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Dopamine is akey neuromodulator of neuroplasticity and an important neuronal substrate of learning, and memory formation, which
critically involves glutamatergic N-methyl-D-aspartate (NMDA) receptors. Dopamine modulates NMDA receptor activity via dopamine
D1 and D2 receptor subtypes. It is hypothesized that dopamine focuses on long-term potentiation (LTP)-like plasticity, i.e. reduces
diffuse widespread but enhances locally restricted plasticity via a D2 receptor-dependent NMDA receptor activity reduction. Here, we
explored NMDA receptor–dependent mechanisms underlying dopaminergic modulation of LTP-like plasticity induced by transcranial
direct current stimulation (tDCS). Eleven healthy, right-handed volunteers received anodal tDCS (1 mA, 13 min) over the left motor
cortex combined with dopaminergic agents (the D2 receptor agonist bromocriptine, levodopa for general dopamine enhancement, or
placebo) and the partial NMDA receptor agonist D-cycloserine (dosages of 50, 100, and 200 mg, or placebo). Cortical excitability was
monitored by transcranial magnetic stimulation-induced motor-evoked potentials. We found that LTP-like plasticity was abolished
or converted into LTD-like plasticity via dopaminergic activation, but reestablished under medium-dose D-cycloserine. These results
suggest that diffuse LTP-like plasticity is counteracted upon via D2 receptor-dependent reduction of NMDA receptor activity.
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Introduction
Dopamine (DA) plays an important role in a variety of
cognitive processes (Robbins 2003; Seamans and Yang
2004; Bäckman et al. 2006). The neurophysiological basis
of DAergic effects is related to its modulatory impact on
neuroplasticity, including long-term potentiation (LTP)
and depression (LTD) (Otani et al. 1998; Jay 2003; Cooke
and Bliss 2006). In accordance, DA antagonists prevent
both excitatory and inhibitory plasticity induced in the
motor cortex via noninvasive brain stimulation (NIBS)
(Nitsche et al. 2006; Monte-Silva et al. 2011). Both tran-
scranial direct current stimulation (tDCS) and paired
associative stimulation (PAS) have been used to inves-
tigate DAergic modulation of plasticity (Kuo et al. 2008;
Nitsche et al. 2009; Monte-Silva et al. 2010). In tDCS, a
diffuse weak electrical field is applied over the target
region, which modulates spontaneous neuronal activity
via “subthreshold” neuronal membrane polarization and
induces neuroplasticity with longer stimulation dura-
tions (Nitsche and Paulus 2000; Nitsche, Nitsche, et al.
2003; Stagg and Nitsche 2011). In contrast, PAS-induced
plasticity is “suprathreshold” and involves a more focal
activation of specific sensorimotor synapses (Stefan et al.
2002; Carson and Kennedy 2013). Despite differences in

the focality of stimulation, both tDCS and PAS induce
calcium (Ca2+) and NMDA receptor–dependent plastic-
ity (Nitsche and Paulus 2000; Stefan et al. 2000; Liebe-
tanz et al. 2002; Nitsche, Nitsche, et al. 2003). Interest-
ingly, 100 mg L-Dopa, which improves learning in healthy
humans (Flöel et al. 2005), has differential effects on
tDCS- and PAS-induced plasticity. While L-Dopa stabi-
lizes PAS-induced focal plasticity and nonfocal catho-
dal tDCS-induced LTD-like plasticity, it abolishes and/or
converts nonfocal excitability-enhancing anodal tDCS
effects into excitability-diminishing plasticity (Kuo et al.
2008; Thirugnanasambandam et al. 2011), suggesting a
focusing effect of DA on LTP-like plasticity (see Fig. 1 for
a schematic summary).

The focusing effect of DA can be described as
enhancement of signal-to-noise ratio, as DA improves
relevant neural activation while suppressing irrelevant
background activity. In cognition, this would reinforce
task-relevant information and inhibit task-irrelevant
information (Seamans and Yang 2004). The mechanisms
underlying this focusing effect of DA are yet to be
clarified. Similar effects are observed with acetylcholine,
a neuromodulator with prominent effects on arousal
and cognition (Kuo et al. 2007), which are driven by
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Fig. 1. Schematic overview of DAergic modulation on LTP-like plastic-
ity in the human motor cortex. This figure summarizes our previous
findings about how activation of DA and its receptor subtypes, D1 and
D2, modulate facilitatory, LTP-like plasticity induced by anodal tDCS
(upper figure) or excitatory PAS (lower figure) in a dosage-dependent
manner. tDCS hereby induces a more diffuse, while PAS results in a
more focally restricted kind of plasticity. Red and blue arrows indicate
the direction of plasticity; light red color bars represent the extend of
plasticity under placebo medication, which is compared with plasticity
under low, medium, and high dosage of global DA (dark green) as well
as D1 (light blue) and D2 activation (light green) (Nitsche et al. 2006; Kuo
et al. 2008; Monte-Silva et al. 2009; Nitsche et al. 2009; Monte-Silva et al.
2010; Thirugnanasambandam et al. 2011; Fresnoza, Paulus, et al. 2014;
Fresnoza, Stiksrud, et al. 2014).

calcium dynamics via nicotinic receptors (Grundey et al.
2018). The respective conversion effect of nicotine on
tDCS-induced LTP-like plasticity seems to be caused by
calcium overflow, as a reduction of neuronal calcium
influx via an NMDA receptor blocker reestablished the
LTP-like aftereffects (Lugon et al. 2017).

