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Background: It has been already shown that delivering tDCS that are spaced by an interval alters its impact
on motor plasticity. These effects can be explained, based on metaplasticity in which a previous modifi-
cation of activity in a neuronal network can change the effects of subsequent interventions in the same
network. But to date there is limited data assessing metaplasticity effects in cognitive functioning.
Objectives: The aim of this study was to test several tDCS-based metaplasticity protocols in working
memory (WM), by studying the impact of various interstimulation intervals in the performance of a
3-back task.
Methods: Fifteen healthy volunteers per experiment participated in this study. Experiments 1 and 2
tested an anodal tDCS-induced metaplasticity protocol (1 mA, 10 þ 100) with 3 interstimulation intervals
(10, 30, and 60 min). Experiment 3 determined the effects of a similar protocoldwith a 10-min interval
between two sessions of cathodal tDCS or anodal plus cathodal tDCS (1 mA, 10 þ 100). Performance was
measured as percentage of correct responses. Repeated measures general linear model ANOVAs with
tDCS protocol as factor were performed for each experiment and followed by Bonferroni-corrected
pairwise comparisons.
Results: Two consecutive sessions of anodal tDCS delivered with a 10 min interval between them did not
improve WM performance (P ¼ .095). This effect remained the same if the interval was increased to 30 or
60 min. In contrast, when a 10 min interval was given between two consecutive cathodal tDCS sessions,
performance in the 3 back task increased (P ¼ .042).
Conclusions: These results suggest that the polarity effects of tDCS on working memory are dependent on
the previous level of activity of the recruited neural population.

� 2014 Elsevier Inc. All rights reserved.
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Introduction

Electrical stimulation has been used as a tool to modulate
human plasticity. Our understanding of how electrical stimulation
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shapes the organization of the human brain has guided the devel-
opment of cognitive enhancement protocols. One cognitive domain
that is modulated by electrical stimulation is working memory
(WM). WM is defined as the ability to maintain and manipulate
information online for short periods [1,2]. Several studies have
investigated the effects of various transcranial direct current stim-
ulation (tDCS) protocols on working memory [3e7].

In tDCS, a weak constant electric current is used with at least 2
electrodes: anodal (positive pole) and cathodal (negative pole).
Anodal tDCS is associated with a depolarizing effect on the neural
membrane, whereas cathodal tDCS hyperpolarizes it [8,9]. This
initial effect on the properties of the neuronal membrane leads to
secondary changes in plasticity by increasing decreasing
cember 2014 � 3:44 pm
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spontaneous neuronal activity [10]. It is possible to enhance WM
using anodal tDCS over the dorsolateral prefrontal cortex (DLPFC)
[3,6,7,11]. These effects are time-dependent and can persist for at
least 30 min after tDCS has ended [5].

Recently, theeffectsof tDCSoncorticalplasticityhavebeenshown
to dependon theduration and interstimulation interval.Monte-Silva
et al. noted that delivering tDCS in consecutive sessions that are
spaced by an interval alters its impact onmotor plasticity [12]. These
effects can be explained, based onmetaplasticity inwhich a previous
modification of the activity in a neuronal network can impact the
effects of subsequent interventions to the same network [13]. Thus,
tDCS allows us to assess the effects of metaplasticity if a second
session of tDCS is delivered during the effects of the previous one. To
this end, we were interested in determining these effects using
working memory as a surrogate for cognitive plastic changes.

In order for metaplasticity to occur, tDCS stimulation needs to
be paused and the second tDCS session (i.e., conditioning tDCS)
needs to be delivered during the after effects of the first one (i.e.,
pre-conditioning tDCS).

Our aimwas to examine the effects of metaplasticity onworking
memory by studying the effects of consecutive sessions of tDCS
with various interstimulation intervals. Experiments 1 and 2 tested
continuous anodal tDCS and discontinuous anodal tDCS using
several interstimulation intervals (i.e. 10, 30 and 60 min). Experi-
ment 3 tested a similar protocol with an interstimulation interval,
instead using cathodal tDCS as pre-conditioning and 2 polarities as
conditioning stimulation: anodal or cathodal tDCS.Wehypothesized
that introducing an interval between 2 short sessions of anodal tDCS
would enhance its impact onworkingmemorydan effect that could
be characterized by potentiation or temporal summation, similar to
what is observed with cathodal tDCS in the motor cortex [12].

