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38.1 Introduction

Transcranial direct current stimulation (tDCS) is
a noninvasive brain stimulation technique which
induces cortical excitability alterations via appli-
cation of continuous, weak direct current through
the scalp, leading to bidirectional plasticity induc-
tion according to the stimulation protocols [1, 2].
Neuroplasticity induced by tDCS also shares com-
mon features with synaptic plasticity in animal
studies. The process involves glutamatergic mecha-
nisms and can be modulated by different transmit-
ters, including dopamine, acetylcholine, serotonin,
and noradrenaline, which are also associated with
a broad range of psychiatric diseases. In recent
years, tDCS has been increasingly implemented as
an adjuvant to conventional clinical therapy with
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promising results. As the majority of psychiatric
disorders is connected to dysfunctions of specific
neuromodulator systems, respective pharmacother-
apy is a primary option for treatment. It is therefore
crucial to consider the possible interacting factors
between tDCS and medications, in order to maxi-
mize treatment efficacy. Here we briefly review the
neurochemistry of tDCS effects and discuss the
knowledge obtained so far from pharmacological
experiments with healthy participants, as well as
clinical trials and pilot studies, with the aim to inform
future combined pharmaco-stimulation approaches
in basic research, and clinical application.

38.2 tDCS Physiology: lon
Channel-
and Neurotransmitter-

Dependent Mechanisms

tDCS induces neuroplasticity via a primary
effect on neuronal membrane polarization,
which involves modulation of neuronal ion chan-
nel activities. Prolonged stimulation over some
minutes results in excitatory plasticity, simi-
lar to long-term potentiation (LTP), following
anodal tDCS, while cathodal stimulation induces
excitability inhibition comparable to long-term
depression (LTD). Pharmacological studies
revealed an abolishment of the acute effects of
anodal tDCS via calcium and sodium channel
block, but not NMDA receptor antagonists, and
GABA receptor activity enhancement [3], which
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is in accordance with an involvement of ion
channels, but not synaptic mechanisms, in these
immediate polarization-dependent tDCS effects.
Furthermore, the neuroplastic after-effects of
anodal tDCS-induced LTP-like plasticity were
blocked by the respective calcium and sodium
channel blockers carbamazepine and flunarizine,
which stresses the relevance of the initial polar-
ization effects for the induction of plasticity by
tDCS [3]. Neuroplasticity elicited by tDCS is
also dependent on NMDA receptors, and thus
glutamatergic mechanisms, as the blockade of
these receptors results in diminution of cortical
plasticity [3, 4], while enhancing NMDA activity
via the partial agonist d-cycloserine prolonged
and consolidated LTP-like plasticity following
anodal tDCS [5]. The mechanism underlying
glutamatergic plasticity is associated with the
dynamics of calcium concentration [6]. Animal
research revealed an alteration of the neuronal
calcium profile after direct current stimulation
[7, 8]. Accordingly, anodal tDCS-induced excit-
atory plasticity in humans was abolished by cal-
cium channel block, and the nonlinearity of tDCS
effects has been shown to be associated with cal-
cium dynamics [3, 9]. In addition to the involve-
ment of NMDA receptors, tDCS effects are also
associated with regulation of AMPA receptor
activities [10].

The neuroplasticity-inducing effect of tDCS is
also related to GABA activity, which is one of the
key regulators of the cortical excitation/inhibition
balance. In the primary motor cortex, anodal, and
cathodal tDCS reduces local GABA, as revealed
by magnetic resonance spectroscopy (MRS) [11],
and also by the enhancement of I-wave facili-
tation following anodal, and cathodal tDCS, as
this specific TMS measure is determined by the
GABAergic system [12]. Reduction of GABA
might thus have a gating effect on tDCS-induced
glutamatergic plasticity. It also explains the rela-
tively minor effect of benzodiazepines on tDCS-
induced plasticity, as these work only on active
GABA receptors. For prefrontal stimulation,
MRS results however revealed no change of the
GABA level at the left dorsolateral PFC (dIPFC)
after anodal tDCS, with the return electrode
attached to contralateral right dIPFC [13]. This