While calcium dynamics might also be relevant for
DA effects on plasticity, the specific cholinergic and
dopaminergic mechanisms might however differ. The
impact of global dopaminergic activation via L-Dopa
on LTP-like plasticity is relatively similar to that of D2
receptor activation (Monte-Silva et al. 2010; Thirug-
nanasambandam et al. 2011; Fresnoza, Stiksrud, et al.
2014). Since D2 receptors reduce NMDA receptor activity,
and neuronal calcium influx (Higley and Sabatini 2010),
it is hypothesized that the focusing effect of DA on LTP-
like plasticity is due to a reduction of the diffuse and
moderate NMDA receptor activity enhancement and
calcium influx accomplished by anodal tDCS via D2
receptors. For the stronger activity enhancement and
calcium influx accomplished by suprathreshold PAS,
which is assumed to induce action potentials at the
targeted synapses, such a gradual decline of NMDA
receptor activity might not suffice to abolish LTP-like
plasticity.

In the present study, the causal contribution of NMDA
receptor mechanisms was examined by D-cycloserine
(CYC), a partial NMDA receptor agonist (Thomas et al.
1988), which enhances the efficacy of anodal tDCS-
generated LTP-like plasticity (Nitsche et al. 2004).
Medium dosages of the DA precursor L-Dopa or the D2
receptor agonist bromocriptine, which converted LTP-like
effects of anodal tDCS into LTD-like effects in previous
studies, were combined with different dosages of CYC.

We hypothesized that dose-dependent enhancement
of NMDA receptor activity via CYC restores LTP-like
plasticity induced by anodal tDCS under global DA
activation with L-Dopa and the selective D2 receptor
agonist bromocriptine.

Materials and methods
Participants
Thirteen subjects were initially recruited for the study,
and two of them discontinued participation due to
private reasons after 1 and 4 sessions, respectively.
The remaining eleven volunteers (5 females, mean
age = 29.90 ± 6.15 years; all healthy, right-handed, and
nonsmoking) completed all experimental sessions. Sam-
ple size was selected based on previous pharmacological
studies (Nitsche et al. 2006; Wischnewski et al. 2019) as
well as a power analysis. The power calculation resulted
in 10 subjects required for critical alpha and beta errors
of 0.05 and a medium effect size of f = 0.35, based on
the suggested medium power for tDCS studies (Minarik
et al. 2016), and the primary statistical test, a repeated-
measures ANOVA (for details, see below). Participants
underwent amedical screening to verify that there were
no history of neurological, psychiatric, or medical disease
and no metal implants or intake of acute or chronic CNS-
active medication and to exclude current pregnancy. The
study was approved by the local Ethics Committee to
the Declaration of Helsinki. Participants gave informed
consent before participation and received monetary
compensation.

Measurement of corticospinal excitability
To monitor excitability changes of the motor cortex,
motor-evoked potentials (MEPs) of the right abductor
digiti minimi muscle (ADM) were recorded. Single
TMS pulses were applied by a PowerMag magnetic 20
stimulator (Mag&More, Munich, Germany), with a figure-
of-eight coil (diameter of one winding: 70 mm; peak
magnetic field: 2 T) at a frequency of 0.25 Hz with 10%
jitter. The coil was held tangentially to the skull, over
the primary motor cortex, with the handle targeting
backwards and laterally at 45◦ from the midline. The
optimal coil position on the head was defined as the site
where stimulation resulted consistently in the largest
MEPs with a given medium TMS intensity. A waterproof
pen was used to mark the position of TMS coil on the
scalp. The intensity of the TMS pulses was adjusted
to elicit MEPs with an average peak-to-peak amplitude
of 1 mV (SI1mV) for baseline recordings. Baseline and
post-intervention cortical excitability was determined by
measuring 25 MEPs at the respective time points. Surface
EMG was recorded from the right ADM with gold cup
electrodes in a belly-tendon montage. The signals were
amplified and filtered (1,000; 3 Hz–3 kHz) using D440–2
(Digitimer, Welwyn Garden City, UK) with a time constant
of 10 ms and a low-pass filter of 2.5 kHz. Subsequently,
signals were digitized with a micro 1401 AD converter
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(Cambridge Electronic Design, Cambridge, UK) at an
analogue-to-digital rate of 5 kHz, controlled and recorded
by Signal Software (Cambridge Electronic Design, v. 2.13).

Neuroplasticity induction by tDCS
Electrical current was delivered by a battery-driven con-
stant current stimulator (neuroConn GmbH, Ilmenau,
Germany) with a maximum output of 3 mA, via a pair of
saline-soaked surface sponge electrodes (7 × 5 cm). The
anodal electrode was positioned over the motor-cortical
position of the right ADM as identified by TMS, and the
reference electrode was placed over the contralateral
supraorbital area. The distance on the scalp between the
edges of the electrodes was kept at a minimum of 6 cm
to reduce current shunting through the scalp (Nitsche
et al. 2007). Direct currents with 1 mA intensity and
anodal polarity were applied for 13 min with 15 s ramping
up/down at the beginning/end of stimulation.