Methods

Participants

Forty-five healthy volunteers (15 per experiment) were enrolled
in this study. In experiment 1, 15 undergraduate students from
University of Minho volunteered (12 females; 20.2 � 2.7 years old).
Experiment 2 comprised 15 undergraduate students from Mack-
enzie University (8 females; 21.5 � 2.6 years old). In experiment 3,
15 undergraduate students from University of Minho volunteered
(14 females; 20.1 � 1.8 years old).

All participants were right-handed and healthy, with normal
or corrected-to-normal visual acuity and no current or past his-
tory of neurological or psychiatric disorders. Participants were
excluded if any medication or psychotropic drugs had been used
in the 4 weeks prior to the study. Participants were advised to
avoid alcohol, cigarettes, and caffeinated drinks on the day of the
experiment, and none reported fatigue due to insufficient sleep.

All participants gave written informed consent prior to study
inclusion. The study was approved by the local ethics committee
and was conducted per the Declaration of Helsinki.

Design

Each experiment consisted of 3 sessions, with an intersession
interval of at least 1 week. The experimental design of each session
comprised 3 blocks: 1) pre-conditioning tDCS; 2) Interval; and 3)
Conditioning tDCS, with the experimental task on the last 5 min.
The 3 experiments are described below (Fig. 1):

� Experiment 1 (10-min interval): The goal of this experiment
was to determine the effects of a 10-min interval (100i)
between the first and second consecutive anodal tDCS
5.2.0 DTD � BRS640_proof � 11 D
sessions compared with 2 control conditions. The 3 conditions
were: 1) anodal tDCS-100i-anodal tDCS (10-min interval with
anodal tDCS), 2) rest e anodal tDCS-anodal tDCS (control
condition 1, no interval with anodal tDCS), and 3) rest e sham
tDCS-sham tDCS (control condition 2, sham tDCS only).

� Experiment 2 (30- and 60-min intervals): The goal of this
experiment was to test longer intervals between consecutive
anodal tDCS sessions. The designwas the same as in experiment
1, except with 300 and 600 intervals and the respective sham
conditions. Namely, the conditions were: 1) anodal tDCS e 300i
e anodal tDCS (30-min intervalwith anodal tDCS), 2) sham tDCS
e 300i e sham tDCS (control condition 1, sham tDCS only with
a 300 interval), 3) anodal tDCS e 600ieanodal tDCS (60-min
interval with anodal tDCS), 2) sham tDCS e 600i e sham tDCS
(control condition 2, sham tDCS only with a 600 interval). Two
sham conditions were included in order to increase blinding,
due to the different interstimulation interval.

� Experiment 3 (10-min interval with cathodal stimulation): In
this experiment, we examined whether cathodal tDCS in the
pre-conditioning block alters the effects of metaplasticity,
testing 3 conditions: 1) cathodal tDCS-100i-anodal tDCS (10-min
interval with cathodal and anodal), 2) cathodal tDCS-100i-
cathodal tDCS (10-min interval with cathodal and cathodal),
and 3) sham tDCS-100i-sham tDCS (control conditionwith sham
tDCS) (Fig. 1).
Task
The 3-back task was adapted from Fregni et al. [3], in which

participants were instructed to respond “Y” (yes) if a letter that
appeared on the center of a screen (i.e., target) was the same as the
one that flashed 2 letters earlier or “N” (no) if it was not. There
were 30 “Y” and 165 “N” responses, totaling 195 trials. Each letter
appeared for 30 ms, separated by a 2000-ms intertrial interval (ITI).
The order of the letters was randomized, thus reshuffling the
actual targets between sessions and preventing memorization
effects to be carried over from one tDCS session to the next.
This was done in a manner that for each experiment, the 195
trials sequence was randomly generated. Therefore, the 30 “Y”
targets were generated for that specific sequence, based on the
2 trials earlier match rule.

Transcranial direct current stimulation (tDCS)

tDCS (1 mA) was applied using 35-cm2 saline-soaked electrode
sponges. For experiments 1 and 3, an Eldith DC Stimulator Plus
(Neuroconn, Germany) was used, whereas a locally developed DC
stimulator was used for experiment 2 (contact psboggio@gmail.
com for technical details).