might mean that the modulatory effect of tDCS
on GABAergic activity is different across cortical
areas. It should however be noted that stimulation
parameters were not identical between studies,
and more studies are required for more conclu-
sive comparisons. The recent development of
noninvasive brain research techniques such as the
combination of transcranial magnetic stimulation
and electroencephalography (TMS-EEG) allows
direct excitability measures also in associative
cortical modalities [14]. Specific components of
TMS-evoked potentials (TEP) have been shown
to be related to the dynamics of neurotransmis-
sion, including the GABAergic system [15], and
might help to further clarify mechanisms.

As the involvement of glutamate/GABA
neurotransmitter systems in psychiatric disor-
ders came increasingly into attention recently,
both have been targeted for the purpose of more
efficient treatment. For instance, pathological
connectivity alterations in glutamatergic and
GABAergic systems have been proposed to par-
tially explain the pathophysiology of depression,
and corresponding medication such as ketamine
or GABA-targeting compounds have shown
therapeutic potential in clinical trials [16, 17].
Given the increasing implementation of tDCS in
psychiatry, it is crucial to obtain a better under-
standing about the modulation of tDCS effects
by these neurotransmitters also in clinical pop-
ulations, which might require an adjustment of
treatment in case of combined application.

38.3 Modulation of tDCS Effects
by Neuromodulators

In contrast to the abovementioned neurotransmit-
ters, which are involving fast-acting signals across
the synaptic cleft to induce excitatory and inhibi-
tory postsynaptic potentials, neuromodulators
are associated with diffuse, volume-transmitted
mechanisms, which have no large effects on their
own, but modulate neuronal activities at a slower
time course. In this section, the impact of neuro-
modulatory systems which are critically involved
in the majority of neuropsychiatric diseases,
including dopamine, acetylcholine, serotonin,
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and noradrenaline, on tDCS-induced plasticity
will be covered.

38.4 Dopamine

As one of the most important neuromodulators in
the category of monoamines, dopamine is a key
player in many cognitive functions, including
reward, decision making, or working memory.
The disturbance of respective operations leads
to behavioral dysfunctions, which are linked to
many neuropsychiatric diseases. Physiological
and cognitive studies in both animal models and
humans have demonstrated complex modulatory
effects of dopamine on brain physiology, which
underlie respective psychological processes. At
the molecular level, dopamine mediates brain
physiology via clusters of receptors on neuronal
membranes, classified as D1- and D2-like recep-
tors, which can be distinguished by pharmaco-
logical agonists and antagonists. It is proposed
that dopamine exerts its function as a result of
the dynamic balance between D1 and D2 activa-
tion, revealed as differential modulatory effects
of the two receptor subtypes on cortical activ-
ity and neuroplasticity [18], which are thought
to account for nonlinear effects of dopamine on
physiological, psychological, and motor func-
tions [19].

38.4.1 Dopaminergic Effects
on Neurophysiology
and Cognition in Humans

Evidence from animal studies indicates that
dopamine modulates neuroplasticity via its
impact on the specific interaction between
NMDA and GABA receptors, based on distinct
D1 and D2 receptor contributions on the activity
of these receptors [18, 20]. A biphasic effect of
dopamine on synaptic plasticity has been shown
in numerous studies [21, 22], which is assumed
to be caused by its impact on NMDA and GABA
receptors. DA potentiates NMDA currents or
membrane depolarization via D1 receptor acti-
vation [23, 24], although an inverted U-shaped

