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Several studies imply that anodal transcranial direct current stimulation (tDCS) over

the left dorsolateral prefrontal cortex (DLPFC) can modulate the formation of verbal

episodic memories. The aim of this study was to test if tDCS through a multi-electrode

Laplacian montage over the left DLPFC could differentially modulate declarative memory

performance depending on the application phase. Two groups of healthy participants

(n = 2× 15) received 1mA anodal or sham stimulation for 20min during the encoding or

during the recall phase on a delayed cued-recall, using a randomized, double-blinded,

repeated-measures experimental design. Memory performance was assessed at two

time points: 10min and 24 h after learning. We found no significant difference between

anodal and sham stimulation with regard to the memory scores between conditions

(stimulation during encoding or recall) or between time points, suggesting that anodal

tDCS over the left DLPFC with these stimulation parameters had no effect on the

encoding and the consolidation of associative verbal content.

Keywords: tDCS, verbal associative learning, verbal long-term memory, DLPFC

INTRODUCTION

Low-intensity transcranial electrical brain stimulation (TES) has the potential to further improve
our knowledge about the functional and neural correlates of declarative memory, by directly
manipulating the neural activity of targeted brain areas before or during the performance of a
given task. Previous studies in this research field have found promising improvements in subjects’
recognition of encoded material when transcranial direct current (tDCS), alternating current
(tACS), or oscillatory tDCS was applied in either the learning and/or in the recognition phase
(Marshall et al., 2006; Jacobson et al., 2012; Javadi et al., 2012; Javadi and Walsh, 2012; Ambrus
et al., 2015; Pisoni et al., 2015). Among the above-mentioned techniques, tDCS is one of the most
extensively used TES methods. It is thought that tDCS is capable of inducing polarity-dependent,
relatively long-lasting changes in the human brain, probably either by de- or hyperpolarising
neurons’ resting membrane potentials and causing a reversible change in the balance of excitatory-
inhibitory cortical activity (for recent reviews see Hartwigsen et al., 2015; Woods et al., 2016;
Fertonani and Miniussi, 2017).

A meta-analysis of fMRI studies on episodic memory showed left lateralized effects for the
encoding of verbal material, arguing in favor of the involvement of the prefrontal cortex (Kim,
2011). Additionally, results from non-invasive brain stimulation studies suggest that the left
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dorsolateral prefrontal cortex (DLPFC) may be involved in both
the encoding and retrieval of verbal content (Manenti et al.,
2012). Furthermore, several sources of recent experimental data
indicate that the application of anodal tDCS over the left DLPFC
during learning results in improvements in different cognitive
tasks, including the encoding of semantic material (e.g., Brunoni
and Vanderhasselt, 2014; Dedoncker et al., 2016b; Kim et al.,
2016; Hill et al., 2017), although conflicting results were also
reported (e.g., Tremblay et al., 2014). Further research considered
that the stimulation timing might be critical (Dedoncker et al.,
2016a, b; e.g., before or during the performance of the task),
with the results usually showing a small, but significant, effect on
accuracy and reaction time in workingmemory, when tested after
the application of anodal tDCS.

A recent study tested the hypothesis that long-term
associative-memory engrams are stored in an excitatory-
inhibitory balance in neuronal ensembles. Learning is assumed
to change synaptic strength, which is disrupted during this
process, with the new excitatory connections being rebalanced
afterwards by inhibitory GABAergic mechanisms (Barron et al.,
2016). They showed that by unmasking inhibitory connections
using anodal tDCS to downregulate cortical GABA concentration
after learning, significant improvement could be obtained in
associative memory, which correlated with a decreased GABA
level in the targeted area.

To clarify whether anodal tDCS directed to the left prefrontal
cortex could indeed significantly modulate the encoding or
retrieval of verbal associative learning, we chose to apply 20
min of tDCS, as it constitutes common standard in the field for
cognitive paradigms (Hill et al., 2017). For this we designed two
experiments with different stimulation time points: in the first
group, anodal tDCS was applied before and during learning, in
order to augment learning-induced neuronal plasticity. In the
second group, stimulation was administered before and during
the recall phase 24 h after learning with the aim to rebalance
inhibitory plasticity after learning, as previous studies showed
that anodal tDCS can effectively decrease the GABA level (Stagg,
2014; Stagg et al., 2014; Barron et al., 2016). While after learning
(and during “forgetting”) the new excitatory connections are
frequently rebalanced by inhibition, we hypothesized that the
stimulation during the recall phase might induce enhanced
memory performance by downregulating the increased GABA
level, compared to sham stimulation, and similarly, during the
encoding phase.

MATERIALS AND METHODS

Participants
Thirty healthy, young adult, right-handed, native German
speakers with normal or corrected-to-normal vision were
recruited, after giving their informed consent. They were
assigned to two groups of 15 participants each (group 1: eight
females, mean age 24.8 ± 3.5, age range 18–30; group 2: seven
females, mean age 24.6 ± 3, age range 18–31). They had no
history of neuropsychiatric or brain disorders. The participants
were naïve to the applied task and were reimbursed for their
participation. The project was approved by the ethics committee

of the University Medical Center Göttingen and was conducted
accordingly to the Declaration of Helsinki. No participant
reported adverse effects.

