experiments per-
formed in the 1960s, even though with a more invasive technique, where it 
has been shown that DCS applied over the visual cortex was able to modulate 
its excitability, depending on the direction of the current flow (Creutzfeldt et 
al., 1962; Ward & Weiskrantz, 1969). In the last few years, human experi-
ments demonstrated that tDCS is able to modulate visual evoked potentials 
(VEPs) (Antal et al., 2004), modify the perception of phosphenes (Antal et 
al., 2003) or affect motion detection thresholds (Antal et al., 2004). However, 
the mechanism of action of tDCS has not been fully elucidated and the use 
of animal models could be of great advantage for the optimization of this 
promising technique and to investigate its molecular mechanisms (Cambiaghi 
et al., 2010; Fritsch et al., 2010; Liebetanz et al., 2006a and 2006b; Schweid 
et al., 2008). Due to the possibility to have transgenic models, mice are widely 
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used to study visual system pathway and diseases (Martin et al., 2006; Ren 
et al., 2000); the retino-cortical visual pathway of the mouse is qualitatively 
similar to that of other mammals, the main difference being the relative size of 
cortical representation of monocular/binocular visual field in relation to the 
lateral/frontal position of the eyes. The mouse retina is much like the human 
peripheral retina and allows a rough prediction of the overall visual perform-
ance, taking into account the differences in eye size (Porciatti et al., 2002).

In a preliminary work we observed that the neuromodulatory effects 
of tDCS on flash VEPs in mice generate results similar to observations in 
humans. In this case, tDCS was applied by a customized plastic electrode 
implanted epicranially over the primary visual cortex, V1. As a counter 
electrode we used a saline soaked sponge (5.2 cm2) applied over the ventral 
thorax by using a custom corset, according to published methods (Cambi-
aghi et al., 2010; Liebetanz et al., 2006a).

Ten minutes of tDCS were able to influence VEP amplitude according 
to different polarity, and these effects progressively declined being no longer 
significant about after ten minutes of stimulation, while no significant tDCS 
effects were found on VEP latencies.

Even though there are no clear data on the mechanisms underlying 
tDCS effects on visual cortex, it is likely that the basic molecular and cellular 
changes due to subthreshold electric field are similar to those occurring in 
the motor pathway, where both synaptic and non-synaptic mechanisms may 
be involved (Ardolino et al., 2005; Cambiaghi et al., 2010; Liebetanz et al., 
2002; Nitsche et al., 2003). However, these interpretations should be con-
sidered in accordance to the many anatomical and physiological differences 
between these two areas (Antal et al., 2006).

Overall, the application of tDCS in mice could be of great interest, in 
order to study its effects on visual system disease models and for finding the 
ideal stimulation time and intensity.
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Transcranial direct current stimulation (tDCS) is a non-invasive brain stimu-
lation technique that induces polarity-specific excitability changes of cortical 
neurons in humans, thus altering physiological, perceptual and cognitive 
processes. Here we explored the effects of anodal-excitatory tDCS on uni-
modal and crossmodal spatial processing in healthy humans, by targeting the 
posterior parietal cortex (PPC) of the right hemisphere, a region of the brain 
which is critical for spatial attention. Indeed, the control of spatial atten-
tion and awareness for perception and action is an important function of the 
dorsal–ventral stream of cortical pathways originating in the primary visual 
cortex and projecting to the PPC (Rizzolatti & Matelli, 2003; Rozzi et al., 
2006). Moreover, the PPC is a heteromodal region of sensory convergence, 
containing both unisensory and multisensory neurons responding to visual 
and auditory stimuli (Andersen, 1997; Bushara et al., 1999; Bolognini et 
al., 2009), thus contributing to supramodal spatial attention (Macaluso & 
Driver, 2003).