dose-dependency has also been described [18].
On the other hand, D2 receptors have a suppress-
ing effect on NMDA receptors, and neuronal cal-
cium influx [25]. Dopamine has also the capacity
to evoke a biphasic modulation of GABA-
mediated currents: D2-like receptors reduce,
while DI-like receptors increase GABAergic
activity [26-28]. The dopaminergic effects on
NMDA and GABA responses are furthermore
neuronal activity-dependent. In case of low net-
work activity, it is assumed that the D1 receptor
exerts synaptic plasticity-reducing effects, as the
increase of low-level NMDA activation is out-
weighed by concurrent, large-range GABA cur-
rents enhanced by D1 receptor activity [27]. On
the other hand, higher network activity results in
persistent stronger NMDA receptor activation
[29], which is further strengthened by D1 recep-
tors [21, 27]. The opposite effect is observed with
D2 activation, where glutamatergic plasticity is
reduced via reduction of activation of NMDA
receptors, but enhanced by D2-decreased GABA
responses when higher network activity is pres-
ent. Dopamine is thus assumed to have a complex
modulatory effect on synaptic plasticity, based
on its effects on glutamatergic and GABAergic
transmission.

For the human brain, the impact of dopamine
on brain physiology was studied most extensively
for the motor cortex as a model system. The con-
tribution of dopamine to motor cortical plastic-
ity in humans is complex, and seems to depend
on a couple of factors, such as receptor subtype
activation, amount of activation (i.e., dosage of
respective dopaminergic substances), as well as
history and state of activation of the target struc-
tures. Dopamine has been shown to be essential
for neuroplasticity induction by tDCS. The D2
antagonist sulpiride abolished tDCS-induced
cortical plasticity [30]. Results of further stud-
ies suggest—similarly to those of related animal
models (see above)—that dopamine enhances
the signal-to-noise ratio in the human brain, and
that this effect depends on the amount of recep-
tor activation, and receptor subtypes. Whereas
dopamine abolishes diffuse LTP-like plasticity,
as induced by tDCS, or converts it into LTD-like
plasticity, it preserves or enhances focal plastic-
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ity, as generated by paired associative stimulation
(PAS), if dopaminergic activity is moderately
enhanced [31-33]. DI- and D2-like receptors
contribute in discernible ways to this global dopa-
mine effect. While D2 receptors have a similar
impact on plasticity as dopamine itself, D1-like
receptor activation fosters facilitatory plastic-
ity independently from its focality [34, 35]. In
addition, results from these studies also revealed
a dose-dependency of dopaminergic modula-
tion on neuroplasticity, where medium dosage
resulted in most prominent effects, whereas low
and high dosages reduced tDCS-induced plastic-
ity. In case of low-dose dopaminergic enhance-
ment, the respective plasticity-abolishing effect
might be due to the activation of presynaptic,
inhibitory autoreceptors [32, 33, 36].

38.4.2 Clinical Aspects

Dysfunctions of the dopaminergic system have
been related to many psychiatric disorders
including schizophrenia, where treatment with
dopamine antagonists improves symptoms. tDCS
has been probed for the treatment of schizophre-
nia symptoms, and improved negative symptoms,
attention, and reduced auditory hallucinations
[37-41]. Given the impact of DA-affecting sub-
stances on tDCS-induced plasticity, it would be
important to learn about respective interactions
also with respect to clinical studies. In one study,
the efficacy of tDCS to reduce auditory hallucina-
tions was compared in patients treated with neu-
roleptics with high and low D2 receptor affinity
[40]. The result revealed less therapeutic efficacy
when tDCS was combined with high-affinity
antipsychotics, which is in accordance with the
plasticity-abolishing effect of D2 receptor block
described before [30].

Repetitive disorders, such as the Tourette
syndrome, are also associated with imbalanced
dopamine activity [42]. Beyond the modula-
tion of tDCS effects by dopaminergic and anti-
dopaminergic agents, the stimulation itself might
affect dopaminergic activity, and thereby elicit
clinical effects. Application of tDCS in an ani-
mal model of Tourette syndrome has been shown

to alleviate pathological repetitive behavior via
reducing dopaminergic hyperresponsivity in a
sensorimotor cortico-striatal circuitry which has
been targeted for therapy with deep brain stimu-
lation [43]. Similarly, tDCS has also been shown
in human studies to modulate dopaminergic
activity in subcortical striatal regions, indicating
the opportunity to apply tDCS for dopaminergic
enhancement in clinical syndromes caused by
dopamine deficiency [44, 45].

