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In the absence of effective therapies for dementia and its precursors, enhancing neuroplasticity by means of non-invasive brain stimulation
such as anodal transcranial direct current stimulation (atDCS) might be a promising approach to counteract or delay the onset of cognitive
decline, but effect sizes have been moderate so far. Previous reports indicate that increasing serotonin levels may enhance atDCS-induced
neuroplasticity. However, evidence for serotonergic modulation of atDCS effects on memory is still lacking. Here, we conducted a double-
blind, randomized, sham-/placebo-controlled trial to investigate the impact of a selective serotonin reuptake inhibitor (SSRI; single dose of
20 mg citalopram) and atDCS over the right temporoparietal cortex (1 mA, 20 min) on memory formation. Twenty young and 20 older
subjects completed an object-location learning task in each of the four conditions: sham+placebo, sham+SSRI, atDCS+placebo, and
atDCS+SSRI. Outcome measures were performance in immediate (primary outcome) and delayed cued recall. While we found an SSRI
effect, but no statistically significant effect of atDCS on immediate recall scores, young and older adults benefited most from the combined
application (comparisons: atDCS+SSRI4atDCS+placebo and atDCS+SSRI4sham+placebo). Thus, our data provide evidence that
atDCS improves memory formation if serotonergic neurotransmission is enhanced simultaneously. Further studies are needed to assess
whether these findings extend to clinical populations with memory impairment and translate into clinically relevant improvements after
long-term serotonergic enhancement and repeated stimulation.
Neuropsychopharmacology (2017) 42, 551–561; doi:10.1038/npp.2016.170; published online 21 September 2016
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INTRODUCTION

In our rapidly aging society, an increase of neurodegenerative
disorders (eg, Alzheimer’s disease, AD) is predicted. As no
effective disease-modifying pharmacological intervention has
been approved so far, the search for new strategies to maintain
higher brain function throughout life and to prevent the
progression of the ‘AD-precursor’, mild cognitive impairment
(MCI), to full-blown dementia is of major economic and
medical importance (Mangialasche et al, 2010). Cognitive
training (Anguera et al, 2013) and non-invasive brain
stimulation techniques, such as anodal transcranial direct

current stimulation (atDCS; Prehn and Floel, 2015), might
offer exciting opportunities for enhancing brain function.
atDCS, in particular, may help to overcome reduced brain
responsiveness to cognitive training in aging, as it modulates
post-synaptic connections analogous to long-term potentiation
(LTP; Liebetanz et al, 2002) and has been shown to improve
learning and memory in young and older healthy subjects by
our group and others (Miniussi et al, 2013; Coffman et al,
2014; Shin et al, 2015). It has been shown, for instance, that
atDCS over the left peri-sylvian area (Wernicke’s area)
enhances associative verbal learning (Floel et al, 2008). Older
subjects, in another study (Floel et al, 2012), forgot fewer
object–location associations after atDCS over the right
temporoparietal cortex compared with sham stimulation.
These effects in healthy subjects and its excellent safety

profile (Fregni et al, 2015) have encouraged the use of tDCS
also after stroke and in neurodegenerative disease (Floel,
2014; Prehn and Floel, 2015). For instance, atDCS has been
successfully applied to enhance language training outcome in
post-stroke aphasia (Floel et al, 2011; Meinzer et al, 2016). In
AD patients, Ferruci et al, (2008) and Boggio et al, (2009)
demonstrated in small pilot studies that episodic memory

*Correspondence: Dr K Prehn, Department of Neurology and
NeuroCure Clinical Research Center, Charité Universitätsmedizin Berlin,
Charitéplatz 1, 10117 Berlin, Germany, Tel: +49 (0)30 450560140,
Fax: +49 (0)30 450560974, E-mail: kristin.prehn@charite.de or Professor
A Flöel, Department of Neurology and NeuroCure Clinical Research
Center, Charité Universitätsmedizin Berlin, Charitéplatz 1, 10117 Berlin,
Germany, Tel: +49 (0)30 450560284, Fax: +49 (0)30 4507539939,
E-mail: agnes.floeel@charite.de
Received 18 June 2016; revised 28 July 2016; accepted 10 August 2016;
accepted article preview online 24 August 2016

Neuropsychopharmacology (2017) 42, 551–561
© 2017 American College of Neuropsychopharmacology. All rights reserved 0893-133X/17

www.neuropsychopharmacology.org

http://dx.doi.org/10.1038/npp.2016.170
mailto:kristin.prehn@charite.de
mailto:agnes.floeel@charite.de
http://www.neuropsychopharmacology.org


performance can be enhanced by atDCS administration over
the dorsolateral prefrontal, temporal, and temporoparietal
cortex. Effect sizes, however, were only small to moderate
and producing sustained improvements of training success
remains challenging (Prehn and Floel, 2015).
Different approaches to reinforce and prolong the effects

of atDCS have been suggested. First, repeated stimulation
protocols or even daily applications over a longer interven-
tion period seem to be promising (Reis et al, 2009; Cohen
Kadosh et al, 2010; Meinzer et al, 2014). Second, the
mechanisms involved in atDCS (ie, alteration of resting
membrane potential and LTP-like synaptic plasticity) are
also susceptible to dopaminergic (Kuo et al, 2008) and
serotonergic modulation (Nitsche et al, 2009; Kuo et al,
2016). Serotonin, in particular, has an important role in
learning and memory, as well as in mood regulation,
depression, and anxiety (Foehring and Lorenzon, 1999).
Blocking the serotonin transporter with a selective serotonin
receptor inhibitor (SSRI) raises the level of serotonin
available in many structures of the brain (eg, frontal cortex,
striatum, hippocampus, and raphe nucleus; Invernizzi et al,
1997). Although it usually takes some time until SSRIs reduce
the clinical symptoms of depression, effects on cognition
(Outhred et al, 2014; Jonassen et al, 2015) and functional
neural networks (Klaassens et al, 2015) have already been
described after single-dose administration. A study published

