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Foreword to the Second Edition

After the successful first edition in 2016, Andre Brunoni, Michael Nitsche
and Colleen Loo took the endeavour to edit a second edition with a new com-
prehensive structure covering all aspects of tDCS application to keep pace
with the rapidly developing research field of non-invasive brain stimulation
(NIBS). The book provides deep insights in tDCS research and application:
Forward and reverse translation between computational modelling, animal
models, human physiology and therapeutic applications as well as personal-
ized, brain circuit or state focussed approaches represent exciting new ave-
nues of tDCS research. At the same time, the clinical fields of tDCS use are
growing in terms of disorders, applications from childhood to old age and
settings, even reaching out to treatment at home.

As in its first edition, the chapters of this book again allow a deep reflec-
tion and discussion of research lines, their alternatives, limitations, chances
and perspectives for informing young scientists new in the field, but also
guiding experts in their future research as there are still many unexplored or
unknown topics. Compared to other NIBS interventions, tDCS has been par-
ticularly fascinating for me in a threefold paradox: (1) How does tDCS with
its probably most subtle mechanistic action among NIBS interventions induce
pronounced neuromodulation of function and plasticity? Here, we need to
remember that neurophysiological effects are rarely linear and minor changes
matter, e.g. differences in rTMS protocols may lead to divergent effects (i.e.
intermittent and continuous theta burst stimulation just differ in intervals, but
neither in intensities, bursts shapes or frequencies). (2) How could we apply
the least focal NIBS method — perhaps except high definition (HD) tDCS —
based on individual fMRI data for personalized treatment within a precision
medicine framework? Bipolar or multi-electrode montages meet functions
not represented in a single cortex regions, and specificity may rather be
achieved by combining specific tasks or interventions (i.e. motor or cognitive
training) with tDCS than by targeting a specific cortex region. (3) Does an
intermittent and acute treatment as tDCS (e.g. in contrast to deep brain stimu-
lation) lead to post-stimulation effects maintained or even growing for weeks
or months? Though this has not been proven to date, single studies seem to
point to such a prolonged action after the acute treatment interval [1].
However, we know such effects from the fields of training and
psychotherapy.
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In many respects, tDCS may therefore challenge common but simplified
views on brain function and topography, which may sneak in again through
the backdoor, even if we feel that we have send them to the archive. I hope
other readers will enjoy this book as much as I do.

Frank Padberg

Department of Psychiatry and Psychotherapy
LMU Munich

Munich, Germany
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Foreword to the First Edition

Why writing a book on transcranial direct current stimulation (tDCS)? This
question is especially relevant in the face of the rapidly increasing numbers of
journals, open access publications, wikis and blogs. In parallel to the exponen-
tial spread of information sources, information and beliefs also tend to be found
in shared virtual spaces, where they are amplified and reinforced. Critical
reflection on concurrent and opposing opinions, or a synopsis of such opinions,
is underrepresented in such “echo chambers”. This is the case for the general
public discourse and may also be true for the reception of scientific findings.

tDCS is a technically extremely simple method and easy to apply. Thus, people
can be tempted to build the equipment themselves or try do-it-yourself (DIY)
application without any expert guidance—numerous video clips for DIY tDCS on
the web are just one form of public sharing of knowledge and convictions about
this method that are echoed by other followers. People are also tempted to follow
intuitive attitudes or convictions about tDCS, e.g. non-verified dose/parameter
response assumptions, hypotheses on the functional anatomy of tDCS effects or a
general idea of reinforcing brain functions with no side effects (cognitive enhance-
ment). The 2016 paper “tDCS modulates neuronal activity and learning in pilot
training” [1] is just one example where the title immediately and strongly suggests
an application in real-world settings. Karl R. Popper’s general rule, however, “that
we are not to abandon the search for universal laws and for coherent theoretical
system, nor ever give up our attempts to explain causally any kind of event we can
describe” [2], which he proposed to be closely associated with the “principle of
causality”, should remind us to be careful about making assumptions. Admittedly,
though, we often follow associative or correlative relations, particularly when
applying insights from neuroscience to clinical situations.

Of course, a single book cannot counterbalance or overrule current trends
in a scientific discussion. Moreover dispersed, “open access” pieces of data
and information are also extremely valuable in a thorough discussion of sci-
entific findings. Nevertheless, because this book combines a critical amount
of data and hypotheses it allows the reader to appraise findings and theories
on tDCS and its variants.

Andre Brunoni, Michael Nitsche, Colleen Loo and the other authors, all
pioneers and leading experts in the field, have taken a brilliant approach to this
endeavour and guide us through the state of the art in tDCS. The different chap-
ters cover tDCS development, related technologies (e.g. transcranial alternating
current stimulation, tACS, or transcranial random noise stimulation, tRNS),
physiology and translational research from animal experiments to preclinical

vii
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studies in humans involving neurocognitive and neuropsychological approaches,
electroencephalography and magnetic resonance imaging (MRI). Several chap-
ters cover specific applications ranging from cerebellar and spinal tDCS to dif-
ferent applications in neuropsychiatric disorders. The final part of the book
outlines and discusses safety-related, ethical and regulatory issues.

tDCS is part of the armamentarium of non-invasive brain stimulation
(NIBS), which constitutes a growing array of techniques such as transcranial
magnetic stimulation (TMS), paired associative stimulation (PAS) and trans-
cutaneous vagal nerve stimulation.

Each NIBS technique, but also each variant of tDCS, is a neurophysiologi-
cally distinct method. The authors of this book are aware that tDCS is used as
a non-focal approach on the most complex organ/system of the human body
and that the differential action of tDCS on single neurons or neuronal circuits
or glial cells is difficult to predict or target. Dose-response curves often show
non-linear functions, which are currently not fully understood. Furthermore,
dynamic effects of repeated tDCS administration, which are particularly
important for therapeutic applications, still need to be elucidated. The combi-
nation of tDCS with psychotherapy and other interventions is currently being
tested in pilot studies and is proving to be extremely challenging [3]. Such
open methodological fields would provide a large experimental terrain for
preclinical studies in cellular and animal models, but studies in this preclini-
cal field are still underrepresented. Thus, the book may stimulate the transfer
of research based on clinical or experimental data in humans to the preclinical
field of cellular or animal research strategies (reverse translation).

This book is comprehensive and as such valuable. The task of preparing it
motivated the editors and authors to move systematically through the field of
research and to also cover topics which are not on the main track, e.g. the his-
tory of tDCS and ethical and regulatory issues. Consequently the content of
chapters may overlap, as a reflection of different perspectives. This book allows
the reader to jump between chapters to compare information, hypotheses and
views. It is an excellent resource for senior and junior scientists, doctorate stu-
dents and others to introduce them to this fascinating field of research.

Frank Padberg

Department of Psychiatry and Psychotherapy
LMU Munich

Munich, Germany
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Preface to the Second Edition

It is with pleasure that we, the editors, have organized the second edition of this
book. While in its edition tDCS was presented by us as the youngest child of
the family, we are proud that this member has just reached maturity. However,
being an adult does not only bring new possibilities, but additional responsibili-
ties as well. Considering this development, and the good reception that our first
edition achieved in the community, this second edition was organized.

While the first edition was organized into 3 parts, the present edition now
contains Introduction and Mechanism of Action, Research Methods, tDCS in the
Life Cycle, Applications of tDCS in Neuropsychiatric Disorders, and The clini-
cal use of tDCS. The first part updated chapters on tDCS mechanisms and animal
studies of tDCS, aspects of the technique that have undergone immense research
recently. The second part describes the methodology involved in tDCS research,
with new chapters dedicated to the exciting combination of tDCS with neuroim-
aging modalities. In the third part, we describe the use of tDCS in special popula-
tions, such as child and adolescents, healthy adults, and the elderly. The fourth
part was substantially expanded to describe either in more detail (or in more than
one chapter) the use of tDCS in disorders such as depression and schizophrenia
or to include the new controlled trials using tDCS in diverse neuropsychiatric
disorders, such as ADHD, OCD, pain syndromes, and others. Finally, in the last
part we cover aspects related to the daily practice of tDCS, such as regulatory
aspects, combination of tDCS with pharmacotherapy and psychotherapy, home-
use tDCS, and the safety and tolerability of the technique.

We are once again grateful for all the authors that dedicated their time and
contributed to this book by providing their excellent chapters, especially in
the difficult year that was 2020.

We hope that the second version of the book continues to be important to
students and researchers as a reference in the field. Seasoned tDCS research-
ers will also find joy in reading this book, even if only to be mesmerized by
the feeling that, after 20 years since its inception, and great care during the
troubling years of childhood and adolescence, their collective sibling is a
young adult. It took a village to raise this child, but she is now prepared to
explore larger fields in the world of neuropsychiatry and neurosciences.

Sao Paulo, Brazil André R. Brunoni
Dortmund, Germany Michael A. Nitsche
Sydney, NSW, Australia Colleen K. Loo



Preface to the First Edition

The clinical interest in non-invasive brain stimulation has grown exponen-
tially over the past 25 years, with the development of non-pharmacological,
neuromodulatory techniques such as repetitive transcranial magnetic stimula-
tion (rTMS) and transcranial direct current stimulation (tDCS). TDCS, the
youngest sibling of the brain stimulation family, is in fact a “new old tech-
nique”. With anecdotal reports of the use of the torpedo fish to treat pain and
headache via its electrical discharges during the ancient history, electricity
was indeed used in the nineteenth and twentieth centuries to treat several
neurologic and psychiatric ailments, usually with sparse scientific founda-
tions. Although more recently, in the 1960s and 1970s, the treatment of some
psychiatric disorders was investigated using brain polarization (a technique
similar to modern tDCS), the research did not endure—perhaps due to the
stigma of electroconvulsive therapy or the concomitant development of phar-
macotherapy in that period. TDCS reappraisal only took place in 1998-2000,
when two independent European groups showed that the electric currents
applied over the motor cortex induced changes in brain excitability. From
then onwards, tDCS has been increasingly investigated and has attracted con-
siderable attention in both basic and clinical research settings.

In the present book we aimed to present the main advancements regarding
the use of tDCS in neuropsychiatric disorders. The book is divided into three
parts. The first part discusses the mechanisms of action of tDCS under differ-
ent perspectives, which encompass neurophysiological, neuroimaging and
neuropsychological studies as well as animal studies and computer-based
models. In the second part, state-or-the-art evidence of tDCS use in several
neurological and psychiatric disorders is presented. The third and last part of
the book discusses different possibilities of the clinical and research use of
tDCS, including safety, ethical and regulatory aspects.

This book would not have been produced without the invaluable contribu-
tion of leading researchers and scientists of the field. We are grateful and
thank these authors for their time and effort in writing informative, insightful
and up-to-date chapters. We are also grateful to Springer for supporting our
project, particularly Gabriel Natan Pires, the Springer associate editor who
encouraged us to edit this book, and Susan Westendorf, the Springer project
coordinator responsible for this book production.

We believe that this book will be useful to neurologists, psychiatrists and
physicians interested in the potential clinical applications of tDCS. This
book will also be of interest for neophytes, who are looking for a primer in
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non-invasive brain stimulation. More experienced researchers will also
enjoy reading this book as it contains top-quality work written by several
tDCS experts. We, the editors, are convinced that Transcranial Direct Current
Stimulation in Neuropsychiatric Disorders: Clinical Principles and
Management will be a captivating bedside book for many researchers in the
field—us included.

Sao Paulo, Brazil André R. Brunoni
Dortmund, Germany Michael A. Nitsche
Sydney, NSW, Australia Colleen K. Loo
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Historical Aspects of Transcranial
Electric Stimulation

Stefano Zago, Alberto Priori, Roberta Ferrucci,

and Lorenzo Lorusso

1.1 The First Clinical-Therapeutic
Electrical Applications:

The Electric Fish

The roots, beginnings, and first attempts at using
transcranial electrical stimulation, as a medical
cure, can be found in the Greco-Roman period
when electricity generated from fish organs was
used to cure pain, headaches, gout, arthritis, and
paralysis of various parts of the body [1-4].
However, the powers of electric fish had been
probably known well before Roman times for
being able to produce an electric discharge, as
indicated by some Egyptian archeological find-
ings on tombs that showed images of the electric
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fish in this period, and a therapeutic use cannot be
excluded [1-5]. The ruins of Pompeii also con-
tained frescoes of this fish [4].

The fish certain record of electrical therapeutic
application was set out by Scribonius Largus (c.1—
¢.50 AD), one of the first physicians in ancient
Rome during the periods of Tiberius (14-37 AD),
Caligula (3741 AD), and Claudius (41-54 AD)
who, in his text on therapeutics De Compositionibus
Medicamentorum (see Fig. 1.1), reported a collec-
tion of drug compounds or recipes in use by physi-
cians at that time and mentioned the use of
bioelectric phenomenon of certain fish (Torpedo
and Torpedo nobiliana) for therapeutic ends [6-9].

These fish were known for being capable of
producing an electric discharge, and their scien-
tific name comes from the Latin forpere to be
stiffened or paralyzed but also to be numb, insen-
sitive [4, 5, 10].

In particular, Scribonius Largus suggested a
remedy for headaches by placing recently caught
black torpedo fish on the cranial surface of
patients, making the fish emit its electrical dis-
charge. He observed:

Headache even if it is chronic and unbearable is
taken away and remedied forever by a live torpedo
placed on the spot which is in pain, until the pain
ceases. As soon as the numbness has been felt the
remedy should to be removed lest the ability to feel
be taken from the part. Moreover, several torpedos
of the same kind should to be prepared because the
cure, that is, the torpor which is a sign of betterment,
is sometimes effective only after two or three. [1]

A. R. Brunoni et al. (eds.), Transcranial Direct Current Stimulation in Neuropsychiatric Disorders,

https://doi.org/10.1007/978-3-030-76136-3_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76136-3_1&domain=pdf
https://doi.org/10.1007/978-3-030-76136-3_1#DOI
mailto:stefano.zago@unimi.it

4 S.Zago et al.

SCRIBONII LARGI

COMPOSITIONES,
MEDICZA
IOANNES RHODIVS

recenfuit,

Notis illuftrauit,
LEXICON SCRIBONIANVM

adiecit.

Typis Pauli Framboui Bibliopolz .
SVPERIORV M PERMISSV .

Fig. 1.1 The Compositiones medicamentorum of Scribonius Largus, from 1655 Edition
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Two fundamental points emerge from these
statements. On the one hand, the paralyzing
shock does not provoke convulsions but instead a
temporary state of dullness and relief of painful
symptoms, presumably stunning the peripheral
skin receptors, or affecting spinal or brain struc-
tures inducing an immediate and residual tran-
sient period of pain relief. On the other hand, in
certain situations, it was necessary to use more
than one fish to obtain the desired narcotic effect.
Scribonius Largus did not provide any source for
the basis of his therapeutic approach, and it is
probable that he would have developed such a
method personally but perhaps with the sugges-
tions of some fishermen [1, 9].

The electric fish continued to be used by phy-
sicians throughout the Greco-Roman period. For
example, 30 years after the Compositiones of
Scribonius Largus, the Greek physician Pedacio
Dioscorides Anazarbeo (44-90 AD) in his book
De Materia Medica suggested using the torpedo
in the treatment of headaches [11, 12]. It seems
that also Pliny the Younger (61-113) reported the
use of the electric ray fish to reduce labor pains;
however, the ancient Romans seem to have pre-
ferred using the dietary health properties of the
fish rather than exploiting its electrical properties
while alive [1, 3]. Galen of Pergamum (129-—
200 AD) criticized the dietary use of the torpedo
denying its curative powers. He highlighted,
instead, the efficacy of the paralyzing shock
given off by the live fish due to thermic reaction
and proposed it as a treatment for epilepsy and
headache and maintained it to be the most effec-
tive form of cure [1]. He wrote:

The whole torpedo, I mean the sea torpedo, is said

by some to cure headache and prolapsus ani when

applied. I indeed tried both, and the torpedo should

be applied alive to the person who has the head-

ache, and that it could be that this remedy is ano-

dyne and should free the patient from pain as do
other remedies which numb the senses: this I found

to be so, and I think that he who tried this did so for
the above mentioned reason. [12]

Many other physicians, Roman, Arabic, and
Medieval, continued to mention the therapeutic
capacity of the electric fish. Marcellus Empiricus
(IV sec. d.C.), Aetius Amidenus (527-565),

Alexander Trallianus (525-605), Paulus Aegineta
(625-690), Avicenna (980-1037), Averroe
(1126-1198), Ibn Sidah (1007-1066), and
Dawud al Antaki (1543—-1599) were among those
who promoted the benefits of electric shocks
emitted by the electric organs of certain fish in
the treatment of headaches, depression, epilepsy,
and arthritis [1, 12]. Electric fish were later used
for the treatment of seizures, depression, and
pain until the eighteenth century [1, 13].

1.2 Transcranial Electrical
Stimulation:
From Electrostatic Machines

to Volta’s Pile

In 1600, appears for the first time the term elec-
tricus in William Gilbert’s De Magnete consider-
ing the attractant properties of substance like
amber [14]. In the eighteenth century, sporadic
attempts were made to treat mental diseases
using artificial electric energy derived from elec-
trostatic machines and stored in capacitors such
as glass globes, cylinders, brass, and silk threads
or huge Leyden jars. These were in use in the
mid-1700s as portable electric devices and appear
to have introduced a flourishing period in the
medical use of electricity (see Fig. 1.2).

Kadosh and Elliott [15] underlined that from
the 1740s onward, there was a widespread and
commercial availability of transcranial electrical
stimulation machines for personal and domestic
use. During the Victorian and Edwardian period,
electrical stimulation machines that dispensed
static, frictional, faradic, or battery electrical cur-
rent could be bought everywhere, and some phy-
sicians, therapists, and patients claimed that
transcranial electrical stimulation could generate
feelings of euphoria and even improve mental
performance [16]. This produced some promis-
ing clinical results, but technology and methodol-
ogy were incomplete.

The German Christian Kratzenstein (1723—
1795), then a student at the University of Halle,
accomplished what was considered the first
electrotherapy cure in 1744, healing a young
woman of a contracted finger. He predicted that
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Fig. 1.2 (a—c) Simple
machines that harnessed
electricity in 1700s and
an example of central
galvanization technique

electricity would be useful not only in physical,
but also mental patients, whose health worries
and anxieties prevented them from sleeping, and
could become a remedy for hypochondriasis
and women with hysterical conditions.
Kratzenstein published two clinical cases in
Abhandlung von dem nutzen der electricitdt in
der arzneywissenschaft (translated in Priestley’s
1767 History and Present State of Electricity,
p.472) [14, 17].

The French physician Charles-Georges Le
Roy (1723-1789) (see Fig. 1.3) in 1755 reported
in detail his cure of what today may be called a
case of hysterical or psychogenic blindness [18].
He placed conducting wires around the patient’s

head and led one wire to his leg. The wires were
connected to an array of Leyden jars and three
shocks were administered in the hope that sight
would be restored.

After the patient received his first electric
stimulation, he reacted with convulsions of the
eyes, and he saw rays of light for the first time.
When he received the third stimulation, some-
what stronger than the others, he screamed and
fainted; as a result of this treatment, he began to
regain his eyesight. In another case with blind-
ness along with the pain of the stimulation, the
patient did perceive vivid flashes of light (phos-
phenes) and underwent the treatment several
times in the following days. Nonetheless, he
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Fig. 1.3 Charles-Georges Le Roy

remained blind. Figure 1.4 reports the therapeuti-
cal use of electricity adopted by Le Roy.

The British lay preacher in Worcester
Cathedral Richard Lovett (1692—-1780), in 1755,
demonstrated to have successfully treated some
mental afflictions with an electrostatic machine
[19, 20]. In 1756, he published the book The
Subtil Medium Prov’d, considered to be the first
English manual for electro-medical applications.
In 1774, Lovett published his text The Electrical
Philosopher, Containing a New System of Physics
Founded on the Principle of a Universal Plenum
of Elementary Fire. His work impressed John
Wesley (1703—-1791), one of the founders of the
reformist movement in the eighteenth century,
who in 1759 wrote:

Fig. 1.4 The apparatus
used by Dr Charles Le
Roy in his attempt to
cure blindness with
electrical stimulation




I doubt not but more nervous disorders would be
cured in one year by this single remedy than the
whole of the English Materia Medica will cure by
the end of the century. [21]

In Lovett and Wesley’s time, nerves were con-
sidered to be fine tubes through which mysterious
fluid flowed; Wesley hypothesized that: ...what if
the electric ether is the only fluid in the universe
fine enough to flow through them? Regarding this
physical and metaphysical mechanism and the
general enthusiasm of that time, Wesley admitted
to some limitation to electrical treatments because
he had little results with longstanding paralysis,
and he also noted a characteristic inconsistency in
the response to treatment, considered now as a
typical placebo response [14].

In 1777, the Italian physicist Tiberio Cavallo
(1749-1809) published A Complete Treatise on
Electricity in Theory and Practice, with Original
Experiments in which he reported cures for epi-
lepsy, paralysis, chorea, deafness, and blindness
[22]. In 1780, Cavallo, published An Essay on the
Theory and Practice of Medical Electricity [23],
which, apart from some personal clinical obser-
vations, contained the interesting description of a
patient affected by St Vitus’ dance and cured with
electricity by the English physician John
Fothergill (1712-1780). Fothergill, renowned for
his support of Benjamin Franklin’s publications
on electricity, contributed a preface for them.

Physicians of the period recommended that
currents of no more than 5-10 mA should be
applied to the head because higher currents could
have risks of burning and shock. Some side effects
were reported, including headaches, flashes of
light, dizziness, and nausea, especially when con-
nections were imperfect or broken. The conse-
quences could be more serious. In 1783, the Dutch
physician Jan Ingenhousz (1730-1799) knocked
himself unconscious and amnestic when he car-
ried out electrical experiments, and Benjamin
Franklin (1706-1790) suffered retrograde amne-
sia after accidentally administering an electric
shock to his head [24]. Including Franklin’s
experiments (1757), other physicians applied
electricity treatment on functional symptoms, for
example, the Scots Robert Whytt and Andrew
Duncan, respectively, in 1765 and 1784 [14].

S.Zago et al.

At the end of the eighteenth and the beginning
of the nineteenth century, we had a flurry of tech-
nological development with Leyden jars and
rudimentary batteries developed by Luigi Galvani
(1737-1798) and Alessandro Volta (1745-1827)
between 1791 and 1800. In 1831, Faraday dis-
covered the induction current, which provided
the first continuous electrical current and quickly
led to the production of practical machines for
channeling mechanical energy into electrical.
Many hospitals developed departments with elec-
trical induction machines, and this new technol-
ogy was very quickly put into action [14].

Undoubtedly, with the invention of the elec-
tric battery in 1799 by Volta, experience on the
effects of the electric current on humans became
more systematic. The studies that led him to
develop this revolutionary device began in 1792,
after Volta read the work of Galvani on the exis-
tence of an intrinsic electricity in living organ-
isms [25-29]. Volta himself, Galvani, and
especially his nephew Giovanni Aldini (1762—
1834) (see Fig. 1.5) started to use electric stimu-
lation using the voltaic pile on patients with

Fig. 1.5 Giovanni Aldini
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depression, epilepsy, amaurosis, and other dis-
eases. Galvani interpreted epileptic disorders as
electrical phenomena and used electro-medical
applications, like Volta, who carried out short
electrotherapeutic applications at the
Conservatorio delle Zitelle Povere of Como with
encouraging results [30, 31].

The most relevant contribution can be seen in
Aldini’s publication, in 1804, Essai Theorique et
Experimental sur le Galvanisms, in which after
spreading and defending the work of his famous
uncle, he recommended galvanism as “electric
therapy” to aid mental ailments and even to revive
the dead [32, 33].

The core idea was that if nervous energy was
by its nature electrical, then mental diseases
could be interpreted as alterations of an electrical
nature. The galvanic stimulation of nervous
regions could help to correct such defects. Aldini
applied galvanic currents to the crown of patients
affected by depression after having experimented
with the effect of the treatment on himself with
electrodes in both ears, or in one ear and his
mouth, or on the forehead and nose [34]. He
experienced an unpleasant sensation due to the
immediate shock on opening the circuit followed
by a prolonged insomnia and by hyperactivity,
which lasted several days [33, 34]. Passing the
current between the ears produced violent con-
vulsions and pain, but he claimed good results in
patients suffering from melancholia. The most
rigorous account of these applications involved
Luigi Lanzarini, a 27-year-old farm worker, who
was affected by a serious form of depression and
who arrived at the Ospedale Sant’Orsola of
Bologna, on May 17, 1801. Aldini began treat-
ment using the voltaic pile, containing 15 metal
discs, increasing them in number so as to increase
the intensity of stimulation during the treatment.
The optimal effects were achieved when the
patient held his hand at the base of the pile, while
the arc emerging from the upper part of the appa-
ratus was touching the appropriately shaven and
lubricated superior parietal bone. Figure 1.6
shows the therapeutic procedure carried out on
Lanzarini.

The depressive state of the patient progres-
sively improved in the following days, and after

Fig. 1.6 Aldini’s patient Luigi Lanzarini suffers from
melancholia to whom galvanism is being applied in the
head

a brief observation period at Aldini’s home, he
was permitted to go back to his family in his
hometown. Aldini applied his electrotherapeutic
experiences also at the Salpétriere in Paris
where he met the renowned psychiatrist Philippe
Pinel (1745-1826) who had heard word of
Aldini’s electrotherapeutic applications and was
very curious to personally see the effects on his
mentally ill patients. The results, however, were
quite poor due to patients being often in a state
of agitation and being quite frightened when
faced with Aldini’s strange apparatus. Aldini
attempted to avoid this situation by putting each
electric arc on the ears and even on the earrings
of female patients. When Aldini left Paris, Pinel
attempted several times to use Galvanism on
some patients, but no accounts in writing of
these experiments were found [33]. Successively,
Aldini became a sort of traveling showman,
demonstrating the effect of application of cur-
rent to cadavers in many European cities with
particularly theatrical demonstrations. His
experiments on the heads of executed criminals
in London are well known [33].