Recent evidence suggests that the human PPC can be relevant for 
processing modality-specific stimuli across different sensory modalities, 
although their integration might also occur outside the PPC. For instance, 
a recent transcranial magnetic stimulation (TMS) study demonstrated the 
causal involvement of the right PPC in modality-specific processing of con-
tralateral auditory and visual stimuli, but not in their multisensory integra-
tion, as assessed through the redundant-signal effect (RSE; Bolognini et al., 
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2009). The RSE is a phenomenon consisting of faster reaction times to redun-
dant audiovisual stimuli than to isolated ones; it is considered a reliable index 
of multisensory integration. Among other structures that may be responsible 
for audiovisual integrative effects, the superior colliculus (SC) appears the 
key neural locus for speeding up the response to audiovisual input (i.e. RSE). 
Indeed, with blue coloured visual stimuli, mainly detected by the S-cones, 
which do not project directly to the SC (Marrocco & Li, 1977; de Monaste-
rio, 1978; Leh et al., 2010), the audiovisual RSE is typically subserved by 
an independent-channels probabilistic mechanism (i.e. the two crossmodal 
stimuli are processed by separate channels, in a horse-race fashion), whereas 
red audiovisual stimuli, visible to the SC, can yield a RSE subserved by a 
neural coactivation mechanism (i.e. convergence of the crossmodal stimuli at 
some stage of sensory processing) (e.g. Maravita et al., 2008).

By capitalizing on this evidence, we sought to explore whether it is pos-
sible, and through which mechanism the anodal polarization over the PPC 
could effectively modulate multisensory audio-visual integration.

To this aim, we conducted three experiments. In each experiment, 16 
participants underwent two testing sessions with a RSE paradigm, counter-
balanced across subjects and conducted over different days: a baseline session 
(no tDCS) and one following tDCS (post-tDCS). In experiment 1, par-
ticipants received anodal-excitatory tDCS over the right PPC (PPC tDCS); 
in experiment 2, participants received a placebo stimulation over the right 
PPC (sham tDCS); finally, in experiment 3 anodal tDCS was delivered over 
the right occipital cortex (comprising the area V1, i.e. V1 tDCS, follow-
ing Bolognini et al., 2009). During the RSE task, participants were asked 
to respond as soon as possible to the appearance of unimodal visual (red 
or blue) or auditory targets as well as to bimodal audiovisual (red or blue) 
targets; stimuli could be presented to the left or right hemifield.

The statistical analysis (i.e. repeated measure ANOVA) conducted 
on the mean response latency showed that anodal tDCS of the right PPC 
enhances orienting to contralateral stimuli, facilitating the processing of both 
modality-specific and crossmodal stimuli. Furthermore, the modulation of 
crossmodal orienting was dependent on the mechanism underlying the cross-
modal RSE. Indeed, following PPC tDCS, a greater benefit was observed for 
the audiovisual RSE of a probabilistic type (elicited by blue visual stimuli), as 
opposed to the RSE due to neural summation (elicited by red visual stimuli). 
This result may be due to the fact that red stimuli, as opposed to blue ones, 
probably undergo a substantial amount of processing in the SC, which would 
preserve them from the tDCS modulation of cortical excitability. Crucially, 
the tDCS effects were specific for the parietal stimulation, being absent for 
sham tDCS and for right occipital tDCS. In this last condition, we only 
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observed a tendency to speed up modality-specific visual RTs to contralateral 
targets, in broad agreement with previous reports (Antal et al., 2006; Antal 
& Paulus, 2008; Bolognini et al., 2009).

In conclusion, anodal tDCS proved here to be a useful tool for modu-
lating modality-specific and crossmodal spatial orienting in healthy subjects. 
Substantial crossmodal processing seems to occur in the human PPC and 
appears to be relatively independent from that occurring in the SC. With 
respect to the neuromodulatory approach used here, the present finding sug-
gests that tDCS could fill an important gap in the study of multisensory 
processes in the human brain, by opening up new possibilities for the modu-
lation of cognitive abilities also in the multisensory domain.
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Empathy is the ability to recognize and understand others’ affective mental 
states. Affective cue processing is at the core of our ability to act in a social 
context and to adequately re-act to emotional stimuli. The ability to attend 
to socially relevant stimuli is also fundamental for the empathic response 
(Balconi & Pozzoli, 2003).

It has been suggested that empathy may rely on a resonance mechanism: 
we respond to emotional cues – such as facial expressions – by simulating others’ 
emotional states (Preston & de Waal, 2001) or by mirroring an observed emo-
tional state (Gallese & Goldman, 1998). Facial expressions, as primary social 
cues, play an important role in “empathic resonance” processes. Such processes 
involve also automatic mechanisms and they are only partially conscious.

Contextual and individual factors, however, influence our responses, 
then appraisal processes modulate empathy. In particular the arousal power, 
salience and hedonic valence of a stimulus have a great influence on the 
observer’s empathic response (de Vignemont & Singer, 2006).