38.5 Acetylcholine

Acetylcholine (ACh) is involved in the arousal/
attentional system as well as in many other cog-
nitive functions, such as working and long-term
memory. Apart from its wide distribution in both
subcortical and cortical regions, cholinergic sig-
naling also acts in a temporal- and spatial-specific
manner [46, 47]. Dysfunction of cholinergic,
particularly nicotinic receptor transmission, can
lead to cognitive impairment or dementia, in
which abnormal regulation of synaptic plastic-
ity is thought to be involved at the neurophysi-
ological level [48, 49]. Moreover, cholinergic
function varies in healthy humans according to
brain states, and nicotine consumption, which
can explain partially its observed complex and
heterogeneous effects on cognition.

38.5.1 Cholinergic Modulation
of Cortical Excitability,
Plasticity, and Cognition

Cholinergic activation alters cortical excitability,
and thereby regulates neuroplasticity [50-52].
These effects are directly induced via choliner-
gic transmission, but also based on its impact
on other neurotransmitters, such as glutamater-
gic, GABA-ergic and dopaminergic systems [53,
54]. In animal experiments, it has been shown
that neuronal excitability can be enhanced by the
activation of nicotinic ACh receptors (nAChRs)
via the increase of glutamate release, or by mus-
carinic ACh receptors (mAChRs), which reduce
presynaptic GABAergic inhibition on pyramidal
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neurons [55, 56]. On the other hand, nAChRs
also facilitate GABAergic inhibition, possibly
via downregulation of Ca?* signaling [57, 58].
This inhibitory effect of nicotine is reflected in
human cortical excitability, as it significantly
enhances GABA-associated cortical inhibition in
nonsmokers [59]. An important role of nAChRs
in synaptic plasticity has been also revealed (for
review, see [52]). The activation of nAChRs
enhances LTP induction with or without NMDA
receptor involvement [49, 60, 61], but it has also
been demonstrated to diminish LTP [62]. This
heterogeneous effect, which underscores the
neuromodulatory role of this system, might be
explained by different factors, including specifics
of the stimulation protocol, and brain states. With
respect to the impact of cholinergic modulation
on tDCS-induced plasticity, global cholinergic
activation by application of rivastigmine, an ace-
tylcholinesterase inhibitor, diminished LTP-like
plasticity induced by anodal tDCS and slightly
prolonged LTD-like plasticity following cathodal
tDCS [63]. A similar pattern of results was also
demonstrated for nAChR activation when apply-
ing nicotine or the a4p2-receptor partial agonist
varenicline [64, 65]. The mechanisms underly-
ing the LTP-like plasticity-diminishing effects
of nicotinic receptor activation might involve
calcium dynamics, since reduction of nicotine-
induced calcium overflow by an NMDA antago-
nist as well as calcium channel blocker restituted
neuroplasticity [9, 66]. Beyond these effects
of nicotinic activation on nonsmoking healthy
humans, in smokers LTP-like plasticity was not
induced by anodal tDCS under nicotine with-
drawal, most likely to nicotinic receptor desensi-
tization induced by chronic nicotine application
[67]. Administration of nicotine or varenicline
however reestablished compromised plasticity in
these participants [67, 68].