In his therapies, Aldini lacked instruments to
indicate the intensity of the current used and took
into account only the number of copper and zinc
discs in the voltaic pile that were indicative of a
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coarse gradation of stimulation delivered.
Moreover, in the absence of a nonrational princi-
ple on the therapeutic effect of electric currents,
Aldini merely pointed out that after the delivery a
general rearrangement of brain function occurred,
similar to what happened in violent trauma brain
injury. This finding is more reminiscent of the
practice of electroshock than that of a lasting
modulation of the brain using transcranial direct
stimulation at low voltage (tDCS or polariza-
tion). However, Aldini in this application used
low current voltage for extended periods of time
provoking a fleeting daze but neither seizures nor
generalized symptoms such as apnea, cyanosis,
and amnesia [2, 32].

In the same period as Aldini, other European
clinical researchers made use of galvanic current
to treat mental disorders [3, 35]. In 1801 in
Germany, Friedrich Ludwig Augustin (1776—
1854) recounted a case of treatment using
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Galvanic current for a catalectic crisis with paral-
ysis to one arm and leg with intermittent fever.
After 3 weeks of treatment, the paralysis disap-
peared and the patient appeared more alive with
their humor much improved [36]. In the same
year, again in Germany, Christian Heinrich Ernst
Bischoff (1781-1861) pointed out that he treated
depression, hysterical paralysis, and stupor with
remarkable results using Volta’s pile [37].
Figure 1.7 shows the depiction of the instruments
used by Bischoff in his clinical practice.

The German Karl Johann Christian
Grapengiesser (1773-1813) reported the treat-
ment of a young female with a 4-year history of
hysterical aphonia using galvanic current
applied to blisters on the throat over a period of
5 days [38].

In Italy, in 1804, the psychiatrist Gian Pietro
Tonelli described some clinical cases of transcra-
nial galvanic stimulation in two patients who:

Fig. 1.7 Instruments used by Bischoff in his clinical practice of electric stimulation
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... due to strong hemorrhage, terror, and other
causes they were rendered cognitively impaired so
that their faculties languished exceedingly, and the
sense organs, especially vision, had lost much of
their energy. [31]

After application of the galvanic current,
patients claimed to feel much better:... because it
seemed to them they were internally washed by a
life-giving fluid, which awakened the power of
their spirit, and made the sensory organs pristine
again. Tonelli remarked that these effects also
corresponded to: “
more cheerful and relaxed attitudes which showed
in the face and they testified to recognizing stron-
ger images and greater mobility in the eye” [31].

During the 1850s, electrotherapy came into
use again as a therapeutic agent for neurological
and psychiatric diseases in European, and North
American asylums, in a form other than the indis-
criminate use it had over the previous century
[16]. There was a differentiation between gal-
vanic and faradic electric currents, their various
strengths, long- or short-term application, etc.
[39, 40].

Some illustrious neuroscientists, in the second
half of the nineteenth and beginning of the twen-
tieth centuries, embraced transcranial electrical
stimulation for the treatment of psychiatric and
neurological diseases. For example, in France,
Francois Magendie (1783-1855), Jean-Martin
Charcot (1825-1893), and Joseph Babinski
(1857-1932) verified the effect of electricity
respectively in patients with epilepsy, melancho-
lia, and hysterical conditions [41, 42]. In
Germany, Jan Evangelista Purkinje (1787-1869)
considered the application of electricity to cure
neurological diseases, and in Italy, Carlo
Matteucci (1811-1862) reported in the treatment
of neurological diseases such as chorea, neural-
gias, and paralysis [43]. A name that is not
famous but of particular interest is the Norwegian
Christian Engelskjon who maintained that it was
not the direction of the current which influenced
the electrotherapeutic result but rather the differ-
entiation between galvanic (continuous) and
faradic (interrupted) current. Therefore, depres-
sion and paralysis should be treated with an
ascending galvanic flux caused by the cathode,
while mania and other excited states should be

. a certain liveliness, and a

treated with descending galvanic current caused
by the anodal effect. Engelskjon used the two
types of current in treating two kinds of migraine:
one linked to vasoconstrictive damage and the
other vasodilation: the faradic current was used
as an anti-vasoconstrictor, while the galvanic cur-
rent was used to limit the pain due to vasodilation
[44, 45]. Also in this period, other physicians
treated migraine with electrotherapy [46].

In the same period, numerous medical practi-
tioners, in Europe and North America, began
applying electrical methods to their patients,
warning in some cases against the then unwar-
ranted application of electric stimulation to
almost all the mentally ill [47-66].

Among the illnesses treated were neurasthe-
nia, melancholia, mania, hysteria, but also hallu-
cinations, migraine, and dementia. Patients with
depressive symptoms or hysterical reactions were
said to benefit most from this form of therapy
[20]. The preferred technique was the application
of one electrode to either the scalp or the rear of
the neck, round about the second or third cervical
vertebra, and another to a distant region of the
body such as the hand or foot. Electricity was
usually applied in daily or alternate daily ses-
sions, lasting from 10 to 20 min [20]. Intensity
was reported by investigators according to the
number of battery cells used, between 20 and 35,
and treatment varied in length, from seconds to
minutes [35]. Several clinicians observed that
electrical treatments, and more specifically
galvanic therapy, were capable of inducing epi-
leptic convulsions if too strong a current was
used [67].

The most important contributor to this entire
development seems to be the German psychiatrist
Rudolf Gottfried Arndt (1835-1900) (see Fig. 1.8)
who, in a fascinating 130-page review, did the
most to unveil the psychological and organic
background of the role and influence of electricity
with regard to neuro- and psychopathology [48—
50, 68]. Of particular interest in this period for
originality is the paper of [69] entitled ‘Electricity
in aphasia’ where he described electrotherapy
application in two cases of fluent aphasia.

Arndt carried out studies on electric stimulat-
ing treatment in severe psychoses with depressive
symptoms or even catatonia, hypochondriac
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Fig. 1.8 Rudolf Gottfried Arndt

delusion, and melancholia, suggesting the use of
faradic current (alternate current) as a stimulant
against passivity, stupor, weakness, and manic-
depressive disorder. On the other hand, direct
current was to be applied in other forms of affec-
tive disorders, psychoses, and psychotic symp-
toms. He reported that vertical, horizontal, and
diagonal galvanization on the head, with both
electrodes attached to the cranial bone, some-
times supported by simultaneous galvanization
of the sympathetic system (vagus nerve stimula-
tion) and the cervical spinal cord was especially
successful in fresh, recently developed psychoses
and anxieties. He also recommended galvaniza-
tion of the head and the auditory center against
acoustic hallucination. Arndt [70] also high-
lighted the difficulties connected with electrical
stimulation in the treatment of mental disorders
when he wrote:
The electric current is a two edged sword ... it may
aggravate some forms of mental derangement and

even make them incurable ... great care, patience
and confidence are required, qualities only found

in man convinced of the final effect of his treat-
ment. Mere attendants, nurses or assistants, who
simply do what they are told, and because it is their
duty, will never have the success of a medical man
convinced of the efficiency of electricity. [70]

In contrast to his colleagues, who described
individual cases, another German psychiatrist
Wilhelm Tigges (1830-1914) published studies
on differential individual groups of patients
with similar sickness or symptoms. His conclu-
sions were that electric brain stimulation was
effective with patients suffering from depres-
sion and hence should be used in those for
whom conventional therapy could no longer
help. He found that for patients whom we would
now consider schizophrenic rich in positive
symptoms, electrotherapy showed little or no
effect [68, 71-73].

A repeated observation in these studies was
that different polarities (cathodal or anodal) had
different effects (sedative, stimulative, etc.)
depending also on differences among individual
patients and the type of electric current used. A
sedative effect resulted when a negative pole was
applied to the scalp. A sleep-inducing effect was
also reported by the French physician Stéphane
Leduc (1853-1939). He experimented with low-
intensity electrical stimulation periodically inter-
rupted (100/200 times per second with 8§-16 V
and 2 mA) passed transcranially in animals. The
result he obtained was the appearance of a state
of astonished immobility progressively culminat-
ing in a state of inhibition comparable to chloro-
form narcosis [74]. Leduc called this condition
electric sleep (and by later authors electronarco-
sis) and was obtained by applying electrodes in
an axial direction on the forehead and to the rear
of the head which, after a short period of excite-
ment, was accompanied by vegetative phenom-
ena [74-77]. He recommended transcranial
electric stimulation in cases of cerebral
neurasthenia.

It should be noted that there were in this
phase plenty of excesses and exaggerations,
typically found in the early stages of the appli-
cation of a new therapeutic technique, which
sometimes led to an excess of zeal. In addition
to the reports of the successful use of electricity
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to treat mental illness, some clinicians raised
doubts about the efficacy of electricity in treat-
ing mental illness [67]. Electricity was also
applied in an extreme way during the First
World War (but also in the Second World War)
submitting traumatized soldiers to electric stim-
ulation in order to discipline and return them to
the front [78].

In the following years, incongruent results, or
none at all, led to the gradual abandonment of
electric therapy until the 1930s when electrocon-
vulsive therapy was introduced. Electroconvulsive
therapy (ECT) could be considered the first mod-
ern example of the therapeutic application of
brain stimulation for the treatment of psychopa-
thologies. The Italian psychiatrist Ugo Cerletti
(1877-1963) relied on a young colleague Lucio
Bini (1908-1964) for the development of an
instrument able to ensure maximum safety in the
application of electrical current. These original
scientists used ordinary alternating current prop-
agated in sine waves and in measured intensity as
a means of producing convulsive seizures.
However, they received harsh criticism about the
project, which was presented by Bini at the
Congress of Neuropsychiatry of Munseigen in
1937 on the treatment of schizophrenia. In March
1938, the method was introduced at the Academy
of Medicine in Rome, and in April 1938, the first
real application of ECT was performed by
Cerletti and Bini on a patient affected by an apa-
thetic and abulic condition with diagnosed
schizophrenia [79]. Figure 1.9 shows the appara-
tus used by Cerletti and Bini in their first ECT
experience.

ECT fundamentally altered the management
of mental illness and gave birth to the develop-
ment of numerous electrostimulation instruments
in Europe and the USA [80, 81]. The popularity
of ECT greatly decreased in the 1960s and 1970s,
due to the use of more effective neuroleptics and
as a result of a strong anti-ECT movement [82].
However, ECT has recently come back into use
for the treatment of serious cases of patients with
depression present with psychological and
somatic symptoms [83].

It should be noted that in the 1950s in Italy,
electroconvulsive therapy coexisted with pro-

Fig. 1.9 Apparatus used by Cerletti and Bini in their first
electroconvulsive experience

longed transcranial low-intensity electrical stim-
ulation as an alternative method deriving from
the electroshock therapy of Cerletti and Bini [84,
85]. For example, Corradini (1950) reported the
analysis of the prolonged transcranial electrical
stimulation at a low tension on 52 patients
affected by psychosis or depression.

Clearly, transcranial direct current stimulation
(i.e., tDCS) differs fundamentally from electro-
convulsive therapy (ECT). While ECT consists of
inducing convulsive activity with alternating cur-
rent, tDCS induces modulation of the brain func-
tion with continuous current to produce
physiological changes and spontaneously influ-
ence neuronal activity without seizures [86]. The
current used in tDCS (typically 0.25-2 mA) is
also of a much lower intensity than that used in
modern ECT (800-900 mA). Although tDCS can
barely excite silent cells, it is very effective in
changing spontaneous cell firing [86]. Evidence
suggests that unlike ECT, tDCS does not cause
memory disturbances or loss of consciousness,
nor does the patient need to be sedated or given
muscle relaxants [87].
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1.3  The Reappraisal
of Transcranial Direct
Current Stimulation (tDCS)

from 1960 Onward

In the 1960s, some studies on animals confirmed
that anodal tDCS increases the spontaneous fir-
ing rate and excitability of cortical neurons by
depolarizing the membrane, whereas cathodal
tDCS leads to hyperpolarization of neuronal
membranes and thus invokes decrease of the neu-
ronal firing rate and excitability [88-90].

For example, Bindman et al. [89] showed that
currents as low as 0.25 pA/mm? applied to the
exposed pia via surface electrodes (3 pA from
12 mm? saline cup on exposed pia surface) could
influence spontaneous activity and the evoked
response of neurons for hours following just min-
utes of stimulation in rat preparations (see
Fig. 1.10).

Purpura and McMurtry [90] showed similar
effects in cat preparations for currents as low as
20 pA/mm? from cortical surface wick electrodes
ranging in area from 10 to 20 mm?. These scien-
tists showed that currents, at magnitudes much
lower than those necessary for the initiation of an
action potential, could still lead to alterations in
the level of neural excitability.

In the 1960s, more systematic studies in nor-
mal and clinical subjects with tDCS were per-
formed. For example, Lippold and Readfearn
[91], using very slow scalp tDCS up to 50-500 pA
in 32 normal subjects, showed that scalp anodal
currents stimulation induced an increase in alert-
ness, mood, and motor activity, whereas cathodal

Fig.1.10 The

before tDCS

currents produced quietness and apathy. In a sec-
ond study, with depressed patients, Redfearn,
Lippold, and Costain (1964) [92] demonstrated
that direct anodal scalp current improved mood
in more than half of their 26 patients. Herjanic
and Moss-Herjanic [93] reported short but
encouraging results in the use of tDCS on schizo-
phrenic patients. These results were confirmed in
further double-blind studies (e.g., [94-96]), but
other studies failed to report significant effects in
psychiatric patients [97-99].

On the whole, these studies showed a clinical
variability due probably to inaccurate and hetero-
geneous diagnostic criteria in recruiting psychiat-
ric patients and in specifying the position of the
electrodes. The latter is important as the earlier
experiments were carried out using either one
electrode over the scalp and another elsewhere on
the body (often the knee), rather than both elec-
trodes positioned on the scalp. This change in
technique characterized the application of the
method in neuropsychiatric disorders [100].
These incongruent results and the subsequent
progress made in treating psychiatric disorders
with drugs led to the abandonment of the tDCS
[87].

However, by the end of the 1990s, more pre-
cise and systematic observations were made
about the efficacy of polarization on humans
[101]. Priori and colleagues tested in normal sub-
jects the functional effects of very weak DC
(0.5 mA, duration <7 s) on the motor areas of the
cerebral cortex, examining the modification in
motor evoked potentials (MEPs) elicited in the
small hand muscle of subjects by TMS. Four

before tDCS

physiological

and cathodal tDCS on

mechanisms of anodal ‘ T
spike activity in rat

preparation. (Modified
by Bindman et al. [§9])

during tDCS
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experiments were performed polarizing the cor-
tex by using two electrodes placed on the scalp,
one over the left motor cortex (7 cm lateral to ver-
tex) and the other under the chin. These findings
provided direct evidence that a very low electric
field crosses the skull and may influence brain
excitability (see Fig. 1.11).

The mechanism could be explained in two
ways: one is that scalp anodal tDCS hyperpolar-
izes superficial excitatory interneurons in cortical
motor areas. Another explanation is that anodal
scalp tDCS depolarizes superficial inhibitory
interneurons (facilitating activity) in the cortex.

Shortly after, Nitsche and Paulus established
that prolonged (minutes) tDCS could produce

1.

2.12mV
L 1.55 mV

+
) L 1.93 mV

25 4

Fig. 1.11 The effect of weak scalp tDCS (0.3 mA, 7 s) on
the motor potential evoked by transcranial magnetic brain
stimulation in a subject in the study of Priori et al. [101].
In the upper panel: 0, control condition; +, anodal condi-
tion polarization; —, cathodal conditioning polarization

lasting and polarity-specific changes in cortical
excitability [102]. Cathodic polarization applied
to the motor cortex can induce a considerable
reduction in cortical excitability, while anodic
polarization increases excitability [102]. There
was a full re-evaluation of the use of electrical
current stimulation of the brain with neurophysi-
ological and therapeutic objectives.

Within the last decades, tDCS has seen a wide
range of potential applications and can be used to
explore basic aspects of neurosciences [103—107].

In 2000s, pilot clinical studies were per-
formed for indications spanning depression
[108], pain [109], epilepsy [110], spinal and cer-
ebellar stimulation [111], and a broad range of
neuropsychiatric [112] and neuropsychological
disorders [113-115]. tDCS has also been
explored for rehabilitation including after stroke
[116]. Moreover, due to the perceived safety of
tDCS, it was initially validated for neurophysio-
logical changes in healthy subjects and contin-
ues to be investigated in healthy individuals for
changes in behavior and cognitive performance
[117,118].

1.4  Concluding Remarks

The first clinical experience with electric fish,
and a four-century-long history of electrothera-
peutic applications, has led to the modern use of
tDCS. This history includes various degrees of
success and the therapeutic value of electricity in
the treatment of mental disorders followed by a
cyclical course throughout the centuries.
Clinicians approached transcranial electric
stimulation with great enthusiasm in the eigh-
teenth century, only to abandon it at the end of
the nineteenth century, when they failed to pro-
duce consistent results, raising doubts about the
efficacy of electrotherapy [67, 119]. In the twen-
tieth century, several experimental studies clearly
demonstrated using motor evoked potentials that
tDCS resulted in changes in motor-cortical excit-
ability. Recently, with the adoption of more ade-
quate protocols of experimentation, the ability of
tDCS to treat a number of clinical conditions
such as affective disorders, chronic pain
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conditions, and post-lesional cognitive disorders
has been demonstrated.

As pointed out by Bikson et al. [120], con-
trolled investigation involving tDCS for treating
psychiatric or cognitive disorders should not be
compared with improvised devices or practices
that apply uncontrolled electricity to the brain
without reference to established protocols.

Today, tDCS is recognized as an effective
technique in the application of direct current to
the scalp, usually delivered by a small battery-
driven stimulator, by attaching electrodes of dif-
ferent polarities to the skin and emitting a
constant current. tDCS is an easy, noninvasive
technique which causes minimal disturbance to
the subject and is able to produce prolonged vari-
ations of cerebral excitability while influencing
neuronal plasticity. The simplicity and econom-
ics of the technique, the minor nature of adverse
effects, and the long-lasting results render tDCS
a promising rehabilitative procedure.
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Basic Mechanisms of Transcranial
Alternating Current and Random
Noise Stimulation

Andrea Antal, Nir Grossman, and Walter Paulus

2.1 Introduction

Transcranial alternating current stimulation
(tACS) non-invasively induces oscillating elec-
tric fields in the brain by applying currents that
periodically reverse direction via scalp elec-
trodes. The currents are typically generated with
current-guided (rather than voltage-controlled)
electronic circuits to ensure a constant current
flow independently of individual skin and skull
resistances. A constant electric current flow is
ensured by adapting the voltage to the resistance,
according to Ohm’s law. The narrow definition of
tACS typically encompasses sinusoidally oscil-
lating current without DC offset at a single fre-
quency [10, 13]. Variations may include DC
offset [51], multiple frequencies such as theta
gamma coupling [3] or multiple electrodes [4, 5],
offering distinct spatiotemporal patterns of cere-
bral electric fields. When averaged over time, the
mean membrane potential is not affected by tACS
without DC offset (but see the Gildemeister effect
at higher frequencies in the kilohertz range; [29]).
On short time scales, the depolarizing or hyper-
polarizing effects are assumed to be strong
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enough to modify neuronal activity and to induce
immediate effects [27].

tACS is typically applied in an open-loop
fashion without feedback. A closed-loop control
of the stimulation parameters may offer neuro-
modulatory benefits, for example, on memory
performance with sleep spindles as input signal
[50]. The electric fields are strongest beneath the
electrodes; depending on the location of the sec-
ond electrode, deeper brain structures can be tar-
geted [38].

The modern use of sinusoidal tACS without
DC offset started with Antal and colleagues [10],
being followed by many other studies (e.g. [14,
27, 30, 42, 44, 45, 49]). Most of these investiga-
tions used tACS frequencies in the physiologic
EEG-detectable range (0.5-70 Hz), especially
when the intended outcome is to interact or influ-
ence oscillations in the EEG range [34, 35, 40,
52, 64].

Magnitude of the Electric Fields That Are
Generated in the Brain via tACS Using tACS
the current density is small, with a few milliam-
pere current via a few square centimetre elec-
trodes [55]; they result in weak sub-threshold
cerebral electric fields of ~1 mV/mm and thereby
modulate spontaneous firing rates [48], but can-
not directly evoke action potentials such as in
electroconvulsive therapy (ECT). The latter with
intensities of several hundred milliampere is only
used under anaesthesia [11].
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Finite element method (FEM) modelling of
the electric fields has shown a significant shunt-
ing of up ~90% through the scalp depending on
electrode distance, due to the high conductivity
of the skin and low conductivity of the skull [37].
Recent studies have measured the intracranial
electric fields in primates [58], human cadaver
[73], and in epilepsy patients with intracranial
electrodes [39, 58]. Collectively, these studies
have shown that the cerebral electric field induced
by tACS with typical current amplitude and elec-
trode size ranges between 0.2 and 1 mV/mm.

Classical surface EEG recordings document
oscillations up to 100 Hz; higher frequencies
such as high ripple oscillations in epilepsy
patients need to be recorded with invasive elec-
trodes. Here, it is frequently erroneously assumed
that bone impedance increases with increasing
frequency. Although it is frequently discussed, it
seems that bone impedance does not change sub-
stantially in these frequency ranges [12, 70].
Accordingly, tACS in the kilohertz frequency
range can modulate cortical excitability [19].

2.2  Neurophysiological Effects
Several animal studies have investigated the neu-
rophysiological effect of tACS on single cell
activity (e.g. [23, 26, 28, 47, 59, 62, 63]).
Collectively, these studies have shown that tACS
can induce alternating electric fields of 0.5-1 mV/
mm that result in a small periodic sub-threshold
membrane depolarization in Purkinje cells as it
was observed in 1988 [21]. Ozen and colleagues
applied tACS via stainless steel wires to the skull
of anesthetized rats and simultaneously recorded
intracranial activity [59]. They found that tACS at
a frequency similar to the endogenous cortical
slow oscillations (i.e. 0.8-1.7 Hz) efficiently
entrains the neural activity across the cortex with
a threshold of approximately 1 mV/mm. Reato
and colleagues tested tACS in rat slices [63]. They
applied electrical stimulation to hippocampal
slices and also simulated the effect on the neural
network, finding entrainment with a threshold of
0.2 mV/mm. Frohlich and McCormick used tACS
in cortical slices of ferrets [26] finding an entrain-
ment threshold of 0.5 mV/mm.

The amplitude of the membrane polarization
drops at high tACS frequencies due to the capacitive
low-pass filtering property of the membrane. For
example, Deans and colleagues [23] found a cou-
pling constant of only 0.05 mV per mV/mm when
tACS was applied at 100 Hz. In this case, a cerebral
field of 1 mV/mm will polarize a neuron by only
0.05 mV, which is potentially below the noise level.
The depolarization of a single cell induced by the
weak electric fields may be amplified by the synap-
tic connectivity across the cells [26, 63].

2.3  Evidence in Humans

What Is the Neurophysiological Evidence of
tACS in Humans? In humans, neural activity
can be measured non-invasively using electroen-
cephalography (EEG) or magnetoencephalogra-
phy (MEG). For example, in the first tACS-EEG
study, an enhancement of the EEG alpha band
amplitude was seen at the posterior part of the
brain after 10 Hz tACS [34] with after-effects for
30 min after 10 min of stimulation [56]. In addi-
tion, Voss and colleagues [74] showed that 25 and
40 Hz tACS during sleep can increase oscillation
power at that frequency range and lead to lucid
dreaming. Nevertheless, the strong artefact that is
induced by the tACS, renders EEG and MEG
recording during stimulation difficult to interpret.
Some studies suggested that the stimulation arte-
fact can be mitigated using spatial filtering [44]
away from the stimulation sites [57].

More often the effect of tACS is measured
after the end of the stimulation. The after-effect
of the stimulation was suggested to be mechanis-
tically linked to the ‘Ca®* increase-hypothesis’,
with a small increase of intracellular Ca** induc-
ing long-term depression (LTD) and a large
increase to long-term potentiation (LTP) [33]. A
support of the role of LTP/LTD was presented by
Moliadze and colleagues who showed that
140 Hz tACS at 0.4 mA induced LTD but at | mA
induced LTP [55, 77].

The change in neural activity during tACS can
be measured indirectly using blood oxygenation
level-dependent (BOLD) functional magnetic
resonance imaging (fMRI). It was shown that
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tACS applied at the individual alpha frequency
reduced the amplitude of the BOLD response to
visual stimuli [76], but 10 Hz tACS (i.e. not at the
individual alpha frequency) showed an effect on
BOLD after the end of the stimulation but not
during the simulation [2]. Cabral-Calderin and
colleagues indicated that the effect of tACS on
BOLD signal depends on the tACS frequency.
The effect on BOLD due to 10 Hz tACS
(decreased BOLD) was opposite to the one due to
40 Hz tACS [17].

The magnitude of the neural entrainment
depends on the tACS frequency and the frequency
of the endogenous neural activity. In principle,
stimulation at frequencies similar to the endoge-
nous ones is expected to induce a stronger neural
entrainment or required less current to achieve a
given entrainment level, a mechanism explained
by the Arnold tongue [67]. Nevertheless, tACS
can induce effects on frequency bands that are dif-
ferent from the applied frequency due to the neu-
ral cross-frequency coupling property [3, 18, 41],
and this effect can occur at remote locations due
to neural connectivity.

2.4  Distinct tACS Variants

tACS with Multiple Electrodes/Sites The cur-
rents in tACS are typically applied via a bipolar
electrode configuration; however, multi-site elec-
trode configuration arranged in, for example,
centre-surround geometry [22] can help to focus
the generated fields and reduce extraneous induc-
tion of phosphenes due to current flowing via the
retina [60, 69].

The currents in tACS can be also applied to
two or more sites at a different phase (e.g.
in-phase vs. anti-phase) via a tripolar (or quadru-
polar) electrode configuration. Polania and col-
leagues used this approach to show that in-phase
tACS of the frontal and parietal sites at the theta
frequency could improve working memory-
matching reaction compared to sham while anti-
phase tACS deteriorates the performance in that
task [61]. In general, brain areas that are stimu-
lated in-phase are expected to facilitate their

communications with each other; for example,
changing the inter-hemispheric phase-coherence
in the gamma range via 40 Hz tACS has led to
increased number of spontaneous perceptual
reversals of ambiguous motion stimuli [16].