Different neural structures are involved in empathy-related processes; 
the activity of Anterior Cingulate Cortex (ACC) in particular has been 
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associated to emotional appraisal processes (Bush, Luu & Posner, 2000). 
Furthermore, ACC detains a relevant role in response to aversive situation: 
clinical samples with dysfunction of Cingulate Cortex show specific impair-
ments in negative/threatening social conditions, probably due to an arousal 
misattribution to emotional cues.

The present study explores emphatic syntonization in response to emo-
tional expressions. ACC functioning may modulate the ability to evaluate our 
own empathic response and to recognize affective features of social stimuli, 
e.g. facial expressions. Thus, we expect that the inhibition of specific frontal 
brain areas by means of rTMS leads to a reduction of empathic involvement 
and to worse performances in an emotional recognition task as a function of 
valence and arousal associated to different facial expressions.

Eighteen voluntary subjects with no history of neurological or psychiat-
ric diseases took part in the study (Mage = 23.46, SD = 2.65). The experimen-
tal protocol was approved by the Ethics Committee of Catholic University.

Four black and white pictures of a young male actor depicting a happy, 
angry, fearful, or neutral face (Ekman & Friesen, 1976) were used as stimuli. 
The valence, arousing power and emotional significance of each stimulus 
have been evaluated by asking each subject to appraise the pictures after the 
experimental phase.

Subjects performed a two-alternative forced-choice task. They were 
asked to empathize with the actor and, then, to judge the affective features 
of the stimuli by pressing one of two buttons (presence vs. absence of emo-
tion). Furthermore, an online inhibitory rTMS paradigm (1 Hz) has been 
used to test the contribution of specific frontal areas (ACC). ACC area was 
located and marked on a cap in correspondence to FCz site (10-20 Interna-
tional System). A control site stimulation (Pz) and a sham stimulation were 
included as control conditions in the experimental design. In any condition, 
each trial started with a five-second repetitive stimulation (1 Hz, five pulses), 
then the stimulus was presented for 2500 ms followed by a blank (500 ms). 
The timing was set according to the recommendation for repetitive stimula-
tion (Rossi, Hallett, Rossini & Pascual-Leone, 2009). The pulse magnitude 
was set to 120% of subjective motor threshold taking account of individual 
differences. Subjective motor threshold was defined as the intensity that 
caused a visible twitch at muscles of the right hand in 80% of delivered 
pulses over left MI.

At the beginning of the experiment, subjects familiarized with the 
entire procedure. Then two 40-trials blocks (10 reiterations for each picture) 
were run for each stimulation condition (FCz, Pz, Sham). After each block 
participants were asked to express their empathic involvement into the four 
situations (happiness, anger, fear, neutral).
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Behavioral (accuracy and RTs) and self-report (empathic involvement) 
data have been analyzed by means of Repeated Measures ANOVAs (Stimula-
tion ´ Expression). Type-I errors associated with inhomogeneity of variance 
were controlled using the Greenhouse-Geisser correction.

RTs were significantly higher after FCz stimulation (F(2,17) = 9.14, p < 
0.001). In particular, RTs were higher when FCz was inhibited in response 
to anger and fear (Stimulation ´ Expression: F(6,17) = 6.30, p < 0.001), see 
Figure 1a.

Accuracy was measured in terms of Error Rates (ERs), i.e. number 
of errors out of total trials. The analysis showed significant main effects 
for Expression (F(3,17) = 6.70, p < 0.001) and Stimulation (F(2,17) = 6.90, p < 
0.001), with higher ERs after FCz stimulation and in response to angry and 
fearful faces. Also the interaction effect was significant (F(6,17) = 8.12, p < 
0.001), with higher ERs after FCz stimulation in particular for angry and 
fearful faces (Figure 1b).

Self-reported empathic involvement was significantly different 
depending on Stimulation: participants reported less involvement when 
FCz was inhibited (F(2,17) = 9.33, p < 0.001). The interaction between 
expressions and stimulation conditions was also significant (F(6,17) = 6.36, 
p < 0.001), showing a specific effect for negative emotions after FCz stimu-
lation (Figure 1c).

Results highlight three main points. Firstly, an increase of the cogni-
tive difficulty to check for affective features of faces was observed when 
the frontal site was stimulated, resulting in higher response times and 
less accuracy. Similar effects were highlighted in studies on patients with 
impairments in ACC functionality showing deficits in the detection of 
facial expressions as significant social signals or in the attribution of the 
motivational significance of an external stimulus (Bush, Luu & Posner, 
2000).

