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Introduction

Since the discovery of electricity and magnets 
humans have been curious about stimulating 
the brain.

Only recently, we have began to understand 
how this technology works and how we can 
use it. 

transcranial Direct Current Stimulation (tDCS)



tDCS: early animal studies 

• Direct stimulation of the surface 
of the cat brain has a marked 
effect on spontaneous activity of 
motor cortex cells.

• Anodal causes an increase  

• Cathodal causes cessation

Purpura & McMurtry (1964)



tDCS: early animal studies 

• tDCS does not cause direct 
depolarization as TMS does 
(blasting the neuron forcing it to 
fire). However, it increases cell 
polarity bringing it closer to a 
depolarized (anodal) or 
hyperpolarized (cathodal) state.

• Anodal tDCS results in cortical 
neurones to be depolarized at a 
subthreshold level (ie) requires 
less stimulus input. 

Purpura & McMurtry (1964)



tDCS: early animal studies 

• If prolonged stimulation is 
applied, increase in EPSP size 
and evoked synaptic activities 
(Local field potentials) occur.   
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mean ± S.E.M. age 31.5 ± 5.7 years). TMS to the left M1 and ulnar
nerve stimulation (UNS), each given alone or preceded by 4 s of
tDCS to M1, were applied in a randomised order at 0.1 Hz. For
UNS, electrical stimuli (200–300 V) were delivered by a Digitimer
D185 MultiPulse stimulator (Digitimer, Welwyn Garden City,
Hertfordshire, UK) to the right ulnar nerve at the wrist through a
pair of surface Ag/AgCl electrodes in order to elicit F-waves in the
right ADM muscle. TMS, tDCS, surface EMG recording and data
acquisition were conducted as mentioned above. Ten stimuli were
applied for each condition (TMS with/without tDCS, UNS
with/without tDCS) and in two separate sessions in order to study
the effects of anodal and cathodal tDCS.

Mean peak-to-peak amplitudes and areas of MEP and F-waves
were evaluated and a ratio of those values obtained with tDCS and
those obtained without tDCS was calculated. These ratios were

then entered in a three-factorial ANOVA with inner-subject
factors ‘tDCS’ (anodal, cathodal), ‘stimulation’ (MEP, F-wave)
and ‘measure’ (peak-to-peak amplitude, area). When significant
findings were revealed using the ANOVA, paired-sample two-
tailed t tests were performed to determine whether the ratios for
MEP and F-waves of the anodal tDCS and cathodal tDCS
conditions differed. A P level of < 0.05 was considered significant
in all tests.

RESULTS
Baseline and without-tDCS MEP amplitudes did not differ
between the respective pharmacological conditions
(P > 0.05, Table 2).

M. A. Nitsche and others296 J Physiol 533.1

Figure 1. Drug-induced modulation of tDCS-
driven cortical excitability changes during
stimulation
As the results show, the enhancement in anodal tDCS-
generated cortical excitability is eliminated by CBZ and
reduced by FLU, but not modulated by DMO. Conversely,
none of the applied drugs changed the cathodal
stimulation-elicited cortical excitability reduction. Due to
different subject groups, PLC values differ from FLU
values on the one hand and DMO/CBZ values on the
other. Asterisks indicate significant deviations of the
current from the non-current conditions and differences
between the drug conditions regarding identical current
conditions (Student’s t test, two-tailed, paired samples,
P < 0.05). Error bars indicate S.E.M.

tDCS: Early human studies 

• 4 seconds of tDCS can change 
the underlying excitability of the 
M1, without long lasting 
aftereffects. 

• Sodium (carbamazepine) and 
calcium (flunarizine) channel 
blocker inhibit anodal effect. 

• This supports the notion that 
anodal tDCS causes neuronal 
depolarization through the influx 
of sodium/calcium into the cell.   

Nitsche et al., (2003)
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tDCS led to a reduction of excitability. Both effects were
present for up to 1 h after the end of tDCS (Figs 3–5). In
contrast, the application of CBZ and FLU selectively
prevented the generation of the after-effects of anodal
stimulation (Figs 3 and 4), whereas DMO application
eliminated the anodal as well the cathodal tDCS-generated
after-effects (Fig. 4). For the CBZ condition, a trend for
anodal tDCS to reduce instead of enhance cortical
excitability as well as to increase the efficacy of cathodal
tDCS was observed. These differences were not, however,
significant.

The intensity of the TMS had to be increased in order to
achieve an MEP amplitude of 1 mV in the CBZ condition
as compared to PLC, because of the elevation of motor
threshold known to be induced by the former drug
(Ziemann et al. 1996), but not in the other
pharmacological conditions.