Random Noise Stimulation The application of
random noise (or white noise), that is, a flat
power density distribution across a broad band
of frequencies, called transcranial random noise
stimulation (or tRNS) was first proposed by
Terney and colleagues to desynchronize patho-
logical cortical rhythms [71]. Typical applica-
tions use a frequency range between 0.1 and
640 Hz (full spectrum) or 101 and 640 Hz (high-
frequency stimulation). The lower boundary at
0.1 Hz was chosen to avoid DC effects, and the
higher boundary was chosen according to the
I-wave frequency or fast thalamic somatosen-
sory evoked potential frequencies. The probabil-
ity function of the stimulation follows a Gaussian
or bell-shaped curve with zero mean and a vari-
ance, where 99% of all generated current levels
are within the target amplitude. It was shown
that tRNS with frequencies between 100 and
640 Hz can increase the excitability in the motor
cortex [71].

It is still unclear if tRNS entrains resonance
frequencies or works via stochastic mechanisms,
via specific modulation of the excitatory-
inhibitory balance in the brain or by an increase in
synchronization by amplifying sub-threshold
activity [9, 25, 71]. It was also suggested that
tRNS might result in repetitive opening of Na*
channels, as is observed in rat hippocampal slices
during the application of pulsed AC stimulation
[68]. In humans, in a pilot study, the Na* channel
blocker carbamazepine showed a tendency
towards decreasing the size of MEP amplitude
after the motor cortex stimulation [20].

tACS with DC Offset The tACS currents are typ-
ically alternated in a symmetrical biphasic
fashion, but it can be applied as well with a DC
offset [13, 24, 31, 51]. Of course, as with any other
technique, stimulation can be delivered intermit-
tently (e.g. [24]; 5 intervals with 1 min gap).
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tACS with 3D Focality Interferential non-
invasive strategies for ACS (e.g. temporal inter-
ference — tACS: TI-tACS) and intersectional
strategies for transcranial pulsed stimulation
(ISPS) were recently introduced with the aim to
enhance the spatiotemporal precision and pene-
trability of electrical stimulation and reach deeper
brain areas [32, 73].

Transcranial application of two electrically
isolated currents at kilohertz frequencies can
temporally interfere (TT) deep in the brain to cre-
ate an envelope amplitude that changes periodi-
cally at a slow difference frequency, for example
10 Hz [32]. In the mouse, TI-tACS can recruit
neural activity selectively in deeper brain struc-
ture, that is, the hippocampus, without recruiting
neurons of the overlying cortex. In addition, the
stimulation locus of TI-tACS can be steered by
simply changing the current ratio without physi-
cally moving the electrodes, mapping different
regions of the motor cortex.

Time-shifted multiple short pulses of cur-
rents via different pairs of electrodes intersect in
the brain. This intersectional short pulse stimu-
lation (ISPS) can be performed with pulses of
2.5 or 10 ps duration with 5 or 50 ps inter-pulse
interval [73]. By spatiotemporally rotating stim-
ulation, deeper areas in rodents were reached.
Application of ISPS in healthy human subjects
modulated the amplitude of alpha activity in the
visual cortex, as shown by simultaneously
recorded EEG.

2.5 Clinical Applications
tACS has the potential to normalize abnormal
oscillatory activity in the human brain; neverthe-
less, the number of clinical studies applying this
kind of neuromodulatory approach is so far lim-
ited as compared to tDCS. The most frequently
treated conditions are tinnitus (five tACS/tRNS
studies), depression and schizophrenia (four
studies).

Tinnitus has been attributed to reduced activ-
ity in the alpha range in the auditory cortex. For
the reduction of the symptoms of tinnitus, it has

been shown that low-frequency tRNS (0.1-
100 Hz) was more effective than either tDCS or,
interestingly, tACS using the individual alpha
frequency [72]. Another study reported a signifi-
cantly more pronounced reduction in loudness
and distress in pure tone tinnitus compared to
narrow band noise tinnitus when high-frequency
tRNS was applied [43]. Based on these results,
tRNS over the auditory cortex is a promising
treatment option for different types of tinnitus;
nevertheless, a clear mechanistic explanation for
the different results obtained with different types
of tRNS does still not exist [53].

Similarly, tACS was able to modify network
oscillations in schizophrenia [1] and in patients
with depression [6]. In a recent randomized
double-blind, sham-controlled clinical trial [1],
schizophrenia patients with auditory hallucina-
tions received twice-daily 10 Hz-tACS for 5 days.
After treatment, clinical improvement of auditory
hallucinations correlated with enhancement of
alpha oscillations. In another study [6], a signifi-
cant reduction in alpha power over the left frontal
regions was also found after the completion of
for weeks 10 Hz-tACS in depression patients.
However, concerning the clinical improvement,
there was no difference between treatment condi-
tions (10 Hz-tACS, 40 Hz-tACS, sham). The
exact underlying mechanism of this effect has not
yet been determined. Although the immediate
after-effect of tACS may be enhancement in
alpha power, repeated application of tACS may
lead to a resetting of oscillators, potentially
through homeostatic mechanisms that can result
in a decrease in alpha power.

tACS might be a treatment option for patients
suffering from tremor in Parkinson’s disease
(PD). Oscillatory activity, originating from the
globus pallidus internus, is increased in these
patients. Brittain and coworkers [15] applied
tACS over the motor cortex in patients diagnosed
with tremor-dominant PD. tACS was most effec-
tive at the individual tremor frequency for induc-
ing cortical phase cancellation, presumably due
to suppression of the resting tremor amplitude.
This study used a closed-loop stimulation setup
in which the tremor frequency was measured
online and motor cortex stimulation parameters
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were adjusted according to the measured activity.
It was proposed that closed-loop individually
adjusted stimulation can considerably surpass the
efficacy as compared to open-loop approaches.
Krause and colleagues [46] studied the effects of
10 and 20 Hz (without closed-loop) as well as
sham tACS in PD patients and healthy controls.
The application of 20 Hz tACS reduced the
cortico-muscular coherence amplitude in the beta
band upon isometric contraction during fast fin-
ger tapping in PD patients, but not in healthy con-
trol subjects. These results suggest that tACS
could probably entrain cortical oscillations in PD
patients.

Repetitive transorbital alternating current
stimulation (rtACS) as a tool for visual rehabili-
tation also demonstrated promising results (for a
recent review, see [66]). During this intervention,
electrodes are positioned near the eye aiming to
inject current to the eyeball and thereby stimulat-
ing the retina (max 1.5 mA). rtACS has been pro-
posed to induce vision restoration by activating
residual visual functions in patients with damage
to the retina, optic nerve or visual system [28].

With regard to tRNS, it was recently demon-
strated that visual training coupled with brain
stimulation can dramatically reduce the training
period from months to weeks and lead to improve-
ments in healthy subjects and chronic cortically
blind patients, indicating the potential of this pro-
cedure to help restore damaged visual abilities
[36].

tACS applied to the left prefrontal cortex
(PFC) and left temporal cortex at a theta-band
frequency was shown to improve performance in
working-memory tasks of elderly people [65].
These results support the feasibility of utilizing
tACS to prevent cognitive decline in this
population.

2.6  Conclusion

The field of tACS-is still in its infancy. Since the
first tACS study published 12 years ago [10], the
method has been advanced in many ways; never-
theless, there are still concerns about several
issues. To study the efficacy (e.g. causal role in

cognition) of tACS of the human brain is particu-
larly challenging, because a natural consequence
of entrainment is that several parameters of the
oscillation are manipulated at once. Furthermore,
even when similar study designs are used, there
are many possible sources for varying outcomes
of experiments, based on the individual differ-
ences in the responsiveness to tACS.

The so-far insufficient duration of the after-
effects (except 140 Hz tACS) [54, 55] might be
increased using longer stimulation duration or
repetitive stimulation during days or weeks, or
with optimized stimulation protocols, such as an
intermittent short stimulation paradigm (8 s stim-
ulation and 8 s pause) [75]. Many studies suggest
that tACS can entrain cortical oscillations and
can also induce short-term plasticity [48, 77].

Compared to tDCS, tACS and tRNS have a
better blinding potential with less itching, tin-
gling or burning sensations [7, 8]. Furthermore,
the absence of a polarity effect (anode-cathode)
as compared to tDCS provides an additional
degree of freedom concerning the control of cur-
rent flow directions. Retinal phosphene percep-
tion during tACS in a wide frequency range
(6-70 Hz) is a side effect of specifically tACS.

Multi-electrode arrays together with electric
field modelling allows for targeting more com-
plex neuronal assemblies, such as the coherence
between two or more brain regions. Control stim-
ulation frequencies should be chosen outside of
harmonics.

tACS has the potential to causally probe and
treat oscillatory activity in the human brain.
Development of hypothesis-driven approaches
based on brain oscillations and behaviour is
expected to provide another perspective that can
bring major progress in the near future [5].
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3.1 Introduction

Brain stimulation techniques have generated
renewed interest in recent decades as promising
tools to explore human cerebral functions and to
treat neurological and psychiatric diseases [1].
Apart from invasive stimulation paradigms such
as deep brain and vagal nerve stimulation, non-
invasive tools like transcranial magnetic or elec-
trical stimulation (tES), including transcranial
direct current stimulation (tDCS) and transcra-
nial alternating current stimulation (tACS) are
attractive for use in humans, because they permit
painless modulation of cortical activity and excit-
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ability through the intact skull [2]. This chapter
gives an overview of the physiological effects of
tES. Their application and impact on brain func-
tions and cognitive processes are also discussed.

3.2 tDCS

Tonic application of direct currents to the brain,
although a relatively old method in strict terms,
has regained increasing interest as a potentially
valuable tool for the induction and modulation
of central nervous system neuroplasticity. About
55 years ago, it was demonstrated that in anaesthe-
tised rats, direct currents, delivered by intracerebral
or epidural electrodes, induce stimulation polarity-
dependent activity and excitability alterations of the
sensorimotor cortex, which can be stable for hours
after the end of stimulation [3]. A few years later,
it was verified that also transcranial application of
direct currents can induce an intracerebral current
flow sufficiently large to achieve physiological and
functional effects [4, 5]. The number of studies in
humans in these early days was however limited.
In one of the few neurophysiological studies, it was
found that this kind of stimulation alters EEG pat-
terns and evoked potentials at the cortical level in
humans [6]. With regard to cognitive and behav-
ioural effects, early clinical studies describe a mixed
impact on depression and other psychiatric diseases
[7-9] and improved performance in a choice reac-
tion time task in healthy subjects [10]. In the fol-
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lowing years, electrical stimulation of the human
brain via transcranial application of direct currents
as a tool to influence brain function was nearly
forgotten, most probably due to mixed results of
initial studies and limited options to explore physi-
ological effects in humans. Nevertheless, in the
last decades, it has been re-evaluated following the
development of methods that allow probing its neu-
rophysiological effects (e.g. transcranial magnetic
stimulation — TMS, functional magnetic resonance
imaging — fMRI and positron emission tomogra-
phy — PET). tDCS developed into a technique that
reliably induces and modulates neuroplasticity in
the human cerebral cortex non-invasively and pain-
lessly in order to elicit prolonged — but yet revers-
ible — shifts of cortical excitability [2, 11-13]. This
section offers an overview of tDCS protocols and
their physiological effects.

3.2.1 tDCS Protocols and Effects

For tDCS, the direct current is usually applied
via conductive rubber or metal electrodes embed-
ded in a sponge soaked with saline, or covered
with cream or gel or by gel-filled cap electrodes
[14]. The electrodes are connected to a stimulator
delivering constant current which is essential for
stable current strength to ensure reliable tDCS
effects. Usually applied stimulation parameters
range from 1 to 2 mA current intensity, from 3.5
to 100 cm? electrode size and up to 20 min stimu-
lation duration in most studies, although longer
stimulation duration and higher stimulation inten-
sity have been probed. These parameters are con-
sidered safe, as shown by behavioural measures,
electroencephalography (EEG),
rone-specific enolase concentration, diffusion-
weighted and contrast-enhanced MRI measures
and missing severe side effects in healthy and dis-
eased humans, as well as in animal experiments
[2, 12, 13, 15-19]. Electrode positions above
cranial foraminae and fissures should be evalu-
ated with caution or avoided because these could
increase effective current density relevantly and
thus have damaging effects. Although tDCS is
usually well tolerated, at the beginning of stimu-
lation most subjects will perceive a slight itching

serum nceu-

sensation, which normally fades with time [20,
21]. To avoid retinal phosphenes due to the ten-
fold higher sensitivity of the retina compared to
the brain to electrical stimulation [22], as well as
stimulation make-and-break effects, ramping up
and down of current intensity for 8-30 s at both,
the start and end of stimulation is suggested [23].
Blinding can furthermore be improved by appli-
cation of topical anaesthesia to reduce somato-
sensory perception [24], especially with higher
stimulation intensities, and application of keto-
profen to reduce erythema under the electrodes
[25]. For an extensive methodological overview,
please refer to Woods et al. [14].

Physiological tDCS effects, including efficacy,
direction and focality of neuronal excitability
changes, are determined by stimulation polarity,
current density, stimulation duration, electrode
size, configuration and position. These param-
eters are discussed in the following sections.

Electrode Position/Configuration/

Current Direction

Stimulation polarity determines the direction of
cortical excitability changes elicited by tDCS at
the macroscopic level within specific limits of
stimulation intensity and duration. In most stud-
ies, both in humans and animals, anodal DC stim-
ulation enhances cortical excitability and activity,
whereas cathodal stimulation results in reversed
effects [11, 12, 26]. However, deviating results
have also been reported for subgroups of neurons
[26, 27], hippocampal slice preparations [28]
and specific return electrode positions [29]. One
explanation for these heterogeneous effects is the
fact that not so much the polarity of the electrode
over the stimulated area per se is the decisive
factor for the net effects of tDCS on excitability,
but rather the direction of current flow relative to
neuronal orientation: the respective current has to
flow along the longitudinal axis of a given neuron
to induce relevant effects on membrane polarity
[30]. Polarisation of the soma and axon might
determine the direction of the effects more than
dendritic polarisation, because of higher recep-
tor and ion channel density at the soma and axon
level. Consequently, the position of the return
electrode is critical for achieving the intended
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excitability shifts, because together with the stim-
ulation electrode it determines the electric field
orientation in relation to neuronal orientation. In
accordance, the position of the return electrode
had been shown to determine the direction of
the effects and efficacy of tDCS to induce corti-
cal excitability alterations for motor and visual
cortex stimulation [11, 29, 31, 32], and identical
electrode arrangements result in opposite effects
on cortical excitability in case of antagonistically
oriented neurons [28]. Moreover, for motor cor-
tex stimulation, it was demonstrated that posi-
tioning of the return electrode at the shoulder or
arm results in diminished efficacy, as compared
to the “classical” bipolar electrode configura-
tion with the return electrode positioned over the
contralateral orbit [33]. On the other hand, too
low inter-electrode distance results in massive
shunting of current flow between electrodes via
the skin. Thus, also distance between electrodes
is relevant for the efficacy of tDCS.

The “classical” tDCS protocols to induce neu-
roplastic excitability alterations involve stimula-
tion with two relatively large electrodes (usual
size between 25 and 35 cm?) positioned on the
head. These electrodes induce relatively non-
focal effects of the underlying cortex, but also
at remote areas, as shown experimentally for
stimulation of the primary motor cortex [34, 35],
and via modelling approaches [36]. Low focal-
ity is not necessarily a problem for each applica-
tion of tDCS. In clinical syndromes, modulation
of pathologically altered excitability of larger
regions might be preferable, and in some cases,
where the intended effects are thought to origi-
nate from an interaction of task- and stimulation-
generated activity alterations, functional focality
might result from this interaction. However,
focality is crucial for basic studies aiming to
explore the contribution of a specific area to
brain function. Thus, new tDCS protocols suited
to increase focality of stimulation have been
developed. At least two factors contribute to the
low focality of tDCS, the size of the relatively
large electrode positioned over the target area and
the physiological effects of the return electrode,
if positioned at the scalp. Focality of tDCS over
the target area can be enhanced by reducing elec-

trode size and keeping current density constant.
By this modification of the stimulation protocol,
it has been shown for the motor cortex that a more
selective alteration of excitability of specific
hand muscle representations is accomplished
[35]. Following the same rationale, increasing
the size of the return electrode at constant current
strength of 1 mA from 35 to 100 cm? makes this
electrode functionally inefficient with respect
to the area under that electrode, most probably
due to reduced current density, and thus results
in an at least functionally monopolar stimulation
[35]. Alternatively, the return electrode can be
positioned at another location than the scalp, for
example, the neck, shoulder, arm or knee [7, 29,
37]. However, this remote position of the return
electrode might diminish the efficacy of stimula-
tion [33], and it is unclear if other sets of neurons
would be affected by these approaches due to dif-
ferent electrical field orientation.

Based on modelling of electrical field strength,
alternative electrode configurations have been
developed to optimise stimulation focality and
tDCS with one central electrode over the tar-
get region, and four electrodes arranged in its
vicinity (4 x 1, or HD-tDCS) is one of these
approaches. Here relatively small electrodes are
used, and a central stimulation electrode is sur-
rounded by four return electrodes placed nearby
the central electrode [36]. Since the distance
between the respective electrodes is relatively
short, and thus shunting is enhanced relative to
the more conventional electrode arrangements,
current density has to be relatively high to obtain
similar effects as with the large electrodes.
Taking this into account, the cortical excitability
alterations induced by this protocol seem to be
similar to those elicited by conventional tDCS
[38]. However, information about the physiologi-
cal focality of these excitability alterations is not
available so far. The functional efficacy of this
electrode configuration has been demonstrated
in some pilot studies, including pain perception
[39]. Another optimising future strategy might
be multi-electrode approaches. These can be
based on functional networks [40], or arranged to
tackle a specific target region based on modelling
approaches [41, 42].
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Current Intensity/Density

In most of the studies, in which conventional
tDCS with relatively large electrodes (see above)
is applied, current intensity is set at 1-2 mA,
which results in about 0.03-0.06 mA/cm? current
density at the level of the skin. Resulting electri-
cal fields and current densities at the level of the
brain depend on the tissue properties between the
electrode and the brain and might differ accord-
ingly, as suggested by the results of modelling
studies [43]. These stimulation intensities are
sufficient to induce relevant excitability shifts in
the human primary motor cortex (M1) and alter
physiological, perceptual and cognitive processes
in prefrontal, parietal, temporal and occipital cor-
tices [2, 11, 13, 44, 45]. Increasing current den-
sity within certain limits might increase efficacy
of stimulation due to a larger membrane polarisa-
tion shift [11]. It might also affect additional neu-
ronal populations because of a greater efficacy of
the electrical field in deeper cortical layers and
different sensitivities of specific neuronal popula-
tions to DC stimulation [26]. Moreover, because
of physiologically-based non-linearity of tDCS
effects (see also below), more intensive stimula-
tion can convert the directionality of effects [46,
47], and different participant populations might
display altered sensitivity to tDCS [48].

Stimulation Duration/Interval

Stimulation duration determines the occurrence
and duration of after-effects of DC stimulation in
animals and humans. In humans, a typical pro-
tocol to induce acute effects of tDCS on corti-
cal excitability without generating after-effects is
applied with a stimulation duration of 4 s [11].
This stimulation protocol induces the respective
excitability alterations only during stimulation.
tDCS for more than 3 min seems necessary to
induce cortical excitability and activity altera-
tions, which outlast stimulation [11]. Hereby,
at least within certain limits, extended stimula-
tion protocols induce prolongation of the result-
ing after-effects. tDCS from 3 to 7 min results
in polarity-specific excitability alterations for
some minutes after the end of stimulation,

whereas anodal tDCS for 13 min and cathodal
tDCS for 9 min results in after-effects lasting for
about 1 h in the human motor cortex [12, 16].
This specific duration dependency of effects
does gradually differ for other cortical regions,
including the visual cortex [32]. Moreover, this
relation between stimulation duration, and dura-
tion of after-effects, is not linear under all con-
ditions: recently it was shown that anodal tDCS
for 26 min results in excitability-diminishing
and not -enhancing after-effects, most probably
caused by intraneuronal calcium overflow [49].
Thus, for the induction of after-effects lasting
relevantly longer than 1 h after tDCS, which are
desirable especially to achieve therapeutic effects
in clinical studies, simply prolonging stimulation
duration might not be the optimal strategy. One
alternative might be the repetition of stimulation
sessions. Indeed, repeating cathodal or anodal
tDCS within a time window of 30 min increases
and prolongs the after-effects of both anodal and
cathodal tDCS relevantly, for anodal tDCS, for
more than 24 h after stimulation [49, 50]. On the
other hand, tDCS intervals of 3 and 24 h dimin-
ished the after-effects of the second protocol in
both studies conducted in healthy participants.
Thus, specific timing is important for prolon-
gation of tDCS effects on cortical excitability.
Moreover, the results of these studies suggest that
consecutive tDCS protocols might interact even
when the overt impact on cortical excitability has
vanished. Therefore, a sufficient interval between
experimental sessions is recommended, when it
is not intended to induce cumulative after-effects.

Taken together, for tDCS various protocols
are available, which differ with respect to stimu-
lation polarity, current density, stimulation dura-
tion, as well as electrode size and placement.
Dependent on these parameters, stimulation
protocols can be customised at least to a certain
extent to achieve the desired direction, strength,
focality and duration of effects on cortical activ-
ity and excitability. However, systematic studies
about optimised physiological and functional
effects are rare so far. For functional effects,
the development of optimised protocols might
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have to take into account not only the impact of
tDCS on cortical processes, but also the interac-
tion between stimulation and task-related cortical
activity alterations, which might not be trivial in
each case. Another future challenge is the devel-
opment of individually adapted stimulation pro-
tocols, which take inter-individual differences of
anatomy and physiology into account. It should
also be noted that, given the large number of
tDCS studies investigating the effects of different
parameters, a one-to-one transferability of effects
obtained by stimulation of one target region to
another cannot be taken for granted due to state
dependency, anatomical differences and other
factors [16, 51-53]. Therefore, titration of stimu-
lation parameters is recommended if no reference
is available for a particular tDCS protocol [13,
52, 53].

3.2.2 tDCS Physiology

A multitude of studies has been conducted to
explore the physiological effects of tDCS in the
last years. The primary motor hand area (M1) has
been widely used as a model system in these stud-
ies in order to explore the modulation of cortical
excitability by tDCS, mostly for practical rea-
sons, because it is situated at the convexity of the
precentral gyrus with a minimal distance to the
scalp surface, and therefore can easily be reached
by TMS, which is usually applied to monitor cor-
tical excitability, including specific stimulation
protocols to monitor different types of intracor-
tical neurons as well as cortical output neurons
[54]. Therefore, most of the existing knowledge
about basic physiology of tDCS originates from
studies in the human motor cortex. However,
physiological effects of tDCS on other cortical
areas have also been explored, and beyond TMS,
evoked potential measures, EEG, and functional
imaging have contributed to our understanding of
the physiological background of tDCS. Whereas
regional effects of tDCS were in the focus of
investigations during the first years, the impact of
tDCS on cortical network activity became a new
topic of research recently.

Regional Effects of tDCS

Acute Alteration of Cortical Excitability

The primary mechanism of DC stimulation on
the cerebral cortex is a subthreshold modulation
of neuronal resting membrane potentials. Current
has to enter and leave a given neuron to exert any
physiological effects due to physical reasons,
thus in any case, DC stimulation — independent
from the polarity of the electrode over a target
area — will have de- and hyperpolarising effects
on a given neuron. For the direction of the effects
on cortical excitability and activity, it is relevant
to acknowledge that the soma and initial axon
segment of a neuron are more sensitive for the
alteration of membrane potentials via weak elec-
trical fields. Thus, the physiological effects of DC
stimulation might primarily depend on alteration
of these membrane segments [55]. In animal
experiments, anodal stimulation (i.e. stimulation
with the anode positioned over the respective tar-
get region) results in an enhancement of cortical
excitability, and activity, while cathodal stimula-
tion has antagonistic effects [26, 27]. However,
this polarity-dependent effect has to be qualified.
As mentioned above, orientation of electrical
field relative to neuronal orientation determines
the direction of the effects. Accordingly, antago-
nistic effects of DC stimulation were described
not only for subgroups of neurons, but also for
specific preparations, such as hippocampal slice
experiments [27, 28]. In humans, similar stimula-
tion polarity-dependent effects have been shown
for short stimulation durations of few seconds,
which do not induce after-effects. Anodal tDCS
enhances cortical excitability, while cathodal
stimulation diminishes it in the human motor cor-
tex, as demonstrated by TMS at the macroscale
level. These effects are largely restricted to global
parameters of corticospinal excitability, which
are determined by ion channel conductivity,
such as single-pulse MEP amplitudes induced by
medium TMS intensity and recruitment curves.
They do not involve major alterations of intra-
cortical facilitation and inhibition, as monitored
by TMS double-pulse stimulation protocols [11,
56]. Accordingly, blocking voltage-gated sodium
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and calcium channels abolishes the excitability
enhancement accomplished by anodal tDCS,
but blocking glutamatergic NMDA receptors or
enhancement of GABAergic inhibition does not
affect the acute effects of tDCS [57, 58]. Thus,
taken together, the primary effects of tDCS seem
to involve polarity-specific membrane potential
alterations, but no synaptic effects. It is impor-
tant to realise that these effects are observable at
the macroscale level. TMS affects large groups
of neurons, and thus it cannot be excluded,
but due to the physiological effects of stimula-
tion described above, it is probable that specific
groups of neurons react differently to tDCS.