Experimental Procedure
A randomized, double-blind, repeated-measures, placebo-
controlled design was used, with each participant taking part
only in one experimental group. Every participant underwent
two stimulation conditions (anodal tDCS and sham) with
blocks of two experiments related to one condition (stimulation
during encoding—group 1 or recall—group 2) separated by 24 h,
generating a total of four sessions (Figure 1). The first and the
third sessions consisted of a (1) learning phase, combined with
the application of tDCS in the group 1, (2) a 10-min pause,
and (3) a first cued-recall. The second and fourth sessions
were composed of a second cued-recall to assess memory
overnight consolidation, combined with tDCS only in group
2. Each stimulation session was separated by at least a 5-day
interval to avoid carryover effects. To minimize the well-known
learning effect in word-list memory tasks, the order of real and
placebo conditions were counterbalanced across participants.
At the beginning of the first session, the subjects received
written instruction about the task and were informed about
the experimental procedures. The participants also filled in an
additional indicators questionnaire and were debriefed after the
stimulation sessions.

Stimulation Protocol
tDCSwas delivered by using a certifiedNeuroConnMultichannel
stimulator (Ilmenau, Germany). We used a set of five 3 cm2

rubber-round electrodes with Ten20 paste as conductivity mean.
Both of the groups received 1.0 mA of tDCS applied for 20min
continuously during the learning phase of the task (group 1)
or during the second day’s cued-recall (group 2). For group
1, the stimulation was started 12min before presentation of
the learning material, and then continued during it (learning
duration was 8min); for group 2, the stimulation started 15min
before and then continued during the cued-recall (which lasted
5min). During the real (anodal tDCS) and sham stimulation the
current was ramped up for 10 s in the beginning until reaching
the programmed intensity, and then ramped down for 10 s at the
end. In the sham condition, the current was additionally applied
for 30 s and then discontinued. The impedances were kept below
the limit of 5 k� as measured by the device.

Montage
The positioning of the electrodes was standardized and kept
constant across the experiments as suggested bymodeling studies
(Saturnino et al., 2015), with the plugs and cables always
turned in a medial-to-lateral direction. The Laplacian multi-
electrode montage, designed to answer our research hypothesis,
was composed of a central anodal electrode over the AF3
position (according to the international 10–20 EEG system)
and four surrounding return electrodes with 6 cm distance
from the central one, and 10 cm distance between the medial
and lateral electrodes (Figure 2A). A realistic finite-element
model (Figure 2B) to evaluate the extension and precision of
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FIGURE 1 | The paired-associate learning task assessing episodic long-term memory. Participants learned 52 semantically-related German paired nouns. The

cued-recall testing consisted in verbally expressing the second word of the pair, always 10 min and again 24 h after the encoding phase.

FIGURE 2 | The multi-electrode tDCS left pre-frontal montage and the estimated distribution of the tDCS-generated electric field. (A) A five-electrode Laplacian

montage to deliver the current was centered over the AF3 position, surrounded by 4 return electrodes. The distances between the electrodes were set as follows:

central and return electrodes, 6 cm; adjacent return electrodes, 6 cm; distance between the medial and lateral return electrodes, 10 cm (Human head modified from

Patrick J. Lynch’s illustration, distributed under a CC-BY 2.5 license.) (B) The estimated electric field distribution is color-coded to the intensity scale, with the

maximum field strength reaching 0.35 mV/mm.

our anatomical target and to estimate the distribution of the
electric field was generated in SIMNIBS 2.0.1 (Thielscher et al.,
2015). The model accounts for white matter anisotropy and the
following conductivity for these anatomical components: scalp
(σ = 0.465 S/m), bone (σ = 0.010 S/m), cerebrospinal fluid (σ
= 1.654 S/m), gray matter (σ = 0.275 S/m), and white matter
(σ = 0.126 S/m). The tetrahedral volume mesh post-processing
and visualization was generated through Gmsh (Geuzaine and
Remacle, 2009).

Task
A verbal-associative learning task (Figure 1), shown in previous
studies to be sensitive in the capture of effects of non-invasive
brain stimulation in declarative memory (Marshall et al., 2006;
Garside et al., 2015), was utilized in order to assess verbal
episodic memory. In this paradigm, the participants were asked
to memorize semantically related word-pairs presented one at
a time. For each experimental condition, a different list with a
total of 54 word-pairs composed of associated German nouns
was presented on a monitor, where 8 (4 in the beginning and