by Nitsche et al (2009), eg, demonstrated that atDCS-
induced enhancement of motor cortex excitability (mon-
itored via motor-evoked potentials, MEPs) can be amplified
and prolonged by a single dose of 20 mg citalopram. The
extent, however, to which SSRIs also modulate the effect of
atDCS on higher cognitive functions remains unclear.
In the present study, we investigated the effect of atDCS

over the right temporoparietal cortex and SSRI application
(single dose of 20 mg citalopram) on memory performance.
We hypothesized that a combined application of atDCS and
SSRI would result in enhanced immediate recall scores
compared with the application of atDCS alone in young and
older subjects (primary hypothesis). In addition to enhance-
ment of immediate recall performance, we expected to find
enhanced delayed recall scores in this intervention condition
(secondary hypothesis).

MATERIALS AND METHODS

Study Overview

The study employed a placebo-/sham-controlled, double-
blind within-subjects design and was conducted at Charité
Universitätsmedizin Berlin. Twenty young and 20 older
participants completed a standardized object-location learn-
ing task in four intervention conditions: sham+placebo,

Figure 1 Study flow (a) and course of an experimental visit (b). (a) During a screening visit (V0), inclusion and exclusion criteria were evaluated for each
participant on the basis of anamnesis, medical and neuropsychological examination, electrocardiogram, magnetic resonance imaging (MRI) scan, and blood
tests. From 48 screened subjects, 40 subjects were included and randomized into four treatment groups (with 5 young and 5 older subjects each) with four
different sequences of intervention conditions (A, B, C, and D). Maximal 2 weeks after V0, the four experimental visits (V1, V2, V3, and V4) were scheduled.
(b) Each experimental visit comprised a learning session during which participants performed the objects-location learning (LOCATO) task with brain
stimulation (anodal transcranial direct current stimulation (atDCS) vs sham) and drug intake (selective serotonin reuptake inhibitor (SSRI) vs placebo) 2 h
before. The learning session consisted of three learning blocks and was followed by immediate and delayed cued recall tasks (recall 1, 2, 3, and 4). Between the
experimental visits (V1, V2, V3, and V4) was a wash-out phase of at least 2 weeks (maximum 4 weeks).
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sham+SSRI, atDCS+placebo, and atDCS+SSRI. To avoid
order effects, participants were randomly assigned to four
groups with four different sequences of conditions over the
four visits (V1, V2, V3, and V4) using a Williams design
(Williams, 1949). Experimental visits were separated by a
wash-out phase of at least 2 weeks (maximum 4 weeks) to
avoid cumulative SSRI or atDCS effects. For an overview of
the study flow, see Figure 1a.

Participants

Twenty young (18–35 years) and 20 older (50–80 years)
healthy subjects participated in the study. Participants were all
right-handed as assessed using the Edinburgh Handedness
Inventory (Oldfield, 1971) and had no history of chronic or
acute neurologic, psychiatric, or medical disease. Inclusion
and exclusion criteria were first checked during a telephone
screening (for a complete list, see Supplementary Material). At
the screening visit (V0), eligible subjects underwent a medical
interview, a neurological examination, comprehensive neu-
ropsychological testing (Supplementary Material and Table 1),
electrocardiography, magnetic resonance imaging (MRI) of
the brain, and blood sampling (recruitment period: April 2014
to September 2014).
The study was registered at https://clinicaltrials.gov

(NCT02092974; name of trial registry: LESO) and conducted
in accordance with the Good Clinical Practice guidelines of
the Food and Drug Administration and the International
Conference on Harmonization. The protocol and all study-
specific materials were approved by the German Federal
Institute for Drugs and Medical Devices (BfArM) and the
Regional Office for Health and Social Affairs in Berlin

(LaGeSo; EudraCT: 2013-004821-10). All subjects provided
written informed consent before study-specific procedures
were conducted and received a small reimbursement for
participation.

LOCATO Task and Assessment of Primary and
Secondary Outcomes

To investigate memory processing, we used the LOCATO
task, which has been developed in our research group and
used in similar versions in previous studies (Floel et al, 2012;
Kulzow et al, 2014). This task comprised a learning session,
during which participants learned the locations of 30 buildings
on a schematic map, and four sessions in which learning
success was tested using cued recall. In detail, learning success
was tested immediately after learning (immediate recall
scores= primary outcome; see also clinicaltrials.gov, identifier:
NCT02092974), at the evening of the same day (ie, at least 6 h
later), at the next morning (1 day later), and 1 week later
(delayed recall scores= secondary outcomes; Figure 1b).
The learning session consisted of three blocks with 120

trials each. During a learning trial, a street map with one
building was shown for 3 s and subjects indicated whether
the building was presented at the ‘correct’ or ‘incorrect’
location by pressing one of two buttons of a response device.
Over the course of the entire learning session, each building
was shown six times at one specific (ie, the ‘correct’) location
and six times at other incorrect locations (ie, six times more
frequently at the correct than incorrect locations, at which
the building was shown only once). Subjects were instructed
to find out the correct location, but were not informed about
the underlying statistical principle, and did not receive any