Each experiment had a within-subject design, in which all
participants were subjected to 3 (4 in experiment 2) tDCS con-
ditions. The active electrode (anode or cathode) was placed over
the left DLPFC, and the return electrode (cathode or anode)
covered the contralateral supraorbital area (F3 and Fp2 electrode
sites, respectively) [14]. Anodal or cathodal tDCS (1 mA) were
applied in blocks of 10 min (with a 15-s ramp up and down), with
the exception of the no interval anodal tDCS condition (experi-
ment 1), which was applied for 20 min consecutively (with 15-s
ramp up and down). Sham tDCS was applied with 1 mA intensity
during 15 s (with 15-s ramp up and down). Therefore the total
duration of active tDCS (1 mA) was 20 min (i.e. pre-conditioning
plus conditioning) and 30 s for sham tDCS (i.e. pre-conditioning
plus conditioning). The conditioning tDCS in the task block
began 5 min before the actual task and continued for the entire
duration of the task (5 min).
ecember 2014 � 3:44 pm
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Fig. 1. Schematic representation of the three experiments. Each session consisted of 3 blocks e the 3 Back task was always performed during the last 5 min atDCS e anodal tDCS;
ctDCS e cathodal tDCS; stDCS e sham tDCS.
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To prevent carryover effects, the sessions were separated by
1 week. The order in which tDCS condition was applied to each
participant was randomized and counterbalanced in each
experiment.
5.2.0 DTD � BRS640_proof � 11 De
Data analysis

The effects of conditioning tDCS on working memory in the
3-back task were measured as the percentage of correct (i.e., “Y”)
cember 2014 � 3:44 pm
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responses. Each experiment was analyzed using a repeated mea-
sures general linear model ANOVA with tDCS protocol as the factor
(3 levels for experiments 1 and 3; and 4 levels for experiment 2).

One-way independent sampleANOVAwasperformed to compare
the performance of participants between experiments in the sham
condition (with 3 levels, one for each experiment). Three separate
one-way repeated-measuresANOVAswere performed to analyze the
effects of tDCS over response bias. In the experiments where tDCS
increased significantly WM performance, an additional repeated
measures ANOVA with session order as factor was performed, in
order to control for possible learning effects. When sphericity was
not met, Greenhouse-Geisser correction was applied to the degrees
of freedom in all cases with the corrected probabilities. Post hoc
comparisons of the mean values were conducted by paired multiple
comparison (with Bonferroni correction for multiple comparison)
when the ANOVAs indicated significant effects. The criterion for
statistical significance was P < .05. All statistical analyses were
performed with SPSS for Windows (version 21.0.0, IBM, US).
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Results

No adverse effects were reported in any experiment.
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Experiment 1 (10-min interval-anodal tDCS)

One participant was removed from the analysis, because he did
not complete all 3 tDCS conditions.

There was a significant main effect of tDCS protocol
[F(2,28)¼8.760,P¼ .001].Asexpected,no intervalanodal tDCS(active
control) significantly increased the number of correct responses
(M ¼ 74.666, SE ¼ 3.590) compared with sham (M ¼ 64.000,
SE ¼ 3.838) (P � 001). The 10-min interval tDCS condition did not
significantly affect performance (M ¼ 69.777, SE ¼ 3.372) versus
control sham (P ¼ .095) (Fig. 2). There were no significant effects of
session order on working memory performance [F(2,28) ¼ .116,
P ¼ .891].
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Experiment 2 (30- and 60-min interval experiment)

All 15 participants performed all conditions. One participant was
removed from the analysis due to an accuracy score of less than
25%.

The 30- and 60-min intervals did not elicit any significant dif-
ferences compared with sham tDCSdthere was no significant main
effect of tDCS protocol [F(3, 39) ¼ .351, P ¼ .789] (Fig. 2).
Fig. 2. Percentage of correct responses. The columns represent the mean percentage of

5.2.0 DTD � BRS640_proof � 11 D
Experiment 3 (10-min interval with cathodal stimulation)

Two participants were removed from the analysis due to
accuracy scores of less than 25%.