Sustained Change of Cortical Excitability

and Activity

In experiments in anaesthetised rats, Bindman
and colleagues described prolonged enhance-

ments of cortical activity and excitability lasting
for hours after anodal stimulation, while cath-
odal DC stimulation had antagonistic effects, if
stimulation was conducted for 5 min or longer
[3]. Identically directed after-effects of tDCS
are accomplished when stimulation duration
exceeds 3 min in humans. tDCS over the motor
cortex for up to 7 min results in after-effects of
about 5-10 min duration, while longer stimula-
tion durations for up to 13 min induce excitability
alterations stable for about 60-90 min [11, 12,
16] (Fig. 3.1). However, the duration of the after-
effects might differ between cortical regions,
with somewhat shorter lasting effects induced by
tDCS over the visual cortex with identical stimu-
lation durations [32, 59].

At the cortico-spinal level, tDCS elicits similar
after-effects as those accomplished during short
stimulation. The slope of the recruitment curve is

Stimulation duration
-O= 5min
~O— 7 min
<A~ 9 min
=&~ 11 min
-+ 13 min

1.27

1.0 1

0.8

MEP size after current stmulation / baseline

0.6
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120 150 min
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25 30 35

40 45 50 55 90 120 min

Time after current stimulation

Fig. 3.1 After-effects of transcranial direct current stim-
ulation (tDCS) on motor cortical excitability. tDCS of the
human motor cortex modulates TMS-elicited MEP ampli-
tudes after stimulation for up to an hour, depending on
stimulation duration. Anodal stimulation (a) enhances,

while cathodal (b) diminishes cortical excitability. Note
that 5-7 min stimulation results in short-lasting after-
effects, while prolonged tDCS increases the duration of
the after-effects over-proportionally. (Nitsche et al. [12,
16], with permission of Neurology and Clin Neurophysiol)
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reduced after cathodal tDCS, but enhanced after
anodal stimulation [56]. For intracortical effects,
anodal tDCS enhances intracortical facilitation
and reduces intracortical inhibition, whereas
cathodal tDCS induces antagonistic effects [56].
Most probably, these effects are accomplished by
combined modulation of motor cortical afferents
and motor cortex output neurons with conven-
tional large electrodes, since selective premotor
stimulation induces only the above-mentioned
intracortical effects in M1, while focal stimula-
tion over M1 with a small electrode only resulted
in the above-mentioned cortico-spinal effects
[60]. Because block of glutamatergic NMDA
receptors abolishes the after-effects of tDCS,
and the NMDA receptor agonist d-cycloserine
prolonged the after-effects of anodal stimulation
[57, 61]; it can be assumed that tDCS induces
plasticity of the glutamatergic system, which
is calcium-dependent. Calcium dependence of
tDCS-induced plasticity has been demonstrated
in another study [57]. These results are in accor-
dance with animal experiments, in which it was
shown that anodal tDCS enhances neuronal cal-
cium content [62]. Beyond modulation of the
glutamatergic system, it has recently been shown
that both — anodal and cathodal tDCS- reduce
free GABA in the cortical areas under the elec-
trodes [63]. This result fits with an enhancing
effect of both anodal and cathodal tDCS on TMS-
induced I-wave facilitation, which is controlled
by the GABAergic system [56]. GABA reduction
has been shown to enhance glutamatergic plastic-
ity in animal slice experiments and could have
a facilitating effect on tDCS-induced plasticity
in humans as well. It is worth to be mentioned
that the induction of plasticity by tDCS seems to
require spontaneous neuronal activity, as shown
by Fritsch et al. [64]. This makes sense, because
neuronal activity in the presence of subthreshold
membrane depolarisation will enhance calcium
influx relative to pure subthreshold depolarisa-
tion, or spontaneous activity alone, which in iso-
lation might not suffice to open NMDA receptor
channels.

Beyond the “classic” tDCS protocols, which
induce after-effects of about 1 h duration, and
thus early-phase plasticity, late-phase plasticity,

which lasts for more than 24 h after interven-
tion, can be induced by repeated tDCS within a
critical time window of 30 min [49] similar to
animal experiments [65]. Interestingly, continu-
ous anodal tDCS with doubled stimulation proto-
col duration resulted in excitability-diminishing
plasticity, and increasing the interval to 3 or 24 h
duration diminished the efficacy of the stimula-
tion protocol in the same study. The late-phase
LTP-like effects of repeated anodal tDCS depend
on the glutamatergic system. The excitability
diminution induced by 26 min continuous stim-
ulation might result from intracellular calcium
overflow, since calcium channel block abolished
this effect [49].

In summary, it can thus be concluded that the
after-effects of tDCS depend on glutamatergic
mechanisms, and that tDCS-induced reduction
of GABA might serve as a “gating” mechanism.

Recently, stimulation intensity and duration
have been extended beyond these classic pro-
tocols. Here it is shown that for anodal tDCS,
prolongation of stimulation duration for up to
30 min, with a stimulation intensity of up to
3 mA, did result in fairly homogeneous excit-
ability enhancement, with slightly better effects
of stronger stimulation intensities [66, 67]. This
effect was not only observable for TMS param-
eters, but also for MRI-derived measures of
blood flow [68]. For cathodal tDCS, however,
respective systematic titration of current intensity
and stimulation duration resulted in an inverted
U-shaped effect, with 1 and 3 mA resulting in
an excitability diminution, while 2 mA current
strength enhanced excitability [47]. This non-
linear effect might be caused by the known cal-
cium dynamics of neuroplasticity [69], with low
calcium influx inducing LTD, higher calcium
influx inducing LTP and even higher calcium
influx antagonised by opening of hyperpolarising
potassium channels [70]. Alternative explana-
tions, such as effects of tDCS on deeper cortical
layers with larger stimulation intensity, can how-
ever not be ruled out at present.

Pharmacology of tDCS
Neuromodulators have a relevant impact on gluta-
matergic plasticity in animal models and humans



36

R. Polania etal.

[71] (Fig. 3.2). In accordance, monoamines and
acetylcholine have a prominent impact also on
tDCS-induced plasticity. For dopamine, physi-
ological receptor activity is critical for the induc-
tion of after-effects, because these are abolished
by D2 receptor block [72]. Interestingly, increas-
ing dopamine receptor activation by the non-
selective precursor l-dopa has dosage-dependent
non-linear effects on tDCS-generated plasticity.
Whereas low- and high-dosage 1-dopa abolish
excitability-enhancing and -diminishing plastic-
ity, medium dosage prolonged the excitability-
diminishing after-effects of cathodal tDCS and

Fig. 3.2 Mechanisms and modulatory effects of tDCS-
generated glutamatergic plasticity. In this figure, the main
plasticity mechanism of glutamatergic synapses and the
modulatory impact of other neurotransmitters and ion
channels are displayed. As far as explored, tDCS has an
enhancing effect on glutamatergic neurons (green arrow)
[55, 121], while several studies showed that they reduce
GABA activity (red arrow) [61, 122]. The release of glu-
tamate activates NMDA receptors, which have calcium
(Ca?") channel properties, if it is sufficiently strong.
Depending on the amount of the consecutive intraneuro-
nal calcium increase, enzyme cascades are activated
which result in post-synaptic insertion or removal of glu-
tamatergic AMPA receptors. The amount of post-synaptic
AMPA receptors determines if a given activation of a pre-

converted anodal tDCS-induced facilitation into
inhibition [73, 74]. Similar effects were accom-
plished with the D2 agonist bromocriptine [75].
In contrast, D1 receptor activation under D2
receptor block re-established tDCS-induced
plasticity of both stimulation polarities dosage-
dependently [76, 77]. Taken together, dopamine
has prominent non-linear effects on tDCS-
induced plasticity, which depend on dosage and
receptor subtype activity. For the cholinergic
system, enhancement of global cholinergic acti-
vation resulted in a similar effect as medium-dos-
age l-dopa on tDCS-generated plasticity, that is,

Post-synaptic neuron

Dopamine

Acetylcholine
Adrenaline/noradrenaline

synaptic neuron results in supra-threshold post-synaptic
activation. Thus, a modification of AMPA receptor den-
sity is the main basis for LTP and LTD. The activity of
voltage-dependent calcium channels contributes to intra-
cellular calcium alterations and the activation of sodium
(Na*) channels to the resting membrane potential, which
affect the probability that NMDA receptors are activated
and presynaptic activity results in a post-synaptic action
potential. Various neurotransmitters such as GABA, dopa-
mine, acetylcholine, serotonin, adrenaline and noradrena-
line influence these principal mechanisms of action in a
complex, sometimes non-linear way via their specific
receptors, and they also have an impact on glutamatergic
receptors and ion channels
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a slight prolongation of cathodal tDCS-induced
excitability diminution and a conversion of
anodal tDCS-induced after-effects from facilita-
tion into excitability reduction [78]. At least for
anodal tDCS, these effects depend on activation
of nicotinic receptors, since nicotine and the nico-
tinic a4p2 agonist varenicline had a similar effect
on tDCS-induced plasticity [79, 80]. Recently it
could furthermore be shown that this modulation
depends on glutamate and calcium influx [81].

For serotonin, activation by a selective sero-
tonin reuptake inhibitor (SSRI) facilitated and
prolonged the after-effects of anodal tDCS and
converted plasticity induced by cathodal stimula-
tion into facilitation [82]. This effect was further
enhanced after long-term application of SSRI
[83]. Similar effects are obtained by enhancing
of noradrenergic tone via the noradrenaline reup-
take inhibitor reboxetine [84].

These studies show a prominent and complex
impact of neuromodulators on tDCS-induced
plasticity, which might, for example, be relevant
for treatment of patients suffering from neuro-
logical and psychiatric diseases, where neuro-
modulator activity is often pathologically altered
and counteracted upon by pharmacological
intervention.

tDCS Effect on Cortical Regions Other

than M1

Most of the above-mentioned studies were per-
formed in the human primary motor cortex, but
the effects of tDCS are not restricted to this
region. In the last years, numerous studies have
been conducted, which show a similar functional
or physiological impact of tDCS on a multitude of
cortical regions. Neurophysiological effects have
been demonstrated for the visual cortex, where
anodal and cathodal tDCS have similar effects on
cortical excitability as motor cortex stimulation;
however, antagonistic effects were also observed
when the return electrode was positioned at the
neck [29]. tDCS over the visual cortex results in
shorter duration of the after-effects, as compared
to stimulation over M1 with identical stimula-
tion protocols. For tDCS of the somato-sensory
cortex, anodal tDCS increased respective SEP
amplitudes for at least 60 min after stimulation in

one study [85], and cathodal tDCS reduced those
in another one [86]. For auditory cortex stimula-
tion, anodal tDCS over the temporal and cathodal
tDCS over the temporo-parietal cortex enhanced
the respective evoked potentials [87]. The recent
development of concurrent TMS-EEG recordings
allows the investigation of physiological mecha-
nisms of tDCS via direct monitoring of cortical
excitability. Anodal tDCS increased mean field
power of TMS-evoked cortical potentials both
during and following tDCS over the posterior
parietal cortex, and also the dorsolateral prefron-
tal cortex [88, 89], although results are somewhat
heterogeneous at present [90]. Such methodolog-
ical advance will further contribute to the under-
standing of tDCS physiology into larger detail.
Finally, it has been demonstrated that tDCS can
also affect the spinal cord and the cerebellum
[91]. For the latter, its complex folding seems
to result in antagonistic effects dependent on the
depth of penetration, which makes sense, given
the relationship of tDCS effects from the relation
of electrical field and neuronal orientation [92].

Inter-Regional Effects of tDCS

Apart from the regional effects of tDCS under the
stimulation electrodes, remote effects on topo-
graphically distant cortical and subcortical areas
were described relatively early [34]. However,
it was unclear whether those effects are caused
by physiological spreading of cortical activity
or by physical current spread. Simulation stud-
ies, although not physiologically validated so far,
are in favour for at least a partial contribution of
spread of current flow [36]. In addition, physio-
logical effects of tDCS on remote areas have been
described. Premotor anodal tDCS enhances intra-
cortical facilitation of M1, most probably due to
the activation of premotor-primary motor cortex
afferents [60], and combined dorsal premotor and
supplementary motor area (SMA) stimulation
alters motor and somatosensory evoked poten-
tials [93]. For parietal cortex stimulation, anodal
tDCS enhanced, but cathodal tDCS reduced MEP
amplitudes. Moreover, anodal tDCS over the pos-
terior parietal cortex increased both ipsilateral
M1 intracortical inhibition and facilitation, as
well as parietal-motor cortical connectivity [94].
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Furthermore, anodal tDCS over the posterior
parietal cortex increased cortico-cortical poten-
tials elicited by TMS in both local and surround-
ing and contralateral regions [89].

Recently, functional connectivity approaches
have been applied to explore cortical network
alterations induced by tDCS. For motor cortex
stimulation under resting conditions, an fMRI
study revealed that nodal minimum path length
increased after anodal tDCS over M1, which
means that functional connectivity of this area
with topographically distant regions of the
whole brain significantly decreased. In contrast
to this generally reduced whole brain connectiv-
ity of M1, functional connectivity was enhanced
between the primary motor cortex on the one hand
and premotor and superior parietal areas on the
other hand [95]. In another study, cathodal tDCS
of the primary motor cortex increased functional
connectivity between the stimulated M1 and the
contralateral M1 and premotor cortices [63]. A
similar effect of tDCS was described for anodal
stimulation combined with motor practice in an
EEG study, where functional connectivity was
enhanced between primary motor, premotor and
sensorimotor areas in the high gamma band [96].
Moreover, anodal tDCS of the primary motor cor-
tex alters cortico-subcortical connectivity of the
motor cortex at rest. Specifically, it was shown
to enhance connectivity with the ipsilateral cau-
date nucleus and thalamus [97]. Alterations of
intrinsic motor cortex connectivity by tDCS
have also been demonstrated: cathodal stimula-
tion increased local connectivity, most likely
due to cortical noise reduction accomplished by
the respective excitability and activity diminu-
tion, while anodal tDCS enhanced long-distance
connectivity within this area [97]. Therefore, it
can be concluded by the results of these studies
that motor cortex tDCS alters the connectivity of
large parts of the motor network.

Beyond tDCS of the motor cortex, stimulation
of the dorsolateral prefrontal cortex has been dem-
onstrated to induce widespread alterations of func-
tional connectivity, including the default mode
network and attention-related networks in healthy
subjects [98, 99]. A study conducted by Mainzer
and co-workers showed that respective connectiv-

ity alterations are brain state-dependent. Whereas
anodal tDCS over the left inferior frontal gyrus
under resting conditions enhanced functional con-
nectivity of a network associated with language
processing, respective stimulation reduced respec-
tive connectivity in a language task and improved
performance, thus suggesting that tDCS conducted
during task performance enhanced the efficacy of
processing [100].

To summarise, in addition to its regional
effects under the stimulation electrodes, tDCS
has prominent effects on functional networks
at both cortical and subcortical levels. The rel-
evance of these network alterations for cogni-
tion and behaviour needs to be explored in more
detail in future studies.

3.3 tACS
It is well established that sensory and association
areas of the brain are organised in a distributed
manner. This segregation requires efficient com-
munication mechanisms allowing the brain to
integrate information both within and across dif-
ferent areas to guide behaviour. The question is,
how can the human brain achieve this relatively
fast and efficient integration of information? A
prominent hypothesis suggests that neural oscil-
lations play a fundamental role in cognitive func-
tions supporting both neural communication and
plasticity. Despite the large amount of empirical
data, so far the majority of these studies have
provided only correlative evidence for the impact
of neural oscillations on cognitive performance,
whereas its causal role is still to be determined.
In order to probe the causal neurophysiology
underlying function and behaviour of neural
oscillations, tACS has emerged as a promising
technique to achieve this goal.

tACS is a variant of tES, which modulates
oscillatory brain activity via application of
alternating currents with sinusoidal waveforms.
Growing evidence from human research sug-
gests that, during stimulation, oscillatory brain
activity, as measured with electro-encephalog-
raphy (EEG) and more recently with magneto-
encephalography (MEG), phase-locks to
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rhythmic trains of stimulation [101, 102]. tACS
is presumed to affect neuronal membrane poten-
tials by subthreshold (i.e. no action potential gen-
eration) oscillatory electrical stimulation with
specific frequencies and to interact with ongo-
ing thythmic cortical activities. Interestingly, the
observed entrainment effects are more prominent
when the frequency of stimulation matches the
dominant frequency of the stimulated structure
[103]. However, for specific stimulation frequen-
cies, also neuroplastic excitability modifications
have been described [104-107]. By its modulat-
ing effect on task-related oscillatory brain activ-
ity, tACS appears to be a useful tool to investigate
the causality of physiological phenomena for
cognition and behaviour. In this section, we dis-
cuss the possible physiological effects of tACS as
well as examples of its effects on cognition and
behaviour.

3.3.1 tACS Protocols and Effects

The application of tACS employs a similar set-up
as conventional tDCS, except for the polarity of
stimulation. While anodal or cathodal stimulation
in case of tDCS describes the constant polarity
of an electrode during the whole intervention and
determines the direction of effects, the polarity of
the two electrodes in tACS alternates every half
cycle. The efficacy of tACS is mainly determined
by the intensity, frequency and phase of the stim-
ulation protocol, which result in modulation of
cortical excitability and/or oscillations.

Physiological Effects of tACS

Similar to tDCS, tACS is assumed to not induce
cortical activity, but to modulate spontaneous
activity via sub-threshold membrane polarisation.
One potentially relevant effect is modulation of
spontaneous oscillatory activity. In accordance,
computational modelling suggests that external
electric stimulation with a relatively low ampli-
tude, as applied in tACS, is indeed sufficient
for synchronising oscillatory activity of neural
networks [108]. Animal studies demonstrated
synchronisation of neuronal spike activity cor-
responding to the externally applied frequency

of oscillations within different frequency bands
[109], a phenomenon termed entrainment. While
the results of that initial investigation were prom-
ising, tACS was applied in rodents at current
intensities that would be prohibited in humans.
Thus, the question remains as to whether conven-
tional current intensities applied in humans have
the capability of inducing entrainment in vivo
and during wake states. A recent study presented
data from non-human primates, a highly real-
istic model of the human brain, demonstrating
that tACS reliably entrains the spiking activity
of single neurons in awake monkey. Crucially,
this entrainment was shown to be limited to the
frequency of stimulation and the vicinity of the
targeted brain region [110]. With increasing elec-
tric field strength, more neurons were entrained
to the stimulation frequency. Importantly, con-
current electric field recordings demonstrated
that these spike timing changes occur in a field
regime that are practicable in humans (i.e. elec-
tric fields <0.5 mV/mm, which are achievable
in humans for tACS intensities between 1 and
2 mA). Together, these results provide compel-
ling evidence that tACS applied at conventional
intensities in humans have the capability of genu-
inely inducing entrainment of neural oscillations.
Regarding studies in humans, when tACS is
applied within the individual alpha frequency for
10 min over the occipital lobe, the correspond-
ing spectral power was facilitated, and this effect
outlasted the intervention [111, 112]. Likewise,
it was shown that by prefrontal stimulation in
the gamma frequency range, but not at other fre-
quencies, during REM sleep, where gamma band
activity is presumed to have important functional
relevance, brain activity in these frequencies was
enhanced [113]. Similar effects were obtained for
beta frequency stimulation of the motor cortex,
where it was also shown that the oscillatory after-
effects depended on glutamatergic mechanisms,
because block of NMDA receptors abolished
these [114]. Thus, taken together, these studies
deliver evidence for a modulatory effect of tACS
on spontaneous cortical oscillatory activity.
Beyond its impact on oscillatory brain activ-
ity, tACS can also affect cortical excitability.
These effects seem critically to depend on stimu-
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lation frequency and intensity and differ between
online and after-effects. For the primary motor
cortex, online effects on cortical excitability
were selectively obtained by 20 Hz stimulation,
but not by tACS within other physiological fre-
quency bands. Since 20 Hz is the predominant
frequency in the resting motor cortex, this result
fits nicely with the modulatory impact of tACS
on oscillatory brain activity [115]. For after-
effects, even longer tACS durations (2—10 min)
within similar frequency ranges showed no
effect on MEPs with a peak-to-peak stimula-
tion amplitude of 1 mA [104, 116]. Enhancing,
however, stimulation intensity to 2 mA and
stimulation duration to 15 min resulted in neu-
roplastic excitability enhancement lasting for
at least 60 min after the end of stimulation and
respective after-effects dependent on the activity
of NMDA receptors [114]. For other frequency
bands, already lower stimulation intensities and
durations induce neuroplasticity. tACS over M1
with 140 Hz and 0.63 A/m? for 10 min signifi-
cantly enhanced cortical excitability during and
after stimulation [106]. In the same study, lower
stimulation intensity with 0.25 A/m? resulted in
a decrease of excitability. Interestingly, hippo-
campal plasticity is closely related to respective
oscillations, which might explain the relatively
high propensity of this frequency band for plas-
ticity induction. With even higher frequency
stimulation outside the physiological range of
brain oscillations, including stimulation frequen-
cies between 2 and 5 kHz, tACS (0.2 A/m? for
10 min) induces MEP enhancements lasting for
more than 1 h [117]. The respective mechanisms
of these stimulation frequencies are not well
explored. To summarise, tACS may non-linearly
alter cortical excitability during and after inter-
vention. The presence and direction of this effect
depends on stimulation frequency, intensity and
duration.

tACS Effects on Cognition

and Behaviour

The modulatory impact of tACS on oscillatory
cortical activities has an impact on cognition and
behaviour. Numerous studies were conducted
for uni-regional tACS to explore the relevance

of oscillatory activity of a specific area for per-
formance. A couple of studies were performed in
the visual domain. For visual perception, stimu-
lation with beta or alpha frequency significantly
reduced phosphene thresholds in illuminated or
dark conditions, respectively [118]. Since beta
frequencies are predominant in illuminated sur-
roundings, whereas alpha frequencies dominate
under light deprivation, this study suggests that
tACS can modulate visual perception via its
impact on naturally occurring cortical oscilla-
tions. In another study with tACS over V1, con-
trast perception was enhanced under high gamma
(60 Hz) frequency stimulation, while spatial atten-
tion remained unchanged [119], underscoring the
region-specific effect of tACS. Beyond visual
areas, other cortical modalities have also been
shown to be affected by tACS. Somatosensory
tactile perception was enhanced specifically
with tACS over the sensory cortex in the alpha
(10-14 Hz) and high gamma (52-70 Hz) range
[115]. For the motor system, 20 Hz tACS slowed
down voluntary movement, but 70 Hz stimula-
tion enhanced motor performance [120, 121].
Interestingly, a more recent study combined
tACS and fMRI to reveal the neural mechanisms
underlying these tACS-driven motor perfor-
mance improvements [122]. This study showed
that a remote area relative to the location of the
target electrode — the dorsomedial prefrontal
cortex (dmPFC) which is known to be engaged
in cognitive and motor control — regulates the
tACS-induced behavioural changes. More spe-
cifically, this study revealed that these changes
not only result from activity modulations under-
neath the stimulation electrode but also reflect
compensatory modulation within connected and
functionally related brain networks. Another
study showed increased behavioural variability
following 10 Hz tACS [123] and also facilitated
motor sequence learning, but only when applied
at alpha frequency, which is associated with the
inhibition of irrelevant stimuli during cognitive
tasks [121, 124]. In addition to relative elemen-
tary cognitive processes, tACS was employed to
alter more complex functions. Working memory
performance was altered by tACS in the theta
frequency range (6.5 Hz) over the left DLPFC
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[125], and sleep-dependent consciousness levels
were affected by tACS in the gamma frequency
range [113] (Fig. 3.3). Similarly, rhythmic stimu-
lation with gamma frequency over the left mid-
dle frontal gyrus enhanced fluid intelligence in
another study [126].

In the above-mentioned studies, tACS was
applied with standard frequencies across subjects.
However, individual alignment of stimulation
parameters to physiological oscillations might be
also a promising approach. Cecere and co-work-
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Fig. 3.3 Enhancing self-awareness during dreaming
with high gamma tACS. (a) Grand average FFT power
ratios of activity during (phase II) versus activity before
stimulation (phase I) for the different stimulation condi-
tions: sham, 2, 6, 12, 25, 40, 70 and 100 Hz (a-h). Yellow
shading represents mean values +2 s.e. Any excursions
outside of this range are considered to be significant at
least at the P < 0.05 level. Note that, with 40-Hz and
25-Hz stimulation, lucid dreams (red line) were accom-
panied by a significantly larger increase in the respective

ers (2015) explored the relevance of adjustment
of tACS over V1 to individual oscillatory activity
in a cross-modal sound-induced visual illusion
task. tACS was applied with the individual alpha
frequency or +2 Hz. As compared to stimulation
with individual alpha frequency, the deviating
stimulation protocols enlarged or shrunken the
illusion perception time window, demonstrating
a critical impact of specific alpha frequency on
this perceptual process.
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frequency band than non-lucid dreams (blue line). (b)
Selected contrasts of mean scores (s.e.) for the LuCiD
factors’ insight, dissociation and control. The contrasts
for insight and dissociation were strongest during stimu-
lation with 40 Hz (40-Hz reference condition is shaded,
top and middle frame). Control was increased most dur-
ing stimulation with 25 Hz (25-Hz reference condition is
shaded, bottom frame). ***P < 0.001, **P < 0.01,
*P < 0.05. (Voss et al. [113], with permission of Nature
Neuroscience)



42

R. Polania et al.

Furthermore, individually adjusted tACS
offers the potential to modulate peripheral and
periodic motor movements such as tremor with
individually adjusted frequency alignment [127].
In that study, stimulation was not only adjusted
to individual frequency, but also phase-locked
to oscillatory activity. tACS in phase with oscil-
latory activity enhanced, whereas antagonis-
tic stimulation reduced tremor considerably,
presumably via phase cancellation -effects.
Taken together, these studies show that tACS
adjusted to physiological oscillations is able to
modulate cognitive processes of different com-
plexity in different domains, and that sophisti-
cated approaches like individual adjustment of
tACS frequency and phase-locked stimulation
are promising approaches to improve insight
about the relevance of regional oscillations for
performance.