4 in the end) of them were dummy pairs to buffer recency
and primacy effects. The order of the lists was randomized
across subjects and conditions. Each correct answer was granted
two points, with one point given to late or partially correct
(morphologically incorrect) answers, totaling 92 possible points
(100% performance) to score. The dummy pairs were excluded
from the data analysis. The subjects were exposed to each
word-pair for 4 s with an inter-stimulus interval of 100 ms,
thereby learning the list two times in a different, randomized
order. With two different time delays (10min and 24 h),
the participants’ memory performance was subsequently tested
with a cued-recall in a forward-recall manner, where each
stimuli was presented for 5 s. The stimuli in the two cued-
recalls were presented in two different, randomized orders.
During the 10-min pause following the learning phase, the
participants stayed seated and had no other activity or verbal
interaction with the researcher. No feedback was given about
the correctness of the answers. The task was conducted using
Presentation software (Neurobehavioral Systems Inc., Albany,
CA, USA).
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Statistical Analysis
In a first step, all the groups underwent null hypothesis
significance testing to compare their behavioral performance
in the task. As in the first experimental group two variables
were non-normally distributed, a related-samples Wilcoxon
signed rank test was employed in order to compare memory
performance between sham and real tDCS, both for the first
and second testing days. To rule out baseline differences that
could impact the outcomes in our parallel-group design, a non-
parametric independent-samples Mann–Whitney U-test was
used to compare the sham condition performances on both days.
In addition to the null hypothesis significance testing, we ran
Bayesian analyses to verify the amount of evidence for the null
or the alternative hypothesis given in our dataset (Rouder et al.,
2009). One-sided JSZ Bayes Factors (BF01) were computed in
JASP (version 0.8.1.2) to estimate how likely the null hypothesis
(there are no differences between the conditions) could be
observed under the alternative hypothesis (there are differences),
with a Cauchy prior width of 0.707. We also calculated the
effect size for all the real conditions compared with sham for the
respective groups (Figure 3C). The calculations were performed
with the Measures of Effect Size toolbox for MATLAB, which
provides a corrected and unbiased Hedges’g estimation for small
paired samples (Hentschke and Stuttgen, 2011).

Arousal Levels and Sleep Quality Indicators
To control for two variables that directly influence memory
encoding and retrieval (Diekelmann and Born, 2010; Rutishauser
et al., 2010), we asked the participants to report their arousal
levels and sleep time and quality in the previous night (Table 1).
The arousal was assessed on a self-report scale from 1 to 10 (1
= very tired, 10 = totally awake). Sleep quality was measured
through self-report, including the number of hours subjects slept
during the previous night (Likert scale, 1–5 points continuum;
1 = very bad, 5 = very good). All the indicators were analyzed
using the non-parametric paired samples Wilcoxon signed rank
test.

RESULTS

Memory Accuracy
The results with regard to memory performance in the paired-
associative learning task are summarized in Figure 3. The task
permitted an absolute maximum numerical score of 92 points,
and the results are plotted in original values for all days when
memory accuracy was measured in a cued-recall fashion. In
the first group (n = 15), where the participants received the
stimulation during encoding, a small numerical difference in
memory performance was observed between the real (67.2 ±

17.3) condition compared to sham (67.8 ± 16.8) stimulation
in the first recall test, and also between sham (66.5 ± 17.1)
and real tDCS (64.7 ± 16.4) on the second day of recall.
The related-samples Wilcoxon signed rank test revealed no
statistically significant effect of the stimulation condition, for
either the first day (Z = −0.057, p = 0.955, Hedges’g = 0.03)
or the second day (Z = 0.664, p = 0.506, Hedges’g = 0.10) of
testing. The computed Bayes Factor showed moderate evidence

in favor of the null hypothesis on the first cued-recall (BF01 =

3.719), where the null hypothesis is 3.719 times more likely to
be observed that the alternative hypothesis given this dataset.
For the second cued-recall, Bayes Factor also showed moderate
evidence for the null hypothesis (BF01 = 3.237), i.e., it is 3.237
times more likely to be observed than the alternative given the
present data.

For the second group (n = 15), where the participants
received the tDCS during retrieval, the first cued-recall showed
a slight numerical difference in memory performance between
the anodal tDCS group (70.3 ± 10.6) compared to sham (71.4
± 8.3). On the delayed cued-recall, memory performance was
also slightly different between the real stimulation (70.0 ± 11.6)
compared to sham (69.4 ± 10.6). The related samples Wilcoxon
signed rank test revealed no statistically significant differences in
memory performance between sham and real tDCS for either
the first (Z = −0.711, p = 0.477, Hedges’g = 0.11) or the
second cued-recall (Z = −0.566, p = 0.572, Hedges’g = −0.04).
Here, Bayes Factor showed moderate evidence in favor of the
null hypothesis (BF01 = 3.326) for the first cued-recall, where
the null is 3.326 times more likely to be observed than the
alternative. For the second cued-recall, Bayes Factor also showed
moderate evidence for the null hypothesis (BF01 = 3.737),
being 3.737 times more likely to be observed given the actual
data.

Moreover, the independent samples Mann–Whitney U-test
revealed no significant difference in sham performance between
the groups, for neither the first cued-recall (U = 112.500, p =

1.000), or for the second cued-recall (U = 119.500, p= 0.771).

Sleep Quality and Arousal Indicators
A summary of the sleep quality and arousal data collected on
the day of the experiments is reported in Table 1. In the first
group (stimulation during encoding), the number of hours slept
the night before the experimental session showed no significant
difference between real and sham condition for session one or
session two. There was also no significant difference in sleep
quality report on the night before the experiments between real
and sham for either of the sessions. Similarly, Wilcoxon signed
rank test showed no significant difference in the arousal levels
between sham and real stimulation for the first and second day of
memory cued-recall testing.