Secondly, reported levels of empathy were also modulated by TMS. 
Contexts evaluated as emotionally involving may ingenerate a consonant 
response in the observer, who recognizes and then “mimic” the other’s 
somatic markers reaching a shared emotional experience (Preston, 2007). 
ACC is, in particular, involved in assessing the salience of affective and moti-
vational information and in regulating emotional responses.

Finally, specific significant effects were found for negative and more 
arousing emotions when ACC was inhibited. This evidence is in line with 
the functional role of ACC, which is particularly responsive to aversive 
situations, and with previous clinical studies showing that impairments in 
processes associated with ACC include reduced neurophysiological and cog-
nitive responses to aversive conditioning (Birbaumer et al., 2005).
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Given the role of ACC in integrating different inputs (sensory, moti-
vational, representational) and in modulating the activity of different neural 
structures, results suggest the existence of an automatic mechanism support-
ing implicit empathic response, whose activity then contributes to more 
complex and conscious processing, with possible circular relations between 
autonomic response self-monitoring and external-internal emotional cue 
processing.
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Recent studies showed the impairing effect of psychosocial stress on memory 
retrieval in humans (de Quervain et al., 2000). Retrieval of emotional arous-
ing words appears to be affected by stress-related more than neutral words 
(Kuhlmann et al., 2005). Furthermore, a recent study showed the enhance-
ment of implicit memory for negative, but not for positive and neutral 
emotional stimuli suggesting a “stress-mood-congruency” effect (Luethi et 
al., 2009). Recently, a fMRI study found that the retrieval of emotional 
material activates several structures including dorsolateral prefrontal cortex 
(DLPFC) (Smith et al., 2005). In contrast, studies using repetitive TMS sug-
gested the involvement of the DLPFC during the encoding phase rather than 
the retrieval phase (Turrizzani et al., 2008, 2010). However, there is still an 
open debate on whether DLPFC is involved during the encoding or retrieval, 
since the activation of prefrontal cortex (PFC) during memory retrieval is 
widely observed in functional neuroimage studies employing a variety of psy-
chological paradigms and test modalities (Fletcher et al., 1997). Moreover, 
DLPFC does not seem to be only activated during memory retrieval tasks, 
but it seems to have a crucial role in “familiarity effect”, an aspect of recogni-
tion memory (Yonelinas et al., 2005). Specifically, Event-Related Potentials 
studies (Maratos et al., 2001) supported the role of prefrontal cortex in rela-
tion to familiarity, showing that familiarity-driven recognition is marked by a 
negative deflection ranging between 300-500ms, more prominent bilaterally 
on frontal sites. However, Skinner and Fernandes (2007) in a meta-analysis 
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concluded that both familiarity and recollection (the other component of 
recognition memory) tap similar DLPFC-based cognitive control processes.

Given the existence of discordant evidences supporting the role of 
DLPFC in recognition memory, the aim of the present study is to investigate 
the role of DLPFC during the retrieval phase of recognition memory process 
by using Stress-Related Words (SRW) and General Words (GW) in a group 
of subjects, who were exposed to stressful events for professional reasons. 
Because of this condition, we expected their memory to be more affected by 
the interference of stress-related contents (Genest et al., 1990). We predicted 
that rTMS stimulation over the left DLPFC at retrieval would improve 
memory performance, reducing the interference of stress-related contents, in 
the professional-stress-related group (more familiar with the SRW), especially 
in the negative emotional condition, in comparison to the control group.

17 females and 11 males right-handed (21-39 years) participated in the 
experiment after obtaining a written informed consent. 13 participants were 
rescuers working in road emergencies contexts. Control group was composed 
of 15 subjects who have never experienced, directly or indirectly, road accidents.

The experimental task was composed by 9 sub-tests each comprising a 
learning list and a corresponding retrieval test. Each learning list was com-
posed of 20 words, 10 of them were stressors-related words (SW) and 10 
were generic words (GW). During a pre-experimental phase semantic famili-
arity and emotional valence were assessed for each word obtaining 3 neutral, 
3 positive and 3 negative word lists. Each retrieval test was composed by 30 
words referable to different categories: Old (O), Lures (L), New (N). Each 
category was further divided in 2 sub-categories: Stressor-related Words (SW) 
and Generic Words (GW). The paradigm consisted of a study phase and a test 
phase. In the study phase each learning list was presented for 1,5 min on a 
PC screen. Participants were asked to memorize the word list. The test phase 
was administered right after the study phase ended. In the test phase, O, N, 
and L items were randomly presented one by one on a pc screen for 0.1 min, 
and subjects were asked to decide whether they had been presented before. 
We applied 1-s rTMS trains of 5 impulses (5 Hz frequency) at 100% of the 
motor threshold on left DLPFC (F3; BA9) upon retrieval test word appear-
ance. All participants were subjected also to the stimulation of a control site 
(CZ) and to a sham condition.