Most subjects reported minor side-effects of the
medication such as tiredness and ataxia, with all the drugs
except PLC. None of the subjects terminated their
participation in the experiment as a result of side-effects.

DISCUSSION
In this study we tested the involvement of sodium and
calcium channel conductivity as well as NMDA receptors
in the cortical excitability modulations elicited during and

after tDCS of the human primary motor cortex by
applying the voltage-dependent sodium channel blocker
CBZ, the calcium channel blocker FLU and the NMDA
receptor antagonist DMO, prior to tDCS.

Short-lasting tDCS (experiment 1)
With regard to the excitability changes observed during
short-lasting tDCS, which does not elicit any after-effects
(Nitsche & Paulus 2000), the results are compatible with a
dependency on membrane polarisation: blocking voltage-
dependent sodium channels eliminates completely the
excitability enhancement that is observed during anodal
stimulation, and blocking calcium channels diminishes it.
This pattern of results is in accordance with animal
experiments (Purpura & McMurtry, 1965) in which it was
found that anodal tDCS causes neuronal depolarisation.
On the other hand, the reduction in excitability caused by
cathodal tDCS is not changed by ion channel blockade.
Because the activity of both channels is voltage dependent
(Holmes et al. 1984; McLean & McDonald, 1986), this
result could be due to cathodal tDCS-generated neuronal
hyperpolarisation, which in the non-human animal
represents the main effect of cathodal stimulation
(Purpura & McMurtry 1965). Neuronal hyperpolarisation
would inactivate the respective sodium and calcium
channels, and thus administration of the voltage-
dependently acting ion channel blockers CBZ and FLU
would be without any effect. Since F-waves did not change
during tDCS, these effects are localised proximal to the

M. A. Nitsche and others298 J Physiol 533.1

Figure 4. Calcium channel blockade eliminates
only the anodal tDCS-induced after-effects on
cortical excitability
Blocking calcium channels with the aid of FLU resulted
in complete abolition of the prolonged excitability
enhancement caused by anodal tDCS in the PLC
condition. Asterisks indicate significant differences
between the drug conditions regarding identical current
conditions and time points, filled symbols signify
significant deviations from baseline in regard to each
drug condition (Student’s t test, two-tailed, repeated
measures, P < 0.05). Error bars indicate S.E.M.

Figure 5. The NMDA receptor antagonist DMO
eliminates the after-effects induced by both anodal
and cathodal tDCS
Blocking NMDA receptors abolished any after-effect caused
by prolonged tDCS, thus favouring a prominent role of this
receptor in the evolvement of neuroplastic effects induced by
this kind of stimulation. Asterisks indicate significant
differences between the drug conditions regarding identical
current conditions and time points, filled symbols
significant deviations from baseline in regard to each drug
condition (Student’s t test, two-tailed, repeated measures,
P < 0.05). Error bars indicate S.E.M.

tDCS: Long lasting effects

• 9-13 minutes of stimulation 
generates after-effects that last for 
an hour (Nitsche et al., 2000).

• Sodium and calcium blockers 
inhibit anodal aftereffect.

• NMDA receptor antagonist 
(dextromethorphane) inhibits both 
anodal/cathodal aftereffect.

Nitsche et al., (2003)



tDCS: mechanisms

•Anodal tDCS induces 
NMDA receptor dependent 
LTP, and requires coupling 
of DCS with synaptic 
activity. 

•Combined tDCS and 
synaptic activity enhances 
BDNF secretion and TrkB 
activation.  

(Fritsch et al. Neuron 2010)

after application of BIC alone, but not after DCS stimulation
(Figure 1E). Thus, the DCS-mediated increase of fEPSP ampli-
tude is most likely not mediated by direct cortical disinhibition.

The neurotrophin brain-derived neurotrophic factor (BDNF) is
involved in various forms of cortical synaptic plasticity (Akaneya
et al., 1997; Lu, 2003), and its secretion depends on calcium
and NMDA receptor activation (Balkowiec and Katz, 2002). To
test whether BDNF is a critical mediator of the DCS effect, we
used M1 slices from adult mice carrying a forebrain-specific
deletion of the BDNF gene (postnatal excision of the floxed
BDNF allele by Cre recombinase [Zakharenko et al., 2003]). Sli-
ces derived from BDNFflox/flox, cre mice (6–8 weeks old) exhibited
no synaptic potentiation after 15 min of DCS exposure, whereas
those from the Cre-negative BDNFflox/flox littermates displayed
intact DCS-LTP (Figure 2A). Incubating the slice in aCSF contain-
ing the BDNF scavenger TrkB-IgG (1.5 mg/ml) for 1.5 hr prior to
DCS abolished DCS-LTP (Figure 2B), suggesting that activity-
dependent BDNF secretion during DCS mediates the fEPSP
potentiation.