Table 1 Demographic and Neuropsychological Characteristics (mean (SD)) for Young and Older Participants

Young adults n=20 mean (SD) Older adults n= 20 mean (SD) p-value

Age (years) 24 (4) 66 (7) o0.001

Gender (women/men) 12/8 11/9 0.75a

TAP: alertness (ms) 238 (31) 280 (63) 0.01

TAP: divided attention (ms) 716 (70) 884 (102) o0.001

TAP: nback (ms) 473 (125) 528 (136) 0.19

TAP: go/no go (ms) 406 (79) 450 (60) 0.06

Digit span forward (no. of digits) 8.5 (2.0) 8.4 (1.4) 0.86

Digit span backward (no. of digits) 7.6 (2.4) 7.0 (1.6) 0.36

Visual spatial memory span (no. of items) 6.0 (0.6) 5.5 (0.7) 0.02

Rey-Osterrieth figure: copy (score) 35.9 (0.3) 35.5 (0.6) 0.03

Rey-Osterrieth figure: recall (score) 25.7 (4.6) 26.1 (3.8) 0.77

Phonematic fluency (no. of words) 14.8 (3.5) 14.5 (3.4) 0.78

Semantic fluency (no. of words) 22.4 (3.0) 21.3 (4.3) 0.33

VLMT: learning (no. of words) 65.9 (5.1) 61.3 (6.7) 0.02

VLMT: consolidation (no. of forgotten words) 1.0 (2.4) 1.2 (2.2) 0.73

VLMT: recognition (no. of words) 14.7 (0.9) 14.3 (1.0) 0.25

Depression (Beck’s Depression Index) 1.7 (2.0) 4.6 (3.5) 0.002

WHO Quality of Life (score) 105.6 (13.7) 103.8 (11.5) 0.64

Pittsburgh Sleep Quality (score) 4.2 (1.8)a 4.9 (2.5) 0.36

Abbreviations: TAP, test battery for attentional performance; VLMT, verbal learning and memory test.
A p-value ⩽ 0.05 indicates a significant difference between the groups calculated with a t-test for independent samples unless otherwise noted.
aCalculated using a χ2-test.
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feedback. During the recall sessions, each building and the
street map together with three possible locations were
presented, and subjects indicated the correct position by
button press. The three-alternative response format was used
here in contrast to previous versions, in which free recall
was used (Floel et al, 2012), to make the scoring easier and
more objective.
Previous studies demonstrated long-term test–retest relia-

bility of LOCATO (Kulzow et al, 2014), the usefulness of the
LOCATO outcome measures (learning performance, im-
mediate, and delayed recall scores) to differentiate between
patients with MCI and healthy subjects (Kulzow et al, 2014),
and to detect changes in memory performance induced by
brain stimulation (Floel et al, 2012) and dietary supplements
(Kulzow et al, 2016).
LOCATO was presented using Presentation (Neurobeha-

vioral Systems, Albany, CA, USA). As each subject completed
the task in each of the four experimental conditions, we
created four parallel LOCATO versions with a different set of
pictures and a different schematic street map (created by
flipping the original map horizontally, vertically, and both),
which were assigned to the intervention conditions in a
pseudo-randomized order.

atDCS Administration

atDCS was administered through a direct current stimulator
(DC-Stimulator Plus, NeuroConn GmbH, Ilmenau,
Germany) and two electrodes, which were inserted into
synthetic sponges soaked with saline solution and attached to
the scalp using rubber bands. The stimulating electrode (to
which the term ‘anodal stimulation’ refers, 6.5 × 6.5 cm) was
centered over the right temporoparietal area (T6, according
to the international 10–20 electroencephalography system).
This area has been shown to be important for object-location
learning in the literature (Postma et al, 2008; van Asselen
et al, 2008) and a previous atDCS study of our group (Floel
et al, 2012). The second electrode (reference, 9.5 × 9.5 cm)
was placed over the contralateral frontopolar cortex. The size
of the reference electrode was chosen to be larger as the size
of the anode to render stimulation over this cortical area
functionally inefficient (Nitsche et al, 2007). During atDCS
stimulation, a constant direct current of 1 mA was applied
for 20 min during the learning session (in accordance with
Nitsche et al, 2009, who previously showed that citalopram
enhances tDCS-induced motor cortex excitability). The
current was increased over 10 s at the beginning of the
stimulation (fade in) in a ramp-like fashion and decreased
over 5 s at the end (fade out). During sham stimulation, the
procedure was essentially the same with the only difference
being that the current was ramped down automatically
already after 30 s, allowing efficient blinding of participants
and instructors (Gandiga et al, 2006).

SSRI Administration

Citalopram (20 mg) or placebo drugs were administered
orally in a double-blind fashion 2 h before the start of the
learning session on all four experimental visits, allowing
citalopram to induce stable plasma levels (Bezchlibnyk-
Butler et al, 2000).