Beyond exploration of regional effects, tACS
is suited to explore the relevance of oscilla-
tory brain activity for task-relevant interactions
between cortical areas. Specifically, tACS offers
the opportunity to explore the causal relevance of
functional oscillatory connectivity for task per-
formance via combined stimulation of distant, but
functionally connected cortical areas. A couple
of studies demonstrated this effect for perceptual
tasks. Anti-phasic tACS over parietal and occipi-
tal areas in the alpha frequency range (610 Hz),
which increases a presumed inhibitory alpha
effect, reduced the performance of a visual detec-
tion task [128]. Moreover, a phase-specific tACS
effect was observed by anti-phasic (180-degree
difference) 40 Hz stimulation bilaterally over
the parieto-occipital junction. Here, motion
perception was altered possibly via modulation
of interhemispheric functional coupling in the
gamma range [101, 129]. In the latter study, 4 x 1
tACS, with the same electrode montage as used
in 4 x 1-tDCS, was applied in order to separately
adjust different phase angles of the electrodes
placed over the two hemispheres [101]. Beyond
these elementary processes, also modification
of more complex cognitive tasks was explored.
For working memory performance, it was shown
that parietal and frontal areas connect during
task performance in the theta frequency range. In

accordance with the hypothesis that synchronisa-
tion between both areas is causally relevant for
task performance, synchronised stimulation with
6 Hz frequency improved reaction time, whereas
antagonistic tACS diminished performance
[130]. Likewise, interhemispheric anti-phase
tACS over F3/F4 with slow-wave frequencies
(0.75 Hz, current density 5.17 A/m?) during a
nap reduced activity in delta-frequency bands,
which was correlated with impaired memory
recall [131]. In a recent study, researchers aimed
to identify a causal link between reduced fronto-
temporal brain oscillatory dynamics and working
memory deficits in the elderly [132]. The inves-
tigators first conducted an EEG study where they
found that phase—amplitude coupling in temporal
regions correlated with working memory perfor-
mance in the younger group but not in the older
group. Moreover, theta-phase synchronisation
between frontal and temporal regions — which
is thought to reflect the influence of the frontal
cortex on content processing and storage in tem-
poral areas — was absent in the elderly group but
not in the young group. These results suggested
the possibility of a causal relationship between
these neural signatures and working memory
performance, which the authors explored in a
subsequent tACS study. They applied tACS to
strengthen frontotemporal theta-phase synchro-
nisation [130] in the older adult group while they
were performing the working memory task. tACS
led to an improvement of working memory that
resembled performance levels seen in younger
subjects. These positive behavioural effects
started about 10 min after the onset of stimula-
tion and outlasted the stimulation period by about
1 h. Thus, these results provide novel evidence
that non-pharmacological interventions based on
tACS protocols could improve cognitive decline
in healthy ageing.

Turning to examples at even higher cognitive
processes, in an initial EEG study, it was dem-
onstrated that gamma phase-coupling between
the medial fronto-polar and superior parietal
cortex correlated with the accuracy of making
decisions based on subjective preferences [133].
This correlative evidence was causally confirmed
with multi-site tACS, where it was shown that
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transcranially inducing decoupling between the
frontopolar and parietal regions identified in the
EEG study indeed impaired the ability of human
participants to correctly choose between alterna-
tives containing primary rewards [134].

Taken together, tACS is able to modulate cog-
nitive functions, and beyond regional modulation
of oscillatory activity, also specific network alter-
ations are suited to modify functional connectiv-
ity and performance.

3.4  General Remarks

Since tDCS and tACS have been re-introduced as
tools to induce acute and neuroplastic alterations
of cortical excitability and activity and to modu-
late cognitive processes, an increasing number of
studies have been conducted to develop proto-
cols enhancing the efficacy of stimulation and to
explore the physiological basics of the effects. For
tDCS, the determinants of efficacy, such as stimu-
lation intensity, duration and repetition intervals,
have been identified, and protocols which allow a
relatively focal stimulation have been developed.
It has been shown that the dependence of tDCS
efficacy on these stimulation parameters is not
linear in each case. Future work should focus on
further optimising stimulation protocols, which
will be important especially for clinical applica-
tions, where stable alterations of cortical excit-
ability and activity are needed. Moreover, given
the partial non-linearity of the effects, exploring
optimal combinations of stimulation with per-
formance would be an important, but not trivial,
topic of future research. Since most of the stud-
ies reported in this review were conducted in
the primary motor cortex, the transferability of
the respective results to other cortical areas has
yet to be explored. With regard to the mecha-
nisms of action, pharmacological, TMS, EEG
and functional imaging studies have revealed the
main physiological mechanisms of tDCS, that
is, the primary effect of membrane polarisation,
the dependence of the after-effects from altera-
tions of glutamatergic synapses and the complex
alteration of tDCS-induced plasticity by neuro-
modulators. Furthermore, it became increasingly

clear recently that the effects of tDCS are not
only restricted to the area under the electrodes.
The stimulation also induces alterations of con-
nectivity within cortical and cortico-subcortical
networks. As for tACS, experiments in both ani-
mals and humans, as well as results from com-
putational simulation, increased insights into the
basic physiology. However, the development of
tACS protocols is still in a relatively early state
as compared to tDCS. Further investigations
including the combination of neurophysiologi-
cal recordings and neuroimaging techniques will
be desirable to improve mechanistic understand-
ing. Although knowledge about the physiological
basis of tDCS and tACS is incomplete, respec-
tive studies provide a basis, which might also be
important for evaluating new fields of application
in future.
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Animal Models of tES: Methods,
Techniques, and Safety
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Lucas C. Parra, and Marom Bikson

4.1  Methods

Why Use Animal Models?

The efficacy and specificity of tES benefits from
an enhanced understanding of the underlying
mechanisms of action. A detailed investigation
and isolated demonstration of independent mech-
anisms is not fully tractable using just human
subjects. Animal models allow for isolation and
characterization of specific tES cellular path-
ways. Evidently, there are differences between
animals and humans. Like any model, animal
experiments with direct current stimulation
(DCS), alternating current stimulation (ACS),
and other forms of electric stimulation are
intended to reproduce relevant features of human
applications, so as to have translational relevance.
Therefore, the “why” and “how” of tDCS and
tACS animal models depend on translational rel-
evance—which is the focus of this chapter.
Translational outcomes from animal experiments
can then (1) retrospectively provide mechanistic
explanations for findings in humans and (2) pro-
spectively progress rational optimization of tES
protocols. The benefits of using animal models
include, but are not limited to, the following:
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1.

2.

The tES parameter space is large, spanning
dose selection (electrode montage, current
intensity, duration, frequency for AC), the
potential use of biomarkers to titrate and cus-
tomize dose, subject selection, and pairing of
tES with cognitive/motor/rehabilitation train-
ing. Comprehensively, testing this wide
parameter space in humans is impractical,
thereby necessitating the use of animal mod-
els to optimize tES development [1-5].

Animal models allow for the rapid screening
of stimulation parameters and analysis of neu-
rophysiological/molecular changes in ways
not possible in humans. They also facilitate
quantitative and qualitative assessment of the
tES-related safety parameters, the underlying
mechanisms, acute and aftereffects, and their
application to psychiatric pathologies [6—10].

. Animal models allow for modulation of syn-

aptic efficacy to be characterized quantita-
tively with pathway specificity [11]. Given
the interest to evaluate synaptic plasticity
from electric stimulation (ES), the mecha-
nisms of plasticity can be analyzed using spe-
cific pharmacology and detailed cellular and
molecular analysis not possible in human
experiments [12, 13]. Brain slices allow for a
precise control of drug concentration, the
background level and nature of the ongoing
activity, and the electric field orientation rela-
tive to slice—the latter especially relevant for
tDCS [14, 15].
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4. The role of specific neuronal cell types [16]
and compartments (soma, dendrite, axon)
within neurons [11, 17-19], as well as non-
neuronal cells including glia [20-22] and
endothelial cells [23, 24] in mediating tDCS/
tACS responses, can be studied.

5. Animal models support dissociations of
mechanisms that are readily explained by
actions on single cells versus mechanisms that
inherently depend on coupled neuronal net-
works [25-29]. In the latter case, the response
of a connected and active system is unique
from the response of single neurons in
isolation.

6. A simplistic “sliding scale” explanation of
anodal and cathodal tDCS, increasing and
decreasing “excitability,” respectively, seems
unlikely to capture the nuance of brain func-
tion. Animal models can help advance a more
thorough understanding of tDCS effects,
including consideration for state-dependent
changes as well as changes in information pro-
cessing that are not simply explained by “less”
or “more” activity [30]. Thus, while animal
models helped underpin the notion of polarity
specific excitability changes [31, 32], ongoing
animal experiments have demonstrated com-
plex dose-response [11, 15, 33-36].

To have meaningful relevance to human tES,
animal studies must be designed with consider-
ation for (1) correctly emulating the delivery of
the current stimulation to the brain, and (2) mea-
suring responses that can be used to draw transla-
tionally relevant inferences such that outcomes
from animal models should relate to targeted
brain processes in humans (Fig. 4.1a).

Classification of Animal Studies and
Relevance to Clinical Protocols

In this chapter and the next one, we will cover the
effects of tES on neurophysiology, behavior, and
molecular response of the brain in animal studies.
We will focus on macro-electrodes rather than
microelectrodes and on sustained rather than
pulsed waveforms lasting seconds to minutes
rather than milliseconds. For the purpose of this
chapter, studies referring to any type of electrical
current applied directly to the brain (i.e., not
through the skull) will be referred to as ES or
DCS (for DC waveforms) or ACS (for sinusoidal
waveforms). The term tES/tDCS/tACS will be
reserved specifically for noninvasive stimulation
in humans and animals. Animal studies can be
broadly classified by the location of the stimula-
tion electrodes. These classes are briefly
described as follows:

a Meaningful animal studies — matching electric fields b  Methods details for brain slice stimulation

Clinical optimization

¢ Incremental refinement
* Empirical
* Behavioral outcomes

* Rapid screening

* Mechaistic
E[V/m]

chemical outcomes

Computational FEM
models facilitate
matching electric fields

Fig.4.1 Relevance of animal models to study tES mech-
anisms. (a) Meaningful translational research in animals
requires replication of electric fields generated clinically
in animal brain/tissue. (b) For in vitro brain slice studies,
the generation of a uniform electric field with the use of

Translational animal
research (animal, brain slice)

* Electrophysiological/molecular/

Spmh Uniform
electric field

Standars brain slice
chambers are outfitted
with parallel wires for
generation of uniform
electric fields.

two long parallel wires placed across a shallow bath
allows for the replication of electrical fields. The uniform
electric field in the chamber can be calibrated using a
field-recording electrode. (Adapted from [9])
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1. Transcranial stimulation: Recent animal stud-

ies with tES used transcranial stimulation
with a skull screw as the electrode, or skull-
mounted electrolyte-filled cup and electrode
[12, 37-39]. Surface electrodes are in princi-
ple less invasive than other methods, although
even for surface electrodes there are different
levels of invasiveness. Electrodes that leave
the scalp intact typically use adhesives and
require conductive solutions to interface the
electrode with the skin. Subcutaneous elec-
trodes are typically fixed with skull screws,
but if the electrode penetrates completely
through the skull, the stimulation method is
no longer considered transcranial.

One advantage of transcranial stimulation
is to prevent electrochemical products from
reaching the brain. Recent experiments mostly
use rodents [7, 12, 24, 31, 37, 38, 40], but cats
[41] and other animal models have been tested
as well. In rodent models, an “active” elec-
trode is placed on the head and a “passive”
return electrode is mounted on the body [10].
This setup is typically used for “unipolar”
stimulation in the sense the polarity of the
“active” electrode determines if stimulation is
“anodal” or “cathodal.”” However, as with
human tDCS, both electrodes are active and
“anodal”/“cathodal” reflects the hypothesis
that outcomes are determined by stimulation
of the brain region under a given electrode. In
a study using anesthetized rabbits, four silver
ball electrodes formed a single virtual elec-
trode to stimulate the targeted brain region
[42]. Alternatively, two cranial electrodes pro-
duced bipolar stimulation [40].

Since the cranium is not penetrated, the
effects of ES are quantified through behav-
ioral tests [4, 43—46], noninvasive recordings
with electroencephalograms [4, 5, 47], tran-
scranial imaging techniques that require
methods to increase skull transparency [20,
21, 24], intracranial electrophysiology while
accounting for skull defects from recording
electrode penetration [3, 48—50], noninvasive
electrical interrogation with external stimula-
tions such as transcranial electrical stimula-
tion [38], or histology after sacrifice [51-55].

In principle, animal experiments with tran-
scranial stimulation have special relevance
from a translational point of view, as they can
link neurophysiologic mechanisms with
behavior [42]. However, there are relatively
few such studies at present [1, 12, 56-58] and
the relevance of animal behavior to clinical
disorders remains debated. Transcranial stud-
ies are quite important from the perspective of
clinical safety as they come closest to the clin-
ical use of tES [6-8, 51, 59].

. Intracranial stimulation: In older DCS animal

studies, typically done on cats, monkeys, and
rats, an electrode was placed directly on the
cortical surface [31, 32]. When an electrode is
placed inside the skull, then one cannot rule
out potential confounds from electrochemical
changes at the electrode interface which can
diffuse into the brain. This is less of a concern
with ACS, which is typically charge-balanced
and avoids buildup of electrochemical byprod-
ucts. For DCS, these byproducts are polarity
specific and can produce changes that reverse
with polarity [60]. Electrochemical byprod-
ucts can be reduced with suitable electrodes
(e.g., Ag/AgCl) or wrapping the electrodes in
cotton [61]. Prolonged DCS through a poorly
selected electrode material (e.g., steel) pro-
duces significant accumulation of electro-
chemical products on the metal [60]. For
cortical electrodes, it is generally assumed
that current flow through the nearby cortex
will be unidirectional. Passage of direct cur-
rent through invasive electrodes is known to
produce electrochemical lesions of the local
tissue [9]. Thus, in terms of clinical safety of
tES, these studies are less relevant.
Nevertheless, this form of stimulation has
revealed some fundamental aspects of
ES. Two important findings from this early
work are polarity-specific cortical excitability
changes and lasting aftereffects when stimula-
tion is sustained [31, 62].

. In vitro stimulation: The use of brain slices to

study the effects of weak DCS dates back to
work done in the 1980s [63—67], with compa-
rable approaches adapted for ACS [26, 68].
Brain slice models, usually rodents, allow for
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detailed probing of specific brain regions
using a range of quantitative electrophysio-
logical, pharmacological, molecular, and
imaging techniques [1, 14, 15, 34, 46, 69-71].
For in vitro studies, the stimulation electrodes
are typically placed in the bath distanced from
the tissue to shield from electrochemical prod-
ucts at the electrodes and to produce a con-
trolled uniform field across the tissue
(Fig. 4.1b). In isolated tissue, the direction of
current flow can also be precisely controlled.
Techniques have also been developed for
stimulating in vitro monolayer cultures [72]
including in transwell (membrane used for
cell cultures) monolayer models [73]. In a
seminal series of papers, Chan and Nicholson
used isolated turtle cerebellum to study ACS
modulations of spiking patterns [74, 75]. Slice
studies have provided the most quantitative
and sophisticated insights into tES princi-
ples—leading to the development of hypoth-
eses regarding mechanisms of actions such as
cell polarization [11, 16, 18, 35], plasticity
induction [14, 15, 34], and oscillation effects
[26-28, 76, 77].

Modes of Noninvasive
Electrical Brain Stimulation

4.2

In this section, we will briefly introduce different
modes of electric field stimulation which have
been used in animal studies of noninvasive elec-
trical brain stimulation.

Direct Current Stimulation (DCS) and
Alternating Current Stimulation (ACS)

Direct current stimulation (DCS) and alternating
current stimulation (ACS) are two conventional
waveforms used in animal studies. In DCS, a
constant and unidirectional direct current is used
to generate the static electric field between anode
and cathode electrodes (Fig. 4.2a). In ACS, an
alternating current flows between the pair of elec-
trodes (Fig. 4.2b). Applied ACS generally refers
to sinusoidal waveforms. When different pulses
such as monophasic, charge-balanced biphasic,
or charge-imbalanced biphasic are used, this is
typically not called ACS (tACS) in the literature.
While most research conducted on animals pre-
dominantly studied the effects of DCS, there is
also a considerable number of studies on the
effects of ACS.

High-Definition Stimulation (HD)

Datta et al. first proposed to use multiple small
electrodes to achieve more focal stimulation as
compared to conventional stimulation with large
sponge electrodes [78]. These small electrodes
are now often referred to as ‘“high-definition”
electrodes. Dmochowski et al. suggested an opti-
mization method for where to best place these
multiple small electrodes to obtain more focal
stimulation in a specific brain area of interest
[79]. The approach can also be used to maximize
the intensity of stimulation on a target in the
brain, with fixed constraints on the scalp currents.
This method can also be used to increase the total
intensity of stimulation by distributing currents
across multiple electrodes [80]. Since any wave-
form can be applied using HD electrodes
(HD-tDCS, HD-tACS, pulsed), this mode of
stimulation should be thought of as an electrode
configuration method [81].

Fig.4.2 Schematic of different tES techniques applied to
in vivo animal models [50, 82]. (a, b) The active electrode
is placed over the area of interest and the returning elec-
trode is usually attached on the neck or the chest to deliver
(a) conventional tDCS waveform or (b) conventional
tACS with an alternating waveform as examples. (¢) TIS
in which two pairs of electrodes are used to apply two
high-frequency sinusoidal current waveforms (black and
blue waveform). An amplitude-modulated signal will be

»
'

generated in deep brain structures (red waveform). (d)
IPS. Multiplexing between different pairs of electrodes.
Each waveform depicts one of these short pulses. Note, in
conventional tDCS and tACS, the resulting brain electric
field waveform directly tracked the applied current (same
trace) with a weight dependent on the brain region loca-
tion, while in TIS and IPS the resulting brain electric field
is a weighted sum (for each region) of the applied
currents
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Temporal Interference Stimulation (TIS)
Temporal interference stimulation (TIS) consists
of at least two pairs of electrodes delivering high-
frequency sinusoidal AC stimulation on the scalp.
The stimulation frequency of electrodes differs
from each other slightly, such as 2 and 2.01 kHz,
causing interference that can result in amplitude-
modulated electric fields in deep structures of the
brain (Fig 4.2c). The amplitude of fields is modu-
lated at the difference frequency, 10 Hz in the
example. Grossman et al. have argued the unmod-
ulated kHz frequency component has little or no
effect on neurons with a slow membrane response
of ~30 ms [82]. On the other hand,
amplitude-modulated (AM) electric fields can
modulate neural firing rates. However, recent
in vitro experiments suggest that field magni-
tudes required for this response to amplitude-
modulated fields need to be significantly larger
than the ones used in other tES approaches [77].
This study aims to understand the mechanisms
governing both sensitivity and selectivity to
TIS. Computational modeling of field distribu-
tion in the brain suggests that one may in fact
achieve focal amplitude modulation in deep brain
areas [83, 84]. However, the intensity of modula-
tion is smaller than with conventional HD stimu-
lation, and the unmodulated high-frequency
fields are much stronger on the cortical surface
[77, 84].

Intersectional Short Pulse (ISP)

Voroslakos et al. suggested a new tES protocol to
distribute current spatially similar to conven-
tional HD-tES [50]. In this technique, which is
called “intersectional short pulse” stimulation,
current pulses are delivered in temporal succes-
sion across a sequence of scalp electrode pairs.
While each pair is active for only ~60 ps, the
polarization of the neuronal membrane sums up
the effect of the electric fields of all pulses due to
a slow membrane time constant (Fig. 4.2d). One
suggested advantage of ISP is the ability to
deliver higher current intensities while limiting
the average current delivered through each elec-
trode. The net effect is similar to the HD stimula-
tion whereby scalp currents are distributed in
space by virtue of controlling the maximum cur-

rent through each electrode, while with ISP the
current is distributed in time [80]. For both ISP
and TIS, the argument is made that the high-
frequency currents at the scalp surface minimize
peripheral sensation. However, a recent study on
skin sensations with various waveforms chal-
lenges this claim (under preparation).

Stimulation Artifact
in Recording

4.3

Electric stimulation generates voltages in the tis-
sue that are several orders of magnitude larger
than electrophysiological signals: several volts of
artifact caused by stimulation versus millivolts of
neural activity for intracranial recordings, and
microvolts for scalp recordings. Therefore, a fre-
quent problem when attempting to record neural
signals during stimulation is the distortion or
saturation of the recording amplifier. To avoid
this, (1) the amplifiers need to have a sufficiently
large dynamic range and intensity resolution to
resolve the smaller neural signals; (2) appropriate
analog filters can be implemented; and/or (3)
additional steps to minimize or correct for stimu-
lation artifacts can be implemented. Overall, any
approaches to manage stimulation artifacts
should consider the features of interest in the
neural signals. For example, if the DC compo-
nent of the recording is not important for the
objective of the study, a high-pass filter can
remove the voltage artifact caused by
DCS. Measuring the slope of fEPSP is an exam-
ple of such a recording [35]. Moreover, aspects of
the recording apparatus itself, such as drift in
electrode conditions and field uniformity, may
result in artifacts even under DCS.

A standard approach to reduce stimulation
artifacts in neural recordings is to place a second
recording electrode as a reference close to the
electrode of interest. For example, when record-
ing the transmembrane potential, one can sub-
tract the adjacent extracellular electrode signal
from the intracellular electrode since both
electrodes have identical artifacts due to proxim-
ity. Another possible approach is to place the sec-
ond electrode on the isopotential line with the
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first one, where the iso-potential electrode loca-
tion is selected as a region with comparable arti-
fact as the recording electrode but not comparable
electrophysiological signal of interest. The above
approach has proven effective for extracellular
potential recording and current-clamp recording
under diverse conditions [11, 16]. Voltage-clamp
recording under conditions of ongoing extracel-
lular stimulation should only be conducted with
caution over the possibility the amplifier will
“correct” for the artifact producing a “signal” that
reflects the artifact.

An additional source of distortions for rela-
tively high-frequency stimulation is capacitive
coupling at the electrode. This occurs for
kilohertz-frequency stimulation as well as any
kind of rectangular or pulsed waveform which
contains broad-band components that are diffi-
cult to remove. Examples of such capacitive
effects are capacitive-walled glass recording
electrodes [85]. This distortion is magnified in
patch-clamp and even sharp intracellular record-
ing electrodes since they have higher resistance
and capacitance [85]. In addition, amplifiers can
be another source of distortion such as patch-
clamp amplifiers [86].

For in vivo recordings, one should also note
that nonstationarity of the current flow pattern
due to movement, including cardioballistic, can
cause large irregular voltage fluctuations even
under DCS, that is the simplest of all waveforms
[87, 88]. An example of that is the pulsing of the
blood that causes large voltage fluctuations dur-
ing DCS, which are particularly pronounced in
scalp recordings [89]. A recent study using intra-
cranial recordings and sinusoidal AC stimulation
found it difficult to remove the AC artifacts due to
nonstationarity, for example, subject movements
[90]. AC stimulation with sinusoidal waveforms
is narrowband and can in theory be removed.
However, in practice, even small nonlinear dis-
tortions can lead to harmonics that contaminate
the signal across the frequency spectrum. One of
the few neural features that can be measured with
little risk for stimulation artifacts is neuronal fir-
ing with microelectrodes. The distinct unitary
spiking events are distinguishable enough from
stimulation artifacts so that they can readily be

identified [11, 27, 40, 50, 68]. Otherwise, local
field potentials or EEG activity in concurrent
stimulation should always be evaluated with
great care. The only way to really rule out con-
founds from stimulation artifacts is to measure
effects on the neural activity before and after
stimulation.

4.4  Safety

4.4.1 Dose-Response and Safety

Any attempt to develop safety standards for any
tES protocol requires assumptions to be made
about dose-response. One approach to the dose-
response curve is to use the lowest documented
current intensity that produces a measurable
destructive brain tissue response in an animal
model at any stimulation duration. Animal stud-
ies have so far presented a wide range of thresh-
olds that may be considered “safe.” It is difficult
to establish a single lowest threshold for tissue
damage because of differences in methods across
animal studies. Studies differ in stimulation set-
ups, the number of animals used, the state of the
animals undergoing tES, the time at which an
animal is euthanized post stimulation, etc. [6-8,
51]. Animal studies are also limited in time points
for measurement of tissue damage since the col-
lection of tissue for analysis often requires termi-
nal procedures. Therefore, there is a general lack
of long-term follow-up. But perhaps the strongest
limitation is the difficulty in equating invasive
animal studies with noninvasive tES in humans.
It is not clear if the relevant translational measure
is current density, field magnitude, total current,
total charge, or total charge per volume or per
area of tissue [10].

In addition, the relative sensitivity of animal
versus human tissue to tES injury is unclear.
While developing safety guidelines could be
challenging, rodent studies focusing on brain
injury are summarized here. It is prudent not to
approach injury thresholds derived from rodent
studies when developing human safety guide-
lines. Given the electrode montage and interindi-
vidual differences, and scaling consolidated
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animal tES safety data to humans, computational
models have indicated that conventional tES pro-
tocols are orders of magnitude below the thresh-
old for damage [91]. Since most in vivo animal
studies investigated the safety limits of tDCS, we
will focus most of the next section on the avail-
able findings of tDCS safety limits.

4.4.2 Safety Limits for Tissue Injury

Animal studies have been used to identify the
intensity and duration of tDCS at which brain
damage first manifests. Data establishing the
safety limits solely focus on current intensity or
charge density [6, 92]. Results from the three
main studies investigating the safety thresholds
for epicranial tDCS, measured in terms of brain
lesions, are summarized in Table 4.1 [6-8]. All
studies applied tDCS using an electrode on the
surface of the rat skull. This epicranial electrode
contact area was smaller relative to the return

electrode positioned on the body. Given the vari-
ation in stimulation parameters summarized in
Table 4.1, the lowest tDCS current intensity at
which histological damage was recorded for each
study was: (1) Liebetanz: 500 pA applied through
2.1 mm diameter circular electrode (3.5 mm? sur-
face area) for 10 min; (2) Fritsch: 600 pA applied
through 4 mm diameter circular electrode
(12.5 mm? surface area) for 20 min; and (3)
Jackson: 500 pA applied through 5 x 5 mm
square electrode (25 mm? surface area) for
60 min. The discrepancies between the results of
the three studies might arise from the variability
of electrode montage, that is, size and location of
the return electrode.

