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ABSTRACT

Background: Cognitive, and motor performance are reduced in aging, especially with respect to acqui-
sition of new knowledge, which is associated with a neural plasticity decline. Animal models show a
reduction of long-term potentiation, but not long-term depression, in higher age. Findings in humans are
more heterogeneous, with some studies showing respective deficits, but others not, or mixed results, for
plasticity induced by non-invasive brain stimulation. One reason for these heterogeneous results might
be the inclusion of different age ranges in these studies. In addition, a systematic detailed comparison of
the age-dependency of neural plasticity in humans is lacking so far.
Objective: We aimed to explore age-dependent plasticity alterations in adults systematically by
discerning between younger and older participants in our study.
Methods: We recruited three different age groups (Young: 18—30, Pre-Elderly: 50—65, and Elderly: 66
—80 years). Anodal, cathodal, or sham transcranial direct current stimulation (tDCS) was applied over the
primary motor cortex with 1 mA for 15 min to induce neuroplasticity. Cortical excitability was monitored
by single-pulse transcranial magnetic stimulation as an index of plasticity.
Results: For anodal tDCS, the results show a significant excitability enhancement, as compared to sham
stimulation, for both, Young and the Pre-Elderly groups, while no LTP-like plasticity was obtained in the
Elderly group by the applied stimulation protocol. Cathodal tDCS induced significant excitability-
diminishing plasticity in all age groups.
Conclusion: Our study provides further insight in age-related differences of plasticity in healthy humans,
which are similar to those obtained in animal models. The decline of LTP-like plasticity in higher age
could contribute to cognitive deficits observed in aging.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

daily activities and independent living in the elderly population [1].
One relevant underlying mechanism is presumed to be altered

As health care strategies have improved during the last century,
life expectancy has grown accordingly. However, advanced age also
leads to physical and cognitive decline, which gradually constrain
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plasticity, which refers to a structural and functional alteration of
the strength of synaptic connections in response to environmental
or internal demands, due to age-related changes in synaptic func-
tion and neurotransmission [2].

A respective age-related decline of plasticity has been described
in animals, with an increase of the synaptic threshold for the in-
duction of long-term potentiation (LTP), and an increased proba-
bility for the induction of long-term depression (LTD) [3], which
might partially be caused by the reduction of spine density, number
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of synapses [4,5], reduction of receptor density, functionality [6]
and reduced amount of available neurotransmitters [7,8]. In adult
humans, similar plasticity alterations have been described, with a
progressive decline of plasticity throughout the lifespan [9].
Furthermore, the respective plasticity alterations in humans might
be caused by mechanisms similar to those revealed in animal
models, including reduction of synaptic connections [5], number of
neurons [10], volume of cortical grey matter [11,12], deterioration of
white matter fibres [13,14], decrease of available neuromodulators
[15] and neurotransmitters [16], which results in decline of motor
and cognitive functions [13,17,18]. The targeted modulation of age-
related plasticity decline might therefore be suited to improve
respective motor and/or cognitive processes, moreover, it might
improve rehabilitation results in old patients with neurological
diseases.

Age-related cortical plasticity and/or excitability alterations in
humans have already been investigated in several studies. How-
ever, the results are heterogeneous so far. For plasticity, repetitive
transcranial magnetic stimulation (TMS)-induced plasticity has
been shown to be affected by age. The effects of LTP-like plasticity-
inducing PAS over the motor cortex have been shown to be
decreased [19] by age. The latter effect was however only found in
older women, but not men, in another study [20], and contrary
results were reported for the model of the primary somatosensory
cortex, where an enhancement of PAS-induced LTP-like plasticity
effects was revealed in older adults, as compared to a younger age
group [21]. For intermittent TBS (iTBS) over the primary motor
cortex, an enhancement of MEP amplitudes was reported in older
adults in one study [22], while no age-related impact on iTBS-
induced MEP alterations was found in another study [23]. Like-
wise, the neuroplastic effects of LTD-like plasticity-inducing
continuous theta burst stimulation (cTBS), 1 Hz, and 6 Hz repetitive
TMS (rTMS), and paired associative stimulation (PAS) protocols
have been shown to be diminished, or abolished for the model of
the motor cortex, in elderly in a couple of studies [24—27], whereas,
in another study unimpaired LTD-like plasticity was reported
following cTBS in old participants [28]. This heterogeneity of the
effects of TMS-related plasticity induction protocols might be due
in part to the altered levels of intra-cortical inhibition and facili-
tation in older adults compared with young populations. However,
these findings are also inconsistent. Intra-cortical facilitation (ICF),
which is associated with glutamatergic NMDA receptor-dependent
activity, has been found to be decreased [29] or unaltered [30,31] in
older adults, as compared to young healthy controls. Short interval
intra-cortical inhibition (SICI), which is related to GABAergic plas-
ticity mechanisms, has been shown to be increased [29], decreased
[30,32] or remained unchanged [33—35] in higher age, as compared
with young populations.

Transcranial direct current stimulation (tDCS) is another non-
invasive brain stimulation (NIBS) technique, which induces LTP-
and LTD-like plasticity in a polarity-dependent way, via application
of weak direct electrical currents through the scalp. For the primary
motor cortex, but also other areas, anodal tDCS, which refers to
surface inward current over the target area, results in enhancement
of cortical excitability, whereas cathodal tDCS, which refers to out-
ward current over the target area, reduces it at the macroscopic level,
with standard stimulation protocols [36,37]. Respective after-effects
can last for about 1 h or longer [37,38]. Pharmacological and neu-
roimaging studies revealed that tDCS induces calcium-dependent
plasticity of glutamatergic synapses and that NMDA receptors are
crucially involved in these effects [39—42]. Moreover, GABAergic
activity is reduced by both, anodal and cathodal tDCS [41]. Beyond
these regional effects, tDCS has also been shown to alter functional
connectivity, as explored by electroencephalography, and functional
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neuroimaging techniques [43,44], which might be relevant for the
impact of tDCS on cognitive processes.