Experimental Procedures

For each experimental visit, participants arrived in the
morning at the laboratory (between 0800 and 1200 hours).
After receiving SSRI/placebo medication, subjects were
instructed and completed a short practice session. Then,
the electrodes were placed on the participant’s head. Two
hours after SSRI/placebo intake, the learning session was
started. Stimulation was started together with the start of the
first learning block. After the learning session, the electrodes
were removed. Subjects then performed the immediate cued
recall task and were scheduled for delayed recalls. To assess
whether intervention conditions caused changes in mood,
participants completed the Visual Analogue Mood Scales
(VAMS; Stern et al, 1997) before and after each experimental
visit. After the last visit (V4), side effects for stimulation and
medication were recorded using two scales. The scale for
stimulation-induced side effects was adopted from Poreisz
et al (2007) and contained questions regarding the presence
of specific symptoms such as tiredness, headache, difficulties
in concentrating, visual perceptual changes, and discomfort-
ing sensation (ie, itching or burning) under the electrodes.
The possibility to name further side effects in an open-
response format was also given. The scale for medication-
induced side effects asked whether there were any side effects
or changes in feelings and experiences using an open-
response format (eg, ‘Did you observe any changes in
feelings after the drug intake?’) which allowed for the
assessment of symptoms without potential priming effects of
a pre-constructed symptom list. Subjects were also asked to
indicate at which visit each side effect occurred. At the end of
each scale, subjects indicated whether they were able to
distinguish between stimulation and medication conditions.
If so, they were asked to describe how they knew (eg, at
which of the four visits they thought they had received
atDCS and/or citalopram). Although subjects reported side
effects for stimulation and medication separately, symptoms
cannot be separated unambiguously, as stimulation and
medication were combined and sham/placebo application
could also have induced side effects.

Data Analysis and Statistics

The immediate recall scores (numbers of correctly identified
locations in % correct) were analyzed with a linear mixed
model (random intercept model; Verbeke and Molenberghs,
2000) computed in SPSS 22.0 (PASW, SPSS; IBM, Armonk,
NY). In this model, repeated measurements (157 data points
in total; n= 20 young and n= 20 older subjects) assessed
during the four experimental visits were entered as level one
units nested in the different individuals, which were entered
as level two units. The mixed model included the factor
‘intervention condition’ (with four levels: sham+placebo,
sham+SSRI, atDCS+placebo, and atDCS+SSRI), the factor
‘group’ (young vs older subjects), and a centered factor ‘visit’,
which adjusted for a linear test–retest effect over the four
experimental visits. To account for individual differences in
learning ability, we used individual numbers of correct
responses (hits plus correct rejections) in the third learning
block as a centered covariate (in the following referred to as
‘learning performance’).
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Pair-wise model-based post hoc tests were computed to
compare the effects of the different intervention conditions. If
the main effect of condition was not significant (which was
the case for all secondary outcome measures), post hoc tests
were only computed in an exploratory way. Effect sizes
(Hedges’ g) for differences between conditions were calcu-
lated using post hoc marginal means and SE of these means.
To infer the amount of variance explained by our model, we
computed marginal and conditional R2 measures as proposed
by Nakagawa and Schielzeth (2013) and Johnson (2014).
Marginal R2 reflects the variance that can be attributed to the
fixed effects of the model, whereas conditional R2 includes
additional variance that is explained by random effects. To
also assess the overall SSRI and atDCS effects, we computed
an additional linear mixed model with the factors ‘stimulation
condition’ (atDCS vs sham), ‘medication condition’ (SSRI vs
placebo), ‘group’ (young vs older subjects), ‘visit’, and the
covariate ‘learning performance’.
Delayed recall scores (secondary outcomes) were also

analyzed using linear mixed models with the factors ‘inter-
vention condition,’ ‘group,’ ‘visit,’ and ‘learning performance’
and a linear mixed model with the factors ‘stimulation
condition’ (atDCS vs sham), ‘medication condition’ (SSRI vs
placebo), ‘group’ (young vs older subjects), ‘visit’, and the
covariate ‘learning performance’. We also determined the
effect of the factors ‘intervention’, ‘stimulation’, ‘medication
condition’, ‘group’, and ‘visit’ on learning performance and
changes in positive and negative mood with linear mixed
models (also always including 157 data points in total). No
adjustments were made to correct for multiple comparisons.
The two-sided level of significance for all analyses was set at
α= 0.05.

RESULTS

General Effects of atDCS and SSRI Administration

All subjects tolerated atDCS and citalopram medication well.
No serious adverse events were reported. Due to brain
stimulation, 17 young and 9 older subjects indicated that
they had experienced tiredness (12 × ), discomforting sensa-
tions such as itching and burning under the electrodes
(11 × ), difficulties in concentrating (10 × ), and mild head-
ache (2 × ). Due to medication, 8 young and 3 older subjects
reported nausea (7 × ), dizziness (6 × ), difficulties in
concentrating (2 × ), sweating (1 × ), mild headache (1 × ), a
feeling of higher activation (1 × ), and tiredness (1 × ).
At the end of the study, 12 subjects reported that they were

able to distinguish atDCS from sham stimulation, but only 3
of them were correct (ie, indicated the correct sequence of
stimulation conditions or reported that they recognized
atDCS because of specific side effects that were reported for
the correct sessions). Eight subjects reported that they were
able to distinguish citalopram from placebo and all of them
were correct. One subject among those could identify both
interventions correctly.

atDCS and SSRI Administration Effects on Immediate
Recall (Primary Hypothesis)