To investigate the role of the BDNF cognate receptor TrkB in
the induction or expression of DCS-LTP, we utilized a chemical
genetic approach. In TrkBF616A knockin mice, the endogenous
TrkB gene is replaced by TrkBF616A, so that TrkB kinase activity
can be selectively inhibited by the membrane-permeable small
molecule 1NMPP1 (Chen et al., 2005). In the presence of 5 mM
1NMPP1, M1 slices from TrkBF616A mice failed to exhibit DCS-
LTP (Figure 2C, black filled diamonds). In contrast, DCS-LTP
could still be induced in TrkBF616A slices in the absence of
1NMPP1 (p = 0.003 baseline versus end of DCS) and continued
to increase after DCS cessation (p = 0.008 end of DCS versus
end of recording; Figure 2C, gray-filled diamonds). Application
of DCS to control slices from C57BL/6J mice in the presence
of 1NMPP1 induced normal DCS-LTP (Figure S2). Interestingly,
when 1NMPP1 was applied to TrkBF616A slices at the end of
DCS, DCS-LTP could still occur during DCS (p = 0.001 baseline

versus end of DCS), but was not further enhanced after DCS
cessation (p = 0.56 end of DCS versus end of recording, Fig-
ure 2C, open diamonds). These results suggest that TrkB activa-
tion is required for the induction rather than the maintenance of
DCS-LTP.
We next determined whether DCS combined with LFS

could enhance secretion of endogenous BDNF, leading to
TrkB activation in the M1 slice. Western blot analysis (WB) with
antibodies against phospho-TrkB and total TrkB was used to
determine the ratio of phospho-TrkB/total TrkB. M1 slices were
exposed to LFS with or without DCS (control) for 15 min and
collected for WB 30 min after the end of DCS. Remarkably,
DCS induced a 1.93 ± 0.2 fold increase in phospho-TrkB over
LFS alone (Figure 2D, p = 0.0002). These results suggest that
DCS augments the BDNF secretion induced by LFS alone.
To relate activity-dependent BDNF secretion to human motor

learning, we first needed to clarify whether learning a particular
motor task is BDNF dependent. A condition with complete loss
of activity-dependent BDNF secretion is not found in humans.
Thus, we studied healthy volunteers with and without the
BDNF Val66Met polymorphism, which is known to partially affect
activity-dependent secretion of BDNF (18%–30% decrease in
Met carriers compared to Val/Val subjects [Chen et al., 2006;
Egan et al., 2003]). The Met allele is associated with a reduction
in practice-dependent increase in the amplitude ofmotor evoked
potentials, motor maps (Kleim et al., 2006; McHughen et al.,
2009), and a reduced response to noninvasive brain stimulation
protocols that alter cortical excitability (Cheeran et al., 2008). We
examined motor skill acquisition over 5 days using a challenging
sequential visual isometric pinch force task (Reis et al., 2009,
Figure S3A) in 36 healthy subjects (Val/Val: n = 18, Met carriers:
n = 18; Val/Met [16], Met/Met [2]). While both groups began
with comparable baseline performance, Met carriers displayed
significantly reduced motor skill acquisition by the end of day 5
relative to Val/Val individuals (Dskill: 2.56 ± 0.2 [Val/Val] versus

Figure 2. Role of BDNF and TrkB in DCS-
LTP
(A) Lack of DCS-LTP in M1 slices from conditional

BDNF knockout mice compared to littermate

wild-type mice.

(B) Blockade of DCS-LTP by TrkB-IgG. M1 slices

were treated with TrkB-IgG + BSA or BSA only.

(C) DCS-LTP in slices from TrkBF616A mice.

TrkBF616A slices exhibit normal DCS-LTP (gray

filled diamonds). Continuous treatment with

1NMPP1 (5 mM) completely prevents DCS-LTP

(black filled diamonds). 1NMPP1 (5 mM) applied

after DCS prevents the post-DCS increase in

fEPSP amplitude (open diamonds).