For the second group (stimulation during retrieval), the
amount of reported hours slept on the night before the
experiments showed no significant impact on the results for
either the real or sham conditions for any of the cued-
recall sessions. The sleep quality was not significantly different
between real and sham stimulation before the first session, but
significant difference was observed before the second session,
where participants judged that they slept better before receiving
sham stimulation (p = 0.008). A significant difference was
detected in the arousal levels before the session between sham
and real stimulation for the first day of memory cued-recall
testing, where participants reported higher arousal levels in the
real tDCS condition (p = 0.006), but not for the second cued-
recall.
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FIGURE 3 | tDCS had no significant effects on memory performance. The violin plots indicate the density of the sample distribution across the y-values. Mean and

standard error of the mean (SEM) are shown in each plot as the black dot and the black line (A) Memory score for sham and real stimulation conditions for each

participant in group one, day 1 and 2, respectively. (B) Memory score for sham and real stimulation conditions for each participant in group two, day 1 and 2,

respectively. (C) Effect sizes for the real tACS conditions across the two groups.
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TABLE 1 | Results for the sleep and arousal indicators.

Condition Value Test

SLEEP

Group 1

Amount of hours Session 1 p = 0.092

Real 7.5 ± 0.81

Sham 7.1 ± 1.1

Session 2 p = 0.223

Real 7.2 ± 0.9

Sham 6.7 ± 1.5

Sleep quality Session 1 p = 0.683

Real 3.4 ± 1.0

Sham 3.6 ± 1.0

Session 2 p = 0.666

Real 3.9 ± 0.8

Sham 3.9 ± 1.0

Group 2

Amount of hours Session 1 p = 0.138

Real 7.5 ± 0.9

Sham 6.9 ± 1.2

Session 2 p = 0.634

Real 7.2 ± 1.1

Sham 7.3 ± 1.2

Sleep quality Session 1 p = 0.490

Real 3.6 ± 0.7

Sham 3.4 ± 0.9

Session 2 p = 0.008

Real 3.4 ± 0.9

Sham 4.3 ± 0.6

AROUSAL

Group 1

First cued recall Real

Sham

7.1 ± 1.2

7.2 ± 1.4

p = 0.888

Second cued recall Real

Sham

7.4 ± 0.9

7.6 ± 1.3

p = 0.392

Group 2

First cued recall Real

Sham

7.9 ± 1.1

6.3 ± 1.8

p = 0.006

Second cued recall Real

Sham

7.0 ± 1.4

7.0 ± 1.9

p = 0.848

DISCUSSION

In the present study we investigate the effect of anodal tDCS
over the left DLPFC on verbal-associative long-term memory
performance. Interestingly, none of the stimulation conditions
(before-during learning or before-during the recall phase)
resulted in a modification of performance compared to the
subjects during sham tDCS. Significant differences were observed
between anodal and sham condition only in the sleep quality
and arousal level in Group 2, however, without behavioral
consequences.

Previous work has suggested that the excitatory-inhibitory
balance in neuronal networks is disturbed during the learning

of a new material (Song et al., 2000; Nabavi et al., 2014).
In this period, when novel information is stored during the
modification of excitatory synaptic strengths, anodal tDCS can
have a beneficial effect and, consequently, augment the learning
process. Indeed, data from numerous past experiments has
implied that anodal tDCS can modify reaction time (for a review
see Dedoncker et al., 2016b) or memory performance (for a
recent review see: Hill et al., 2016) when administered in this
critical period. However, the small effect sizes of previous studies,
coupled with non-significant effects on several analyses, require
cautious interpretation of these data. Moreover, since in the first
experiment we fit the learning inside the last minutes of the
stimulation protocol, homeostatic metaplastic effects could have
driven the results toward a cancelation, as shown already when
long-term potentiation-like brain stimulation protocols were
applied prior to motor learning in humans (Jung and Ziemann,
2009).

With regard to the administration of anodal tDCS on the
day after the verbal information encoding (experiment 2), we
hypothesized that by decreasing the inhibitory rebalancing that is
thought to take place after learning-induced increase in neuronal
excitation (Froemke et al., 2007), a larger amount of semantic
information would be recalled and memory performance would
increase compared to sham stimulation. However, this was not
the case and we were not able to replicate previous findings
(Barron et al., 2016). Nevertheless, we can speculate that the
timing of the stimulation in Group 2 might not have been ideal
(e.g., the memory test should have occurred after the 20 min
stimulation), as decreases in GABA levels were significantly lower
after anodal tDCS applied at the primary motor cortex, but not
during it, when compared to baseline measurements and to sham
stimulation (Bachtiar et al., 2015). Another possible scenario is
that the applied intensity might have been too low to generate
an electric field strong enough to overcome the inhibitory effect.
Nevertheless, the same intensity was used in previous research to
successfully modulate GABA levels with anodal tDCS (Bachtiar
et al., 2015; Barron et al., 2016).