38.5.2 Implications for Basic
and Clinical Research

For studies in healthy humans, the results imply
that inclusion of smokers should be avoided in
basic studies which do not aim to explore the

effects of nicotine, because of the relevant effect
of smoking, and especially nicotine withdrawal,
on the physiological effects of tDCS. For clini-
cal studies with tDCS application, the situation
might be more complex, as excluding smokers
would mean to reject a relevant portion of the
patients. Here it would be crucial to implement
nicotine consumption, that is, smoking, during
experimental sessions, as well as the timing since
last consumption, at least as confounding fac-
tors for control. Indeed, it has been shown that
smoking has a relevant impact of tDCS effects
in clinical populations. tDCS-induced motor
cortical plasticity was reduced in schizophrenia
patients who are nonsmoking or smokers under
nicotine withdrawal, while in smoking patients
the tDCS effect was restored by nicotine applica-
tion [69, 70]. Smoking state also had a relevant
impact on the therapeutic effect of tDCS. In one
study where multiple-session tDCS was applied
in schizophrenia patients to reduce auditory hal-
lucinations, the results demonstrated a lack of
response in smokers when compared to non-
smoking patients, possibly due to partial self-
regulated abstinence in smokers before treatment
sessions [71]. In contrast, under proper control
of nicotine consumption during the experimental
course, tDCS did improve cognitive performance
in chronic smoking schizophrenics without
withdrawal [72]. These results underline the
importance of nicotine levels for tDCS efficacy,
particularly for long-term smoking patients in
clinical studies.

Based on the cholinergic hypothesis, pro-
cholinergic drugs are applied to improve patho-
logical cognitive decline in patients with mild
cognitive impairment and dementia [73-75].
As cumulative evidence also suggests benefi-
cial effects of tDCS for cognitive functions, it
has been applied recently to augment the effi-
cacy of respective pharmacological treatment in
patients with cognitive deficits. Combination of
the acetylcholinesterase inhibitor donepezil with
6-months tDCS treatment significantly improved
global cognitive performance in patients with
Alzheimer’s disease, as compared to pharmaco-
therapy alone [76]. This approach provides initial
evidence for a potential synergistic effect of both



734

M.-F. Kuo and M. A. Nitsche

interventions to prevent or diminish cognitive
decline in dementia. At the first look, this effect is
surprising, given that in healthy humans, cholin-
ergic activation diminishes plasticity. The likely
explanation is however that respective patients
have a hypofunctional cholinergic system, simi-
lar to smokers under nicotine withdrawal, which
is counteracted upon by pharmacological activa-
tion of the system, and thus reestablishes plastic-
ity induction by tDCS.

38.6 Serotonin and Noradrenaline

38.6.1 Neuromodulatory Effect
of Serotonin

Serotonin  (5-hydroxytryptamine, 5-HT) has
been classified as a neurotransmitter or -modu-
lator [77]. The serotonergic system is involved
in cognition, mood, behavior, motor processes
[78] and also linked to executive functions [79].
Increased serotonin levels improve learning,
memory, and motor functions in healthy and
post-stroke patients [80, 81]. Dysfunction of
this system contributes to the pathophysiology
of psychiatric diseases, such as depression [82].
Studies in humans and animals have provided
evidence for a relevant role of 5-HT in neuro-
plasticity [83, 84]. Animal studies have revealed
that 5-HT interferes with LTP and LTD, and these
effects are related to drug dosage, receptor sub-
types, and duration of 5-HT receptor activation
[85, 86]. Activation of 5-HT2 receptors results
in calcium release from intracellular storages,
while 5-HT3 activation increases conductance
of calcium influx, and both effects contribute to
LTP induction [87]. It was also shown that LTD
in hippocampal slices was converted to LTP vis
5-HT4 enhancement, suggesting an excitatory
modulation of serotonin on neuroplasticity [86].
In humans, it was shown that the enhancement of
serotonin levels by a selective serotonin reuptake
inhibitor (SSRI) modulates neuroplasticity in dif-
ferent modalities. In the visual area, long-term
SSRI administration augmented visual plasticity
in healthy participants [88]. A related LTP-like
plasticity-enhancing effect was also observed

in the motor cortex, where application of cita-
lopram resulted in enhanced LTP-like plasticity
induced by tDCS or PAS, and reduction or even
conversion of LTD-like into LTP-like plasticity
[89-91]. Moreover, similar, but stronger effects
have been shown under chronic application of
the same SSRI, which might be associated with
long-term therapeutic effects of respective phar-
macological treatment in clinical settings [90]. A
recently published study also showed beneficial
influences of SSRI on cognitive functions in both
healthy young and aging humans, and revealed
a more prominent effect when medication was
combined with anodal tDCS over the right tem-
poroparietal region [92]. These results indicate a
potential of combined treatment with SSRI and
tDCS in associated basic and clinical domains,
which might be due to synergistic effects on LTP-
like plasticity.