Pharmacological interventions
To determine whether the excitability-diminishing effect
of DAergic agents on anodal tDCS, which causes LTP-
like plasticity without pharmacological intervention,
is caused by D2 receptor-generated NMDA activity
reduction, we explored the combination of two groups
of medication: (i) dopamine group: 100 mg L-Dopa (Lev-
odopa/Benserazid—neuraxpharm) for general dopamin-
ergic receptor activation, based on previous work
showing converting effects of medium dosage L-Dopa
on plasticity (Kuo et al. 2008; Monte-Silva et al. 2010),
10 mg of the D2 agonist bromocriptine (bromocriptine—
ratiopharm), which had similar conversion effects on
anodal tDCS-induced plasticity as L-Dopa at this dosage
(Fresnoza, Stiksrud, et al. 2014), or equivalent placebo
medication (P-Tabletten weiss 8 mm—Zentiva Pharma
GmbH) and (ii) NMDA group: the NMDA agonist CYC
(Cycloserine capsules—MEIJI) in three dosages (50, 100,
and 200 mg) or placebo. The combination of both
groups resulted in 12 pharmacological conditions (Fig. 2).
The application of these specific dosages of CYC was
based on previous works that have shown a dosage-
dependent effect of CYC on NMDA receptors, in which the
medium dosage (100 mg) improved anodal tDCS-induced
aftereffects (Nitsche et al. 2004). The medications were
taken orally by the participants 1.5 h before the start
of tDCS application to ensure that tDCS was conducted
during peak plasma concentration of the substances (van
Berckel et al. 1997; Flöel et al. 2005; Fresnoza, Stiksrud,
et al. 2014). About 20 mg domperidone was administered
three times per day for 2 days and also 2 h before each
session, to minimize systemic side effects of the DAergic
agents. It has been shown that domperidone alone does
not change motor cortical excitability (Grundey et al.
2013).

Experimental design
The experiment was conducted in a double-blinded, ran-
domized, and placebo-controlled design. Session orders

were arranged using the randomization function of excel
and manually adjusted to ensure an evenly distributed
order of interventions also within each condition. Each
subject participated in 12 sessions with at least one-
week interval between each session to avoid interference
effects. At the beginning of each session, participants
were seated in a comfortable chair, and the left motor
cortical representational area of the right ADM was iden-
tified by TMS with the stimulation intensity adjusted to
elicit MEPs with a peak-to-peak amplitude of about 1 mV.
Twenty-five MEPs were recorded as the first baseline
(BL1) before medication was taken by participants. Two
hours after medication, the second baseline (BL2) with
the same TMS intensity was recorded. If the second
baseline measure MEP amplitude deviated more than
20% from the first baseline, TMS intensity was adjusted
to obtain a baseline MEP amplitude of about 1 mV, and
baseline 3 (BL3) was recorded (Kuo et al. 2017). TMS
intensity was then kept constant during all post-tDCS
measurements. Afterwards, anodal tDCS was applied for
13 min. Immediately after tDCS, MEPs were recorded
every 5 min for half an hour and then every 30 min
until 2 h after intervention. At the end of each session,
participants completed a questionnaire for evaluation of
tDCS side effects (Fig. 2).

Statistical analyses
Data analyses were conducted with the statistical pack-
age SPSS (IBM Corp. version 26.0). The individual MEP
amplitude means were calculated for the baselines and
all time points after neuroplasticity induction. To control
for potential differences of baseline measurements
between sessions, BL1 and BL2/3 MEP amplitudes (abso-
lute values) and %MSO (maximal stimulator output)
were analyzed with one-way ANOVAs with condition
as the within-subject factor. To test if medication
affected cortical excitability, two 2-factorial ANOVAs
were calculated with “condition” (11 levels) and “time”
(2 levels, before and after medication) as within-subject
factor for “baseline MEP” (BL1 vs BL2) and “SI1mV” values
(BL1 vs BL3) as dependent variables. For the effect of
medication on tDCS-induced neuroplasticity, a repeated-
measures ANOVA was performed, with time course (11
levels), DA (PLC, L-Dopa, bromocriptine), and CYC (PLC,
CYC50, 100, 200 mg) as the within-subject factors, and
the MEP amplitudes normalized to the corresponding
BL2 (or BL3 when readjusted) as the dependent variable.
In case of significant ANOVA results (P < 0.05), respective
post hoc comparisons of MEP amplitudes at each time
point were performed using Student t-tests (paired, two-
tailed, P < 0.05).

Results
Six subjects experienced dizziness, nausea, or vomiting
at around 4–5 h after drug intake (bromocriptine or
L-Dopa, with or without CYC) (Table 3a); one of them



Elham Ghanavati et al. | 5481

Fig. 2. Study protocol. First, 25 MEP were elicited by single-pulse TMS over the representational area of the right ADM to measure baseline cortical
excitability. Afterwards, combination of two groups of medication: (i) L-Dopa 100 mg, bromocriptine 10 mg, or equivalent placebo and (ii) CYC in three
dosages (50, 100, and 200 mg), or placebo, was administered in 12 randomized sessions. Two hours later, a second baseline was recorded to explore the
effect of medication on corticospinal excitability, and stimulation intensity was adjusted, if necessary. Then anodal tDCS was applied for 13 min with
1 mA intensity. Immediately after tDCS, aftereffects were monitored by TMS-induced MEPs every 5 min for up to 30 min and the following time points
of 60, 90, and 120 min.

experienced milder symptoms during the second exposi-
tion, and another participant also in the third exposition.
The adverse effects were prominent in two subjects
and their sessions were canceled and later repeated.
All side-effects occurred after tDCS and the following
main aftereffects measurement (0–30 min) and faded
away within few hours. Therefore, the blinding of med-
ication was considered to be effective, although these
symptoms were not quantified with a questionnaire
since these were scarce, also according to our previous
observations (Nitsche et al. 2006, 2009; Kuo et al. 2008;
Monte-Silva et al. 2009, 2010; Thirugnanasambandam
et al. 2011; Fresnoza, Paulus, et al. 2014; Fresnoza,
Stiksrud, et al. 2014). In addition, the average reported
side effects related to tDCS are summarized in Table 3b.
No significant difference was observed between the side
effects associated with tDCS reported in each condition
(Table 4).