Joyal and Fecteau (2016) reviewed studies that used tDCS in
an attempt to modulate semantic processing. The data revealed a
structured network correlated with this function, which included
the inferior frontal gyrus, a region adjacent to the stimulated
area but not directly targeted by it, a fact that can be related
to the absence of significant behavioral outcomes. Moreover,
we could speculate that the cathodal electrodes close to the
lateral part of the frontal cortex may have driven this site to
temporal inhibition. Additionally, findings on the cellular and
network plasticity mechanisms that govern human learning and
memory point to the fact that the search for a specific locus
for the memory engram storage can be misleading, due to its
possible widespread nature, i.e., the memory trace may be stored
in connectivity patterns in different brain sites defined during
encoding (Tonegawa et al., 2015). Therefore, targeting only one
structure may be a limitation of each study with a design similar
to the present one.

Furthermore, our target area might also not have been ideal.
Indeed, multiple brain regions and not only the DLPFC are
assumed to interact in order to coordinate verbal information
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processing, both for encoding and retrieval of declarative
memories (Cabeza and Nyberg, 2000; Borst and Anderson, 2013;
Pisoni et al., 2015). Besides, a fixed montage as chosen here
can impact the study outcome. An individualized anatomical
approach governed by neuronavigation to localize the DLPFC
could optimize the results, in keeping with the known variability
of brain anatomy as related to gender, aging, lateralization and
pathological processes (Mylius et al., 2013). In addition, we
employed electrode types that differed from the ones used in
previous studies, that is, five smaller electrodes arranged in a
Laplacian montage. Although, it was suggested by computational
models and experimental studies that this sort of montage could
effectively change cortical activity (Datta et al., 2009, 2012;
Gbadeyan et al., 2016), the electric field induced by this montage
is more focal and less deep compared to the one evoked by
conventional pad electrodes.

Since we did not observe significant behavioral effects in
the responses to tDCS, it would have been interesting to
identify external and internal factors that might account for
the negative results. Certainly, the variability in the cortical
changes after tDCS that might result in the absence of group
effects is a frequently discussed issue, particularly at the case
of motor-evoked potentials responses after tDCS (e.g., Wiethoff
et al., 2014). Many factors that could modulate responsiveness
before, during or after tDCS have been identified (these being
methodological-, investigator- and subject-related), however,
until now, no consensus has been reached about the reasons
underlying the between- and within-subject variability of tDCS
effects. Although, it is difficult to compare directly, we believe that
with regard to age, gender, educational level or sample size, this
work did not differ from those published by previous research in
tDCS and episodic memory.

So far, these studies in healthy participants have presented
small effect sizes (Cohen’s d of 0.04), with samples varying
from 12 to 20 participants, with females outperforming male
participants (Dedoncker et al., 2016a). Moreover, a meta-
analysis that included only single-session protocols showed
no significant effects of anodal tDCS on episodic memory
(Dedoncker et al., 2016b). In another meta-analysis that included
research with similar designs to the present work, only one
study presented significant results, with a sample size of n= 16
(Horvath et al., 2015). Furthermore, in a recently published
work (Emmerling et al., 2017), anodal tDCS was applied to
the right DLPFC in order to manipulate cognitive control.
The authors used the same experimental conditions in two

independent experimental groups (with 18 and 16 participants
receiving anodal stimulation), and surprisingly, after positive
results in the first experiment, they failed to replicate their own
previous findings in the second. They admitted that although this
could have been related to insufficient power, the mechanisms
underlying tDCS at the neuronal level are far from being
understood.

Taken together, contrary to previously published results, we
have found no evidence that single-session anodal tDCS over the
left DLPFC with the parameters used in this work has a reliable
effect on encoding and retrieval of verbal information in healthy
adult subjects. These findings further highlight the importance of

uncovering the methodological factors that might underlie inter-
individual variability in response to tDCS, such as anatomical
differences and electrode placement. Studies that combine
behavioral outcomes with neurophysiological measures should
systematically evaluate stimulation parameters and correlate
them to effects in order to identify predictive factors. We also
suggest that future studies should report not only the mean group
data but also the individual performance data points. Moreover,
to determine how far the negative results translate to a larger
population, a higher number of participants is required.

ETHICS STATEMENT

This study was approved by the University Medical Center
Göttingen Ethics Committee, under the title: Einfluss
transkranieller Stromstimulation auf die kognitiven Funktionen.
The project number is 12/04/2012, and it is registered under the
IFS 1716.

AUTHOR CONTRIBUTIONS

GL and AA designed the study. GL analyzed the data. PK and GL
collected the data. GL, PK, WP, and AA wrote the paper.

ACKNOWLEDGMENTS

We thank Zsolt Turi and Ivan Alekseichuk for the discussions
regarding the study design. We also thank Ivan Alekseichuk
for providing the electric field distribution model. This work
was supported by the Deutsche Forschungsgemeinschaft (PA
419/15-1) awarded to WP. We thank Christine Crozier for
language editing of the manuscript. We acknowledge support by
the Open Access Publication Funds of the Göttingen University.