The mixed model revealed a significant main effect of
intervention condition (F(3,106)= 2.9, p= 0.04) on

immediate recall scores (Figure 2). Post hoc comparisons of
conditions revealed that subjects showed improved recall
performance in the atDCS+SSRI condition compared with
atDCS+placebo (Tables 2A and 3A). In detail, the SSRI
+atDCS condition increased immediate recall scores on
average by ~ 4% compared with atDCS+placebo. tDCS+SSRI
compared with sham+placebo even improved recall on
average by ~ 6%. We did not find a significant difference
between the conditions tDCS+placebo and sham+placebo and
between sham+SSRI and sham+placebo; ie, no significant
effects of SSRI and tDCS alone could be detected. The
comparison atDCS+SSRI4sham+SSRI did not reveal a
significant difference.
In addition, we found significant effects of the group

(F(1,33)= 14.3, p= 0.001) and visit (F(1,129)= 5.0, p= 0.03).
The effect of the group indicates that younger subjects
recalled locations better than older ones (mean difference
between the groups: ~ 7%). The effect of visit shows that all
subjects improved in recall performance over the four visits
(mean increase in recall scores per visit: ~ 1.5%). We
additionally tested for an interaction between factors group
and intervention condition. There was no significant
interaction (F(3,103)= 0.1, p= 0.97), indicating that the
effect of condition did not differ between the groups. The
model also revealed a significant effect of learning perfor-
mance (F(1,49)= 240.8, po0.001), showing that successful
recall of object–location associations needs successful learn-
ing of these associations before. Marginal and conditional R2

(R2m= 0.79; R2c= 0.81) of the mixed linear model indicated
that the model explained the data in a sufficient way.
Calculating the effect of stimulation and medication, we

found a significant effect of SSRI on immediate recall scores
(F(1,107)= 6.3, p= 0.013), indicating higher scores in the
SSRI compared with the placebo conditions, but no
significant effect of atDCS (F(1,107)= 2.5, p= 0.12).

atDCS and SSRI Administration Effects on Delayed
Recall (Secondary Hypothesis)

The mixed linear models on delayed recall scores (secondary
outcomes) revealed no significant main effect of intervention
condition, stimulation, and medication condition. There was

Figure 2 Immediate recall scores (primary outcome) for the four
intervention conditions. Displayed is the mean score (in % correct
responses, 95% CI) for each condition in young (n= 20) and older
participants (n= 20) based on the calculated mixed linear model (ie, values
adjusted for individual learning performance measured by learning success at
the end of the last learning block) and test–retest effect over the four
experimental visits comprising 157 data points in total.
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a small but not significant overall SSRI effect at the next
morning (F(1,108)= 3.5, p= 0.06). Exploratory post hoc tests
also showed some improvement in the conditions atDCS
+SSRI and sham+SSRI both compared with sham+placebo
(Tables 2B and 3B).
All models testing for effects on delayed recall showed

significant group effects (all pso0.004) and significant effects
of learning performance (all pso0.001), similarly as for
immediate recall scores. However, we did not detect
significant changes in delayed recalls over the four visits
(all ps40.19).

Further Effects of atDCS and SSRI Administration on
Learning Performance and Mood

The linear mixed models on learning performance reve-
aled no significant effects of intervention condition
(F(3,114)= 2.3, p= 0.08), and no significant effects of
stimulation (F(1,115)= 2.9, p= 0.094) and medication
(F(1,115)= 2.9, p= 0.090). Exploratory post hoc comparisons,
however, demonstrated reduced learning performance dur-
ing atDCS+SSRI compared with sham+placebo (mean
difference: ~ 3%; Tables 2C and 3C). We also found some
reduction in learning performance in condition atDCS+SSRI
compared with atDCS+placebo and sham+SSRI (for both
comparisons: mean difference: ~ 2%). Results indicate that
learning was affected when the SSRI was administered
together with atDCS. atDCS application per se did not
significantly influence learning performance.
We also found a significant effect of the group

(F(1,151)= 53.0, po0.001) and visit (F(1,151)= 14.8,
po0.001), indicating better learning performance in young
subjects (difference between the groups: ~ 12%) and
improvement in learning performance over the four visits
(mean increase in learning performance per visit: ~ 2%).
Finally, learning performance (averaged across the four
visits) correlated with individual visuo-spatial abilities
assessed with the Rey-Osterrieth Complex Figure Task
(copying: Pearson’s r= 0.38, p= 0.02; recall: Pearson’s
r= 0.39, p= 0.02). These associations provide evidence for

the external validity of the LOCATO task, and reflect the
usefulness of the task to assess clinically relevant visuo-
spatial abilities.
We neither found a significant effect of intervention

condition, nor an effect of the group, nor an effect of visit
on positive and negative mood (all ps40.16). Effects of
stimulation and medication were also not found. Exploratory
post hoc comparisons, however, showed a significant decrease
in positive mood when comparing condition sham+SSRI with
sham+placebo (Tables 2D and 3D). Positive mood was also
lower in conditions atDCS+SSRI and atDCS+placebo com-
pared with sham+placebo, although this was not statistically
significant. Finally, we found a significant effect of the group
(F(1,38)= 7.3, p= 0.01), indicating that older subjects re-
ported a higher level of tiredness and exhaustion after the
experimental visits than younger subjects.

DISCUSSION

The present study yielded two main results: First, we found an
effect of medication but no significant effect of stimulation on
immediate recall scores. However, both young and older
subjects benefited most from the combination of interventions
(ie, from condition atDCS+SSRI). Second, we found no effects
(other than a trend for the comparison atDCS+SSRI4sham
+placebo) on delayed recalls. In other words, our data provide
first evidence that atDCS improves immediate memory
performance if serotonergic neurotransmission is enhanced
simultaneously, but these effects do not persist over time.