No differences of baseline MEP amplitudes
and %MSO between conditions
Baseline measurements including the MEP amplitudes
and corresponding SI1mVs are summarized in Table 1.
The results of the one-way ANOVAs showed no signifi-
cant main effect of condition for BL1 (df = 5.46, F = 1.115,
P = 0.365) and BL3 (df = 4.70, F = 0.183, P = 0.962) with
respect to absolute MEPs as well as for BL1 (df = 4.56,
F = 0.741, P = 0.586) and BL3 (df = 4.58, F = 0.551, P = 0.722)
for %MSO. For BL1 vs BL2 MEP amplitude values, the
results of the respective ANOVA showed no main effects
of time (BL1–2: df = 1, F = 0.451, P = 0.517) and condition
(BL 1–2: df = 4.40, F = 0.623, P = 0.664) or time × condition
interaction (BL 1–2: df = 4.56, F = 0.813, P = 0.537), implying
that medication did not significantly affect corticospinal
excitability. In addition, the repeated measures two-way
ANOVA conducted for SI1mV revealed no significant
main effects of time (df = 1, F = 0.497, P = 0.497), and
condition (df = 5.67, F = 0.644, P = 0.657), or time × con-
dition interaction for %MSO between BL1 and 3 (df = 3.55,
F = 0.739, P = 0.569).

NMDA receptor dependency of dopaminergic
modulation of tDCS-induced plasticity
The results of the repeated-measures ANOVA revealed
significant main effects of DA (df = 1.900, F = 24.230,
P = 0.001, ηp2 = 0.708), CYC (df = 2.341, F = 19.362, P = 0.0
01, ηp2 = 0.659), and time (df = 4.412, F = 6.370, P = 0.001,
ηp2 = 0.389) (Table 2). The interactions of DA× CYC
(df = 3.834, F = 3.814, P = 0.011, ηp2 = 0.276), DA × time
(df = 5.949, F = 4.458, P = 0.001, ηp2 = 0.308), and CYC ×
time (df = 6.395, F = 4.167, P = 0.001, ηp2 = 0.294) were
significant as well (Table 2). This indicates that the
observed effects were medication- and dosage-specific,
as described in more detail below.

Dosage-dependent effect of the partial NMDA
receptor agonist D-cycloserine on tDCS-induced
LTP-like plasticity
As shown by the post hoc t-tests (Fig. 3a), anodal
tDCS under placebo medication significantly increased
cortical excitability for up to 1 h after stimulation,
as compared to baseline. Medium-dose CYC signifi-
cantly prolonged this LTP-like plasticity. The respective
excitability enhancement remained significant at the 60-
min (P = 0.019), 90-min (P < 0.001), and 120-min (P = 0.015)
time points post tDCS, as compared to baseline, and
the placebo condition. Low-dose CYC resulted in an
MEP enhancement lasting for 60 min after tDCS, but
this enhancement was slightly reduced, as compared
to the effect of anodal tDCS under placebo medication,
and this reduction was significant 10 and 30 min after
stimulation. High-dose CYC prevented aftereffects of
anodal tDCS when compared to placebo medication and
baseline excitability.

Dosage-dependent effect of D-cycloserine on
tDCS-induced LTP-like plasticity under L-Dopa
Results of the post hoc t-tests show that L-Dopa alone
reversed LTP-like MEP enhancements to LTD-like MEP
amplitude reductions, as compared to baseline MEPs, and
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Table 1. TMS stimulation intensities and baseline measurements.

Experimental session SI 1mv (%MSO) Baseline MEP (mV)

BL1 BL3 BL1 BL2 BL3

PLC+ PLC 48.68 ± 10.55 48.90 ± 10.63 1.04 ± 0.06 0.98 ± 0.12 1.01 ± 0.07
50 mg CYC + PLC 48.22 ± 9.02 48.5 ± 9.03 1.02 ± 0.08 1.00 ± 0.09 1.00 ± 0.05
100 mg CYC + PLC 48.59 ± 9.55 48.59 ± 9.58 1.03 ± 0.07 1.00 ± 0.08 1.00 ± 0.06
200 mg CYC + PLC 48.59 ± 9.26 48.40 ± 9.05 0.99 ± 0.06 1.06 ± 0.19 1.00 ± 0.07
PLC + bromocriptine 48.22 ± 9.18 47.95 ± 8.91 1.00 ± 0.01 1.02 ± 0.17 0.99 ± 0.05
50 mg CYC + bromocriptine 48.59 ± 9.98 48.59 ± 9.60 1.03 ± 0.06 1.03 ± 0.17 1.01 ± 0.07
100 mg CYC + bromocriptine 48.86 ± 9.37 48.59 ± 9.48 1.03 ± 0.04 1.07 ± 0.13 1.02 ± 0.02
200 mg CYC + bromocriptine 48.36 ± 10.27 48.5 ± 10.538 0.98 ± 0.06 0.99 ± 0.17 1.01 ± 0.03
PLC + L-Dopa 47.59 ± 9.86 47.59 ± 9.85 1.05 ± 0.07 1.02 ± 0.06 1.02 ± 0.05
50 mg CYC + L-Dopa 47.63 ± 9.54 48.04 ± 10.46 1.00 ± 1.00 1.01 ± 0.17 1.02 ± 0.05
100 mg CYC + L-Dopa 47.40 ± 7.83 47.86 ± 8.43 1.00 ± 0.04 0.94 ± 0.11 1.00 ± 0.07
200 mg CYC + L-Dopa 47.63 ± 8.51 47.72 ± 8.59 1.03 ± 0.06 0.99 ± 0.13 1.00 ± 0.05