Similar to the TMS-related neuroplasticity induction protocols,
tDCS-induced plasticity has been shown to be affected by age. In
one study, young and elderly adults received 1 mA anodal tDCS for
30min over the left M1. The results, for the elderly group, indicated
a 30 min delay of LTP-like plasticity, in comparison with the young
group [45]. Another study explored the neuromodulatory effects of
anodal tDCS with 1 mA for 20min over the primary motor cortex
with respect to GABA activity, which has been suggested to
contribute to age-related motor and cognitive functional decline, in
a sample of old and young participants via SICI. While inhibition
decreased in young participants, a reversal of effects was found in
the older ones [46].

While the above-mentioned preliminary studies conducted
with different NIBS techniques indicate an impact of age on neu-
roplasticity in humans, nevertheless the specific results are
partially conflicting, and systematic studies are rare. This might be
partially due to stimulation protocol differences, but also related to
the definition of young, and old age groups. In the present study we
aimed to assess age-related differences of motor cortex plasticity
induced by tDCS with standard protocols, which have been shown
to induce LTP-and LTD-like plasticity in young adults lasting for
about one hour [47,48], and compared one young control group
with two groups of older adults. Sixty participants, divided into 3
groups of Young (18—30 years), Pre-Elderly (50—65 years) and
Elderly (66—80 years), were included. These age groups were
selected based on the assumed time course of alteration of plas-
ticity mechanisms in advanced age [9]. Each group received 1 mA
anodal, cathodal, and sham tDCS for 15min in different sessions.
Due to the heterogeneous findings of studies in humans, which
explored the impact of age on NIBS outcomes, definitive hypotheses
about the age-dependent effects of tDCS on plasticity could not be
derived. However, based on previous findings, we anticipated an
age-dependent decline of tDCS-induced plasticity effects. In addi-
tion, as outlined in previous studies [49,50], tDCS is subject to a
relevant inter-individual variability, similar to other NIBS modes
[51,52]. We thus investigated the amount of inter-individual vari-
ability for each age group, to identify the effects of this factor on the
neurophysiological outcomes of tDCS.

2. Materials and methods
2.1. Participants

To the best of our knowledge, no studies with regard to age-
dependently altered tDCS-induced plasticity in the human motor
cortex were available for estimation of effect size, which took into
account the 3 different age groups included in our study. We con-
ducted therefore a Power analysis (G*Power 3.1), based on a me-
dium effect size (0.25), and critical alpha and B-errors of 0.05,
which resulted in a sample size of 18. We added 2 participants per
group to compensate for dropouts, and unforeseen variability.
Therefore, sixty healthy, non-smoking participants were recruited
and divided into three different age groups of young (20 partici-
pants between 18 and 30 years, 9 females, mean age 25.95 + 3.37),
Pre-Elderly (20 participants between 50 and 65 years, 9 females,
mean age 58.6 + 5.07), and Elderly (20 participants between 65 and
80 years, 9 females, mean age 74.45 + 4.61). All participants were
right-handed according to the Edinburgh handedness inventory
[53]. Prior to participation, volunteers were clinically screened by a
certified neurologist for neurological, and cognitive performance, a
history of neurological and psychiatric diseases, and absence of
exclusion criteria for non-invasive electrical and magnetic brain
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stimulation [54,55]. Central nervous system-acting medication or
respective recreational substances served also as exclusion criteria.
This study was approved by the local ethics committee of IfADo,
and is in accordance with the Declaration of Helsinki. All partici-
pants gave written informed consent before starting the
experiment.

2.2. Motor cortical excitability monitoring

For monitoring of motor cortex excitability, single-pulse
biphasic TMS at a frequency of 0.25 Hz with a 10% jitter was
applied by a PowerMag magnetic stimulator (Mag&More, Munich,
Germany) with a figure-of-eight-shaped coil (diameter of one
winding 70 mm; peak magnetic field, 2T), to induce anterior-
posterior to posterior-anterior current flow in the brain. The coil
was held tangentially to the left side of the skull and the handle was
held 45° from midline pointing backward. Surface motor evoked
potentials (MEPs) were recorded from the right ADM muscle, in a
belly-tendon montage, through a pair of gold cup electrodes. The
signals were amplified and filtered (1000; 3 Hz- 3 KHz) by a D440-2
(Digitimer, Welwyn Garden City, UK), and were digitized (sampling
rate, 5 kHz) with a micro 1401 AD converter (Cambridge Electronic
Design, Cambridge, UK), controlled by Signal Software (Cambridge
Electronic Design, v. 2.13). A waterproof pen was used to mark the
position of the TMS coil on the head to guarantee its constant po-
sition throughout the experiment.

2.3. Transcranial direct current stimulation (tDCS)

TDCS was delivered by a battery-powered constant current
stimulator (neuroCare, [lmenau, Germany) using two saline-soaked
surface sponge electrodes (5 x 7cm, 35 cm?) placed on the scalp.
One electrode was fixed over the motor cortex representational
area of the right abductor digiti minimi muscle (ADM), as identified
by TMS, and the other electrode contralaterally over the supraor-
bital area [36,37]. The participants received anodal and cathodal
tDCS of 1 mA intensity for 15min with 10sec ramping up and down
at the beginning and the end of stimulation, respectively. For sham
stimulation, 1 mA was delivered for 30 s, with al0sec ramp up and
down followed by 15 min stimulation with 0.0 mA.

2.4. Experimental procedure

The study was performed in a cross-over, single-blinded, ran-
domized design. Each session approximately started at either 10am
or 2pm, based on preferences of the participants, and this start time
was then maintained constant for each participant throughout the
entire experiment. In each session, participants were seated first in
a comfortable and adjustable chair with head- and armrests. Then,
a single pulse TMS with medium intensity was applied over the left
motor cortex to identify the representational area of the right ADM,
in which the largest MEPs were produced (hot-spot determination).
TMS intensity was adjusted to elicit peak-to-peak MEP amplitudes
of on average 1 mV (SITmV), and baseline cortical excitability was
then determined by recording 30 MEPs. Prior to tDCS, to reduce
somatosensory perception of the stimulation, and improve the
level of blinding, a topical anaesthetic cream (EMLA, 2.5%
lidocaine+2.5% prilocaine) was applied over the stimulation site
[56,57]. Afterwards, tDCS electrodes were placed over the left M1
and the supra-orbital area and anodal, cathodal or sham tDCS, in
random order between sessions, was applied. Immediately after
tDCS, electrodes were removed, and 30 MEPs were provoked every
five minutes for up to 30 min, and at the time-points of 60, 90 and
120 min after the intervention (Fig. 1). At the end of the experiment,
participants were asked about side effects during, and 24 h after
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tDCS with a respective post stimulation questionnaire [58,59]. To
avoid carry-over effects, tDCS protocols were applied with a mini-
mum one-week interval between each session [39].