Repeated measures ANOVAs were applied on accuracy and RT data. 
The first analysis examined accuracy data (correct response). We observed a 
main effect of word (F = 32.043, p < 001). Post-hoc analysis revealed that sub-
jects showed a different accuracy response to L-SW in comparison to NGW 
(F = 9,437, p < 01) and to N-SW in comparison to O-GW (F= 42,686, p < 
.001). Moreover an interaction effect subject*site*word was observed (F = 
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2.424, p < 0.01). Specifically, experimental subjects showed a worse accuracy 
for O-SW during target stimulation condition in comparison to control site 
stimulation condition (F = 7,250, p < .05).

ANOVA applied to RT data showed main effect of word (F = 18.829, p < 
.001). Post-hoc analysis revealed that subjects showed different RTs in response 
to the 3 word categories (L, N, O), and their sub-categories (SW, GW). Spe-
cifically, different accuracy response to L-GW in comparison to L-SW (F = 
12,102, p < .01) and L-SW compared with N-GW (F = 39,269, p < .001), 
N-GW compared with N-SW (F =12,072, p < .01), N-SW compared with 
O-GW (F = 11,661, p < .01), and O-GW compared with O-SW (F = 9,933, 
p < .01). We also observed an interaction effect subject*site*valence*word 
(F = 1.921, p < 0.01). Specifically, for the experimental group, it was observed 
a decreasing response time for negative and neutral words during the F3 in 
comparison to the sham condition (F = 13,825, p < .01).

The aim of the present rTMS study was to investigate the role of DLPFC 
in verbal recognition memory task of Stress-Related Words. Our results show 
the critical involvement of the DLPFC in recognition memory of SW for 
“stress-related category” of subjects, thus partially endorsing the hypotheses 
of a “stress-mood-congruency” effect (Luethi et al., 2009). In other words, 
subjects exposed to stressors were more familiar to stress-related words and 
this familiarity affected their performance during recognition memory task. 
We found faster RTs for old words especially in the negative-list condition 
and for SRW, which might indicate that the stimulation of DLPFC enhanced 
the familiarity effect of old words decreasing subjects’ response time. Moreo-
ver, faster RTs for negative SRW in the experimental sample seem to indicate 
that higher stress levels indeed affect implicit memory for emotional negative 
stimuli. In conclusion, stimulation on DLPFC did not prove effective for 
accuracy response, indicating DLPFC might not be directly involved in the 
recollection aspect of recognition memory. In contrast, stimulation of the 
DLPFC proved to be effective on subjects RT, thus it suggesting a possible 
involvement of DLPFC in the familiarity effect (Yonelinas et al., 2005).
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In the present study we investigated the effects of transcranial Direct Current 
Stimulation (tDCS) applied over parietal lobe on working memory (WM). 
tDCS is a non-invasive method for modulating cortical excitability by weak 
electrical current applied constantly over time to enhance (anodal stimula-
tion) or reduce (cathodal stimulation) the excitation of neuronal populations, 
with maximal effect on the stimulated area beneath the electrodes (Priori et 
al., 2003; Nitsche et al., 2008; Utz et al., 2010). In recent years, to investi-
gate the neural basis of WM processes, variants of the “n-back” procedure 
(Gevins & Cutillo, 1993) have been employed in many human studies. In 
the most typical variant of this task, the volunteer is required to monitor a 
series of stimuli presented centrally and to respond whenever a stimulus is 
presented that is the same as the one presented n trials previously, where n 
is a prespecified integer, usually 1, 2, or 3. The task requires the simultane-
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ous engagement of several retention – and control related operations and 
is therefore assumed to place great demands on a number of key processes 
within working memory. Transcranial Magnetic Stimulation (Mottaghy, 
2006) and neuroimaging (Owen et al., 2005) data show a bilateral parietal 
involvement during verbal WM. Moreover, functional Magnetic Resonance 
Imaging studies report an increase (Kirshen et al., 2005) or a decrease (Gara-
van et al., 2000) in activations with task practice in this brain region.