(D) Anodal DCS in combination with repeated

synaptic coactivation (+LFS +DCS, right dark

gray bar) significantly increased TrkB phosphory-

lation relative to LFS alone (+LFS –DCS, left light

gray bar). M1 lysates from slices that underwent

either LFS alone or in combination with 15 min

DCS were subjected to SDS-PAGE and western

blotted for p-TrkB and total TrkB. The level of

p-TrkB was normalized to total TrkB. ***p < 0.001.

All error bars indicate SEM.
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of fEPSPs was chosen to monitor synaptic efficacy because the
slope is frequently contaminated by antidromic activity in M1
(Castro-Alamancos et al., 1995). DCS was applied in parallel to
the vertical M1 fibers (Figure 1A) at a field strength (!0.75 mV/
mm) in the lower range of the estimated field strengths of tDCS
used in human M1 (0.22 [Miranda et al., 2006] to 7.7 mV/mm
[Wagner et al., 2007]). Application of anodal DCS for 15 min
resulted in potentiation of the fEPSP in most slices (20 of 26
slices, 77%), which began several minutes after DCS onset
and outlasted the stimulation duration, i.e., continued to increase
even after DCS cessation for almost an hour before a plateau
was reached (Figures 1B and 1C). This result is consistent with
the finding that increases in neuronal firing rates also outlast
the stimulation duration (Bindman et al., 1962). The mean
synaptic efficacy 30 min after DCS application was 118.0% ±
4.5%, but 100.0% ± 0.7% in unstimulated control slices
(p = 0.0045 versus DCS). The DCS-induced potentiation (DCS-
LTP) lasted as long as a healthy recording could be maintained
(120 min: 132.5% ± 8.3%; p < .001; Figure 1C).
tDCS did not improve human motor skill learning in the

absence of training (Figure S1A), suggesting that the ongoing
synapse-specific activity during learning (Rioult-Pedotti et al.,
2000) may be required to derive the beneficial effect of anodal
tDCS. We therefore reasoned that DCS applied to the M1 slice
may need to be coupled with simultaneous synaptic activation
to induce DCS-LTP. Indeed, in the absence of synaptic activa-
tion (no LFS at 0.1 Hz), DCS elicited only a short-lasting
increase in fEPSP amplitude, which returned to pre-DCS levels
within 10 min (Figure S1B). Varying the stimulation frequencies

Figure 1. DCS Promotes LTP in Motor
Cortical Slices
(A) Schematic diagram of DCS and recording from

motor cortex (M1) slices. The distribution of the

electrical field strength (0.75 mV/mm in the motor

cortex) is superimposed ontoM1 of a coronal slice.

(B) Group data showing the fEPSP amplitude

before, during 15 min of DCS, and up to 30 min

after DCS.

(C) Summary graph and sample fEPSPs showing

a 2 hr time course after DCS. The gray vertical

line indicates the end of recording in all other slice

recordings.

(D) Application of D-AP V (50 mM) abolishes the

DCS-LTP.

(E) The amplitude and the typical change in

morphology of fEPSPs (sample trace 2) of slices

treated with a touch application of the GABAA-

antagonist bicuculline (BIC, 3.5 mM) is shown.

All error bars indicate SEM.

while keeping DCS constant showed
that frequencies higher (0.2 Hz) or lower
(0.0166 Hz) than 0.1 Hz were less effec-
tive (Figures S1C and S1D), indicating
that the frequency of synaptic coactiva-
tion is relevant for the DCS effect.

Consistent with findings in humans that
tDCS polarity is critical in modulating

motor cortical excitability (Nitsche and Paulus, 2000) and
behavior (Nitsche et al., 2003a; Reis et al., 2009), DCS-LTP could
not be induced when the polarity was reversed (cathodal
stimulation; Figure S1E). In addition, the effect of DCS was not
restricted to layer II/III synapses. The fEPSP peak amplitude at
layer II/III / V synapses also showed an increase after DCS
(108.9% ± 4.0% at 30min; p = 0.05 versus baseline, Figure S1F),
suggesting that DCS-LTP is a phenomenon that applies to
different neuronal populations with comparable geometry.
To further characterize DCS-LTP, we examined factors