2.5. Data analysis and statistics

MEP amplitudes were first visually inspected offline to exclude
those with muscle activity prior to the TMS pulse (time window
including 100 ms before the TMS pulse artifact; see supplementary
material, Table 1, for mean numbers of included MEP). In each
session, for each post-stimulation time-point, the individual means
of MEP amplitudes were calculated and then normalized to the
baseline MEP amplitudes (quotient of post-intervention versus pre-
intervention MEP amplitudes).

2.5.1. Testing the equivalence of ‘Sliy’ and ‘baseline MEP’ between
groups, and sessions

To exclude that baseline measures differed between sessions,
two separate mixed model ANOVAs were calculated with ‘session’
(3 levels) as within-subject factor, ‘Sljyy’ or ‘baseline MEP’ as
dependent variables, and ‘age groups’ as between-subject factor.

2.5.2. Effect of age on tDCS-induced neuroplasticity

To determine if age affected the tDCS-induced neuroplastic
after-effects, a mixed model ANOVA was conducted with normal-
ized post-stimulation MEP amplitudes as dependent variable,
‘condition’ (3 levels) and ‘time-points’ (10 levels) as within-subject
factors, and ‘age group’ (3 levels) as between subject factor. In
addition, to exclude a difference of sham tDCS effects between age
groups, a mixed model ANOVA was conducted with ‘time-points’
(10 levels) as within-subject factor, and ‘age group’ as between-
subject factor. Furthermore, to test if the post-stimulation MEPs
changed compared to baseline, one-sample t-tests were conducted
between each post-stimulation time-point and baseline.

2.5.3. Effect of age on early and late tDCS after-effects

To better define the time course of plasticity induced by tDCS
and compensate for variability between single time-points, the
normalized post-stimulation MEP amplitudes of all time-points
were grand-averaged and pooled into two epochs: first 30min af-
ter stimulation (early epoch), and 60—120min after stimulation
(late epoch). A mixed model ANOVA was calculated with ‘condition’
(3 levels) and ‘epoch’ (2 levels) as within-subject factors, normal-
ized post-stimulation MEPs as dependent variable and age as be-
tween subject factor. In addition, to exclude differences of sham
tDCS effects between age groups, a mixed model ANOVA was
conducted with ‘epoch’ (2 levels) as within-subject factor,
normalized post-stimulation MEPs as dependent variable and ‘age
group’ as between-subject factor. Moreover, post hoc one-sample t-
tests were conducted, to evaluate tDCS-altered MEP changes
compared to baseline.

2.54. Inter-individual variability

To investigate the amount of variability in each age group, based
on the normalized grand average (GA) of the MEP obtained in the
first 30 min post-stimulation, participants were assigned to four
groups, of 1) Anode-Responder-Cathode-Responder (ARCR), 2)
Anode-Responder-Cathode-Non-Responder (ARCN), 3) Anode-
Non-Responder-Cathode-Responder (ANCR), and 4) Anode-Non-
responder-Cathode-Non-responder (ANCN), which were defined
according to their individual response to anodal and cathodal tDCS
(>1, facilitation; <1, inhibition) [49]. In addition, Pearson correla-
tion coefficients were calculated, to test if responders to one po-
larity were also likely to respond to the other tDCS polarity.
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Fig. 1. Experimental procedure. Single-pulse TMS was conducted at a frequency of 0.25 Hz to the left motor cortex. First, the representational area of the right ADM, in which the
largest MEPs were produced, was identified. The intensity of the TMS pulses was then adjusted to elicit MEPs with a peak-to-peak amplitude of on average 1 mV (SI1mV). Finally,
baseline cortical excitability was determined by measuring 30 MEPs. Afterwards, 15min of anodal, cathodal or sham was applied in random order. The after-effects were then
monitored with TMS-induced MEPs (each time-point 30 MEPs) every 5 min for up to 30 min and 60, 90 and 120 min after stimulation.

2.5.5. Assessment of tDCS side-effects, and blinding

In each session, the subjects filled in a questionnaire which
contained: 1. Guessed intensity of applied direct current (O,
1 mAik), 2. Rating scales for the presence and intensity of visual
phenomena, itching, tingling and pain during stimulation, and 3.
Rating scales for the presence and intensity of skin redness, head-
ache, fatigue, concentration difficulties, nervousness and sleep
problems within 24 h after stimulation. The side-effects were rated
on a numerical scale from zero to five, zero representing no and five
extremely strong sensations. A Chi-square test was used to evaluate
if the participants could correctly guess the respective stimulation
conditions. The presence of each side-effect, during and after tDCS,
was analyzed by a mixed model ANOVA with ‘condition’ (3 levels)
as within-subject factor, ‘age group’ as between subject factor, and
rating scores (0—5) as dependent variable.

For the ANOVAs, Mauchly’s test of sphericity was conducted,
and the Greenhouse-Geisser correction was applied when neces-
sary. The critical significance level was set at P < 0.05. In case of
significant results of the ANOVAs, post-hoc Students t-tests were
conducted, which were Bonferroni-corrected for multiple com-
parisons. In addition, one-sample t-tests were used to compare
post-stimulation with baseline MEP amplitudes, which were also

Table 1

Bonferroni-corrected for multiple comparisons. Statistical analyses
were performed with SPSS (IBM Corp. Version 26.0).

3. Results

All participants completed the entire study.