Effects of atDCS and Serotonergic Enhancement on
Immediate Memory Performance

The result of an effect of atDCS+SSRI on immediate
recall (comparisons: atDCS+SSRI4atDCS+placebo and
atDCS+SSRI4sham+placebo) in both young and older
subjects is in line with Nitsche et al (2009), who also found
that a single dose of citalopram enhanced tDCS-induced
neuroplasticity as indicated by larger MEP amplitudes.

Table 2 Mean (SD) Immediate Recall Scores (A, Primary Outcome), Delayed Recall Scores (B, Secondary Outcomes), Learning
Performance (C), and Changes in Mood (D) for Young (n= 20) and Older Subjects (n= 20) in the Four Intervention Conditions (sham
+placebo, sham+SSRI, atDCS+placebo, and atDCS+SSRI)

sham+placebo sham+SSRI atDCS+placebo atDCS+SSRI

Young
(n= 20)

Older
(n= 19)

Young
(n= 20)

Older
(n= 20)

Young
(n= 20)

Older
(n= 20)

Young
(n= 20)

Older
(n= 19)

(A) Immediate recall scores 77.67 (21.52) 57.19 (14.96) 82.67 (11.83) 57.54 (17.74) 80.33 (20.34) 57.00 (15.67) 80.00 (18.19) 60.00 (15.28)

(B) Delayed recall scores

6 h later 78.33 (20.73) 54.91 (11.99) 80.67 (14.29) 54.04 (14.55) 80.00 (21.41) 54.56 (16.93) 77.83 (14.48) 54.04 (16.98)

1 day later 74.67 (21.83) 52.11 (13.93) 80.00 (15.10) 53.15 (13.98) 79.33 (20.62) 51.05 (16.56) 76.50 (17.95) 51.05 (16.74)

1 week later 69.00 (23.42) 48.60 (9.90) 71.17 (17.45) 46.14 (12.87) 69.33 (22.62) 48.95 (15.64) 69.17 (17.20) 49.47 (15.68)

(C) Learning performance 81.88 (14.17) 70.57 (7.21) 82.83 (11.15) 68.82 (9.39) 82.08 (13.42) 69.42 (7.88) 79.17 (11.96) 68.07 (11.16)

(D) Changes in mood

VAMS positive − 1.35 (18.74)a 0.96 (28.35) 9.00 (19.43) 11.58 (26.19) 5.67 (21.85) 6.67 (20.33) 7.58 (11.95) 3.86 (14.07)

VAMS negative 0.92 (5.46)b − 2.43 (5.05) 0.25 (10.49) − 1.79 (9.76) 2.44 (6.23) − 1.28 (7.44) 4.86 (6.69) − 2.49 (7.87)

aNegative values indicate an increase in positive/negative mood in the respective condition during the experimental session (pre-post difference).
bPositive values indicate a decrease in positive/negative mood in the respective condition during the experimental session (pre-post difference).

Effects of atDCS and serotonin on memory
K Prehn et al

556

Neuropsychopharmacology



Table 3 Overall atDCS and SSRI Effects (in bold) and Post hoc Comparisons for Effects of Intervention Conditions Based on the Linear
Mixed Models (Mean Difference Scores in % Correct Responses (SE), p-values, g) for Immediate Recall Scores (A, Primary Outcome),
Delayed Recall Scores (B, Secondary Outcomes), Learning Performance (C), and Changes in Mood (D)