One might argue that the presence of lesions
indicates that the brain has already undergone
damage. Are there more sensitive safety mea-
sures than brain lesions? The inflammatory
response is one of the sub-lesion predictors of
brain injury, which has been evaluated in a few
studies [7, 8, 51]. However, these three studies

Table 4.1 In vivo animal studies deriving the safety limit for tDCS-mediated tissue injury

Author Liebetanz et al. [6] Jackson et al. [7] Fritsch et al. [8]
Species Rat Rat Rat
Stimulation method Epicranial Epicranial Epicranial
Stimulation polarity Cathodal Anodal Anodal
Area of stimulation Frontal cortex —2.5 mm Bregma | Motor cortex
Return electrode Rubber plate on On the neck Implanted platinum

chest (with jacket) plate on the chest
Stimulation duration 10, 30, 90 or 60 min 20 min

270 min
Electrode surface area 3.5 mm? 5.3, 10.6 and 12.56 mm?

25 mm?

Current intensity 1,10, 50, 100, 500, 150, 300, 500, 100 | 600

and 1000 pA and 2500 pA
Damage detection H&E staining H&E, Ibal Fluoro-Jade C stain
Brain state Anesthetized Anesthetized Anesthetized and

alert

Threshold for neurodegeneration (electrode | 143 A/m? (10 min of |20 A/m? 47.8 A/m?
current density) stimulation)
Threshold for neurodegeneration (electrode | 52,400 C/m? 72,000 C/m? 57,325 C/m?
charge density)
Threshold for neurodegeneration (electrode | 500 pA 500 pA 600 pA
current intensity and surface area, duration) | 3.5 mm? 25 mm? 12.5 mm?

10 min 60 min 20 min
Scaling factor 240 134 288
Estimated current intensity threshold for 120 mA 67 mA 173 mA
humans

Scaling factor and resulting human thresholds are adapted from [9]
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had a different timeline for euthanasia after tDCS
for pre-lesion analysis which may affect the
result. Nonetheless, an increase in immune and
inflammatory biomarkers such as microglia is
observed at the current intensities higher than the
ones used in behavioral studies. It is worth noting
that these intensities are also close to the lesion
thresholds. Fritsch et al. reported the activation of
microglia 24 h after tDCS at the electrode current
density of 31.8 A/m?. They found this value to be
lesser than the electrode current density threshold
needed for neurodegeneration, that is, 47.8 A/m?
[8]. They also suggested that the current density
threshold ranging between microglial activation
and neurodegeneration can evoke a pre-lesional
inflammatory response. An earlier rodent study
reported an increase in the density of microglia
after both anodal and cathodal tDCS within the
stimulated brain region [51]. This increased den-
sity would suggest microglia shift toward their
active state during tDCS. Another study on
microglial activation also used both anodal and
cathodal tDCS on mice at the current intensity of
0.1 mA and found that the microglial processes
were shorter, indicating their activation, when
observed immediately after tDCS but normal
when observed 3 h post tDCS [20]. Both studies
indicated that tDCS shifts microglia to their more
active state in two different ways. One possible
way is that morphological changes in microglial
cells occur as the primary results of tDCS or as
the result of tDCS-induced neurodegeneration.
High-resolution computational modeling has
been helpful to scale the results from animal
studies to approximate the safety thresholds in
tDCS applications on humans. However, these
estimated safety thresholds have to be considered
with caution due to some limitations including
what we outline here. It is possible that the sus-
ceptibility of humans and tissue to damage from
tDCS is different. In addition, there are experi-
mental limits for detecting various modes of
damage, including dose-response assumptions.
Moreover, anatomical differences can complicate
scaling rodent results from rat to human predic-
tions. Finally, variations in the method of stimu-
lation, that is, transdermal versus epicranial, can
lead to different safety limits [93]. In spite of the

limitations of basing human safety standards on
rat histology, including lack of long-term data
and associated behavioral changes, this data rep-
resent an outer safety limit that cannot be
approached during clinical tDCS.

The computational rat model by Jackson et al.
predicts the current produced in the brain for the
three studies summarized in Table 4.1 [9]. They
derived a scaling factor by comparing the result-
ing peak electric field in the brain per mA at the
electrode in rats to the peak electric field pro-
duced in the brain per mA at the electrode in
humans. This scaling factor allows for the predic-
tion of current magnitude that needs to be applied
in the human using a common montage (M1-SO)
to approximate the electric field produced in the
brain of a rat for a given current. Applying this
scaling factor to the damage threshold observed
in each of these rodent studies allows us to pre-
dict a current intensity damage threshold in
humans. The estimated scaling factors are within
the range of 134-288 for the three studies in
Table 4.1 [7]. Utilizing the reported current inten-
sity thresholds for damage in animal models and
the aforementioned scaling factors, Jackson et al.
reported the range of 67-120 mA as the predicted
human damage threshold. While there is consid-
erable variability in these thresholds, they are still
approximately two orders of magnitude above
maximum currents intensities used during tDCS
on humans.

Prior studies determined the tDCS safety
thresholds by changing current intensity, elec-
trode surface area, and stimulation duration
(Table 4.1). It is worth noting that a similar cur-
rent intensity threshold, with similar parameters
and tDCS method, leads to considerable neuronal
damage in awake animals as compared to the
anesthetized ones [8]. This will have bearing on
scaling the rodent data to direct human tDCS
safety measures as human experiments are con-
ducted on subjects in an awake state.

What could be the exact mechanism for the
tDCS induced lesions? Even though excitotoxic-
ity and heat generated by stimulation are among
the suggested mechanisms [6, 94], there is insuf-
ficient experimental evidence to support the
claim.
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There is a scarcity of animal models explicitly
considering the safety limits of tACS. It is not
clear that injury mechanisms for DCS and ACS
are comparable and so how much studies of tDCS
safety informs tACS. There are hundreds of stud-
ies that did not explicitly address safety but did
not report any damaging, lasting aftereffects fol-
lowing application of clinically relevant intensi-
ties [26-29, 40]. Among these are many studies
that applied intensities much higher than used in
humans [26, 28]. For both tDCS, tACS, and other
forms of noninvasive electrical brain stimulation,
one can rationally consider these studies as pro-
viding indirect evidence for safety. However, it
should be noted that many human studies did
report lasting aftereffects following application
of clinically relevant intensities [95-98].

Our knowledge of the only safety data on
transcranial TIS (tTIS) comes from a study in
awake mice [9]. In this study, tTIS was applied
with a current intensity of 250 pA for 20 min dis-
tributed over two electrode pairs. This did not
cause measurable tissue damage as assessed
with neuronal density, number of apoptotic cells,
or DNA damage. In their functional evaluation,
however, currents were three times stronger,
which would have generated fields in the order
of 400 V/m [11].

Another safety concern is with regard to the
effect of tES on preexisting neurological condi-
tions. A few studies have investigated the effects
of tES on animal stroke models. Kim et al.
assessed whether DCS increased preexisting
infarct volume in a rat stroke model [99]. Their
results showed no increase at the doses tested at
100 pA for 20 min and 0.785 cm? surface area of
the epicranial electrode. But they found a poten-
tial neuroprotective effect in the form of reduced
neuronal axon deterioration. Another group also
reported protective effects of intracranial cath-
odal stimulation, that is, DC, 2 and 10 Hz at
100 pA, in ischemic stroke rats while they did
not observe any significant effect at 50 Hz stimu-
lation [100]. However, results from a study in a
mouse model presented different effects of DCS
on postischemic lesion volume [101]. According
to Peruzzotti-Jametti et al., anodal DCS at
250 pA for 40 min with 4.52 mm? surface area of

the epicranial electrode worsened the lesion vol-
ume and exacerbated the dysregulation of post-
ischemic blood-brain Dbarrier, whereas the
cathodal DCS had a neuroprotective effect. This
discrepancy between the results obtained from
rat versus mouse study could be associated with
the smaller size of a mouse’s brain compared to
that of a rat [91].

4.5 The Quasi-Uniform

Assumption

Replication of tES human experiments in animal
studies cannot merely be done by using the same
stimulation parameters or by scaling down the
stimulation parameters by some (arbitrary) factor
(e.g., mice are X smaller than humans, so tDCS is
applied to mice with X less current and X less
electrode size). These clinical parameters include
stimulation waveforms (tDCS, tACS), electrode
montage, that is, shape and location, and the spe-
cifics of the waveform, such as duration, intensity
in mA applied, and ramp. It is noteworthy that the
electric field varies across different brain regions
as the current flow has a complex spatial pattern
across the brain. This results in a dose-specific
electric field (current density) that varies signifi-
cantly across the brain regions. The electric field
distribution across the brain represents and deter-
mines the electrical actions of tDCS.

The electric field across the brain is not a sim-
ple function of any dose parameter. For example,
the electrode current density does not map sim-
ply to the peak electric field in the brain [102].
Datta et al. estimated the electric fields generated
in the brain using computational modeling [78].
They introduced computational models using
realistic anatomy, and their estimation of peak
electric field generated during tDCS has con-
verged to between 0.2 and 0.5 V/m (0.05-0.14 A/
m? current density) for a 1 mA intensity. Electric
field scales linearly with a current intensity such
that 2 mA would produce a range of 0.4—1 V/m
(0.1-0.28 A/m? current density). These peaks
represent local electric field maximum, and
weaker electric fields are generated across much
of the brain using conventional tDCS montages.
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In addition, due to subject-specific idiosyncratic
cortical folding, the electric field is clustered
[78], with many local maxima (Fig. 4.3a). There
is thus no single uniform electric field generated
in the brain during tDCS but rather a range of
electric field magnitudes varying across the brain.
Therefore, the question is: Given this complexity
of electric field distribution across brain struc-
tures, what can and should be mimicked in ani-
mal models?

One solution is to calculate the electric field in
the brain region of interest, and then to replicate
the selected electric field in the animal model
(Fig. 4.3b, c¢). This approach replicates the elec-
tric field which is approximately uniform at the
length scale of individual neurons [103]
(Fig. 4.3a). This approach is supported by evi-
dence suggesting electric fields generated during
tDCS are largely uniform across any specific cor-

tDCS study

Computaional tDC
method

representation

electric field

tical column (neuronal dendritic tree) of interest
(Fig. 4.3b); hence, one can speak of a single elec-
tric field in reference to a region of interest.
However, it is important to realize the limita-
tions of the quasi-uniform assumption.
Considering the peak of the electric field either
across the whole brain or in a subregion can
result in a discrepancy between expected and
actual electric field. One reason for this mismatch
is that field amplitude can change by orders of
magnitudes in different brain regions and even
across local gyri [30, 40]. The average and/or
median value of the electric field can be up to ten
times smaller than the peak amplitudes depend-
ing on local geometry and conductivity proper-
ties. Another consideration is that the coupling
constant might vary across species. For example,
given the same electric field stimulation to both a
human and a rat cortical neuron, the amount of
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Fig. 4.3 The quasi-uniform assumption in modeling and
animal studies. A high-resolution finite-element method
(FEM) computational model of predicted current distribu-

Current Intensity: 0.02 mA  Region of rat motor cotrex

tion during tDCS in a slice of the whole brain, a cortical
column, and a neuron in (a) human, (b) rat in vivo, and (c)
rat brain slice in vitro
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neuronal polarization can be different. This
species-dependent discrepancy is due to different
size and geometry of neurons as will be explained
more in detail in Chap. 6.

In the following, we address the limitations
and approaches to estimating field magnitudes
for each category of animal research:

1. Transcranial stimulation: Similar to the pro-
cedures in human tES, the computational
approaches can be used to model the electric
field across the brain and guide the stimula-
tion design [104-106]. For example, the posi-
tion of the return/reference electrode affects
the current flow even under the active elec-
trode [107, 108]. The recent development of
anatomically precise animal models can be
helpful for the design of future studies [83,
109-111]. An alternative method is to incor-
porate concentric sphere models scaled to size
to determine the electric field intensity gener-
ated in the animal brain [42]. In cases where
the electrode is placed directly on the skull,
one can, to a first approximation, assume a
maximum potential current density in the
brain is equal to the average electrode current
density [92]. However, it is important to
address the direction of current flow as the
direction of the electric field may vary across
the brain. This can be more complicated in
deep structures of the brain or animals with a
more gyrated cortex. To measure the electric
field directly, intracerebral electrodes must be
placed in a region of interest [40, 50]. It is
important to realize that the electric field is
not uniform throughout the animal brain, and
the insertion and presence of electrodes may
itself distort current flow.

2. Intracranial stimulation: Here similar consid-
erations apply as above. One could assume
that current density under the electrode in the
brain is equal to the average current density at
the electrode. However, depending on the
electrode design, the current density may be
orders of magnitude higher at electrode edges
[112-114]. This is an issue that is aggravated
for small electrodes where the electric field
near a monopolar source can be very high

leading to further complications [31]. As with
scalp electrodes in tES, when a sponge of cot-
ton wrapper is used, its contact areas should
be used in calculations [9].

3. In vitro studies: Experimental design is more
straightforward in this category. In these
experiments, long parallel wires or plates are
placed in a bath across the entire tissue
(Fig. 4.3c¢). If it is done carefully, this method
generates a uniform electric field across the
entire tissue and can be readily calibrated to
match tES levels [11, 65, 115]. The unifor-
mity of the electric field across brain slices
has been verified [11], though exceptions have
been reported [36]. The presence of conduc-
tive fluid around the brain slices may dull any
laminar inhomogeneity effects to resistivity.
Due to electrochemical reactions at the inter-
face of electrodes and the fluid, the electrodes
should be placed away from the tissue of
interest in the bath.

4.6 Dose Translation
and Meaningful Animal

Studies

One of the most fundamental sources of ambigu-
ity in interpreting and designing meaningful ani-
mal tES experiments relates to dose. Many
proposed mechanisms of action are based on ani-
mal studies in which the electric field intensities
or durations are higher than those of clinical trials.
It is not clear that these high-intensity experi-
ments scale proportionally to lower dose human
experiments. Animal experiments often intention-
ally select high intensities for stimulation so as to
more reliably detect small effects, for example,
[11, 15,19, 82, 116]. Though early animal studies
remain informative about tES mechanisms, their
techniques were invasive and intensities of elec-
tric field stimulation were higher than during tES
on the human scalp [117]. Recent in vivo animal
studies have often used higher current densities
compared to human experiments while adopting a
noninvasive method of tES [8, 118].

The assumption of a monotonic relationship
between intensity and outcome can be problem-
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atic due to the nonlinear nature of nervous sys-
tems. One possible issue is the asymmetry in the
strength of the electric stimulation effects with
changing polarity [15, 19]. According to these
results, effects achieved under one electric polar-
ity cannot be simply reversed by changing the
polarity. Some have argued that high-stimulation
intensities can produce opposite effects [119]. As
discussed later, DC electric fields can increase
excitability and elevate evoked responses (e.g.,
synaptic efficacy) in a polarity specific manner.
But if the DC intensity is increased significantly,
neuronal excitability may increase to a point
where the neuron generates high-frequency dis-
charges, and the responsiveness of a very active
neuron to a stimulus may then decrease. This
phenomenon has been shown in brain slices [11]
and may explain in vivo results using high DC
current intensities [120]. One example of this
type of nonlinearity has been reported in the
application of tDCS to the motor cortex to modu-
late motor evoked response (MEP) in human
experiments [121]. Based on their results, cath-
odal tDCS at two different current intensities had
the opposite effect on MEP, that is, switching
from excitability diminution to enhancement.
Overall, the nonlinearity and state dependence of
dose-response may be pertinent to the under-
standing of mechanisms and rational optimiza-
tion of tES techniques.

However, in vitro studies that explored field
strength-response curves did indicate a surpris-
ingly linear response curve over low intensities in
their results [11, 15, 28]. In particular, membrane
polarization appears to be linear with electric
field strength, which is quantified by the neuronal
coupling constant [11, 16, 28]. In vitro studies
that have explicitly explored the lower electric
field limit of sensitivity to fields reported statisti-
cally significant responses at <0.2 V/m, which is
within human tDCS range [28, 115, 122].

Regardless, we urge caution when transferring
conclusions from animal studies with high field
magnitudes (>5 V/m) to clinical tES with lower
intensities (<1 V/m). While these experiments
are valuable for suggesting tES mechanisms, just
as with drugs, increasing the dose beyond clinical
levels by orders of magnitude can induce physi-

ological changes that are not clinically relevant.
For example, some animal studies have shown
DC application can control the orientation of
neuronal processes and their growth direction
[123, 124], but both the duration and intensity of
electric fields were often orders of magnitude
greater than tDCS wused in clinical settings.
Additionally, mechanisms such as electropora-
tion and joule heating can be produced by some
forms of electric stimulation, but the waveforms
required to produce these effects are not relevant
to tES [6, 92, 125]. Thus, some mechanisms
which require waveforms incompatible with tES,
and their associated animal studies, are not con-
sidered further here.

The issues surrounding dose-response are
important yet are often overlooked when translat-
ing from animal to human tES. Dose translation
is inherently linked with mechanism, affecting
experimental design. Deciding which stimulation
parameters are considered relevant for scaling,
and the insights from animal models can shape
clinical practice, including dose optimization.
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Neuronal Polarization
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5.1

In this section, we discuss the acute effects of
weak electric fields at the level of a single neu-
ron. While electric fields produced in the brain
during low-intensity transcranial stimulation in
humans (e.g., tDCS, tACS) are generally below
1 V/m, we consider here fields of up to 20 V/m as
“weak” as they are not expected to activate indi-
vidual neurons in isolation.

First, we describe the dominant view of the
“somatic doctrine” that considers how electric
fields affect neurons by incrementally polarizing
the soma. Second, we review the somatic doc-
trine’s origin in classical animal studies. Third,
we describe the recent advancement in our under-
standing of the important role played by polariza-
tion of dendrites and axons by electric fields.
Next, we summarize recent efforts to quantify
neuronal polarization. We then outline possible
amplification mechanisms of the electric field
stimulation, which are generally single-neuron
level.
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5.1.1 The Somatic Doctrine

Electric stimulation causes current to flow across
the brain, which is reflected in voltage differ-
ences across the brain [1]. As it flows across the
brain, any current that passes through a neuron
will cause neuronal membrane polarization.
Importantly, electric stimulation does not result
in a pure depolarization or hyperpolarization
across a neuron. Rather, inward current, which
flows from outside to the inside of the neuron,
hyperpolarizes the membrane and outward cur-
rent, which flows from inside to the outside of the
neuron, depolarizes the membrane [2, 3]. Since
current that enters a neuron must also exit, the
polarization of every neuron should be consid-
ered in terms of neuronal compartments, in which
each compartment (e.g., the soma, a given den-
drite branch) experiences its own direction and
magnitude of polarization [3].

It is often the case that the compartments at
one end of a neuron are hyperpolarized while the
compartments at the other end are depolarized, so
that the profile of membrane polarization appears
as a gradient from one end of the neuron to the
other [3]. The relative direction between the neu-
ron morphology and the electric field determines
the sign of polarization across compartments. As
it has been demonstrated in single-neuron record-
ing, DCS in the “anodal” direction results in
depolarization of soma and basal dendrites but
hyperpolarization of the apical dendrites in an L5
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pyramidal neuron, with polarization maximal
when the electric field direction is parallel to the
somatodendritic axis [4]. Reversing the direction
of current flow to the “cathodal” direction inverts
this polarization profile (Fig. 5.1). For ACS,
opposite ends of a neuron remain polarized in
opposite directions, with the polarities alternat-
ing with each ACS phase [6—8]—as the direction
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Qutward Current Flow

L5 Interneuron

L5 Pyramidal Neuron
0.4 mV/V/m at soma

Fig. 5.1 The principle of somatic doctrine and polariza-

tion (Adapted from Ref. [5]). (a) Schematic of how a neu-
ron will be polarized under different electric field

0 mV.V.m at soma

of current flow switches between the anodal and
cathodal directions.

Polarization of soma can shape the excitability
of a neuron as it plays an important role in action
potential generation. The “somatic doctrine” tries
to explain the effects of the electric field based on
somatic polarization alone. As summarized
below, early studies in animal models supported
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polarities. (b) Quantification of somatic polarization in
cortical neurons of rats during DCS
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soma-centered explanation for changes in firing
rate, and ongoing studies expanded on such
effects. At the same time, polarization by electric
fields of other neuronal compartments such as
dendrites, axon hillock, and axon has been shown
to affect the excitability of neurons. Human stud-
ies are predominantly designed and interpreted in
light of somatic polarization. Indeed, the canoni-
cal human neurophysiology tDCS that heralded
our contemporary area of low-intensity tES stud-
ies reported polarity-specific effects consistent
with the somatic doctrine [9]. However, ongoing
human studies show nuanced dose and polarity
response [10]. Thus, for all its limitations, the
somatic doctrine remains an important basis to
start understanding weak stimulation
mechanisms.

We emphasize that the current has a complex
spatial flow in the brain during electric stimula-
tion. In a lissencephalic brain, brain regions
under the anode electrode and cathode elec-
trode are exposed to radially-inward (anodal)
and radially-outward (cathodal) direct current
flow; however, intermediate brain regions are
stimulated with tangentially-direct current flow
[11]. For folded cortex, current crossing across
gyri can create a highly mixed pattern of direc-
tionality even directly under electrodes, though
overall there is more inward/outward radial
current near the anode/cathode [12]. The appli-
cation of the somatic doctrine, as used in
explaining tDCS clinical studies, assumes a
consistently directed radial current flow in a
region of interest and assigns no somatic polar-
ization in regions with tangential current flow.
Tangential currents cannot simply be over-
looked as animal studies have demonstrated
that tangential current flow affected synaptic
efficacy acutely during DCS in hippocampal
and cortical slices [3, 12, 13]. Cortical folding
is thus a complication concerning the direction-
ality of the current flow and resulting polarity-

specific  somatic  polarization.  Electrode
montage influences the nonuniformity of the
electric  field across cortical patches.

Consequently, the somatic doctrine is depen-
dent on electrode montage, and this can compli-
cate the interpretation of clinical results [14].

5.1.2 Early Evidence on Modulation
of Excitability, Polarity-
Specific Effects

While a historical review of electric stimulation is
beyond the scope of this chapter, it is helpful to
review a few early studies, which motivated the
somatic doctrine. In 1870, a report on the effects
of electric stimulation on the brain by Fritsch and
Hitzig demonstrated that a negative current can
suppress cortical excitability while a positive cur-
rent can enhance it [15]. (Positive and negative
here means inward and outward flow of positive
charges, respectively. In clinical studies, they are
referred to as anodal and cathodal stimulation.)
This early finding suggested that the brain is elec-
trically excitable. Later, it was revealed that elec-
tric stimulation is capable of modulating ongoing
firing patterns whereby a positive current stimula-
tion increased neuronal firing rate and a negative
current stimulation had an inhibitory effect on
neural discharges [16, 17]. To explain their obser-
vation, Creutzfeldt claimed that changes in neural
excitability are epiphenomenal results of electric
stimulation [17]. Terzuolo and Bullock assigned a
physiological role to electric field stimulation
[16]. The recent work on the effects of electric
field stimulation is mostly in agreement with the
latter hypothesis suggesting a direct effect of elec-
tric field on excitability [18-21]. The polarity of
these effects is consistent with the polarization of
the soma, namely, positive currents will depolar-
ize the soma and therefore facilitate firing [13].
However, there has been recently an ongoing
debate on whether peripheral nerve stimulation
can have a causal role in the reported effect with
regard to tACS [22, 23].

The polarity-specific effects on neural firing
were confirmed by further animal studies in the
early 1960s [24, 25]. Additionally, the change in
excitability due to the electric field seems to
accumulate over time and can outlast the period
of stimulation. These results alongside other find-
ings such as modulation of epileptic discharges
[26] and lasting effects through protein synthesis
[27] supported the importance of the somatic
doctrine in explaining the effectiveness of the
electric field.
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5.1.3 Polarization of Nonsomatic
Components

One might wonder whether the somatic doctrine
can explain the range of effects that have been
reported due to electric field stimulation. To
answer this question, we need to emphasize that
other compartments, such as dendrites, axon, and
terminals, also undergo membrane polarization
during electric field stimulation, and they are
overlooked in the somatic doctrine (Fig. 5.1).
There is a risk that this simplification is mislead-
ing when interpreting results or designing a new
experimental setup.

Dendritic trees are also electrically excitable
membranes, and electric stimulation can influ-
ence them to evoke subthreshold or suprathresh-
old activities [28]. In a pyramidal neuron,
membrane polarization of basal dendrites has the
same sign as the soma, while the apical dendrites
are polarized in the opposite direction [2, 3].
Subthreshold stimulation can influence the syn-
aptic input since electric fields can change the
strength of dendritic input in the postsynaptic
neurons [29]. This can be a key factor in the mod-
ulation of synaptic plasticity, and it is discussed
in more detail in Sect. 5.6.2. Dendrites are also
capable of exhibiting activities such as spiking
during a suprathreshold stimulation [2, 30-32]. It
is worth noting that star-shaped neurons such as
basal ganglia neurons and thalamocortical cells
can be polarized in the same way with different
electric field directions [14].

Axons are also sensitive to electric fields. The
magnitude and sign of axonal polarization depend
on their morphology [33-35]. While the initial
segment of the axon is most likely polarized with
the same sign as soma [30], this assumption does
not necessarily hold up for the rest of the axon.
Acute brain slice studies indicate that electric
field stimulation can modulate the excitability of
axons by measuring changes in presynaptic (anti-
dromic) volley [3, 13, 36]. An interesting finding
in a recent intracellular study in mouse cortical
slices demonstrated that the axonal terminals are
four times more sensitive to electric field stimula-
tion compared to the soma [37]. They also
showed that modulating membrane potential of

axonal terminals can shape action potential
dynamics and synaptic input.