3.1. Equivalence of Sl;my and baseline MEP

Baseline MEP and Sl are displayed in Table 1. The ANOVA
results showed no significant differences of Slj, and baseline
MEPs and their interactions with ‘age group’ across sessions. For
Slimv, neither the main effects ‘condition’ (F1.7ss, 101.768) = 1.661,
p = 0.198, Tl% = 0.028), and ‘age group’ (F(3, s7) = 0.452, p = 0.638,
nﬁ = 0.016), nor their interaction (F(3571, 101.768) = 1.631, p = 0.178,
nf, = 0.054) were significant. Similarly, for baseline MEPs, the main
effects of ‘condition’ (F2114) = 0.054, p = 0.947, 1112; = 0.001), ‘age
group’ (F2,57) = 1.700, p = 0.192, nlz, = 0.056), and their interaction
(F4, 114) = 2.432, p = 0.051, n% = 0.079) showed no significances.

Baseline MEP values and TMS stimulation intensities: Data are presented as mean + SD; SI;my refers to the percentage of maximal stimulator output (¥MSO) which
was required for generating ~1 mV MEP. The results of the ANOVAs show no significant differences of baseline MEP and Sl v across sessions, and between age

groups.

Experimental group Experimental session Slimv (%) Baseline MEP (mV)

Young Anodal 57.45 + 13.53 0.98 + 0.08
Cathode 56.10 + 14.21 1.01 + 0.09
Sham 56.72 + 13.39 1.04 + 0.09

Pre-Elderly Anode 60.65 + 12.79 1.04 + 0.10
Cathode 60.62 + 12.52 1.04 + 0.10
Sham 60.87 + 12.54 1.05 + 0.10

Elderly Anode 58.50 + 13.20 1.09 + 0.09
Cathode 58.50 + 13.43 1.05 + 0.11
Sham 58.47 + 13.46 1.1 +£0.12
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3.2. Effect of age on tDCS-induced neuroplasticity, detailed time
course

The results of the ANOVA revealed significant main effects of
‘condition’ (F(2,114) = 88.865, p < 0.001, nf, = 0.609), ‘time-points’
(F(5.852,333.587) = 3.260, p < 0.004, nf, = 0.054), and ‘age group’
(F2,57)=5.788, p < 0.005, 11123 = 0.169), and significant interactions
between ‘condition’ x ‘time-points’ (F(22286,643302) = 6.103,
p < 0.001, ng = 0.0.097), ‘condition’ x ‘age group’ (F4114) = 15.961,
p <0.001, n%, =0.359), and ‘condition’ x ‘time-points’ x ‘age group’
(F36;1026) = 2.250, p < 0.001, ﬂ% = 0.73), but no significant inter-
action of ‘time-points’ x ‘age group’ (F1705333587) = 1.427,
p=0.153, 1112) =0.048), Fig. 2, and Table 2A. The additional repeated

A) Anodal Stimulation

— — —
— N~ EN =

MEP Amplitude/Baseline

ot
%
T

Brain Stimulation 13 (2020) 1588—1599

measures ANOVA conducted for sham stimulation resulted in no
significances for the main effects of ‘time-points’

(F(6_7747335_124) = 1.442, p = 0.189, 1’[% = 0.025), and ‘age group’
(Fo,57) = 1.285, p = 0.284, nf, = 0.043), and the interaction ‘time-

points’ x ‘age group’ (F(13.548386.124) = 0.965, p = 0.487, n%, =0.033),
Fig. 2, and Table 2B.

Post-hoc tests comparing sham tDCS with the anodal stimula-
tion protocols revealed a significant increase of cortico-spinal
excitability lasting for about 1.5 h after stimulation in the young
and about 2 h (but not for all time-points) in Pre-Elderly groups, but
no significant excitability alteration in the Elderly group. Further-
more, post-hoc tests comparing MEP alterations between different
age groups for anodal tDCS revealed a significant reduction of after-
effects for the Pre-Elderly group (for about 15min after stimulation)
and the Elderly group (for about 2 h after stimulation), in

®Young # Young to Pre-Elderly

®-Pre-Elderly < Young to Elderly
A Pre-Elderly to Elderly

“~Elderly

e
N

BL 0 5 10 15

20 25 30 60 90 120

Time-Course (min)

B) Cathodal Stimulation

#Young # Young to Pre-Elderly
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@ ‘ 4Elderly A Pre-Elderly to Elderly
S14 %J
o
g
g
3 1.2
£
g1
<
A
=
=08
0.6 — * ' . . 4 *
BL 0 5 10 15 20 25 30 60 90 120
Time-Course (min)
C) Sham T+Young # Young to Pre-Elderly
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E-
d 1
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=
-~ 08 -
0.6

BL 0 5 10 15

Time-Course (min)

Fig. 2. Impact of age on post-tDCS motor cortical excitability alterations, detailed time course: A). Anodal stimulation, B) Cathodal stimulation and C) Sham condition. Error
bars represent standard error of mean (SEM). Filled symbols indicate a significant difference of cortical excitability after tDCS, as compared to the respective baseline values.
Asterisks indicate a significant difference between the active and respective sham stimulation conditions. The symbols at the top line represent the results of one-to-one time-point
comparisons between age groups for single time-points. The critical significance level was set at P < =0.05. Post hoc t-tests were Bonferroni-corrected for multiple comparisons.

BL = baseline.
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Table 2

Brain Stimulation 13 (2020) 1588—1599

Results of the ANOVAs for the tDCS-induced neuroplastic after-effects. A) The mixed model ANOVA performed to test for the impact of age on the tDCS-generated motor
cortical excitability alterations revealed significant main effects of ‘condition’, ‘time-points’, and ‘age group’, as well as significant interactions between these factors with the
exception of ‘time-points’ x ‘age group’. B) The mixed model ANOVA conducted to exclude differences of sham tDCS results between the respective age groups indicated no
significances. C) The mixed model ANOVA conducted for the grand-averaged pooled MEPs revealed significant main effects of ‘condition’, and ‘age group’, but not ‘epoch’, and
respective interactions between these factors with the exception of ‘epoch’ x ‘age group’. D) The mixed model ANOVA conducted for the grand-averaged pooled MEPs, to
exclude differences of sham tDCS results between the respective age groups indicated no significances. Asterisks indicate significant results. d.f. = degrees of freedom,

nj = partial eta squared.