There was a significant main effect of tDCS protocol
[F(2,24) ¼ 5.818, P ¼ .009]. In the post hoc Bonferroni-corrected
pairwise comparisons, the 10-min interval with cathodal tDCS
(M ¼ 71.026, SE ¼ 4.019) significantly increased the percentage of
hits versus sham (M¼ 63.590, SE¼ 4.928) (P¼ .042) and the 10-min
interval condition with opposite polarity (cathodal and anodal)
(M¼ 61.026, SE¼ 4.001) (P¼ .012) (Fig. 2). Therewere no significant
effects of session order on working memory performance
[F(2,24) ¼ .022, P ¼ .878].

Sham group analysis between groups

The subjects perform identically between experimentsdthere
were no significant differences in the percentage of hits across
sham sessions [F(2,41) ¼ .271, P ¼ .764]. By paired sample t-test for
experiment 2, the increase in the interval (from 30 to 60 min) did
not have any effects under the sham tDCS conditions [t(13) ¼ .193,
P ¼ .850].

Bias analysis

To better our understanding of these effects, an additional
measure of b (decision bias) was assessed. There was no evidence
of the effects of tDCS protocol with regard to decision bias in
experiments 1 [F(2,28) ¼ .585, P ¼ .564], 2 [F(3,39) ¼ .886, P ¼ .397,
ε ¼ .484], or 3 [F(2,24) ¼ 1,212, P ¼ .315] (Fig. 3).

Discussion

The objective of this study was to test several tDCS-based met-
aplasticity protocols inworkingmemoryas assessed byperformance
in a 3-back task. In experiments 1 and 2, we examined 10-, 30-, and
60-min intervals between the pre-conditioning and conditioning
anodal tDCS compared with sham stimulation. In experiment 3,
we tested the effects of a 100 interval protocol between consecutive
sessions of tDCS, with cathodal tDCS as pre-conditioning and either
anodal or cathodal tDCS as conditioning.

Overall, there were several main findings. (i) Using a meta-
plasticity protocol with anodal tDCS, no significant effects of
subsequent anodal tDCS sessions onworking memory performance
were observed when compared to sham stimulation, regardless
of the interval (i.e., 10, 30 or 60 min); (ii) the administration of
correct responses (i.e. “Y”) and the bars one Q6SEM. *P < .05; **P < .01; ***P < .001.
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482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500



Fig. 3. Response preference. The bars represent one standard mean. Scores below 1 represent a response preference to Yes; scores above 1 represent a response preference to
Yes.*P < .05; **P < .01; ***P < .001.
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continuous anodal tDCS (without this metaplasticity protocol) had
a significant effect on working memory compared with sham
stimulation; and (iii) the cathodal tDCS metaplasticity protocol
significantly modulated the subsequent effects of cathodal tDCS on
working memory, thus increasing working memory performance.

The findings of this study can be explained by the theory of
metaplasticity. Our results support the bidirectional synaptic
plasticity theory [15], which posits that the recent history of
synaptic activity will impact ongoing activity. In other words, if
synaptic activity has been already modulated by the pre-
conditioning tDCS, delivering conditioning tDCS after a break can
change the expected polarity effects thus interfering with the
performance. Whereas continuous conditioning anodal tDCS
positively impacted working memory, pre-conditioning stimula-
tion with anodal tDCS mitigate the effects of subsequent anodal
tDCS conditioning stimulation. Pre-conditioning of the underlying
cortical region with anodal tDCS could have enhanced cortical
activity through synaptic plasticity, which in turn might have
interfered with the effects of conditioning anodal tDCS during task
performance.

This is not the first time that such attenuation effects are
observed. For instance, Huang et al. [16] reported that when rat
hippocampus is primed with a short stimulus that induces short-
term potentiation and then conditioned with stronger stimulation
[that can induce long-term potentiation (LTP)], LTP is no longer
observed. This result is similar to our findings. It appears that the
synaptic activity that was induced by pre-conditioning anodal tDCS
interacted with conditioning anodal tDCS, generating a meta-
plasticity effect that down regulates task performance. Notably, this
down regulating effect between anodal tDCS session was still
evident evenwith a 60 interval between sessions (as can be seen in
experiment 2). Although the duration of the after effects of anodal
tDCS in the DLPFC has not been determined, studies on the human
motor cortex have suggested that 10 min of anodal tDCS increase
cortical excitability (i.e., induces aftereffects) for approximately
60 min [8,17]. Our behavioral data showing lack of anodal tDCS
effects on working memory after 60 min of preconditioned TDCS
seems to suggest similar lengths for the aftereffects in the DLPFC,
because as Fricke et al. [18] pointed out, in order to induce meta-
plasticity, the conditioning stimulation must be administered
during the aftereffects of the pre-conditioning stimulation.