Mean difference (SE) p-value Effect size Hedges’ g

(A) Immediate recall scores

atDCS4sham 2.19 (1.40) 0.120 0.24

SSRI4placebo 3.51 (1.40) 0.013 0.39

atDCS+SSRI4atDCS+placebo 3.92(1.98) 0.050 0.31

atDCS+SSRI4sham+SSRI 2.60 (1.99) 0.194 0.20

atDCS+SSRI4sham+placebo 5.70 (1.99) 0.005 0.45

atDCS+placebo4sham+SSRI − 1.32 (1.97) 0.506 − 0.11

atDCS+placebo4sham+placebo 1.79 (1.97) 0.367 0.14

sham+SSRI4sham+placebo 3.10 (1.98) 0.121 0.25

(B) Delayed recall scores

6 h later

atDCS4sham 1.02 (1.33) 0.446 0.12

SSRI4placebo 1.25 (1.33) 0.351 0.14

atDCS+SSRI4atDCS+placebo 1.36 (1.89) 0.474 0.11

atDCS+SSRI4sham+SSRI 1.13 (1.89) 0.552 0.09

atDCS+SSRI4sham+placebo 2.27 (1.90) 0.234 0.19

atDCS+placebo4sham+SSRI − 0.22 (1.89) 0.904 − 0.02

atDCS+placebo4sham+placebo 0.91 (1.89) 0.630 0.08

sham+SSRI4sham+placebo 1.14 (1.89) 0.547 0.09

1 day later

atDCS4sham 1.11 (1.38) 0.423 0.12

SSRI4placebo 2.58 (1.38) 0.063 0.29

atDCS+SSRI4atDCS+placebo 1.49(1.94) 0.445 0.12

atDCS+SSRI4sham+SSRI − 0.003 (1.96) 0.999 − 0.0002

atDCS+SSRI4sham+placebo 3.68 (1.95) 0.061 0.29

atDCS+placebo4sham+SSRI − 1.49 (1.95) 0.446 − 0.12

atDCS+placebo4sham+placebo 2.19 (1.94) 0.260 0.18

sham+SSRI4sham+placebo 3.69 (1.95) 0.061 0.30

1 week later

atDCS4sham 1.58 (1.55) 0.312 0.16

SSRI4placebo 1.25 (1.55) 0.423 0.13

atDCS+SSRI4atDCS+placebo 2.29 (2.21) 0.302 0.16

atDCS+SSRI4sham+SSRI 2.62 (2.21) 0.238 0.19

atDCS+SSRI4sham+placebo 2.85 (2.22) 0.201 0.20

atDCS+placebo4sham+SSRI 0.33 (2.19) 0.882 0.02

atDCS+placebo4sham+placebo 0.56 (2.19) 0.801 0.04

sham+SSRI4sham+placebo 0.23 (2.19) 0.917 0.02

(C) Learning performance

atDCS4sham −1.33 (0.79) 0.094 0.26

SSRI4placebo −1.35 (0.79) 0.090 0.26

atDCS+SSRI4atDCS+placebo − 2.18 (1.11) 0.052 − 0.31

atDCS+SSRI4sham+SSRI − 2.17 (1.12) 0.054 − 0.30

atDCS+SSRI4sham+placebo − 2.68 (1.12) 0.018 − 0.37

atDCS+placebo4sham+SSRI 0.01 (1.11) 0.99 0.001

atDCS+placebo4sham+placebo − 0.50 (1.11) 0.656 − 0.07

sham+SSRI4sham+placebo − 0.51 (1.12) 0.648 − 0.07
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The serotonergic system has a modulatory role in a vast
number of physiological and behavioral functions and has
been, particularly, implicated in motor learning (Jacobs and
Fornal, 1997). Studies in animals and slice preparations
demonstrated that serotonin activates a variety of protein
kinases pathways within afferent sensory neurons, which
increase their excitability and facilitate synaptic transmission
to motor neurons (Barbas et al, 2003). Clinically, it has been
demonstrated that early administration of SSRIs (in combi-
nation with physiotherapy) accelerates recovery in patients
with post-stroke motor deficits (Chollet et al, 2011;
Siepmann et al, 2015). A number of studies show that
antidepressant therapy with SSRIs does not only improve
mood but also cognitive functions and memory performance
(Doraiswamy et al, 2003; Savaskan et al, 2008). However,
other studies could not confirm these results. With regard to
late-life depression, in which cognitive deficits are highly
prevalent (Butters et al, 2004), Butters et al (2000) could
demonstrate some improvement after antidepressant medi-
cation. However, subjects did not improve beyond practice
effects, and did not reach normal levels of performance.
Nebes et al (2003) also found that impairment persists even
after patients achieve remission. These clinical studies are in
line with our results. Although we found a significant overall
effect of citalopram on immediate recall scores, performance
was not enhanced by SSRI alone (in the sham+SSRI
condition compared with sham+placebo).
We also did not find a significant effect of atDCS alone on

immediate recall (comparisons: atDCS4sham and atDCS
+placebo4sham+placebo). This negative result adds to the
growing literature of heterogeneous effectiveness of tDCS on

cognitive parameters, possibly due to small but potentially
crucial differences in task characteristics, stimulation sites,
stimulation timing, and study populations (Horvath et al,
2015a; 2015b). Strikingly, both young and older subjects,
however, benefited most from the combination of interven-
tions (ie, from condition atDCS+SSRI compared with sham
+placebo).
The atDCS+SSRI condition affected immediate recall but

not learning performance. Learning performance was even
lower in the atDCS+SSRI condition compared with atDCS
+placebo, sham+SSRI, and sham+placebo, indicating that
participants may have been distracted by a combination of
the mild side effects caused by either intervention. This
notion is supported by the decrease in positive mood in the
conditions atDCS+SSRI, atDCS+placebo, and sham+SSRI
compared with sham+placebo, which was most evident in
the sham+SSRI condition. This result showing an effect on
memory but not on learning performance, moreover,
suggests better consolidation (which did not manifest during
learning however) and decelerated decay of learned informa-
tion (Reis et al, 2009; Floel et al, 2012). Using functional
MRI, it has been shown that consolidation of visuo-spatial
information is associated with increased activation in the
right hippocampus and the temporoparietal cortex (Sommer
et al, 2005; Takahashi et al, 2008).
Although effect sizes in this study were small to moderate

(Hedges’ g between 0.3 and 0.45), we would like to point out
that significant improvements already evolved after admin-
istration of a single dose of 20 mg citalopram in cognitively
non-impaired subjects. Effects may translate into larger
effects after longer application (Kuo et al, 2016) and in