Factor d.f., Error F value 1112) p value
A  Effect of age on tDCS-induced neuroplasticity Condition 2,114 88.865 0.609 <0.001*
Time-points 5.852, 333.587 3.260 0.054  0.004*
Age group 2,57 5.788 0.169  0.005*
Condition x age group 4,114 15.961 0.359 <0.001*
Condition x time-points 11.286, 643.302  6.103 0.097 <0.001*
Time-points x age group 11.705, 333.587  1.427 0.048 0.153
Condition x time-points x age group 36, 1026 2.250 0.73 <0.001*
Sham session Time-points 6.774, 386.124 1.442 0.025 0.189
Overall Age group 2,57 1.285 0.043 0.284
Time-points x age group 13.548,386.124  0.965 0.033  0.487
C  Effects of age on Early and Late after effects of tDCS (Pooled MEPs)  Condition 2,114 57.487 0.502  <0.001*
Epoch 1,57 0.011 0.001 0915
Age group 2,57 7.055 0.198  0.002*
Condition x epoch 2,114 17.681 0.237  <0.001*
Condition x age group 4,114 17946 0386 <0.001*
Epoch x age group 2,57 1.657 0.055 0.200
Condition x epoch x age group 4,114 3.382 0.106  0.012*
D Sham session (Pooled MEPs) Epoch 1,57 2.469 0.042 0.122
Age group 2,57 2.017 0.066 0.142
Epoch x age group 2,57 0.010 0.001 0.990

comparison with the young group. Similarly, a significant difference
was found between the Pre-Elderly, and Elderly groups, with lower
MEP amplitudes of the Elderly group, Fig. 2A. The one-sample t-
tests comparing anodal stimulation after-effects to respective
baseline cortical excitability revealed a significant enhancement of
cortical excitability lasting for about 2 h after stimulation in the
young and Pre-Elderly (with about 10 min delay) groups, but no
significant excitability alteration for the Elderly group, Fig. 2A.

In addition, post-hoc tests comparing sham tDCS with the
cathodal stimulation protocols revealed a significant decrease of
cortico-spinal excitability for about 30 min after stimulation in the
young, for about 1 h in the Pre-Elderly, and for 1.5 h (but not for all
time-points) in the Elderly group. Furthermore, the results of the
post-hoc tests for cathodal tDCS revealed no significant differences
of MEP alterations between different age groups, Fig. 2B. The one-
sample t-tests comparing cathodal stimulation after-effects to
respective baseline cortical excitability revealed a significant
decrease of cortical excitability in the young (for 1 h after stimu-
lation), Pre-Elderly (for 2 h after stimulation), and Elderly (for 1 h
after stimulation) groups, Fig. 2B.

3.3. Effect of age on early and late tDCS effects, epoched data

To compensate for the intrinsic variability of MEP amplitudes,
we pooled the respective single time bin results into two epochs of
early (time-points 0—30 min) and late (60—120 min) effects. The
ANOVA results revealed significant main effects of ‘condition’
(F2114) = 57487, p < 0.001, n% = 0.502), and ‘age group’ (F(2,
57y = 7.055, p = 0.002, 1112) = 0.198), and significant interactions of
0.237),
‘condition’ x ‘age group’ (F4114) = 17.946, p < 0.001, nf, = 0.386),
and ‘condition’ x ‘epoch’ x ‘age group’ (Fi4114) = 3.382, p = 0.012,
ng = 0.106), but no significant effects of ‘epoch’ (F(;57) = 0.011,

‘condition’ x ‘epoch’ (Fz114)y = 17.681, p < 0.001, n3 =
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p = 0.915, nf, = 0.001), and ‘epoch’ x ‘age group’(F2;57) = 1.657,
p = 0.200, nf, = 0.055), Fig. 3, Table 2C. The mixed model ANOVA
conducted to exclude differences between sham tDCS over the
different age groups revealed no significant main effects of ‘epoch’
(Fus7) = 2469, p = 0122, n% = 0.042), and ‘age group’
(Fs7) = 2.017, p = 0142, 0} = 0.066), and no significant
‘epoch’ x ‘age group’ interaction (F57) = 0.010, p = 0.990,
n3 = 0.001), Fig. 3C, Table 2D.

Post-hoc tests comparing sham tDCS with the anodal stimula-
tion protocols revealed a significant increase of cortico-spinal
excitability for about 2 h (both early and late epochs) after stimu-
lation in young and Pre-Elderly populations, but no significant
differences in the Elderly group. Furthermore, post-hoc tests
comparing MEP alterations between the different age groups for
anodal tDCS revealed a significant reduction of after-effects for the
Pre-Elderly group (for the early epoch) and the Elderly group (for
the early and late epochs) in comparison with the young group.
Similarly, a significant difference, in both the early and late epochs,
was observed between the Pre-Elderly and Elderly groups. In
addition, the one-sample t-tests comparing anodal stimulation
after-effects with respective baseline cortical excitability measures
revealed a significant enhancement of cortical excitability for the
early and late epochs in the young and Pre-Elderly groups, but no
significant effects for the Elderly group, Fig. 3.

Post-hoc tests comparing sham tDCS with the cathodal stimu-
lation protocols revealed a significant decrease of cortico-spinal
excitability for about 30min (early epoch) after stimulation in the
young, and for about 2 h (for both, early and late epochs) in the Pre-
Elderly and Elderly groups. Furthermore, post-hoc tests conducted
for cathodal tDCS effects revealed no significant differences of MEP
alterations between the different age groups. The one-sample t-
tests comparing cathodal stimulation after-effects with the
respective baseline cortical excitability revealed a significant
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Fig. 3. Pooled MEP amplitudes, early and late tDCS post-stimulation effects. MEPs
were pooled into two epochs of early (0—30 min), and late (60—120 min) effects. A)
Anodal stimulation, B) Cathodal stimulation and C) Sham condition. Error bars
represent standard error of means. Filled symbols indicate a significant difference of
cortical excitability after tDCS, as compared to the respective baseline values. Asterisks
indicate a significant difference between the respective active and sham stimulation
conditions. The symbols of the top row show the results of one-to-one time-point
comparisons between groups. The critical significance level was set at P < =0.05. Post
hoc t-tests were Bonferroni-corrected for multiple comparisons. BL = baseline.

decrease of cortical excitability in the young (for early and late
epochs), Pre-Elderly (for early and late epochs), and Elderly (for the
early epoch) groups, Fig. 3.