known to be involved in other forms of long-term plasticity
(Malenka and Nicoll, 1999). Pretreatment with the NMDA
receptor antagonist D-APV (50 mM) completely prevented poten-
tiation induction (Figure 1D), suggesting that this formof plasticity
is dependent on NMDA receptor activation. Indirect evidence for
this mechanism of action arises from human studies showing
that tDCS-induced alteration of M1 excitability after stimulation
(as measured by transcranial magnetic stimulation) could be
blocked by oral intake of the NMDA antagonist dextromethor-
phan (Nitsche et al., 2003b). It is also important to consider that
DCS may induce disinhibition (attenuation of GABAergic trans-
mission) during stimulation (Stagg et al., 2009; Nitsche et al.,
2004), leading to DCS-LTP. However, a local transient ‘‘touch’’
application (Rioult-Pedotti et al., 2000) of the GABAA antagonist
bicuculline (BIC, 3.5 mM, equivalent to !0.6 mM BIC in a bath
application [Hess et al., 1996]) in the absence of DCS elicited
only a transient increase in fEPSP amplitude, which returned to
baseline within 20 min. Furthermore, the typical change in the
shape of fEPSPs (broadening) indicating disinhibition occurred

Neuron
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tDCS: methods

• tDCS  is applied through two surface electrodes placed on 
the skull.

• Depending on duration and polarity of the 
stimulation can increase or depress 
excitability from minutes to 1-2 hours.

• Anodal => INCREASES excitability
• Cathodal => DECREASES excitability 



tDCS: methods

• http://youtu.be/hp6bBs16g28?t=1m5s

• http://youtu.be/gWV9tJ_Ccq0?t=50s

tDCS: Applications!!



Can we modulate cerebellar excitability with 
tDCS?

• Crossover counterbalance design study (n=9)
• Anodal, Cathodal or Sham tDCS (2mA intensity, 25min). 
• A neuronavigation device ensured coil positions consistency 
within and between sessions.  

CBI

MEP threshold
MEP amplitude
SICI
ICF
RC
 
CBI

Brainstem excitability

RS

tDCS (anodal/cathodal/sham)

Joe Galea et al. J Neurosci. 2009



Assessing CB-M1 connections in humans

Cerebellum 

Thalamus 

Left Right 

M1 M1 

(Ugawa 1994, 1995;  Werhan 1996; Pinto & Chen 2001; Daskalakis & Chen 2004)



Assessing CB-M1 connections in humans

Cerebellum 

Thalamus 

Left Right 

M1 M1 

CBI

5msec ISI

(Ugawa 1994, 1995;  Werhan 1996; Pinto & Chen 2001; Daskalakis & Chen 2004)



tDCS modulates cerebellar excitability in a 
polarity specific manner
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The effect is dose dependent and last up to 30mins
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Cerebellar tDCS does not affect M1 excitability
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Cerebellar tDCS does not affect brainstem excitability
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Can we assess cerebellar excitability 
changes associated to learning?

Locomotor Adaptation

•Human locomotor adaptation is thought to involve the cerebellum. 

•People with cerebellar damage have difficulty adapting to novel 
environmental demands (Martin et al., 1996; Smith and Shadmehr, 
2005; Morton and Bastian, 2006).

•Neurophysiological studies in animals indicated that this motor 
adaptation may be mediated via long term-depression (LTD) in 
cerebellar Purkinje cells (Gilbert and Thach, 1977; Medina et al., 
2000).

•We hypothesized that adaption in a split-belt walking paradigm 
would reduced the excitability of cerebellar-M1 connections

(Jayaram et al. Cereb. Cortex 2011)
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(Jayaram et al. Cereb. Cortex 2011)



Locomotor adaptation results in 
reduction of CBI

Split adaptation

Tied random

Tied constant

CBI

Test

(Jayaram et al. Cereb. Cortex 2011)



CBI changes correlate with the 
magnitude of adaptation
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Potential cerebellar substrate to this form of adaptation

The reduction of CBI is consistent with Purkinje cell LTD
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Can we enhance motor learning using tDCS?

Baseline Early Adaptation Late Adaptation After effects

Since the cerebellum is involved in acquisition, we hypothesized 
that enhancing cerebellar activity would result in larger 
acquisition, whereas enhancing M1would elicit larger retention.    

Perturbation
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40 min break

No vision
No visual feedback

Galea et al. Cereb. Cortex 2011



tDCS
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tDCS enhances adaptive learning and retention

Different motor learning processes can be enhanced by tDCS
• M1 increases retention
• Cerebellum enhances acquisition 
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Conclusions
• transcranial Direct Current Stimulation is a useful 

non-invasive stimulation technique to study CNS 
physiology and behavior.  

• tDCS can modulate (enhance or inhibit) the 
excitability of different brain regions, including the 
cerebellum. 

• tDCS can enhance different behaviors, i.e. motor 
learning, and their components, i.e. acquisition or 
retention.

• tDCS has the potential to become a useful 
therapeutic intervention for neurological patients. 
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