The aim of this study was to clarify the role of the two hemispheres 
according to the type of processes involved (maintenance vs. manipulation) 
by up-modulating posterior parietal cortex (PPC) of one hemisphere and 
simultaneously down-modulating the corresponding region in the contralat-
eral hemisphere by means of bilateral tDCS. To do so we tested verbal WM 
(1-back and 2-back) before tDCS began and after it ended.

A group of healthy volunteers participated in the study. Participants 
were randomly assigned into one of three groups to receive either (1) active 
stimulation with the anodal electrode over the right PPC and the cathodal 
electrode over the left PPC (referred to as LHC-RHA group); (2) active 
stimulation with the anodal electrode over the left PPC and the cathode over 
the right PPC (referred to as LHA-RHC group); or (3) sham stimulation 
(referred to as SHAM group). The direct current was delivered by a battery 
driven, constant current stimulator (neuro-Conn GmbH, Ilmenau, Ger-
many) through a pair of saline-soaked sponge electrodes (35 cm2, intensity 
1.5 mA, duration 13 min). The electrodes were placed on the left and right 
PPC, centred respectively over P3-P4 (10-20 EEG electrode scalp position-
ing system).

In each group, sham stimulation was always the first type of stimulation 
followed by verbal WM tasks (referred to as “pre” stimulation). After ten 
minutes of rest there was a second period of stimulation (active or sham) and 
then WM tasks again (referred to as “post” stimulation).

There were not differences between the three groups in the “pre” stimu-
lation phase for both tasks. However, when we compared the difference in 
reaction time (RTs) between “post” and “pre” stimulation (delta RTs) we 
found a double dissociation. In the 1-back task, there was a significant differ-
ence between SHAM and LHA-RHC group. On the contrary in the 2-back 
task, there was a significant difference between SHAM and LHC-RHA 
group. Regarding the direction of the effect, tDCS abolished the practice-
dependent proficiency increase in WM in both tasks.

At the cognitive level, this double dissociation could be explained by a 
different demand on processes involved in these tasks. Although in 2-back 
the load is higher than in 1-back, this more demanding task also requires 
wide manipulation of information rather than simple selection and mainte-
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nance of information. Specifically, when the WM load increases, there is a 
greater demand on some categories of cognitive processes, such as updating 
of information, temporal ordering and inhibition.

At the neuroanatomical level, our results can be explained by a change 
in the balance of activity between the two hemispheres according to the 
verbal WM load. In conclusion we were able to show, by means of parietal 
tDCS, a double dissociation of verbal WM load effects induced by differen-
tial bilateral hemispheric modulations.
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Neuropsychological and neuroimaging studies suggested a differential hemi-
spheric dominance for the perception of local and global aspects of complex 
visual stimuli. For instance, Fink et al. (1996), using hierarchically organized 
letters (e.g., large letters made of small letters; Navon, 1997) demonstrated 
that responding to the local and the global level of the stimulus (i.e., local 
and global task), leads to differential activation in left and right occipital 
areas, respectively. Moreover, this study suggests that temporal-parietal cortex 
might exert attentional control over perceptual processes that take place in 
the visual cortex. Although there is evidence for hemispheric asymmetry in 
local-global processing, hemispheric asymmetry for the selection of differ-
ent information levels is controversial. The Posterior Parietal Cortex (PPC) 
might play a critical role in such attentional control mechanisms. Studies on 
patients with temporal-parietal lesions support a classical left hemisphere-
local/right hemisphere global dichotomy (e.g., Robertson et al., 1991). 
Recently, the view that selective attention on hierarchical stimuli is based on 
lateralized brain regions activated by local and global properties of stimuli 
has been challenged. Mevorach et al. (2010), by manipulating the relative 
salience of the local and the global level in a task with hierarchical letters, 
suggested that left and right PPC have an opposite role in the selection of 
stimuli on the basis of their relative salience rather than on the basis of the 
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local-global level: left PPC is biased to the selection of the less salient level 
while right PPC is biased to the selection of the more salient level. One pos-
sible explanation of this discrepancy with previous data might be that the 
global shape of complex stimuli is typically perceived as more salient than 
their local features.