38.6.2 Neuromodulatory Effect
of Noradrenaline

Similar to serotonin, cortical excitability and
plasticity, both LTP and LTD, are modulated by
noradrenergic activation via its impact on vari-
ous intracellular processes. Animal studies have
shown that neuronal excitability is enhanced
by the activation of B-adrenoreceptors via sup-
pressing GABAergic inhibition and facilitat-
ing the activation of NMDA receptors [93].
On the other hand, a-adrenoreceptors decrease
neural excitability by facilitating GABAergic
inhibition, possibly via downregulation of cal-
cium signaling [94]. Similar results have been
found in human studies. Here, noradrenergic
enhancement increases cortical excitability via
enhancement of NMDA receptor-dependent
facilitation and reduction of GABAergic inhi-
bition, in principle accordance with a primarily
(-adrenergic enhancing effect [95]. Regarding
synaptic plasticity, animal studies have shown
that activation of pB-adrenoreceptors strengthens
LTP, while a-adrenoreceptors promote LTD [96,
97]. In a human study, enhancement of mono-
amine availability fostered noninvasive brain
stimulation-induced LTP-like plasticity, whereas
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stimulation-induced plasticity was reduced by a
B-adrenergic antagonist [98]. Acute and chronic
administration of the selective noradrenaline
reuptake inhibitor (NRI) reboxetine increased
and prolonged stimulation-induced LTP-like
plasticity, whereas it converted LTD-like plastic-
ity into LTP-like plasticity [99, 100]. Similar to
adrenergic effects on excitability, this pattern of
results is in accordance with a primary impact of
B-adrenoceptors on plasticity in humans [98].

38.6.3 Clinical Aspects

Pathophysiological disturbances or lesions
of the prefrontal cortex are closely related to
numerous neuropsychiatric disorders. Major
depression is associated with a task-associated
dysbalance of bilateral prefrontal cortex activa-
tion, where lower activity was shown in the left
dorsolateral prefrontal cortex [101]. Moreover,
reduced LTP is also suggested as a pathologi-
cal agent in depression, and might involve large
parts of the brain, since a reduction of visual
cortical plasticity was observed in depression
[88]. These findings might explain the therapeu-
tic benefit of serotonin for depression, as 5-HT
exerts excitatory effects on LTP-like neuroplas-
ticity as shown in healthy participants [89-91].
Furthermore, the observed facilitation of LTP-
like plasticity resulting from the combination of
drugs and stimulation establishes a rationale for
combined application in depression. Indeed, it
has been demonstrated that sertraline combined
with tDCS over the dorsolateral PFC had a supe-
rior impact on major depression when compared
with placebo and the respective single interven-
tions [81]. Interestingly, patients who received
only tDCS treatment also showed significantly
better improvement than placebo. This approach
to augment clinical treatment effects is currently
further explored in ongoing clinical trials [102].
Following a similar rationale, as discussed in
the previous section, noradrenergic medication
has also been implemented in treating depres-
sion, as well as other psychiatric diseases such
as attention-deficit/hyperactivity disorders or
panic disorder, although consensus over its effi-

ciency remains to be established (see [103] for
an overview). Combining NRIs with tDCS might
be a way to enhance treatment outcomes, follow-
ing the rationale outlined above, which however
needs validation in clinical trials.