SI1mV refers to the maximal stimulator output (%MSO) that was required for generating ∼1 mV MEP. BL1 refers to the baseline MEPs measured at the
beginning of each session, BL2 refers to the baseline MEPs measured 2 h after medication, and BL3 refers to the last baseline measurement, including required
TMS intensity adjustments. The results of the ANOVAs indicate no significant differences between baseline MEP and SI1mV before and after medication
between sessions. Data are presented as mean ± SD.

Table 2. Results of the repeated-measures ANOVA conducted for
two types of medication (DA andCYC).

df F P ηp2

DA 1.900 24.230 <.001∗ .708
CYC 2.341 19.362 <.001∗ .659
time 4.412 6.370 <.001∗ .389
DA × CYC 3.834 3.814 .011∗ .276
DA × time 5.949 4.458 .001∗ .308
CYC × time 6.395 4.167 .001∗ .294
DA × CYC × time 8.149 1.919 .067 .161

Note: DA = Dopaminergic medication (L-Dopa 100 mg, bromocriptine 10 mg,
placebo); CYC = D-cycloserine (50, 100, and 200 mg, or placebo); ∗P < 0.05.

this effect lasted for up to 120 min following stimula-
tion. Low-dose CYC did not significantly alter this effect.
Under combination of medium-dose CYC and L-Dopa,
MEPs were significantly enhanced compared to base-
line, and the L-Dopa alone medication condition, until
120 min after stimulation. High-dose CYC combined with
L-Dopa prevented aftereffects of anodal tDCS at all time
points compared to baseline and resulted in larger MEP
amplitudes as compared to the L-Dopa alone condition
between 15 and 120 min after intervention (Fig. 3b).

Dosage-dependent effect of D-cycloserine
on tDCS-induced LTP-like plasticity under D2
receptor activation
As revealed by the post hoc t-tests, bromocriptine pre-
vented an MEP amplitude enhancement after anodal
tDCS, as compared to baseline (Fig. 3c). When combined
with low-dosage CYC, the same result was observed, and
in this condition, MEP amplitudes also did not differ from
those under bromocriptine alone. Under medium-dose
CYC combined with bromocriptine, however, excitability
was significantly enhanced by anodal tDCS at all time
points except 0, and 10 min after stimulation, as com-
pared to baseline, and 15, 20, as well as 30–120 min
vs the bromocriptine alone condition. High-dose CYC
combined with bromocriptine prevented tDCS-generated

excitability enhancements at all time points except 0 min
after stimulation, where it significantly enhanced MEP
amplitudes vs baseline.

Comparison of tDCS-induced plasticity under
medium-dose CYC alone vs CYC combined
with L-Dopa or bromocriptine
Finally, tDCS-induced LTP-like plasticity under medium-
dose CYC alone was compared with the combination of
L-Dopa or bromocriptine added to CYC. Results of the
post hoc t-tests show that excitability enhancements are
significantly higher under medium-dose CYC alone for
the time points of 25, 30, 60, and 90 min as compared
to the combination with L-Dopa, for the time points of
0, 10, 30, and 60 min as compared to its combination
with bromocriptine, and for the time points of 60, 90,
and 120 min as compared to the pure placebo condition
(Fig. 3d).

Discussion
In this study, we investigated the contribution of NMDA
receptors on the focusing effect of DA on tDCS-induced
neuroplasticity. Our results revealed that the partial
NMDA receptor agonist CYC alone exerted a nonlinear
dosage-dependent effect on tDCS-induced aftereffects.
Medium-dose CYC most efficiently prolonged tDCS-
generated LTP-like plasticity. L-Dopa and the D2 agonist
bromocriptine abolished or reversed anodal tDCS-
induced facilitatory plasticity, which was restored via
co-application of medium-dose CYC. These findings
suggest that the abolishing or converting effect of general
DA activation on tDCS-induced LTP-like plasticity is
accomplished by enhanced D2 activity via a reduction of
NMDA receptor activity, as CYC reestablished dopamine-
dependently abolished or converted LTP-like plasticity
induced by anodaltDCS.
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Table 3. Reported side effects associated with a) medication given in the session, and b) tDCS during stimulation in each session.

a)

Subject Medication given in the respective session (symptoms)
A BROMO + CYC50 (nausea)
B BROMO + CYC100(nausea) BROMO + CYC200

(nausea)
C BROMO + CYC50 (nausea) BROMO + PLC (nausea,

vomiting)
L-Dopa + CYC100 (nausea)

D BROMO + CYC100 (nausea)
E BROMO + CYC200 (nausea, vomiting)
F L-Dopa + CYC200 (nausea)

b)

Side effect Placebo
PLC + PLC PLC + CYC200 PLC + CYC100 PLC + CYC50

Visual 0.00 0.090 ± 0.301 0.00 0.00
Itching 1.727 ± 1.103 1.363 ± 1.120 1.545 ± 1.128 1.272 ± 1.103
Tingling 1.454 ± 0.687 1.000 ± 0.447 1.272 ± 0.904 1.545 ± 1.128
Burning 0.636 ± 0.674 0.909 ± 1.044 1.000 ± 1.000 1.181 ± 1.328
Pain 0.272 ± 0.904 0.00 0.454 ± 0.820 0.272 ± 0.467