3.4. Inter-individual variability

The individual results of the normalized post-stimulation MEP
amplitudes, and responder and non-responder rates are available
in the suppl. material, Fig. 1. In addition, the results of Pearson
correlations indicated low correlations between anodal and cath-
odal tDCS effects in the young (r = 0.166), Pre-Elderly (r = —0.011),
and Elderly groups (r = 0.335).
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3.5. Assessment of tDCS side-effects, and blinding efficacy

For blinding, we explored by a chi-square test if the participant
groups could correctly guess the respective stimulation conditions,
and found no significant heterogeneity (x> = 0.787, p = 0.675),
which showed that blinding was not compromised. Table 3 shows
the results of guessed intensities versus actual intensities.

The ANOVAs conducted for the side-effects showed no signifi-
cant effects for visual phenomena, itching, tingling and pain during
the stimulation, and redness of skin, headache, fatigue, difficulty in
concentration, nervousness and sleep problems 24 h after stimu-
lation. The respective results are presented in Tables 4 and 5.

4. Discussion

In this study, we investigated the impact of age on neuro-
plasticity of the human motor cortex with tDCS. In a sham-
controlled repeated measures design, anodal and cathodal tDCS
protocols of 1 mA were applied for 15min in 60 participants divided
into three age groups. In general, the results of the present study
show that all active tDCS protocols significantly altered cortical
excitability, with anodal tDCS enhancing and cathodal tDCS
reducing motor cortex excitability, except for anodal tDCS in the
Elderly population, which resulted in no significant cortical excit-
ability alteration. In addition, the results indicate a significant
contribution of age on tDCS-induced neuroplastic after-effects. The
excitatory effect of anodal tDCS, which was observed in the young
group, was significantly diminished in the pre-Elderly, and abol-
ished in the Elderly group. No significant age-dependent differ-
ences were however observed for the excitability-diminishing
effects of cathodal tDCS. Furthermore, blinding was successful, and
all participants tolerated tDCS well.

The results obtained in the young participant group are in
accordance with those described in previous studies, in which
excitability-enhancing and-diminishing after-effects following
1 mA with 15 min anodal and cathodal tDCS were observed [47,48].
However, neurophysiological studies exploring tDCS and/or other
NIBS protocols in the older population are rare. In another study, a
30 min delay of cortico-spinal excitability enhancement has been
reported for the old healthy participant group, (mean age + SD:
68.3 + 7.9) following 1 mA anodal tDCS for 30 min, as compared to
the young healthy group [45]. This result fits relatively well with
our outcomes for the Pre-Elderly group (mean age+SD:
58.6 + 5.07), in which a 15 min delay of MEP increase after anodal
tDCS was observed. In further general accordance with the results
of the present study, paired associative stimulation, another NIBS
tool suited to induce LTP-like plasticity, enhanced cortical excit-
ability in young and middle-aged groups, but not in the elderly [19]
(note that the age range of the pre-elderly group in our study was
50—65 years, while in the study conducted by Fathi and colleagues
[19] it was 40—59 years). In addition, studies in aged animals have
shown a decreased susceptibility to develop LTP [3,60,61]. Thus the
age-dependent decline of LTP-like plasticity we found in the pre-
sent study is in accordance with the results obtained by other
plasticity induction tools in humans, and also with results from
animal models. The missing effects of age on LTD-like plasticity
induced by cathodal tDCS is in further accordance with the results
obtained in animal models, which describe unaltered LTD, or a
larger range of intervention parameters suited for the induction of
LTD [3,6,62]. It contrasts however with results of some experiments
in humans, where reduced LTD-like plasticity induction was
described in elderly individuals [25,27,63], which might be due in
part to the challenges of translating results from animal to human
studies, as well as differences between stimulation protocols, or
specifics of the participant groups [64,65]. Here, direct comparisons
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The participant’s guessed/actual stimulation conditions. In each session, participants were asked to guess the intensity of the actually applied direct current (0, 1). The table
contrasts actually applied intensity (rows) with perceived intensity (columns). The respective statistical test showed that blinding was not compromised.

Intensity Guessed by Participants

0 mA 1 mA
Actual tDCS Intensity Sham young 7 13
Pre-Elderly 5 15
Elderly 2 18
1mA young 6 34
Pre-Elderly 7 33
Elderly 4 36

of the effects of plasticity induction protocols in repeated measure
studies might be valuable in future studies. According to the results
of the present study, however standard protocols might be suffi-
cient to induce LTD-like plasticity with tDCS in the elderly, whereas
it has to be explored if stronger stimulation intensities are suited for
the induction of LTP-like plasticity in this age group.

4.1. Proposed mechanisms

With respect to the mechanistic foundation of these effects,
pharmacological, TMS, and neuroimaging studies revealed that
neuroplasticity induced by tDCS depends on the glutamatergic
system, and is calcium-dependent [40,66,67]. Interestingly, age-
dependent reduction of LTP-, and also LTD-like plasticity has been
shown to be associated with a reduction of NMDA receptor activity,
and glutamate concentration [29,68] in earlier studies. It is there-
fore probable that the reduced LTP-like in elderly we saw in the
present study is caused by a respective glutamatergic decline. The

Table 4
Side effect ratings of the participants in the different stimulation conditions, including

missing reduction of LTD-like plasticity in higher age in the present
study might then be caused by a broader range of interventions
resulting in LTD, as shown in animal models [3,61]. Furthermore, it
has been shown in previous studies that dopamine, as well as se-
rotonin, and noradrenaline modulate tDCS-induced plasticity.
Specifically, reducing the amount of dopaminergic activity results
in plasticity decline [69], whereas serotonin, and noradrenaline
enhancement increase LTP-like, but reduce LTD-like plasticity
[70,71]. Since these, beyond other neuromodulators, display
reduced activity in elderly [72], it might be the case that they
contribute to the age-dependent plasticity reduction observed in
the present study. Respective mechanisms are however largely
speculative at present, and should be explored in future studies.
Beyond age-dependent alterations at the local level, another
factor that might affect plasticity in the aging brain is interregional
functional connectivity (FC). Neuroimaging and neurophysiological
studies have reported altered FC, at the local and global level, of the
aged population in comparison with young adults, resulting in less

visual phenomena, itching, tingling and pain during stimulation and skin redness,

headache, fatigue, difficulty in concentration, nervousness and sleep problems within 24 h after stimulation. The presence and intensity of side effects were rated on a nu-

merical scale from zero to five, zero representing no, and five extremely strong sensatio

ns. Data are presented as mean =+ SD.