38.7 Conclusion

As a noninvasive brain stimulation tool which
modulates cortical excitability and induces plas-
ticity, tDCS has been implemented in psychiatry
to normalize pathological excitability and plas-
ticity alterations. Technically it is often combined
with conventional pharmacological therapy,
because patients are under routine medication, or
in a targeted way to further enhance therapeutic
efficacy. Hence it is crucial to better understand
the synergies, as well as interaction of tDCS and
pharmacotherapy. Evidence from both basic and
clinical studies has provided important infor-
mation about the co-application of tDCS and
medication, as discussed above. The outcomes of
combined interventions are heterogeneous, and
manifested as diminished, enhanced, or stratified
tDCS effects, which is explained by the neuro-
physiological mechanisms of stimulation effects,
and their association with the sites of action of
respective medications. Neuroplasticity induced
by tDCS is determined by NMDA receptors and
modulated by several neuromodulators such as
dopamine, acetylcholine, serotonin, and nor-
adrenaline. The effects of neuromodulators on
tDCS-induced plasticity can be further classified
into two principle patterns of action: for dopa-
mine and acetylcholine, the activation of both
neurochemical systems strengthened LTD-like
plasticity induced by tDCS, and reduced LTP-
like plasticity, or even converted it into inhibi-
tion, while serotonin and noradrenaline exerted
an overall facilitatory effect, resulting in LTP-
like plasticity enhancement, and a conversion of
LTD-like plasticity into LTP-like plasticity. These
effects are also determined by the applied dos-
age and the balance between receptor subtypes,
for which the mechanisms have not been fully
identified, particularly in humans. It should also
be noted that most of the findings from human
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studies so far are based on the motor cortex as
model system. A one-to-one translation to the
prefrontal cortex, which is involved in the major-
ity of psychiatric disorders, as well as translation
from healthy humans to patients requires caution
and further exploration for support and guidance
of clinical applications.

In general, the design of patient studies should
take into consideration the concurrent treatment
with different types of medication, as well as
consumption of recreational substances such as
nicotine, which affect the outcome of tDCS. This
is relevant to elucidate synergistic, and antago-
nistic effects of combined stimulation, and

pharmacological interventions, which is crucial
to tailor therapeutic approaches for improve-
ment of treatment success. Specifically, tDCS
has revealed potential as an adjunctive therapy
in psychiatry, and results from clinical experi-
ments combining stimulation and pharmacology
are encouraging. Such combination might be
extended in future to a synergistic, multimodal
treatment module, especially when tDCS proto-
cols could be adapted to normalize pathological
plasticity. It is expected that accumulating results
from future studies will bring more insight into
therapeutic mechanisms and thereby benefit the
field (Fig. 38.1).
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Fig. 38.1 Neurophysiology and modulation of tDCS-
induced neuroplasticity

Shown are the main plasticity mechanisms of glutama-
tergic synapses, and the modulation of ion channels as
well as neuromodulators relevant for tDCS-induced
plasticity. NMDA receptors are activated via glutamate
release in combination with tDCS-induced neuronal
membrane depolarization, which results in neuronal cal-
cium influx through the subsynaptic membrane. In addi-
tion to NMDA receptors, the activity of voltage-gated
calcium channels (VGCCs) contributes to respective
intracellular calcium alterations via polarization effects
of tDCS. The enhanced intracellular calcium concentra-

tion activates enzyme cascades and consequently AMPA
receptor trafficking, which further determines the prob-
ability of supra-threshold postsynaptic activation upon a
given presynaptic activity level. Hereby, the amount of
calcium concentration determines if AMPA receptors are
inserted into or removed from the subsynaptic mem-
brane. As such, the modification of AMPA receptor den-
sity is the main basis of LTP and LTD. Various
neurotransmitters such as GABA, dopamine, acetylcho-
line, serotonin, adrenaline, and noradrenaline influence
these mechanisms of action in a complex, sometimes
nonlinear way via their specific receptors, and impact on
glutamatergic receptors and ion channels.
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