BROMO
PLC + BROMO BROMO + CYC200 BROMO + CYC100 BROMO + CYC50

Visual 0.00 0.00 0.00 0.00
Itching 1.000 ± 0.894 1.636 ± 1.026 1.181 ± 1.167 1.363 ± 0.924
Tingling 1.000 ± 0.632 1.363 ± 0.924 1.000 ± 1.264 1.363 ± 0.504
Burning 0.909 ± 1.044 1.454 ± 1.035 1.000 ± 1.000 1.363 ± 0.809
Pain 0.181 ± 0.603 0.181 ± 0.404 0.363 ± 0.504 0.454 ± 0.687

L-Dopa
PLC + L-Dopa L-Dopa + CYC200 L-Dopa + CYC100 L-Dopa + CYC50

Visual 0.00 0.00 0.00 0.00
Itching 1.090 ± 0.700 1.818 ± 1.328 1.727 ± 1.4206 1.545 ± 0.934
Tingling 1.454 ± 0.820 1.000 ± 1.095 1.181 ± 0.750 1.454 ± 0.820
Burning 0.909 ± 0.700 1.181 ± 0.981 1.181 ± 0.750 1.090 ± 0.943
Pain 0.454 ± 0.522 0.272 ± 0.646 0.363 ± 0.504 0.272 ± 0.467

Note: a) Occurrence and quality of side effects in single subjects under different medication conditions. b) The presence and intensity of tDCS-related side
effects were rated on a numerical scale ranging from 0 to 5, 0 representing no and 5 extremely strong sensations. Data are presented as mean ± SD.
tDCS = transcranial direct current stimulation, PLC = Placebo; CYC = D-cycloserine; BROMO = Bromocriptine.

Table 4. Repeated-measures ANOVA results for the presence and intensity of reported tDCS side effects during experimental
conditions.

Side effects Factors df F value P-value η2
p

Visual Condition 1 1 0.341 0.091
Itching Condition 4.620 0.679 0.629 0.064
Tingling Condition 4.483 0.663 0.637 0.062
Burning Condition 5.718 0.550 0.759 0.052
Pain Condition 5.014 0.572 0.722 0.054

Note: The presence and intensity of reported side effects during anodal tDCS were analyzed by repeated-measures ANOVAs with tDCS condition (12 values) as
the within-subject factor.

Effect of D-cycloserine on tDCS-induced LTP-like
plasticity

Our results revealed a nonlinear modulation of cortical
plasticity via CYC. While low-dose CYC slightly reduced
excitatory plasticity, the medium dose significantly pro-
longed anodal tDCS-induced LTP-like effects, as shown
in previous experiments (Nitsche et al. 2004). High-dose
CYC abolished LTP-like plasticity. CYC is a partial agonist
acting at the glycine-binding site of the NMDA receptor,
which plays a key role in plasticity induction (Thomas
et al. 1988). The medium dose of CYC used in our study
has been demonstrated to facilitate neuroplasticity in
both motor and visual cortices and to improve memory in

humans (Nitsche et al. 2004; Forsyth et al. 2015;
Brown et al. 2020). Low-dose CYC slightly diminished
LTP-like plasticity. In vivo microdialysis in rats revealed
that systematic administration of D-cycloserine at lower
range, but not higher dosages, significantly decreased
glutamate levels (Fujihira et al. 2007; Lehner et al.
2010), which provides an explanation for this effect.
The plasticity-diminishing effect accomplished by
high-dose CYC suggests an antagonist-like action at
this dosage level, supported by behavioral studies in
humans, where 250-mg CYC failed to facilitate motor
learning (Cherry et al. 2014; Günthner et al. 2016). A
similar dose-dependent modification of plasticity by
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Fig. 3. Dose-dependent effect of NMDA receptor activation on dopamin-
ergic modulation of LTP-like plasticity induced by anodal tDCS. The x-
axis displays the time points (in minutes) of baseline (BL) and after
measurements during the experiment. MEP amplitudes standardized to
the corresponding baseline values are plotted on the y-axis. a) Low-dose
CYC alone did slightly reduce anodal tDCS-generated LTP-like plasticity,
while the medium dosage prolonged and high-dosage CYC diminished the
aftereffects. b) L-Dopa alone and L-Dopa combined with low-dosage CYC
reversed anodal tDCS-induced excitatory plasticity, which was reestab-
lished by medium-dose CYC. Adding high-dosage CYC to L-Dopa abol-
ished tDCS-induced aftereffects. c) Bromocriptine alone abolished anodal
tDCS-generated aftereffects, and medium-dose CYC reestablished LTP-
like plasticity under bromocriptine, while low- and high-dose CYC did
not change the effects of bromocriptine. d) Medium-dose CYC alone
resulted in a higher excitability enhancement following anodal tDCS

CYC was observed in animal experiments, where LTP
was significantly facilitated when the CYC dosage was
increased from low to the medium range (Zhang et al.
2008). Similarly, it was shown that medium-dose CYC
promoted both working memory and long-term episodic
memory in mice (Zlomuzica et al. 2007; Bado et al.
2011), while higher dose CYC slightly depressed motor
behavior (Polc et al. 1986). As supported by the above-
mentioned studies, our results indicate that optimal
NMDA receptor activation is critical for the induction of
LTP-like plasticity by anodal tDCS and that optimizing
activity of NMDA receptors with medium-dose CYC
consolidates plasticity.