Table 3 Continued

Mean difference (SE) p-value Effect size Hedges’ g

(D) Changes in mood

VAMS positive

atDCS4sham 0.99 (3.30) 0.764 0.05

SSRI4placebo 5.04 (3.30) 0.129 0.24

atDCS+SSRI4atDCS+placebo − 0.41 (4.63)a 0.930 − 0.01

atDCS+SSRI4sham+SSRI − 4.52 (4.65) 0.333 − 0.15

atDCS+SSRI4sham+placebo 6.03 (4.65)b 0.197 0.20

atDCS+placebo4sham+SSRI − 4.11 (4.63) 0.375 − 0.14

atDCS+placebo4sham+placebo 6.44 (4.63) 0.166 0.22

sham+SSRI4sham+placebo 10.55 (4.65) 0.025 0.35

VAMS negative

atDCS4sham 1.68 (1.08) 0.123 0.24

SSRI4placebo 0.30 (1.08) 0.786 0.04

atDCS+SSRI4atDCS+placebo 0.65(1.54)b 0.675 0.07

atDCS+SSRI4sham+SSRI 2.04 (1.54) 0.189 0.21

atDCS+SSRI4sham+placebo 1.98 (1.54) 0.202 0.20

atDCS+placebo4sham+SSRI 1.40 (1.54) 0.366 0.14

atDCS+placebo4sham+placebo 1.34 (1.54) 0.386 0.14

sham+SSRI4sham+placebo − 0.059 (1.54)a 0.970 − 0.01

All models included (n= 20) young and (n= 20) older subjects with 157 data points in total.
aNegative difference values indicate an increase in positive/negative mood (ie, in the atDCS+SSRI compared with the atDCS+placebo condition).
bPositive difference values indicate a decrease in positive/negative mood (ie, in the atDCS+SSRI compared with the sham+placebo condition).

Effects of atDCS and serotonin on memory
K Prehn et al

558

Neuropsychopharmacology



patients already suffering from memory decline. Ecological
importance of our results is underscored by the finding that
performance of older subjects in condition atDCS+SSRI
improved almost to the level of young participants without
any intervention (Figure 2). This finding confirms the results
of previous studies in older subjects and patients with MCI
showing that atDCS can temporarily reverse age-associated
cognitive decline (Meinzer et al, 2013; 2014).

No Effects of atDCS and Serotonergic Enhancement on
Delayed Memory Performance

In contrast to Nitsche et al (2009), who demonstrated that
MEP amplitude enhancement under citalopram was still
present 4–5 h after atDCS application, we did not find
increased delayed recall scores when comparing atDCS+SSRI
vs atDCS+placebo at any of the three later time points (ie,
6 h, 1 day, and 1 week later).
As the after-effects of tDCS on cortical excitability involve

NMDA receptor-dependent processes (Nitsche et al, 2004),
pharmacological interventions involving NMDA agonists
might also be suited to prolong the effect of tDCS-induced
plasticity on cognitive outcome measures. Specifically,
Nitsche et al (2004) demonstrated that D-cycloserine (which
is a partial NMDA agonist) can be used to consolidate
neuronal excitability enhancements induced by atDCS.
Moreover, Kuo et al (2016) showed that chronic serotonergic
enhancement after daily administration of citalopram for
35 days (20 mg/day) in contrast to single-dose application
resulted in increased LTP-like glutamatergic plasticity, which
increased and prolonged atDCS-induced motor cortex
excitability enhancement for over 24 h.
The lack of an effect of atDCS alone on delayed memory

performance (atDCS+placebo4sham+placebo) seems also
to be in contrast to our previous study (Floel et al, 2012).
Here, differences in the paradigm and, particularly, in the
response format (three alternative forced choice vs free
recall) may account for differential findings.

Limitations

First, we cannot answer the question whether stimulation of
other brain regions than the right temporoparietal cortex
would have resulted in similar effects. Using additional
stimulation regions (eg, dorsolateral prefrontal or left
temporoparietal cortex; Boggio et al, 2009) would have
improved the specificity of the results and should be
considered in future studies. The use of a ‘polarity control’
(ie, cathodal tDCS) might also provide more comprehensive
information about serotonergic modulation of tDCS effects.
Second, although we used four parallel LOCATO versions,

we observed that subjects improved over the course of the
four visits. To rule out an influence of condition order,
subjects were randomly assigned to different intervention
condition sequences and adjusted for a linear test–retest
effect in the linear mixed models. In future studies, a more
comprehensive training/familiarization with the task before
starting the intervention may dilute practice effects and
provide a more reliable measure of change.
Third, as reported in the results, a number of participants

indicated that they could distinguish citalopram from
placebo and/or atDCS from sham application. As these

subjects were not invited to guess and could also justify how
they knew in a credible manner (eg, by indicating the four
visits in which they received atDCS and/or citalopram
correctly), we concluded that blinding was not successful in
these subjects. To ensure that effects found were not
influenced by the unblinding, we computed an additional
linear mixed model on immediate recall scores only for those
subjects who reported that they could not distinguish
stimulation and/or medication conditions. This analysis also
revealed a significant effect of intervention condition (F
(3,79.8)= 3.2, p= 0.029, n= 30).

Conclusion and Outlook

The present study demonstrates for the first time in humans
that a combined application of atDCS and citalopram
enhances immediate recall performance in a visuo-spatial
learning task (comparisons: atDCS+SSRI4atDCS+placebo
and atDCS+SSRI4sham+placebo) in young and older
subjects. Delayed recall was not significantly affected.
As there is a need for developing new intervention

strategies for dementia and its precursors, the potential of
combined application of atDCS with SSRI should now be
probed in AD and MCI patients. Further studies will also
have to assess whether long-term serotonergic enhancement
and repeated brain stimulation leads to sustained memory
improvements (Kuo et al, 2016). Long-term application of
citalopram and tDCS should also reduce mild side effects,
discomfort, and distraction reported in our study that might
have impaired learning. After providing first-time evidence
for an effect of the atDCS+SSRI application in the cognitive
domain, we now suggest using this intervention in
combination with (long-term) cognitive training programs.
Although the findings of the present study need to be

replicated and evaluated in larger interventional trials, we
believe that combined application of SSRI and tDCS might
be a promising therapeutic approach to enhance memory
performance in patients with cognitive decline.
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