REFERENCES

Ambrus, G. G., Pisoni, A., Primassin, A., Turi, Z., Paulus, W., and Antal,

A. (2015). Bi-frontal transcranial alternating current stimulation in the

ripple range reduced overnight forgetting. Front. Cell. Neurosci. 9:374.

doi: 10.3389/fncel.2015.00374

Bachtiar, V., Near, J., Johansen-Berg, H., and Stagg, C. J. (2015). Modulation of

GABA and resting state functional connectivity by transcranial direct current

stimulation. Elife 4, 1–9. doi: 10.7554/eLife.08789

Barron, H. C., Vogels, T. P., Emir, U. E., Makin, T. R., O’shea, J.,

Clare, S., et al. (2016). Unmasking latent inhibitory connections in

human cortex to reveal dormant cortical memories. Neuron 90, 191–203.

doi: 10.1016/j.neuron.2016.02.031

Borst, J. P., and Anderson, J. R. (2013). Using model-based functional MRI

to locate working memory updates and declarative memory retrievals in

the fronto-parietal network. Proc. Natl. Acad. Sci. U.S.A. 110, 1628–1633.

doi: 10.1073/pnas.1221572110

Brunoni, A. R., and Vanderhasselt, M. A. (2014). Working

memory improvement with non-invasive brain stimulation of

the dorsolateral prefrontal cortex: a systematic review and

meta-analysis. Brain Cogn. 86, 1–9. doi: 10.1016/j.bandc.2014.

01.008

Frontiers in Neuroscience | www.frontiersin.org 7 August 2017 | Volume 11 | Article 452

https://doi.org/10.3389/fncel.2015.00374
https://doi.org/10.7554/eLife.08789
https://doi.org/10.1016/j.neuron.2016.02.031
https://doi.org/10.1073/pnas.1221572110
https://doi.org/10.1016/j.bandc.2014.01.008
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Lara et al. tDCS Over the Left DLPFC

Cabeza, R., and Nyberg, L. (2000). Neural bases of learning and memory:

functional neuroimaging evidence. Curr. Opin. Neurol. 13, 415–421.

doi: 10.1097/00019052-200008000-00008

Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., and Bikson, M. (2009).

Gyri-precise head model of transcranial direct current stimulation:

Improved spatial focality using a ring electrode versus conventional

rectangular pad. Brain Stimul. 2, 201–207, 207.e1. doi: 10.1016/j.brs.2009.

03.005

Datta, A., Truong, D., Minhas, P., Parra, L. C., and Bikson, M. (2012).

Inter-individual variation during transcranial direct current stimulation and

normalization of dose using MRI-derived computational models. Front.

Psychiatry 3:91. doi: 10.3389/fpsyt.2012.00091

Dedoncker, J., Brunoni, A. R., Baeken, C., and Vanderhasselt, M. A. (2016a).

The effect of the interval-between-sessions on prefrontal transcranial direct

current stimulation (tDCS) on cognitive outcomes: a systematic review and

meta-analysis. J. Neural Transm. 123, 1159–1172. doi: 10.1007/s00702-016-

1558-x

Dedoncker, J., Brunoni, A. R., Baeken, C., and Vanderhasselt, M. A. (2016b). A

systematic review and meta-analysis of the effects of transcranial direct current

stimulation (tDCS) over the dorsolateral prefrontal cortex in healthy and

neuropsychiatric samples: influence of stimulation parameters. Brain Stimul.

9, 501–517. doi: 10.1016/j.brs.2016.04.006

Diekelmann, S., and Born, J. (2010). The memory function of sleep. Nat. Rev.

Neurosci. 11, 114–126. doi: 10.1038/nrn2762

Emmerling, F., Martijn, C., Alberts, H. J. E. M., Thomson, A. C., David, B., Kessler,

D., et al. (2017). The (non-) replicability of regulatory resource depletion : A

field report employing non-invasive brain stimulation. PLoS ONE 12:e0174331.

doi: 10.1371/journal.pone.0174331

Fertonani, A., and Miniussi, C. (2017). Transcranial electrical

stimulation. Neuroscientist 23, 109–123. doi: 10.1177/10738584166

31966

Froemke, R. C., Merzenich, M. M., and Schreiner, C. E. (2007). A synaptic

memory trace for cortical receptive field plasticity. Nature 450, 425–429.

doi: 10.1038/nature06289

Garside, P., Arizpe, J., Lau, C. I., Goh, C., and Walsh, V. (2015). Cross-

hemispheric alternating current stimulation during a nap disrupts slow wave

activity and associated memory consolidation. Brain Stimul. 8, 520–527.

doi: 10.1016/j.brs.2014.12.010

Gbadeyan, O., McMahon, K., Steinhauser, M., and Meinzer, M. (2016).

Stimulation of dorsolateral prefrontal cortex enhances adaptive cognitive

control: a high-definition transcranial direct current stimulation

study. J. Neurosci. 36, 12530–12536. doi: 10.1523/JNEUROSCI.2450-1

6.2016

Geuzaine, C., and Remacle, J. F. (2009). Gmsh: a 3-D finite element mesh generator

with built-in pre- and post-processing facilities. Int. J. Numer. Methods Eng. 79,

1309–1331. doi: 10.1002/nme.2579

Hartwigsen, G., Bergmann, T. O., Herz, D. M., Angstmann, S., Karabanov,

A., Raffin, E., et al. (2015). Modeling the effects of noninvasive

transcranial brain stimulation at the biophysical, network, and

cognitive level. Prog. Brain Res. 222, 261–287. doi: 10.1016/bs.pbr.2015.