DAergic modulation of LTP-like plasticity
induced by anodal tDCS
The results here showed a negative impact of L-Dopa
and bromocriptine, as L-Dopa reversed anodal tDCS-
induced LTP-like plasticity into LTD-like plasticity, and
bromocriptine abolished it. This finding is in general
accordance with previous results (Kuo et al. 2008;
Monte-Silva et al. 2010; Fresnoza, Stiksrud, et al. 2014),
although the inhibitory effect of the D2 agonist in
the present study was less pronounced, possibly due
to heterogeneities between participants. The effect of
bromocriptine has been shown to depend on individual
baseline DA activity associated with DA synthesis capac-
ity as well as D2 receptor availability (Cools et al. 2009;
Lövdén et al. 2018; Papenberg et al. 2020), which
may explain gradual interstudy variabilities. On the
other hand, L-Dopa clearly reversed LTP- into LTD-
like plasticity, which replicates our previous findings.
It cannot be completely excluded that the focusing
effect of DA requires synergistic actions from different
receptor subtypes, including not only D2- but also
D1-like receptors (Seamans and Yang 2004). Moreover,
methodologically, the specific dosages of the substances
might not be exactly bioequivalent regarding their
effects on D2-like receptors, since respective data are
approximations. This could partially explain the reduced
susceptibility to individual variability as well as the more
homogenous excitability-diminishing effect under L-
Dopa.

DAergic effects on cognitive functions are assumed
to be accomplished by strengthening task-relevant
neural activity and suppressing irrelevant network
activity, thereby enhancing the signal-to-noise ratio.
tDCS-induced cortical activity and excitability alter-
ations might be more closely related to the latter,
due to the moderate and diffuse tDCS effects. The
neurophysiological mechanism of these effects has been
explored in animal experiments. DA application to the
frontal cortex in vivo results in reduction of neuronal
excitability (Bernardi et al. 1982; Gulledge and Jaffe 1998;
Gorelova and Yang 2000), which was accomplished by D2
activation (Gulledge and Jaffe 2001). In accordance, D2
agonists also diminish plasticity in the hippocampus as
well as in corticostriatal regions (Huang and Kandel 1995;
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Manahan-Vaughan and Kulla 2003; Higley and Sabatini
2010). Furthermore, enhancing D2 receptor activity
converted striatal LTP into LTD (Shen et al. 2008).
Similarly, both bromocriptine and L-Dopa abolished
and reversed anodal tDCS-induced excitatory plasticity
in humans (Kuo et al. 2008; Monte-Silva et al. 2010;
Fresnoza, Stiksrud, et al. 2014). A comparable effect was
also described at the behavioral level, where L-Dopa
or D2 activation alone impaired associative learning in
primates and humans (Mehta et al. 2001; Gallant et al.
2016; Vo et al. 2017; Marino and Levy 2019).

Proposed mechanisms of action
The results of the present study indicate a common
mechanism of L-Dopa and bromocriptine underlying the
modulation of anodal tDCS-generated LTP-like plasticity,
since both substances altered plasticity in the same
direction, and this effect was affected in a similar way
by CYC. The contribution of the D2 receptor to the
respective LTP-like plasticity abolishment accomplished
by L-Dopa is likely associated with a respective reduction
of NMDA receptor activity (Zheng et al. 1999; Kotecha
et al. 2002; Liu et al. 2006). Furthermore, D2 activation
diminished the NMDA receptor–associated excitatory
effect on prefrontal pyramidal neuron activity (Tseng
and O’Donnell 2004) and reversed LTP into LTD in the
striatum (Shen et al. 2008). Moreover, the plasticity
diminution accomplished by D2 activation is due to
reduced NMDA-mediated calcium influx (Higley and
Sabatini 2010). Calcium concentration is a critical
factor for plasticity direction, with a moderate calcium
influx required for LTP induction (Yang et al. 1999;
Lisman 2001; Misonou et al. 2004). The D2 receptor
regulates intracellular calcium concentration via several
downstream signaling cascades associated with the
NMDA receptor (Hernandez-Lopez et al. 2000; Li et al.
2009; Higley and Sabatini 2010; de Bartolomeis and
Tomasetti 2012). It is therefore conceivable that fine-
tuning of calcium dynamics by D2 receptor activation
exerts a critical influence on NMDA receptor–dependent
plasticity. Consistently, our results demonstrated that
medium-dose CYC, which facilitates anodal tDCS-
induced excitatory plasticity, restored the abolished
or converted LTP-like plasticity under L-Dopa and
bromocriptine, presumably via increase of intracellular
calcium level. While the missing effect of 50-mg CYC
could be explained by insufficient calcium concentration
caused by minor NMDA receptor activation, it might also
be due to the decreased glutamate level as observed in
an animal study under low-dosage CYC (Lehner et al.
2010). At the right end of inverted U-shaped curve, high-
dose CYC resulted in a significant decrease of LTP-like

plasticity, possibly via its antagonistic effect on NMDA
receptor activity, as demonstrated by in vivo models
(Anthony and Nevins 1993; Lanthorn 1994).