In our study, continuous anodal tDCS facilitated performance on
the task compared with sham tDCS, which replicated the findings
from other studies [3]. However, when an interval of 10, 30, or
60 min was introduced between the 2 consecutive anodal tDCS
sessions a metaplasticity effect was observed. In this case, no
changes in task performance were evident when comparing to
sham tDCS. These results suggest attenuation [19] of the effect of
5.2.0 DTD � BRS640_proof � 11 De
anodal tDCS in WM performance. However, a significant positive
effect in working memory performance was observed when con-
ditioning cathodal tDCS, was primed by cathodal tDCS. Although
we did not test the effect of continuous cathodal tDCS in working
memory performance, previous studies failed to demonstrate such
effects [3].

Two consecutive sessions of cathodal tDCS, with a 100 interval
between them, enhanced working memory performance, thus
suggesting that the manipulation of the baseline physiologic state
interferes with online neuromodulation. It has already been shown
that pre-conditioning the neural network can induce homeostatic
changes at the synaptic level [20]. It is possible that a compensatory
up-regulation process occurs in the post-synaptic membrane
receptors, as a response to previous inhibitory modulation, thus
assuring that the neural functions are kept within optimal range
[13,15]. If cortical excitability can be stabilized within a range by
homeostatic plasticity mechanisms [21] it is possible that an initial
down-regulation induced by cathodal tDCS was reverted by
the conditioning cathodal tDCS. Thus rendering more excitable
the task-related neural population, in what has been called the
“rebound effect” [22].

Several other studies have been supporting this “rebound
effect.” For instance, high dosages of valproate, combined with 1 Hz
rTMS, increase cortical excitability [23] and similar effects have
been observed when 1 Hz rTMS is primed by cathodal tDCS
stimulation [21]. These effects are believed to reflect homeostatic
plasticity, wherein a physiologic state with decreased activity
reacts to more inhibitory stimulation by reversing its state and
thus increasing activity.

Pre-conditioning the conditioning anodal tDCS with cathodal
tDCS did not significantly alter task-related performance, for which
we expected metaplasticity effects. Previous studies showed that
pre-conditioning the conditioning anodal tDCS with cathodal tDCS
increases cortical excitability [19,24]. Nevertheless, we must
distinguish cortical excitability from task performance. In themotor
cortex, consecutive sessions of the same tDCS polarity initially
decreased cortical excitability and then followed the same direction
of the polarity of a single session but with a prolonged aftereffect
[12,25]. However, in these studies cortical excitability was probed
but without a clear relationship with behavioral performance. Simis
et al. [26] found that 20 min of anodal tDCS enhanced motor
performance following decreases in cortical excitability. Thus, there
appears to be a nonlinear relationship between cortical excitability
and behavioral performance. So in the present study it is possible
that lack of behavioral effects was accompanied by changes at
the cortical excitability level. Therefore, future studies should
examine the link between cortical excitability and behavior, thus
optimizing stimulation protocols.
cember 2014 � 3:44 pm
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One potential limitation to the present results is that a different
tDCS device was used for the second experiment. However experi-
ments 1 and 2 are complementary as experiment 2 confirmed at
some extentwhatwas found in experiment 1 (i.e., adding an interval
between anodal tDCS sessions has a negative behavioral impact on
tDCS-induced effects).

Further, the ideal timing between tDCS sessions must be deter-
mined to establish the relationship between changes in excitability
and behavioral performance. Also this timing can be critical, as it
has been already demonstrated that homeostatic plasticity in the
human motor cortex is time-dependent [18]. Our results suggest
that inserting a short interstimulation interval between anodal
tDCS sessions does not improve significantly working memory
performance. Nonetheless, if a 100 interstimulation interval is
inserted between two cathodal tDCS sessions, then there is a sig-
nificant increase in working memory performance, which suggests
metaplasticity effects. Future studies should extend these findings
and determine the effects on cortical excitability, testing various
polarity combinations and with several interstimulation intervals.
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