5.1.4 Membrane Polarization
and Coupling Constants

Quantifying polarization of various compart-
ments is a key step toward developing a predictive
understanding of the effects of electric stimula-
tion. Using electrophysiological recording from
the turtle cerebellum, Chan et al. measured the
amount of polarization during stimulation with a
very low-frequency sinusoidal current [30, 38].
They reported that morphology details of a neu-
ron are key factors determining the sensitivity of a
neuron to electric stimulation. Using the rat brain
slice, this work has been extended to hippocampal
and cortical neurons with the approach of intra-
cellular recording of polarization during weak
DCS [3, 12, 39, 40]. The basic observation is that
membrane polarization increases linearly with
field magnitude [3], provided the fields are small
enough, that is, <30 V/m [4], to not engage non-
linear channel properties. In other words, stimula-
tion intensities are not strong enough to
significantly activate voltage-gated channels, and
thus the passive properties of membrane deter-
mine the amount of polarization.

The amount of polarization that is induced by
an applied electric field in this linear regime can
be quantified by the coupling constant, also
referred to as the “coupling strength” or “polar-
ization length” [4]. Under a uniform electric
field, the membrane polarization, V,, (in Volts),
can be expressed as: Vi, = G*E, where G is the
coupling constant (in V per V/m, or simply: m)
and E is the electric field (in V/m) along the
somatodendritic axis. Based on experimental
results, the somatic coupling constant, G, was
reported to be in the range of 0.1-0.3 mm for hip-
pocampal and cortical pyramidal neurons in rats
[3, 4, 6]. Additionally, the measured coupling
constant of ferret cortical neurons is approxi-
mately 0.25 mm [18].

The orientation of a neuron with regard to the
electric field affects both sign and magnitude of
coupling strength. In other words, the maximum
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magnitude of polarization across the somatoden-
dritic axis occurs when the electric field is paral-
lel to this axis [3, 30]. This corresponds to an
electric field radial to the cortical surface.
Additionally, the magnitude of somatic polariza-
tion depends on the length of the neuron and the
dendritic asymmetry around the soma in accor-
dance with both experimental [4, 41] and compu-
tational studies [42]. Polarization is strongest at
the distal ends of a neuron, whereas there is no
polarization of the middle compartments of the
neuronal structure. Therefore, interneurons with
a soma in the center of the cell will not experi-
ence somatic polarization, whereas pyramidal
neurons that have a soma located at the basal end
of the cell will experience relatively stronger
somatic polarization [4].

So far, we have discussed findings on the
amount of polarization during DCS. To address
the same issue during ACS, Deans et al. demon-
strated an approximate inverse relationship
between the amount of polarization and fre-
quency of stimulation [6]. According to their
results, the effects of ACS at 10 Hz were similar
to those of DCS, while the effectiveness of the
electric field decreased with frequency due to the
capacitive properties of the neuronal membrane.
This inverse relationship suggests that high-
frequency stimulation should be less effective.

The coupling constant has thus far only been
measured in animal models, and we have no
direct measures of human cortical neurons.
Biophysically realistic models of cortical L5 neu-
rons suggest that somatic membrane polarization
does not vary considerably between rats and
humans [42]. Nonetheless, generally longer
human neurons may polarize more strongly, and
it would be important to make direct empirical
measures of this important variable.

Measurement of the electric field in the human
brain revealed that the peak of the electric field in
the brain is about 0.3 V/m for 1 mA current inten-
sities [43]. Considering this electric field inten-
sity, the maximum somatic polarization for the
most sensitive neurons is about 0.1 mV. With
2 mA tES which is fairly prevalent in clinical tri-
als, somatic polarization will be less than
0.2 mV. Compared with the endogenous back-

ground activity in the brain, this amount of polar-
ization is relatively small. Alongside the results
from animal studies and the minimum electric
field needed to observe a meaningful effect of
electric stimulation, one might ask how this small
amount of electric stimulation can alter behav-
ioral outcomes in humans. In what follows, we
try to explore the possible answers to this ques-
tion on the level of a single neuron or a network
of neurons.

5.1.5 Amplification Through Both
Timing and Rate

At the level of a single neuron, a weak electric
field can modulate the occurrence of action
potentials. An action potential is an all-or-none
response that occurs when the somatic membrane
potential is sufficiently depolarized. Once this
threshold is reached, the neuron is said to “fire”
or “spike.” The threshold of depolarization
needed to generate a spike in action potential var-
ies with the type of neurons but, in general, is
about 20 mV above the resting potential. Since
weak tES is unable to polarize a neuron to this
extent, the effect of polarization can only modu-
late ongoing activity by facilitating or suppress-
ing neuronal firing. One frequent argument is that
neurons are close to the threshold of firing due to
ongoing activity. Consequently, a small amount
of polarization can make a significant change in
spiking behavior. Animal experiments have dem-
onstrated modulation of both the firing rate and
the specific timing of action potentials [6, 7, 16,
18, 19, 21, 44].

In 1965, Terzuolo and Bullock used a prepara-
tion of the nonadapting stretch receptor of the
crayfish abdomen and also of the cardiac ganglion
of the lobster to study the effect of electric fields
on neural firing [16]. They were able to show that
neural firing in an active state was remarkably
influenced by DCS as low as 1 V/m in a single
neuron. In addition, current intensities of more
than 20 times of this amount were needed to elicit
a spike when a neuron is at rest state. Reato et al.
demonstrated an effect of weak electric stimula-
tion on gamma activity in vitro with field magni-
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tudes as low as 0.2 V/m [19]. Computational
modeling suggested that this modulation was sig-
nificantly affected by network interactions.
Recently, Voroslakos et al. reported that fields of
1 V/m can achieve a significant effect on spiking
activity in deep layers of the rat visual cortex [44].
However, this intensity was not strong enough to
modulate network oscillations.

As we mentioned earlier, weak electric fields
can also modulate spike timing when a neuron is
in an active state. Using intracellular depolariz-
ing current injection into CA1 pyramidal neurons
(Fig. 5.2a), Radman et al. found that DCS can
modulate the latency of spiking depending on its
polarity [7]. Positive DCS can shorten this latency
while negative DCS can increase it compared to
the control condition. Moreover, they also
reported that changes in spike latency can be
quantified by multiplying electric field-induced
membrane polarization by the inverse of the cur-
rent ramp slope (Fig. 5.2b, c). Therefore, the
slope of the current ramp is the gain for the
amplification, and DCS can be more effective in
spike latency modulation when this slope is
smaller. Another interesting finding in their work
is how ACS can modulate oscillatory responses
generated by current injection in a neuron. They
found that an alternating electric field as low as
1 V/m is able to induce coherent spiking in neu-
rons oscillating at 30 Hz, that is, gamma oscilla-
tion. Later, a more detailed quantification was
introduced to describe the relationship between
the spike timing phase and the coupling constant
for biophysically realistic CA1 pyramidal neu-
rons [45]. It is essential to note that the reported
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Fig. 5.2 (a) Schematic of the experimental setup in
which a depolarizing current ramp is injected into a pyra-
midal neuron during DCS or control condition. (b)
Schematic of timing amplification. (¢) Intracellular

effect can only be due to amplification at a single
neuron level. Research on entrainment in neural
networks during ACS has indicated that electric
fields as low as 0.2 V/m can be significantly
effective [19]. By comparing these values, one
might suggest that amplification can be enhanced
more at the network level.

It is not clear how these in vitro results in rodent
slices translate to clinical studies. Krause et al. per-
formed single- and multiunit activity recording
from the prefrontal cortex of macaque [46]. Their
gyrencephalic cortex and skull thickness, which is
close to that of humans, make macaque an ideal
animal model. Their study revealed that the spike
timing could only be modulated by tDCS with
intensities similar to those used in clinical trials
while the firing rate is not affected. In addition,
intracellular recording from neurons in deep brain
structures demonstrated that tACS with intensities
within the range of human experiments affected
spike timing but not spiking rate in alert nonhu-
man primate [47]. Overall, these results suggest
that low-intensity electric fields are capable of
shaping neural activity in the human brain.

What can explain these aforementioned sensi-
tivities to weak electric stimulation in an active
state? One frequent argument is that neurons are
close to the threshold of firing due to ongoing
activity. Consequently, a small amount of polar-
ization can make a significant change in spiking
behavior. It is important to emphasize that the
level of amplification can depend on neuron types
since the coupling constant is not the same for all
types of neurons.

Ap Threshold

response to depolarizing current ramp with 0.4 nA/s (left)
and 0.7 nA/s (right) in control (black) and cathodal DCS
(blue) conditions (Adapted from Ref. [7])
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While low-intensity tES has subthreshold
effects on neurons, simultaneous electric field
stimulation with ongoing neural activity can result
in suprathreshold responses and long-lasting
changes in neurons. However, it is still an ongoing
debate on whether to apply the electric field before
or during a behavioral or cognitive task [48].

5.1.6 Seizure Threshold
and Modulation

Since somatic polarization is a key factor in trig-
gering seizures during stimulation, considering the
coupling constant can be insightful with regard to
field intensities capable of modulating seizure
activity. Conventional tDCS in humans can gener-
ate <l V/m electric field in the brain resulting in
subthreshold membrane polarization. In contrast,
TMS or deep brain stimulation is able to produce
fields of 100 V/m which generates suprathreshold
activation of neurons. In vitro animal studies
showed DCS over 20 V/m, which corresponds to
>60 mA tDCS, can generate spikes in neurons
with the most sensitivity to electric fields [7].
Additionally, it is reported that electric fields about
100 V/m, which corresponds to >500 mA tDCS,
are capable of triggering epileptiform activity in
acute hippocampal slices [3]. It is noteworthy that
these values were recorded in quiescent brain
slices and they may vary in an active network. In
line with somatic doctrine, experimental results
suggest that electric fields as low as 1 mV can
affect ongoing epileptiform activity [49-53]. In
particular, negative DCS can suppress ongoing
epileptiform activity due to hyperpolarizing soma,
and positive DCS can enhance this activity because
of further somatic depolarization.

5.2  Synaptic Processing

and Plasticity

Many of the effects discussed above are acute, that
is, they are observed during the period of stimula-
tion and disappear when stimulation stops. However,
clinically we are interested in changes that outlast
the period of stimulation. It is often argued that the

lasting effects of stimulation of tDCS may be medi-
ated by synaptic plasticity [40, 54-57]. Synaptic
plasticity is known to be one of the underlying
mechanisms of learning and memory formation
[58]. This section addresses the contribution of ani-
mal studies to understanding plasticity generated by
weak DC electric fields only. We do not have
enough data on AC electric fields.

Animal studies in the 1960s established that
weak DCS could produce lasting physiological
changes in neural activity. These sustained
changes could not be explained as persistent
“reverberating circuit” of activation [27, 59].
Especially notable are the animal studies by
Bindman and colleagues that showed that pro-
longed DCS can produce polarity-specific and
lasting changes in cortical excitability [24]. This
motivated their early work treating depressive
patients with tDCS [60, 61]. Persistent changes in
excitability were observed in a study using stimu-
lation protocols lasting up to 13 min in humans [9,
62]. These multi-minute protocols are frequently
adopted in tDCS research. Lasting changes with
ACS have recently been demonstrated in animals
when endogenous neural oscillations were pres-
ent [21]. Long-lasting changes beyond the tran-
sient effects of DCS- and ACS-induced
polarization would require synaptic changes or
changes in neuronal excitability [40, 54, 63, 64].
In a recent study, the impairment of LTP of cere-
bellar purkinje cells resulted in the elimination of
the effect of anodal DCS on vestibulo-ocular
reflex habituation [65]. This study depicts the
dependency of DCS-induced positive effect on
underlying plasticity during a cerebellar task.
Moreover, both in humans and animal studies,
changes in synaptically mediated evoked
responses are considered reliable hallmarks of
long-term plastic changes that could support last-
ing clinical effects [40, 46, 64, 66—68].

5.2.1 Paradigms for Modulation
of Synaptic Plasticity by

Electric Stimulation

Animal studies of tES allow us to formulate and
test distinct theories on how stimulation can lead
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to lasting changes in function. Electric fields gen-
erated by tES are subthreshold. They are too
weak to trigger an action potential in quiescent
neurons, resulting in only transient polarizations.
These acute effects can lead to lasting changes in
synaptic efficacy mediated through different par-
adigms such as the following:

1. Modulation of membrane polarization due to
the electric field may induce changes in syn-
aptic efficacy regardless of any past, ongoing,
or future synaptic activity or state of the neu-
ron. However, weak polarization was not suf-
ficient to induce plastic changes in synaptic
efficacy in cortical brain slice models, when
there is no background activity [40].

2. Changes in action potential rate or timing,
secondary to neuronal polarization, may affect
synaptic efficacy since they are important fac-
tors in determining synaptic plasticity. Classic
animal studies indicated that weak DCS is
sufficient to induce short- and long-term plas-
tic changes [25, 27]. However, these studies
do not directly provide a causal link between
altered neuronal activity during stimulation
and prolonged after-effects.

3. Incremental polarization of the membrane in
combination with ongoing synaptic activity
may induce synaptic plasticity. The theory is
that the induction of plasticity requires syn-
aptic coactivation during ES. It has been
shown that in vitro synaptic potentiation
under anodal stimulation only occurs with
concurrent synaptic stimulation at specific
frequencies [40]. In a rabbit study, DCS was
combined with repeated somatosensory
stimulation leading to polarity-specific last-
ing changes with cathodal stimulation [64].
If one assumes that tES exerts a postsynaptic
priming effect, that is, polarization of soma,
then coactivation of afferent synaptic input
could be conceived as Hebbian reinforce-
ment. This learning mechanism has been
shown in cortical slice models as well as
in vivo [69, 70]. Clinically, this plasticity
paradigm is broadly analogous to combining
tES with a cognitive task or specific behavior

that coactivates a targeted network or com-
bining tES with TMS [71-74].

. Incremental polarization of the membrane

may boost ongoing endogenous synaptic plas-
ticity similar to a model of associative learning
[64] and has been shown to follow the rules of
Hebbian plasticity—specificity and associativ-
ity in hippocampal slices [54]. Clinically, this
paradigm is analogous to combining tES with
training [75]. Synaptic plasticity experiments
typically distinguish between a long-term
potentiation (LTP) of synaptic efficacy and
long-term depression (LTD). It has been shown
in rat visual cortex slices that the same tetanic
stimulation induced LTD or LTP depending on
the level of polarization of the postsynaptic
neuron [76]. Hence, incremental polarization
of the membrane may modulate LTP/LTD.

. Meta-plasticity is defined as sustained polar-

ization before or after the generation of endog-
enous plasticity that “primes” the brain to
respond differently to potentiation [77].
Evidence from brain slices shows that priming
with DCS modulates subsequent tetanus-
induced synaptic plasticity in a polarity-
specific manner [78].

. Oscillatory network dynamics that induce

LTP, which when modulated, can result in
lasting effects of electric fields [21, 79]. Such
modulation may reflect interference with the
finely tuned excitatory-inhibitory synaptic
balance during oscillations [19].

. Synaptic tagging and capture hypothesis could

offer another explanation for the observed effect
of ES [80, 81]. In this case, ES might be guiding
the process of formation of molecular tags for
some plasticity proteins whose synthesis is
induced by successive strong synaptic stimula-
tion, either tetanic or theta-burst. There might
be different origins for the formation of these
molecular tags ranging from ES exposure-
induced modification of existing proteins to
changes in spontaneous neuronal spiking and/or
miniature synaptic potentials, or even the
expression of new proteins by early gene induc-
tion. DCS is indeed shown to modulate the
response to a successive protocol of synaptic
potentiation in a polarity-specific manner [78].
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The influence of DCS on cortical plasticity has
also been demonstrated in humans [82, 83].

Aside from these possible synaptic plasticity
effects, there may be nonsynaptic origins of last-
ing plastic changes following ES. Though the
synapse is typically considered the locus of plas-
tic changes, “nonsynaptic” changes have been
noted after DCS in peripheral axons [63]. In brain
slice models, where background synaptic activity
is absent, orthodromic synaptic and antidromic
nonsynaptic axonal inputs can be precisely iso-
lated. This allows more precise isolation of syn-
aptic and nonsynaptic mechanisms. However,
functional outcomes of nonsynaptic changes in
the CNS would still be expected to affect synap-
tic processing [84].

5.2.2 Effects of Direct Current
Stimulation on LTP and LTD
In Vitro

A wide array of animal studies using tetanic stim-
ulation to induce LTP/LTD have demonstrated
multiple forms of plasticity involving distinct
pre- and postsynaptic mechanisms on distinct
time scales. DCS-induced lasting changes in
excitability were reported [24] a decade before
the well-lauded discovery of LTP by Bliss and
Lomo [85]. However, the research on tetanic LTP
outpaced the investigation of the DCS-induced
plasticity changes.

LTP/LTD induced by either tetanic stimula-
tion or DC may, unsurprisingly, share some com-
mon molecular substrates [27, 78, 86]. NMDA
receptor-mediated LTP/LTD are the most com-
mon forms [87] and have been implicated in last-
ing tDCS effects in both humans [88] and rodents
in in vivo [89] and in vitro DCS-induced plastic-
ity [40, 55].

DCS with the anode closer to CA1 apical den-
drites is referred to as anodal stimulation as this
corresponds to a positive inward current for corti-
cal pyramidal neurons. Conversely, DCS with the
cathode closer to CA1 apical dendrites is referred
to as cathodal stimulation. So anodal DCS would
depolarize soma and basal dendrites and hyper-

polarize apical dendrites. Conversely, cathodal
DCS would hyperpolarize soma and basal den-
drites and depolarize apical dendrites. A study
done by the Grassi group in hippocampal
CA3-CA1 synapses exhibited an increase and
decrease in LTP with anodal and cathodal DCS,
respectively [78]. Subsequent studies highlighted
the fact that DCS modulation effects are not as
binary and simple [54, 55]. These studies identi-
fied DCS as a modulator of synaptic activity, not
its inducer. They also brought attention to the
dependency of the DCS-modulation effects on
spatial and temporal patterns of endogenous syn-
aptic activity. When DCS at 20 V/m was coupled
with tetanic plasticity induction, anodal stimula-
tion enhanced LTP in basal dendrites while cath-
odal stimulation enhanced LTP in apical
dendrites. Interestingly, both anodal and cathodal
stimulation modulated LTD in the same direction
[55]. This asymmetry of DCS effects might arise
from ceiling effects of one/multiple cellular pro-
cesses that design the endogenous state in a way
that its modulation is allowed only in one
direction.

Afferent axonal polarization is shown to drive
the changes in synaptic activity during DCS [39].
The observed changes are probably due to the
orientation of pre- and postsynaptic neurons rela-
tive to the electric field. Paired pulse analysis in
both rabbit and rodent models also pointed to the
presynaptic origin of these tDCS-induced effects
[64, 89], while the other studies did not find tDCS
affecting the presynaptic component [55]. There
is a unified emphasis on the DCS-induced change
in the postsynaptic membrane potential during
the endogenous synaptic activity that drives its
effects on ongoing synaptic activity [39, 54, 55,
78]. In any event of DCS, there is simultaneous
depolarization and hyperpolarization of different
compartments within the same neuron, that is,
the polarity of soma and the basal dendrites is
opposed to that of apical dendrites and that leads
to varying effects as discussed below.

Contrary to the DCS-induced effects on
tetanic-LTP, the modulation of TBS-LTP is not
as complex as depicted by the studies done in
CA1l Schaffer Collateral synapses (Fig. 5.3).
Irrespective of the dendritic location of the elec-
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trodes, anodal stimulation augments the existing
LTP, whereas cathodal DCS seemed to not affect
LTP in either of the compartments [54]. Why is
this discrepancy in the observation of DCS
effects in the two scenarios? This could be
explained by the general principle proposed by
Kronberg et al. [54]. In an event of endogenous
plasticity being primarily driven by the somatic
sources of depolarization, for example, spikes,
as is the case with TBS-LTP, DCS-induced
polarization at the soma determines the effects
on plasticity. In this case, no matter the dendritic
location, anodal stimulation will depolarize the
soma that will result in an enhanced LTP. Direct
evidence from intracellular recording studies has
demonstrated that DCS increased postsynaptic
somatic spiking. This resulted in enhancement of
TBS-LTP [90]. When dendritic sources of depo-
larization, for example, subthreshold depolariza-
tion of dendritic spikes, primarily drive the
endogenous plasticity, such as in most of the
tetanic-LTP forms, DCS-induced polarization at
the dendrite determines the effects on plasticity.
Since different dendritic segments do not share
the same sign of polarity, the observed modula-

tion of synaptic plasticity varies depending on
the type of stimulation and the location of elec-
trodes. It is, therefore, the interaction between
the induced electric field, neuron morphology,
and the endogenous brain dynamics that deter-
mines the DCS-mediated synaptic function out-
put [54].

In the same study, ACS (5 Hz) when coupled
with TBS bursts that were timed to either the
peak or the trough of the sinusoidal AC resulted
in the modulation of TBS-LTP as described
(Fig. 5.3c). The applied electric field at the peak
of the AC was identical to anodal constant cur-
rent, whereas the one at the trough of the AC was
identical to cathodal constant current. The effects
of AC were similar to those of the analogous con-
stant current paradigm, indicating that plasticity
modulation is consistent with the instantaneous
incremental membrane polarization on a milli-
second timescale [54].

Another emerging aspect is the compliance of
Hebbian rules by DCS modulation. The modula-
tion effects of DCS are not only input specific but
also exhibit associative properties [54]. These
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Fig. 5.3 Effect of electric fields on TBS-induced LTP in
the hippocampal Schaffer Collateral pathway. (a) Top:
Schematic of the experimental setup, showing the orienta-
tion of electric fields generated by parallel wires (black).
Location of stimulation (Stim) with TBS and recording
(Rec) of fEPSP are indicated relative to a CA1 pyramidal
neuron soma (black triangle). Bottom: Membrane polar-
ization throughout a model pyramidal neuron in response
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to 20 V/m anodal (red) or cathodal (blue) DCS. Green
compartments are depolarized due to DCS, while magenta
compartments are hyperpolarized by DCS. (b) Constant
current stimulation applied during TBS modulates the
resulting LTP. (¢) ACS (5 Hz) was applied and TBS bursts
were timed to either the peak (red) or the trough (blue) of
the sinusoidal AC. LTP was induced at the 20 min mark.
(Adapted from Ref. [54])
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results align with the tDCS-induced facilitation
of associative learning in the primate brain [46].

Since electric stimulation has a distinct modu-
latory effect on various compartments of the neu-
ron (see Sect. 5.6.1), the interaction between the
multiple compartments makes it difficult to pre-
dict the outcome on synaptic plasticity. Prolonged
tDCS will trigger effects operating on both
shorter time scales, for example, membrane
polarization and plasticity induction, as well as
longer time scale, for example, cell motility and
immune responses. Different mechanisms will
then interact with each other to produce the
results.

5.2.3 Molecular Mechanisms of tES-
Induced Effects on Synaptic
Plasticity

Since the tES-induced effects are primarily
driven by the influence on the underlying synap-
tic plasticity, it is no surprise that the molecular
underpinnings of these observed effects are sim-
ilar to what forms the basis of induction and
maintenance of synaptic plasticity. For example,
the BDNF/TrKB pathway, which is a potent
modulator of these common forms of LTP/LTD
[91], has also been implicated in lasting tDCS
effects in both humans and in vitro animal stud-
ies [40, 78]. BDNF/ TrkB was also shown to
mediate the metaplastic effect of anodal DCS on
the induction of hippocampal CA1 LTP [92]. In
addition, BDNF val66met polymorphism, which
partially affects activity-dependent BDNF secre-
tion, impaired motor skill acquisition in both
humans and mice [24]. The enhancement of
anodal tDCS-induced motor learning was sub-
jective to the secretion of activity-dependent
BDNF.

Toward the end of the twentieth century, stim-
ulated brain slices were probed for different pos-
sible molecular targets. DCS was found to affect
cyclic adenosine monophosphate “cAMP,” the
protein kinase C family “PKC,” and calcium,
each of which play a role in LTP/LTD [86, 93].
Recent in vivo animal work has shown the depen-
dency of lasting tDCS effects on the adenosine

Al receptor [64] and NMDA receptor activation
[89]. In vitro current stimulation of brain slices
led to an immediate increase in the c-fos and
Zif268, two of the immediate early genes known
to regulate downstream target genes [78]. These
genes play an important role in the maintenance
of long-term neuronal changes and memory for-
mation [94-98].

It is highly probable that multiple other signal-
ing events, including but not limited to phosphor-
ylation, recruitment, or shuffling of various
synaptic proteins, mediate tDCS effects. The
manner of interaction between the primary, polar-
izing effect of tDCS and the molecular mecha-
nism still eludes us. We are yet to fully leverage
the wealth of techniques and tools developed by
tetanic stimulation LTP as well as TBS-LTP
research to deconstruct the mechanistic pathway
of tDCS-induced modulation of synaptic
plasticity.

5.3  Morphological Changes
A plethora of in vivo and in vitro studies have
highlighted the influence of high-intensity elec-
tric fields of more than 50 V/m on nervous devel-
opment and regeneration [99, 100]. While not
necessarily “weak” (as focused on in other sec-
tions of this chapter), and in some cases directed
to peripheral nerves with microelectrodes, these
results suggest a novel mechanism that may
impact tDCS/tACS outcomes. Electric fields are
known to govern the directed migration of neuro-
nal cells, also referred to as electrotaxis. This is
further linked to development, membrane protein
redistribution, cell proliferation, and recovery
from injury [100-102]. A study in the medullary
explants from chick embryos exposed to an elec-
tric field of ~60 V/m featured the preferential
growth of neural processes toward the cathode
and their stunted development toward the anode
[103]. Electric fields also affected the growth rate
of the neurites, as they could grow about three
times faster toward the cathode at 70 V/m [104].
Electrotaxis has been extensively character-
ized in vivo. Application of 1 pA of current for
3 weeks to a sprouting rat nerve resulted in an
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increase in responsiveness with cathodal stimula-
tion, when cathode was placed in the direction of
growth of the sprouting nerve, in the hind paw
sensitivity assessment [105]. Physiological cor-
relates have also been measured in association
with the functional recovery of the neurons
exposed to low-intensity extracellular fields.
Administration of 30-min currents generating
fields of approximately 10 V/m for 20 days, after
the cut-suture intervention of the sciatic nerve,
resulted in nerve regeneration and electromyo-
graphic (EMG) activity in 67% of the animals
receiving stimulation. Here too, growth was
directed toward the cathode, as compared to only
17% growth toward the reversed polarity [106].
Subsequent studies further supported an increase
in neurofilament growth toward the cathode in
damaged sciatic nerves [107], morphological
regeneration after nerve transection [108], and
complete recovery of associated function [109].