06.014

Hentschke, H., and Stuttgen, M. C. (2011). Computation of measures of

effect size for neuroscience data sets. Eur. J. Neurosci. 34, 1887–1894.

doi: 10.1111/j.1460-9568.2011.07902.x

Hill, A. T., Rogasch, N. C., Fitzgerald, P. B., and Hoy, K. E. (2017). Effects of

prefrontal bipolar and high-definition transcranial direct current stimulation

on cortical reactivity and working memory in healthy adults. Neuroimage 152,

142–157. doi: 10.1016/j.neuroimage.2017.03.001

Hill, A. T., Fitzgerald, P. B., and Hoy, K. E. (2016). Effects of anodal

transcranial direct current stimulation on working memory: a systematic

review and meta-analysis of findings from healthy and neuropsychiatric

populations. Brain Stimul. 9, 197–208. doi: 10.1016/j.brs.2015.

10.006

Horvath, J. C., Forte, J. D., and Carter, O. (2015). Quantitative review finds

no evidence of cognitive effects in healthy populations from single-session

transcranial direct current stimulation (tDCS). Brain Stimul. 8, 535–550.

doi: 10.1016/j.brs.2015.01.400

Jacobson, L., Goren, N., Lavidor, M., and Levy, D. A. (2012). Oppositional

transcranial direct current stimulation (tDCS) of parietal substrates of

attention during encoding modulates episodic memory. Brain Res. 1439, 66–72.

doi: 10.1016/j.brainres.2011.12.036

Javadi, A. H., and Walsh, V. (2012). Transcranial direct current

stimulation (tDCS) of the left dorsolateral prefrontal cortex modulates

declarative memory. Brain Stimul. 5, 231–241. doi: 10.1016/j.brs.2011.

06.007

Javadi, A. H., Cheng, P., and Walsh, V. (2012). Short duration transcranial

direct current stimulation (tDCS) modulates verbal memory. Brain Stimul. 5,

468–474. doi: 10.1016/j.brs.2011.08.003

Joyal, M., and Fecteau, S. (2016). Transcranial direct current stimulation effects

on semantic processing in healthy individuals. Brain Stimul. 9, 682–691.

doi: 10.1016/j.brs.2016.05.003

Jung, P., and Ziemann, U. (2009). Homeostatic and nonhomeostatic

modulation of learning in human motor cortex. J. Neurosci. 29, 5597–5604.

doi: 10.1523/JNEUROSCI.0222-09.2009

Kim, H. (2011). Neural activity that predicts subsequent memory and

forgetting: a meta-analysis of 74 fMRI studies. Neuroimage 54, 2446–2461.

doi: 10.1016/j.neuroimage.2010.09.045

Kim, K., Ekstrom, A. D., and Tandon, N. (2016). A network approach

for modulating memory processes via direct and indirect brain

stimulation: toward a causal approach for the neural basis of memory.

Neurobiol. Learn. Mem. 134, 162–177. doi: 10.1016/j.nlm.2016.

04.001

Manenti, R., Cotelli, M., Robertson, I. H., and Miniussi, C. (2012). Transcranial

brain stimulation studies of episodic memory in young adults, elderly adults

and individuals with memory dysfunction: a review. Brain Stimul. 5, 103–109.

doi: 10.1016/j.brs.2012.03.004

Marshall, L., Helgadóttir, H., Mölle, M., and Born, J. (2006). Boosting

slow oscillations during sleep potentiates memory. Nature 444, 610–613.

doi: 10.1038/nature05278

Mylius, V., Ayache, S. S., Ahdab, R., Farhat, W. H., Zouari, H. G.,

Belke, M., et al. (2013). Definition of DLPFC and M1 according to

anatomical landmarks for navigated brain stimulation: Inter-rater reliability,

accuracy, and influence of gender and age. NeuroImage 78, 224–232.

doi: 10.1016/j.neuroimage.2013.03.061

Nabavi, S., Fox, R., Proulx, C. D., Lin, J. Y., Tsien, R. Y., and Malinow, R.

(2014). Engineering a memory with LTD and LTP. Nature 511, 348–352.

doi: 10.1038/nature13294

Pisoni, A., Turi, Z., Raithel, A., Ambrus, G. G., Alekseichuk, I., Schacht, A., et al.

(2015). Separating recognition processes of declarative memory via anodal

tDCS: boosting old item recognition by temporal and new item detection

by parietal stimulation. PLoS ONE 10:e0123085. doi: 10.1371/journal.pone.01

23085

Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., and Iverson, G. (2009).

Bayesian t tests for accepting and rejecting the null hypothesis. Psychon. Bull.

Rev. 16, 225–237. doi: 10.3758/PBR.16.2.225

Rutishauser, U., Ross, I. B., Mamelak, A. N., and Schuman, E. M. (2010). Human

memory strength is predicted by theta-frequency phase-locking of single

neurons. Nature 464, 903–907. doi: 10.1038/nature08860

Saturnino, G. B., Antunes, A., and Thielscher, A. (2015). On the importance of

electrode parameters for shaping electric field patterns generated by tDCS.