Side-effects Group Sham Anode Cathode
During Stimulation Visual Young 0.15 + 048 0.10 + 0.30 0.20 + 0.52
Pre-Elderly 0.25 + 091 0.05 + 0.22 0.00 + 0.00
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Itching Young 0.55 + 0.88 0.75 + 1.20 0.45 + 0.60
Pre-Elderly 0.05 + 0.22 0.05 + 0.22 0.00 + 0.00
Elderly 0.10 + 0.44 0.30 + 0.65 0.20 + 0.61
Tingling Young 0.55 + 0.94 1.10 + 1.44 0.85 +1.18
Pre-Elderly 045 + 1.23 0.20 + 041 0.10 + 0.44
Elderly 0.25 + 0.63 0.35 + 0.58 0.30 + 0.80
Burning Young 0.55 + 0.99 1.10 + 1.41 0.50 + 0.68
Pre-Elderly 0.30 + 0.73 0.10 £ 0.30 0.20 + 0.52
Elderly 0.10 + 0.44 0.20 + 0.52 0.15 + 0.48
Pain Young 0.20 + 0.52 0.30 + 0.65 0.10 + 0.44
Pre-Elderly 0.00 + 0.00 0.05 + 0.22 0.05 + 0.22
Elderly 0.00 + 0.00 0.05 + 0.23 0.00 + 0.00
24 h after Stimulation Redness Young 0.05 + 0.22 0.05 + 0.22 0.05 +0.22
Pre-Elderly 0.05 + 0.22 0.10 + 0.30 0.05 + 0.22
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Headache Young 0.00 + 0.00 0.00 + 0.00 0.05 +0.22
Pre-Elderly 0.05 + 0.22 0.05 + 0.22 0.05 + 0.22
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Fatigue Young 0.15 + 0.36 0.20 + 0.89 0.25 + 0.63
Pre-Elderly 0.05 + 0.22 0.15 + 0.48 0.10 + 0.44
Elderly 0.05 + 0.22 0.00 + 0.00 0.05 + 0.22
Concentration Young 1.10 = 0.30 0.05 + 0.22 0.05 + 0.22
Pre-Elderly 0.30 + 0.97 0.05 + 0.22 0.00 + 0.00
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Nervousness Young 0.00 + 0.00 0.00 + 0.00 0.05 + 0.22
Pre-Elderly 0.00 + 0.00 0.05 + 0.22 0.00 + 0.00
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Sleep Problems Young 0.25 +0.71 0.15 +0.48 0.20 + 0.61
Pre-Elderly 0.00 + 0.00 0.05 + 0.22 0.00 + 0.00
Elderly 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
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Side-effect ratings of the participants, ANOVA results. The results of the respective ANOVAs indicate no significant effect of stimulation conditions, and age group on visual
phenomena, itching, tingling and pain during stimulation and redness of skin, headache, fatigue, difficulty in concentration, nervousness and sleep problems 24 h after

stimulation.
Side-effects Factors d.f., Error F Value p Value TI,Z;
During Stimulation Visual Session 1.473, 83.975 0.838 0.404 0.014
Session x Age 2.946, 83.975 1.018 0.388 0.034
Itching Session 2,114 1.615 0.203 0.028
Session x Age 4,114 0.553 0.697 0.019
Tingling Session 1.529, 87.159 0.688 0.476 0.012
Session x Age 3.058, 87.159 1.801 0.133 0.059
Burning Session 1.641, 93.530 1.066 0.337 0.018
Session x Age 3.282, 93.530 1.997 0.114 0.065
Pain Session 2,114 1.304 0.275 0.022
Session x Age 4,114 0.652 0.627 0.022
24 h after Stimulation Redness Session 1, 57.000 1.000 0.322 0.017
Session x Age 2, 57.000 1.000 0.374 0.034
Headache Session 2,114 0.241 0.787 0.004
Session x Age 4,114 0.241 0.915 0.008
Fatigue Session 1.682, 95.884 0.357 0.664 0.006
Session x Age 3.364, 95.884 0.357 0.807 0.012
Concentration Session 1.070, 60.979 2.002 0.161 0.034
Session x Age 2.140, 60.979 1.234 0.300 0.042
Nervousness Session 1.600, 91.200 0.500 0.567 0.009
Session x Age 3.200, 91.200 1.250 0.296 0.042
Sleep Problem Session 1.269, 72.358 0.081 0.835 0.001
Session x Age 2.539, 72.358 0.443 0.691 0.015

efficient overall functional communication in the aging brain
[13,73,74]. Furthermore, studies suggested a fine-tuned balance
between local cortical and global network plasticity, due to
compensatory mechanisms associated with aging [75,76]. It thus
makes sense to speculate about an effect of age-dependent func-
tional connectivity alterations on tDCS-induced neuroplasticity.
Indeed, recent studies reported a reduction of sensorimotor
network FC by anodal tDCS in old subjects [77], while an increase
was observed in young adults [78]. This finding might help to
explain the lack of anodal facilitatory effects in the old participants
in the present study. However also here additional studies
exploring respective mechanisms more directly are warranted.

In addition to the proposed compensatory mechanisms, age-
dependent dedifferentiation might also affect the functional orga-
nization/activity of the brain [79]. Indeed, a generalized spread of
brain activity has been described in older adults, resulting in
increased correlated activation of larger brain regions independent
from the specific cognitive process [80—83], which was shown to be
either irrelevant for task performance or associated with reduced
motor/cognitive performance [79]. At the cellular level, this is
associated with deficits in neurotransmission, and results in a
reduction of the signal-to-noise (SNR) ratio, but also loss of neural
specialization [84]. In this line, previous aging studies have sug-
gested that age-related over-activation of cerebral regions during
motor performance is in better accordance with the compensation
than the dedifferentiation hypothesis [79]. To what degree these
two mechanisms are associated with the neuroplastic effects of
tDCS requires however further detailed exploration.