Functional implications
It is proposed that DA modulates cognitive functions
via its bidirectional influence on underlying neuronal
activity and excitability alterations, including plasticity,
and that the precise control of the direction of respective
alterations is determined by the amount of DA receptor
activation. The results from the current study, in
line with others, confirm that DA suppresses diffuse
LTP-like plasticity in neural networks and that this
effect is provided by D2 receptor activation (Kuo et al.
2008; Fresnoza, Stiksrud, et al. 2014). Studies in which
catechol-O-methyltransferase (COMT) polymorphisms
and D2 receptor availability were assessed via positron
emission tomography showed a positive association
between DA and D2 activity and memory functions,
suggesting a critical role of inhibitory D2 functions for
cognitive performance (Papenberg et al. 2020). Both
L-Dopa and bromocriptine have been shown to impair
probabilistic reversal learning in humans, suggesting
moreover that the directionality of these effects depends
critically on task characteristics, in accordance with
the assumed focusing effect of DA and D2 receptor
activation (Mehta et al. 2001; Cools and D’Esposito
2011). Pathophysiologically, an imbalance of DA receptor
activation might be relevant for various neuropsychiatric
diseases. In schizophrenia, specific cognitive symptoms
such as impaired recognition and working memory
are suggested to be partially related to D2 receptor
overactivation (Durstewitz and Seamans 2008). Never-
theless, cognitive impairments in schizophrenia have
also been shown to be associated with other receptors
and neurotransmitters/modulators, such as NMDA and
the cholinergic system (Goff et al. 2011). Given that
the contribution of D2-like receptors to the global
dopaminergic modulation of tDCS-induced plasticity is
evident as revealed in the present study, it cannot be
completely ruled out that other receptor subtypes are
involved in the focusing effect of L-Dopa. For example,
D1 activation has been shown to be associated with
reduction of NMDA transmission (Law-Tho et al. 1994). In
fact, bidirectional effects of D1 on NMDA receptors have
been observed and suggested to be dependent of multiple
factors such as dosage as well as level of neural network
activation, and for higher network activation states and
NMDA receptor activity–enhancing effect was observed
(for details see Seamans and Yang 2004). Moreover, in
our previous studies, D1-like receptor activation via
combined application of L-Dopa and the D2 receptor

compared with L-Dopa or bromocriptine plus medium-dose CYC. Data were extracted from Fig. 3a–c with the conditions CYC 100 mg + PLC, CYC
100 mg + bromocriptine, and CYC 100 mg + L-Dopa, respectively. Filled symbols indicate a significant difference of cortical excitability against the
respective baselines. In (a–c), floating symbols indicate a significant difference between each medication combined with CYC dosages with its respective
PLC condition at a given time point. In (d), the floating symbols indicate significant differences between the medium-dose CYC alone condition and
the respective medium-dose CYC+ L-dopa and medium-dose CYC+ bromocriptine conditions. Error bars represent SEM.
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antagonist sulpiride did not abolish LTP-like plasticity
(Nitsche et al. 2009; Fresnoza, Paulus, et al. 2014). Further
studies are nevertheless required for a more detailed
clarification of the specific involvement of dopamine
receptor subtypes in the modulatory effects of dopamine
on plasticity.

In summary, the results of the present study help to
clarify mechanistic aspects of DA receptor–dependent
modulation of neuroplasticity with respect to NMDA
receptor activation. The suppressive effect of both L-
Dopa and bromocriptine on diffuse LTP-like plasticity
induced by anodal tDCS is likely caused by negative
modulation of NMDA receptors, which is suggested by
the reestablishment of LTP-like plasticity via medium-
dosage CYC. Since NMDA receptors have calcium
channel functions, and tDCS-induced plasticity is
calcium-dependent, it can furthermore be assumed that
this effect is obtained via alterations of intracellular
calcium concentration.

One of the limitations of the current study is the plas-
ticity model applied in our experiment. Neuroplasticity
in the human motor cortex has been explored in the
majority of neurophysiology studies using noninvasive
brain stimulation techniques because of the convenience
of MEP recordings as index of cortical excitability. For
neurological disorders such as stroke associated with
motor dysfunction, DA has indeed been applied to aug-
ment poststroke motor recovery, although the outcomes
revealed no benefit in a recent study (Ford et al. 2019).
This could be partially explained by the LTP-reducing
effects of L-Dopa most likely via NMDA receptor down-
regulation, as shown in the current study. Following this
line, D1 enhancement might evolve as a better candi-
date for stroke rehabilitation as suggested by facilita-
tion of visuomotor/consolidation under D1 activation in
healthy humans in a recent study (Chen et al. 2020).
On the other hand, reduction of LTP-like plasticity has
also been shown in schizophrenia (Hasan et al. 2011).
It is nevertheless crucial to transfer these findings to
other areas, such as the prefrontal cortex, which plays
a pivotal role in cognitive functions involving a focusing
effect of dopamine. The recently introduced TMS-EEG
approach allows a noninvasive physiological readout of
plasticity in this area via TMS-evoked cortical poten-
tials and will thereby enable respective studies in the
future.

It should also be noted that serum concentration of
medication was not acquired in the present study, and
direct effects of glutamate levels associated with NMDA
receptors were not determined. Nevertheless, our results
revealed significant patterns of plasticity modulation by
DA and NMDA receptors. Furthermore, DA effects on
cognition have been shown to vary between individuals,
presumably due to differences of baseline DA levels as
well as the extent of receptor subtype activities, caused
by genetic variation (Cools et al. 2009; Lövdén et al. 2018).
Future experiments combining genetic classification as
well as neuroimaging for quantification of the activity of

specific DA receptor subtypes will provide more detailed
information to elucidate further the mechanisms of DA
modulation on cerebral physiology.
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