Neuroimage 120, 25–35. doi: 10.1016/j.neuroimage.2015.06.067

Song, S., Miller, K. D., and Abbott, L. F. (2000). Competitive Hebbian learning

through spike-timing-dependent synaptic plasticity. Nat. Neurosci. 3, 919–926.

doi: 10.1038/78829

Stagg, C. J. (2014). Magnetic Resonance Spectroscopy as a tool to study

the role of GABA in motor-cortical plasticity. Neuroimage 86, 19–27.

doi: 10.1016/j.neuroimage.2013.01.009

Stagg, C. J., Bachtiar, V., Amadi, U., Gudberg, C. A., Ilie, A. S., Sampaio-Baptista,

C., et al. (2014). Local GABA concentration is related to network-level resting

functional connectivity. Elife 3:e01465. doi: 10.7554/eLife.01465

Thielscher, A., Antunes, A., and Saturnino, G. B. (2015). Field modeling for

transcranial magnetic stimulation: a useful tool to understand the physiological

effects of TMS? Conf. Proc. IEEE Eng. Med. Biol. Soc. 2015, 222–225.

doi: 10.1109/EMBC.2015.7318340

Frontiers in Neuroscience | www.frontiersin.org 8 August 2017 | Volume 11 | Article 452

https://doi.org/10.1097/00019052-200008000-00008
https://doi.org/10.1016/j.brs.2009.03.005
https://doi.org/10.3389/fpsyt.2012.00091
https://doi.org/10.1007/s00702-016-1558-x
https://doi.org/10.1016/j.brs.2016.04.006
https://doi.org/10.1038/nrn2762
https://doi.org/10.1371/journal.pone.0174331
https://doi.org/10.1177/1073858416631966
https://doi.org/10.1038/nature06289
https://doi.org/10.1016/j.brs.2014.12.010
https://doi.org/10.1523/JNEUROSCI.2450-16.2016
https://doi.org/10.1002/nme.2579
https://doi.org/10.1016/bs.pbr.2015.06.014
https://doi.org/10.1111/j.1460-9568.2011.07902.x
https://doi.org/10.1016/j.neuroimage.2017.03.001
https://doi.org/10.1016/j.brs.2015.10.006
https://doi.org/10.1016/j.brs.2015.01.400
https://doi.org/10.1016/j.brainres.2011.12.036
https://doi.org/10.1016/j.brs.2011.06.007
https://doi.org/10.1016/j.brs.2011.08.003
https://doi.org/10.1016/j.brs.2016.05.003
https://doi.org/10.1523/JNEUROSCI.0222-09.2009
https://doi.org/10.1016/j.neuroimage.2010.09.045
https://doi.org/10.1016/j.nlm.2016.04.001
https://doi.org/10.1016/j.brs.2012.03.004
https://doi.org/10.1038/nature05278
https://doi.org/10.1016/j.neuroimage.2013.03.061
https://doi.org/10.1038/nature13294
https://doi.org/10.1371/journal.pone.0123085
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.1038/nature08860
https://doi.org/10.1016/j.neuroimage.2015.06.067
https://doi.org/10.1038/78829
https://doi.org/10.1016/j.neuroimage.2013.01.009
https://doi.org/10.7554/eLife.01465
https://doi.org/10.1109/EMBC.2015.7318340
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Lara et al. tDCS Over the Left DLPFC

Tonegawa, S., Pignatelli, M., Roy, D. S., and Ryan, T. J. (2015). Memory

engram storage and retrieval. Curr. Opin. Neurobiol. 35, 101–109.

doi: 10.1016/j.conb.2015.07.009

Tremblay, S., Lepage, J.-F., Latulipe-Loiselle, A., Fregni, F., Pascual-Leone, A., and

Théoret, H (2014). The Uncertain Outcome of Prefrontal tDCS. Brain Stimul.

7, 773–783. doi: 10.1016/j.brs.2014.10.003

Wiethoff, S., Hamada, M., and Rothwell, J. C. (2014). Variability in response to

transcranial direct current stimulation of the motor cortex. Brain Stimul. 7,

468–475. doi: 10.1016/j.brs.2014.02.003

Woods, A. J., Antal, A., Bikson, M., Boggio, P. S., Brunoni, A. R., Celnik, P., et al.

(2016). A technical guide to tDCS, and related non-invasive brain stimulation

tools. Clin. Neurophysiol. 127, 1031–1048. doi: 10.1016/j.clinph.2015.

11.012

Conflict of Interest Statement: WP holds a patent on transcranial deep brain

stimulation. He is on the scientific advisory board of Precisis AG.

The other authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2017 Lara, Knechtges, Paulus and Antal. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 9 August 2017 | Volume 11 | Article 452

https://doi.org/10.1016/j.conb.2015.07.009
https://doi.org/10.1016/j.brs.2014.10.003
https://doi.org/10.1016/j.brs.2014.02.003
https://doi.org/10.1016/j.clinph.2015.11.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Anodal tDCS Over the Left DLPFC Did Not Affect the Encoding and Retrieval of Verbal Declarative Information
	Introduction
	Materials and Methods
	Participants
	Experimental Procedure
	Stimulation Protocol
	Montage
	Task
	Statistical Analysis
	Arousal Levels and Sleep Quality Indicators

	Results
	Memory Accuracy
	Sleep Quality and Arousal Indicators

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