Age-related plasticity decline, which might be one important
reason for respective motor and/or cognitive decline, is one major
focus of NIBS studies aiming to improve motor and/or cognitive
performance in higher age. In accordance, anodal tDCS applied over
the primary motor cortex enhanced motor consolidation [85] in
older adults, when performed prior to task performance, but also
enhanced acquisition of a complex motor skill [86], performance of
skilled hand motor function [87], and reduced the tracking error in
a visuo-motor tracking task [88], when performed during task
performance. Thus up-regulation of likely age-dependently
declined LTP-like plasticity by anodal tDCS seems to be valuable
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in higher age to improve performance, and at least partially inde-
pendent from the timing of stimulation. Mechanistically, this effect
could be due to counterbalancing the age-dependent reduction of
glutamatergic activity [29] by anodal tDCS applied before, or during
task performance, which would support the formation of task-
dependent LTP-like plasticity. Contrasting results were however
also reported, including a lack of online anodal tDCS effects on the
rate or accuracy of motor learning in old populations [89], or
functional performance of the dominant hand [90]. These con-
trasting functional effects of tDCS might be due to the application of
suboptimal stimulation protocols. Specifically, the reduced pro-
pensity for LTP-like plasticity in the elderly might require larger
stimulation intensities, as compared to stimulation in young adults.
Although systematic tDCS titration studies in higher age have not
been conducted so far, preliminary information is available for the
impact of anodal tDCS on working memory performance, where
stimulation with 1 mA had an improving effect in young adults, but
2 mA were required in patients suffering from Parkinson’s disease,
who show dopaminergic decline, which is to some degree also
present in healthy aging [91,92]. Making use of homeostatic effects
of cathodal LTD-like plasticity-inducing stimulation before task
performance to enhance task-related LTP-like plasticity might be
another option, which however likely faces limitations, as shown
by heterogeneous effects on motor learning in previous studies
[93], and reduced glutamatergic activity in elderly humans, which
might limit task-related counter-regulation.

Beyond performance-improving effects of anodal tDCS over the
motor cortex in elderly, stimulation over the prefrontal cortex
increased awareness of performance errors [94], and strengthened
verbal episodic memories [95]. Stimulation over the left inferior
frontal significantly improved overt semantic word generation
performance [96], and right temporo-parietal cortex stimulation
enhanced learning in an associative learning paradigm [97].
Despite promising findings in these pilot studies, results of other
studies are at least partially heterogeneous. Anodal tDCS applied
over the primary somatosensory cortex, which enhanced perfor-
mance of proprioceptive accuracy in a young subject group,
reduced performance in elderly participants [98], and prefrontal
anodal tDCS did not change working memory performance in older
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adults in another study [99]. The results of the present study would
suggest that these negative results might be caused by the reduced
efficacy of tDCS in higher age, and thus it might be required to adapt
stimulation protocols including intensity, duration, and repetition
rate [47,48,100—105]. Therefore, a respective titration of stimula-
tion parameters also in healthy old adults might be beneficial to
identify efficient intervention protocols in this age group.

4.2. Limitations and future directions

This study should be interpreted within the context of a few
limitations. In the present study, we probed the neurophysiological
effects of tDCS at the group level. Individual characteristics how-
ever also affect the outcomes of tDCS and other NIBS protocols
[49,51]. Accordingly, the data obtained in the present experiment
show some inter-individual variability, which was slightly higher in
the older groups (supplementary materials Fig. 1). Potentially
contributing factors are anatomical and biophysical differences of
individual brains, including genetics, time of day of the interven-
tion, and brain state [106—108]. The higher heterogeneity of effects
in the older participants might be due to age-related brain atrophy,
and decline of neurotransmitter activity. Thus, to improve stimu-
lation efficacy at the level of the individual, an important next step
would now be to understand/control for individual factors affecting
the physiological and behavioral outcome of tDCS [108]. In addi-
tion, the study was performed in a sham-controlled single blinded
design. A double-blinded design would have been preferable to
prevent an observer bias more definitely. Furthermore, we explored
age-dependent tDCS effects over the motor cortex in healthy
humans; a one-to-one transferability of our results to other cortical
areas, as well as patient groups, should not be taken for granted,
because of differences of cerebral architecture, neurotransmitter,
and -modulator activities, among other factors. Moreover, patho-
logical age-related decline of cognitive performance such as in mild
cognitive impairment, or dementia, might affect cortical excit-
ability [2,109], and subsequently affect the neuromodulatory effects
of tDCS. A further limitation of the current study is therefore the
lack of formal screening for cognitive performance, which might
potentially affect our results. To exclude this confounding factor in
future studies, a more formal cognitive performance evaluation via
standardized screening tests (e.g. Mini Mental State Examination
(MMSE) or Montreal-Cognitive Assessment (MoCA) should be
considered. Also, the proposed mechanisms for the revealed age-
dependent effects are largely speculative at present, and should
be explored more directly by pharmacological and/or neuro-
imaging, and brain stimulation techniques [9,110], in future studies.
Future studies should furthermore explore how adaptation of tDCS
protocols can help to enhance the efficacy of this tool also in higher
age, which might include intensification of interventions [9,111].

5. Conclusion

The results of this study show a significant effect of age on tDCS-
induced neuroplasticity. Anodal tDCS-induced LTP-like plasticity,
which was observed in the young participant group, was signifi-
cantly diminished, or abolished in Pre-Elderly and Elderly groups,
respectively, while largely identical LTD-like effects were observed
in all age groups under study. These age-related changes of neu-
roplasticity, which have been also shown in respective animal
models, might be caused by respective age-dependent alterations
of glutamatergic, and neuromodulatory activity. Our study thus
provides further insights in the age-dependency of neuroplasticity
in healthy humans, and delivers important information for future
applications of tDCS.
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