The present study aimed to assess hemispheric asymmetry in local-glo-
bal and salience-based selection in hierarchical stimuli by tDCS. To this end, 
tDCS has been applied to right and left PPC. With tDCS, anodal stimula-
tion enhances cerebral excitability and thus leads often to improvements in 
performance and cathodal stimulation causes on opposite effect. However, 
the effect of stimulation may depend on tasks. Cathodal stimulation can, in 
certain conditions, improve a behavioural function (e.g., Antal et al., 2004).

Stimuli where compound letters (e.g., a “S” composed by “s”, in the 
congruent condition or a “H” composed by “s”, in the incongruent condi-
tion). Salience was manipulated as in Mevorach et al. (2010) by introducing 
some colour singletons within the local elements composing the global shape 
(increasing local salience) or by blurring the overall shape (increasing global 
salience).

In the experiment 1, nine participants were asked to respond to the 
identity of a letter on the basis of the local or the global level (i.e., local end 
local tasks) in different blocks. The relative salience of the selected level was 
manipulated within block: in each trial the selected level could be the more 
salient level (target salient) or the less salient one (distractor salient). In the 
experiment 2 (twelve participants), the task varied trial by trial as well as the 
relative salience of the selected level.

Stimulation was induced with an intensity of 1.5 mA. For the stimula-
tion of the left PPC, the anodal electrode was placed over P3 (using the 
international EEG 10/20 system) and the cathodal electrode over P4 (LH 
anodal / RH cathodal). For stimulation of the right PPC, the polarity 
was reversed: the anode was placed over P4 and the cathode over P3 (RH 
anodal / LH cathodal). For the sham condition, the tDCS was delivered 
for 20 sec over the left or the right PPC. Stimulation conditions and Sham 
were administered on each participant in three different days. There were 
three sessions (20 min each) in a day: pre-tDCS/sham, tDCS/sham and a 
post-tDCS/sham.

Participants’ difference in performance (RT/accuracy) induced by 
stimulation (pre-tDCS minus tDCS) and sham (pre-sham minus sham) 
were calculated. Repeated-measures ANOVA were carried out on partici-
pants’ differences with tDCS condition (LH Anodal / RH Cathodal vs. RH 
Anodal / LH Cathodal), task (local vs. global) and salience (target-salient vs. 
distractor-salient) as within-subjects factors. Results of experiment 1 showed 
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a significant interaction between tDCS condition and salience (F(1,8) = 
6.955, p < 0.05, h2p = .46) revealing that anodal stimulation over left PPC 
(LH Anodal / RH Cathodal) improved performance when the target level 
were the less salient level (distractor salient) and worse performance when 
the target level were the more salient level (target salient). The opposite pat-
tern was observed for anodal stimulation of the right PPC (RH Anodal / 
LH Cathodal) as stimulation improved performance in the target salient 
condition and worse performance in the distractor salient condition. Moreo-
ver, there was a significant interaction between tDCS condition and task 
(F(1,8) = 12.133, p < 0.01, h2p = .60) showing that anodal stimulation over 
left PPC improved performance in the global task and worse performance 
in the local task. An opposite pattern was observed when anodal stimulation 
was applied over right PPC as performance improved in the local task and 
worse in the global task. Although the effect of stimulation on task supports 
parietal asymmetry in local-global selection, results show a pattern of later-
alization that is opposite to the classical dichotomy. Results of experiment 2, 
in which tasks (local and global) were alternated trial by trial, showed that 
the effect of stimulation on task performance was reversed. Anodal stimula-
tion over left PPC leaded to an improvement of performance in the local 
task while the anodal stimulation of right PPC caused an improvement of 
performance in the global task (F(1,11) = 1.318, p < 0.05, h2p = .34).

Overall these results suggest that neural activation in the PPC is related 
to both the salience and the level of stimulus representations mediating 
responses to hierarchical stimuli. Data reveal a clear effect of salience con-
verging with previous data showing that left PPC is critically involved in 
attention to low salience stimuli in the presence of higher salience distractor 
information while right PPC might be involved in attending to more salient 
stimuli (Merovach et al., 2010). This result held both when responses were 
made to local elements and to global forms. However, results show that hem-
ispheric asymmetry is also associated with the task. Results of experiment 2 
support the idea that a differential hemispheric dominance for the selection 
of local (left hemisphere) and global (right hemisphere) aspects of complex 
visual stimuli is present in PPC as well as previously found in the visual areas 
(Fink et al., 1996). Differences in the effect of stimulation on task between 
the experiment 1 and 2 provide important indications about possible differ-
ent effects of tDCS in different experimental conditions.
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