Two plausible mechanisms underlie the axo-
nal growth and guidance. First, the number of
cytoplasmic projections that guide axonal growth,
also referred to as filopodia, toward the cathode is
double that of the ones growing toward the anode
[110]. This might be serving as an augmentation
mechanism, not a necessary one, since galvano-
tropic behavior is seen without filopodia. The
second mechanism is electric field-induced
receptor migration [110]. Acetylcholine (Ach)
receptors were shown to cluster towards both the
anode and the cathode during DC stimulation of
Xenopus muscle cells at 400 V/m for 20-40 min,
followed by continued accumulation toward the
cathode [111, 112]. These receptors can increase
intracellular calcium concentration via second
messenger pathways. This localized shift of
intracellular calcium might then promote the
growth of neural processes.

In addition to affecting the axonal growth and
guidance, electric fields are known to affect the
dendritic spines as well. In an ischemia rat model,
daily 10 Hz, 0.1 mA tDCS over a period of 2
weeks increased spine density and improved
motor function [113]. Anodal tDCS at 2.2 mA/
m?, when combined with electrical forepaw stim-
ulation, increased spine density and enlarged
head sizes of new spines in the sensorimotor

(M1/S1) cortex [114]. This tDCS-induced
regrowth of dendrites and axons was further sup-
ported by the upregulation of MAP-2, a critical
protein in dendritic outgrowth and remodeling,
and GAP-43, a protein found in axonal growth
cones [115]. DCS at 25 V/m and 50 V/m applied
to differentiated neurons in vitro increased GAP-
43 expression as well [102].

5.4  Network Effects

How electric field stimulation can modulate a
neural network has been an active area of
research. The activity of neurons in an active net-
work is different than those of neurons in a quies-
cent state. Similarly, electric field stimulation can
produce responses in an active network not
expected from single neurons. These responses
are specific to the network’s architecture and
level of activity. A key aspect of network activity
is rhythmic firing which results in oscillatory
brain signals. Both clinical trials and animal
experiments reported that electric stimulation
modulates oscillations in the brain [79, 116]. Itis
essential to emphasize that the underlying mech-
anisms are not the same for different endogenous
oscillations in the brain, for example, slow-wave,
alpha, or gamma oscillations have entirely differ-
ent physiological origins. Consequently, the
effects of electric field stimulation on active net-
works are likely to depend on network dynamics
leading to each type of oscillation. In this section,
we summarize animal studies on how electric
stimulation can affect activities within neural net-
works with different techniques of stimulation
and outline the suggested explanatory mecha-
nisms to this date.

Slow-wave oscillations that are common dur-
ing sleep consist of a succession of high firing
activity (Up state) and almost no spiking state
(Down state) [117]. Frélich et al. showed that
anodal DCS (soma-depolarizing) can signifi-
cantly reduce the duration of the Down state,
while the Up state was unchanged by weak
electric fields. Based on their hypothesis, this
resulted in a reduction of the oscillation period.
In rat hippocampal slices, amplitude of gamma
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oscillations can be modulated with DCS, and the
modulation is strongest when applied fields are
oscillating at theta frequencies [19]. Later, the
same group showed that prolonged DCS caused
lasting effects on gamma oscillations and multi-
unit activity [21]. Recordings in nonhuman pri-
mates showed that tDCS with 2 mA had a
significant effect on local field potentials in a
broad range of frequencies [46], although there
are some concerns that this may be the result of
physiological artifacts also observed in human
EEG [118].

tACS has been used as an intervention to tar-
get specific oscillatory patterns in the brain [119,
120] (Fig. 5.4a). Studies on mechanisms of action
include both in vivo and in vitro experiments.
One such mechanism is resonance whereby ACS
modulates endogenous activity at the same fre-
quency of the stimulation [18, 19, 121]. For
instance, fields as weak as 0.2 V/m are able to
enhance the firing activity during gamma oscilla-
tion in hippocampal CA3 if the frequency of
oscillation matches that of the endogenous
rhythm [19]. ACS within the frequency range of
cortical slow oscillations can also entrain endog-
enous activity in anesthetized rats [122]. Stronger
fields managed to entrain a larger number of neu-
rons, consistent with findings from in vitro exper-
iments [6]. A study in awake head-fixed ferrets

[123] suggests that low-intensity electric fields
(<0.5 V/m) can selectively entrain alpha oscilla-
tions (11-17 Hz).

What are the mechanisms underlying the
aforementioned effects of ACS? The proposed
explanations are often tied to the specific mecha-
nism underlying a given endogenous oscillation.
The temporal biasing of spikes is one possible
mechanism for the ACS-induced effects. Small
amounts of polarization generated by an exoge-
nous electric field can shift spike occurrence or
spike timing when a neuron is close to the thresh-
old of action potential generation. Network
entrainment is another way ACS can influence
oscillatory behaviors, particularly in a network
with coherent oscillation. When the frequency of
weak ACS is matched with the endogenous oscil-
lation, time shifts can accumulate over several
cycles. This results in a temporal alignment of
spiking activity in a network whereby there will
be a constant phase difference between applied
ACS and native rhythm. In the case of a network
with less regular oscillation, ACS can exert its
effects through enforcing a firing pattern. In this
manner, the exogenous electric field counteracts
with the endogenous oscillation. Imposing a
firing pattern requires the external electric field to
be strong enough to overpower native rhythm.
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These endogenous oscillations can be the
result of balanced interactions between excit-
atory and inhibitory neurons. In such networks,
excitatory inputs drive inhibitory neurons to con-
trol the timing of the network. ACS, when
applied, can enhance the temporal alignment of
firing patterns of excitatory neurons. This ACS-
induced elevated level of synchrony is followed
by stronger activation of inhibitory neurons,
resulting in increased suppression of excitatory
neurons. This suppression can cause the network
to “skip a beat” resulting in half as many cycles,
that is, half harmonic [6, 19]. For example, the
strong ACS-induced modulation of gamma oscil-
lations is a result of an overshoot of the dynamic
balance between excitatory and inhibitory inter-
actions. A similar effect was observed with
amplitude-modulated ACS [124]. The high-
frequency carrier (2 kHz) had only minimal
effects, but once modulated in amplitude at lower
frequencies (10 Hz), there was a strong modula-
tion of the endogenous gamma rhythm. In tempo-
ral interferential stimulation (TIS), a similar
amplitude-modulated high-frequency oscillation
is generated. Grossman et al. have argued that the
spatial selectivity observed in TIS is the result of
this specificity of AM-modulated fields [125]. It
is not yet clear how the high-frequency stimula-
tion of the carrier becomes more effective when it
is modulated in amplitude at lower frequencies.
One modeling study suggests an interaction of
axonal activation with the high frequency and
network adaptation effects as lower frequencies
[125].

Networks  with  slow-wave oscillations
(0.5-4 Hz) were also reported to be sensitive to
applied ACS [18, 121]. Slow-wave oscillations
are identified by synchronized neural activities
alternating between Up and Down states. The
high level of neural activities during Up state are
governed by excitatory interactions. This height-
ened level of activity is followed by depletion of
the available cellular resources and the collapse
of the excitatory activities. This leads the net-
work to transition to Down state, where the neu-
rons become quiescent and there is simultaneous
recovery of the resources. Consequently, a small

amount of depolarization can shift the network to
the active states again.

Another proposed mechanism of tACS is the
attenuation of neural adaptation. In a nonhuman
primate study, Kar et al. applied tACS with 2 mA
peak-to-peak at 10 Hz to surface electrodes over
the vertex and lateral to the middle temporal area
(MT) on the scalp [126]. While they did not
observe neural entrainment, they reported tACS-
induced attenuation in spiking adaptation to the
visual input. Sodium- and calcium-gated potas-
sium channels have been implicated in this adap-
tation mechanism; therefore, Kar et al. suggest
that the 10 Hz field oscillation may affect these
channels.

5.5 Interneurons
and Nonneuronal Effects
5.5.1 Interneurons

Many interneurons have a relatively symmetric
morphology compared with pyramidal neurons.
This will result in weaker somatic polarization as
reported in both experimental results in cortical
slices [4] and biophysically realistic computa-
tional models [42]. However, we cannot ignore
the effects of polarization of other compartments
such as dendrites and axon during stimulation.
Additionally, interneurons have a great variety of
morphology which includes neurons with asym-
metric dendritic trees [127]. The study of inter-
neurons is particularly important because they
play a pivotal role in plasticity and brain oscilla-
tions [128]. Recent studies have explored the
effects of weak electric stimulation on interneu-
rons. For example, DCS modulated paired-pulse
facilitation in hippocampal slices suggest an
effect of DCS on interneurons [13]. Similarly,
computational modelling suggests that ACS
could modulate the activity of fast-spiking inter-
neurons through indirect network effects [123].
Further studies are needed to fully characterize
the effects of DCS and ACS on the functional and
morphological attributes of interneurons.
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5.5.2 Glia

Glial cells represent about half of cells in the
human brain while the precise glia-neuron ratio
varies in different brain regions [129]. Astrocytes,
microglia, and oligodendrocytes are three differ-
ent glial cell types in the CNS. It is increasingly
recognized and understood that glial cells do not
act only passively as a supportive role for neu-
rons, but rather are actively involved in informa-
tion processing [130]. There are few studies that
have investigated the primary effects of electric
stimulation on glia. Any activation of neurons or
synaptic function will trigger a secondary glial
response—in this sense any tDCS effects on neu-
rons include glial-neuronal interactions. This
section however focuses on evidence for primary
glial response to electrical stimulation.

Several studies reported that DCS can cause
protrusion elongation in both astrocytes and
microglia in culture preparations. In addition,
cell alignment is possible at higher intensities of
stimulation [102]. In such a case, the orientation
of microglia is parallel and the orientation of
astrocytes is perpendicular to the electric field
direction [131]. These studies offered evidence
for the responsiveness of glial cells to electric
field stimulation as direct effects [131]. Since
most in vivo studies focusing on how electric
field stimulation affects glial cells have investi-
gated the inflammatory response, we will review
them in the next section. Here, we point out other
possible mechanisms for modulation of glial cell
activities due to electric stimulation.

A computational model suggested that
applied electric fields can produce polarization
in astrocytes which are within the range of their
ongoing endogenous polarization [132]. This
polarization is further influenced by the presence
of voltage-sensitive channels across the mem-
brane of astrocytes. Astrocytes play a role in the
regulation and reuptake of excess extracellular
potassium and sodium changes produced by
neuronal activity, including processes such as
potassium spatial buffering that is driven by glial
membrane polarization [133]. The application of
direct current in vivo can activate these ionic
clearance processes [134]. While it has been

reported that extracellular potassium concentra-
tion does not change during DCS in vitro [135],
it should be noted that the brain slice preparation
interferes with extracellular concentration mech-
anisms [136].

Calcium signaling is a means of communica-
tion between astrocytes and neurons [137].
Electrical activation of one astrocyte can cause
activation of others in a local astrocytic network
and thereby affect the neuronal processing [138].
In addition, learning can be impaired in the
absence of astrocytic calcium signaling, high-
lighting the importance of astrocytes in learning
[139]. Interestingly, the application of anodal
tDCS with a current density of 50 A/m? for
10 min induced a high-level of astrocytic Ca*?
surge across cortical areas of awake mice. As the
authors did not observe a significant change
in local field potential, they concluded that this is
a direct effect of tDCS on astrocytes leading to
metaplasticity mediated by noradrenergic trans-
mission [140].

Microglial cells function as immune cells and
phagocytes in CNS; however, there is a growing
body of evidence showing their active role in
synaptic plasticity [141]. A recent study showed
that in vivo anodal tDCS caused morphological
changes of microglia such as enlargement of
soma and decreased their motility in mice. These
results were obtained 3 h after tDCS, and they
were absent if the animals were under anesthesia
during tDCS. The authors speculated that tDCS
could slow down the surveillance of microglia,
and this might help the initiation of synaptic
changes.

Mpyelination and metabolic support are the
main functions of oligodendrocytes in CNS. An
in vivo ACS study in adult rats showed that stim-
ulation of corticospinal axons can promote the
proliferation and differentiation of
oligodendrocyte-specific progenitors after multi-
ple sessions of stimulation [142]. In addition, it
has been reported that cathodal tDCS over the
ischemic region recruited oligodendrocyte pre-
cursors toward the lesion in adult rats, while
tDCS promoted neurogenesis regardless of its
polarity [143].
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5.5.3 Inflammation, Angiogenesis,

and Apoptosis

In addition to the above-stated effects, tES is
known to modulate other vital physiological pro-
cesses of inflammation, angiogenesis, and apop-
tosis. In vitro studies demonstrated the
high-intensity DCS-induced accelerated and
polarized migration of different peripheral
immune cells, including neutrophils [144], lym-
phocytes [145], macrophages [146], and poly-
morphonuclear cells [147, 148]. Stimulation of
cultured primary astrocytes as well as astrocytic
cell lines resulted in increased energy metabo-
lism [149] and perpendicular alignment to the
electric field [150, 151]. Depending on the inten-
sity and direction, tDCS effects could be pro-
inflammatory or anti-inflammatory in nature.
Both cathodal and anodal stimulation at 500 pA,
15 min for 10 sessions resulted in increased pro-
liferation of activated microglia in the ipsilateral
side of motor cortex [152]. In another study,
anodal tDCS at current strength of 200 pA,
30 min for 10 days in the rat model of vascular
dementia reduced the number of activated
microglia and astroglia. There was a reduced
expression of pro-inflammatory factors such as
IL-1, IL-6, and TNF-q, indicating the attenuated
inflammatory response in the hippocampus [153].
Cathodal tDCS at 500 pA for 15 min for 5 con-
secutive days attenuated the activation of astro-
cyte and microglia, reduced the expression of
pro-inflammatory IL-1f, IL-6, and TNF-a, and
upregulated the anti-inflammatory IL-10 in rat
model of middle cerebral artery occlusion [154].
Bicephalic tDCS at the current density of 33.4 A/
m? also reduced the levels of IL-1f and TNF-a in
the cerebral cortices of obese rats [155]. It is to be
noted that most of these studies used higher-
intensity electric fields than expected in human
tDCS.

Large electric fields (50—400 V/m) applied for
long periods of time are known to direct the
migration, reorientation, cell-division, and elon-
gation of endothelial cells in culture [156-162].
In vitro DCS also stimulated the secretion of vas-
cular endothelial growth factor (VEGF) [156,
159, 161], nitric oxide, and interleukin-8 [160,

163]. All three are critical players in angiogene-
sis. Furthermore, DCS-induced increase in capil-
lary density in a rabbit model of myocardial
infarction [164] and a rat model of hindlimb isch-
emia [156] suggests a positive modulatory effect
on angiogenesis. Electric fields may induce sig-
nificant angiogenesis through the increased
expression of VEGF [156, 165], activation of
VEGF receptor 2 (VEGFR2), and downstream
activation of phosphoinositide 3-kinase (PI3K)/
Akt, extracellular regulated kinase 1,2 (Erk1/2),
as well as the c-Jun NH2-terminal kinase (JNK)
signaling pathways [158, 159, 161, 163]. DCS
induced the upregulation and increased activation
of chemokine receptors CXCR4 and CXCR?2 in
an in vitro study [162]. Both chemokine recep-
tors are necessary for endothelial cell chemotaxis
[166, 167]. Endothelial cells form the blood—
brain barrier (BBB) that tightly regulates trans-
port between the brain extracellular space and
blood. As such, any action of DCS on endothelial
cells would significantly affect the brain func-
tion. tDCS with a current density of 8.0 mA/cm?
increased the permeability of BBB, and this mod-
ulation was dependent on nitric oxide [168].

Electric stimulation has been shown to affect
apoptotic processes. In ischemic mice, cathodal
tDCS significantly decreased the number of cor-
tical and striatal caspase-3 positive cells, but
anodal stimulation had an opposite effect [169].
ACS (100 pA, 2 Hz) decreased the number of
apoptotic cells in the cortex, but not in the stria-
tum of ischemic rats, and these antiapoptotic
effects were exerted through Akt phosphoryla-
tion [165]. An in vitro study with fibroblasts
exposed to a 100 V/m stimulation demonstrated
the upregulation of antiapoptotic proteins,
namely apoptosis inhibitor 5, caspase 8, and
Fas-associated death domain-like apoptosis reg-
ulator and the protein kinase C epsilon [170],
which further highlights the ES-induced attenu-
ation of apoptosis. DCS at 100 V/m, when
applied to injured rat dorsal root ganglion
(DRG) cells for an hour, decreased the apoptotic
rate of DRG cells [171]. In an in vitro study
with biofilms, low-frequency low-voltage AC
accelerated the apoptotic process in bioelectri-
cal reactor biofilms [172].
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5.6  Applications to Clinical

Pathologies

The noninvasiveness and low cost of tES meth-
ods have made it versatile and widely studied as
a potential treatment for various diseases [173,
174]. tES 1is especially favorable as a treatment
tool for psychiatric disorders because of low-
cost, portability, and ease of use. tES effects can
be directly assessed with behavioral and cogni-
tive tests, which are more direct and informative
in humans than animals [46, 153, 175-180]. It is
easy to interpret human behavior and assess psy-
chological processes as compared to animals. For
these reasons, a majority of published findings
are of tDCS effects in humans and relatively few
are in animal models. Among the animal studies,
most involved highly invasive methodologies
(e.g., tissue damage, brain slice, and protein-
synthesis experiments). Nonetheless, some stud-
ies treating animal models of neuropsychiatric
disorders with tDCS are briefly outlined below.

5.6.1 Stroke
Since the application of tES and more specifi-
cally tDCS has shown promising results as a
therapeutic intervention in stroke patients, sev-
eral groups have attempted to use animal models
of stroke to study the effectiveness of electric
field stimulation and the underlying functional
and cellular mechanisms explaining these effects.
One important factor to consider is when tES
should be applied after a stroke. While there are
clinical studies that have delineated beneficial
effects of tACS in patients during recovery after
chronic stroke [181], animal studies have not
attempted to investigate the efficacy of this tech-
nique of stimulation in stroke models yet. We can
categorize studies based on the time of interven-
tion into acute, that is, less than<24 h after stroke,
and subacute, 1-7 days after stroke groups [182].
Different reports outlined the potential benefit
of ipsilateral cathodal tDCS within a few hours
following the stroke induction, namely reduction
in various stroke-related outcome measures such
as infarct growth, edema, inflammation, and the

number of apoptotic cells [169, 183]. Additionally,
DCS can be used for the purpose of rehabilitation
to regain cognitive and motor performances when
it is applied in the subacute phase. While there is
a debate on the effectiveness of DCS with regard
to the polarity of the electric field, there is accu-
mulating evidence suggesting an improvement in
the recovery and neural growth such as elevated
levels of microtubule and growth-associated pro-
tein due to DCS application [115]. Overall, these
results suggest a rehabilitative benefit of tDCS
for stroke patients.

5.6.2 Addiction

A handful of studies using tDCS as a treatment
for addiction in animals have been conducted.
Anodal tDCS at 0.2 mA, when applied to the
frontal cortex for 20 min twice a day for 5 con-
secutive days, was sufficient to reduce anxiety-
and depression-like behavior in nicotine-addicted
mice [184]. Repeated anodal tDCS impaired
cocaine-induced place preference conditioning
and locomotor activation [185]. In this study,
repeated anodal tDCS also reduced cocaine-
induced expression of Zif268 in specific cortico-
striatal circuits for 3 weeks in female mice.
tDCS-mediated modulation of cortical excitabil-
ity is shown to have a beneficial impact on food
addiction as well, and the underlying biochemi-
cal response involves lipid-, protein-, and metal-/
nonmetal ion-driven mechanisms [186].

5.6.3 Alzheimer’s Disease

The main methods of noninvasive brain stimula-
tion for Alzheimer’s disease are TMS and anodal
tDCS, and preliminary findings suggest that both
techniques reduced cognitive deficits in
Alzheimer’s patients [121-123]. To replicate the
cognitive symptoms of Alzheimer’s, intraperito-
neal injections of scopolamine were given to rats
that subsequently received 0.1 mA of anodal tDCS
for 20 min twice a day, five times a week [187].
After 2 weeks of treatment, rats treated with tDCS
had slightly increased cognitive function in com-
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parison to the rats just treated with tacrine. After
the 4 weeks of treatment, rats that received tDCS
therapy had motor behavior improvements and
increased acetylcholine activity. Improved cogni-
tive function and memory performance effects of
repetitive anodal tDCS lasted for 2 months in a rat
model of Alzheimer’s [188]. In another study,
tDCS when delivered for 20 min/day, 5 days/week
over 3 weeks at 50 pA to triple transgenic (3X Tg)
Alzheimer’s mice failed to improve memory per-
formance and alter the expression of neuropatho-
logical hallmarks of Alzheimer’s [189]. Anodal
tDCS when delivered for 30 min/day over 5 days
at 200 pA alleviated the cognitive impairment,
assessed by Morris Water Maze task, in a rat model
of vascular dementia [153].

5.6.4 Chronic Stress and Depression

Though numerous tDCS studies have shown a
therapeutic effect in humans and in animal mod-
els, the limits to tDCS effects were only recently
tested [190]. In this study, tDCS efficacy was
measured in chronic stress mice models. After
subjecting rats to chronic restraint-induced stress
(CRS) for 11 weeks, rats were given 20 min
anodal tDCS treatment sessions for 8 days.
Behavioral tests were performed after the
11 weeks of CRS, immediately and 24 h after
tDCS treatment. Control rats were not subject to
CRS but were randomly given either sham or
tDCS treatment. tDCS treatment reversed the
stress-induced allodynia and increased the pain
threshold in unstressed animals. tDCS was only
able to decrease BDNF release in the spinal cord
and brainstem of unstressed rats. Interestingly,
CRS rats treated with tDCS had a weak reduction
in pain sensitivity even though no change of
BDNF levels was detected indicating that a dif-
ferent mechanism may be involved in the attenu-
ation of pain sensitivity. The results from this
study highlight that tDCS treatments alone may
not be sufficient to produce long-term effects
when chronic stress is present. Chronic stress-
induced pain threshold in rats was evaluated
using a hot plate and tail flick latency (TFL) tests.
In another study, active bicephalic tDCS increased

the pain threshold and thereby reduced stress-
induced hyperalgesia [191].

Anodal tDCS, when delivered at 200 pA for
ten sessions, attenuated depression-like behavior
induced by chronic corticosterone exposure in
mice, and these effects were long-lasting [192].
tDCS at 0.1 mA for 10 min was also shown to
alleviate depression-like behavior induced by
chronic restrained stress in mice [140].

5.7  Prospects for Animal
Research in tDCS/tACS
Informing Ongoing Human

Trials

A central challenge for tDCS/tACS studies is
translating data collected from animal models of
tDCS/tACS to inform the interpretation and
design of human protocols. Historically, tDCS/
tACS animal studies have informed human test-
ing. Notably, the demonstration that prolonged
DCS/ACS protocols, lasting for minutes, in ani-
mals can lead to short- and long-term plasticity
encouraged the use of such protocols in humans
[193]. The polarity dependence of DCS was first
demonstrated in animal models [16, 25, 30].
Animal models demonstrated that low-intensity
DCS/ACS can modulate ongoing neuronal activ-
ity, which provides a possible physiological sub-
strate for the effects observed in human clinical
trials [3]—countering the argument that weak
fields, such as those applied in tDCS/tACS, are
physiologically inert. In some cases, animal stud-
ies of DCS/ACS were conducted contemporane-
ously with human testing providing confirmatory
evidence, for example, that AC can entrain oscil-
lations [177, 194] or that tDCS plasticity is
NMDA dependent [195]. On the other hand,
there are scarce examples of modern animal tES
studies influencing how human trials are con-
ducted and analyzed. This reflects how tES proto-
cols have remained largely unchanged with the
majority of protocols applying 1-2 mA over
10-30 min using two large pad electrodes with-
out any customization based on an individual’s
biomarkers.
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Developments in tES protocols were driven by
clinical neurophysiology [196] rather than extrap-
olated from animal models. Often animal studies
confirm findings in humans rather than suggesting
novel improvements to the current protocols; a
notable example being the identification of the
role of BDNF polymorphism [40]. We believe
development in animal tES studies combined with
an increased emphasis on designing these experi-
ments for clinical relevance would accelerate the
development and application of tES in humans.
This includes an increased emphasis of the plas-
tic, rather than acute effects of stimulation [40,
197]. Simultaneously, results from human trials
also point to a need to critically address issues
such as nonlinear dose-response, state depen-
dency, and inter-subject variability.

Animal experiments provide a degree of cel-
lular resolution, state control, and rapid screening
not available in human subjects to help detangle
complex interactions [3]. We propose that mean-
ingful translation to human applications would be
accelerated by the exploration of data that appears,
at first glance, to be conflicting between animals
and humans. For example, the acute effects of
DCS in animals are monotonic across a very wide
intensity and brain-state range, for example,
anodal/cathodal almost always results in excit-
atory/inhibitory effects after accounting for orien-
tation of neurons relative to the field [16, 78]. This
is in direct contrast with clinical neurophysiology
studies showing that many pharmacological,
dose-dependent, and brain-state perpetrators can
qualitatively change the direction of neuromodu-
lation [19, 196]. As another example, ACS in ani-
mals can influence ongoing oscillations in a
myriad of ways and is dependent on the nature of
endogenous activity and stimulation frequency
[21, 116, 194], while human testing with tACS
and EEG are typically limited to testing one or a
few frequencies [198]. Rather than speculating
which protocols are effective, it would be useful
to consider cellular effects from animals in com-
parison to network effects observed in human
studies. The most impactful translational animal
studies will be those that explain results from
humans in previously unexpected ways and that

can suggest nontrivial methods to optimize tES
outcome in human trials.
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6.1 Introduction

Transcranial magnetic stimulation (TMS) allows
direct probing of the human brain in a safe and
noninvasive fashion, which ensues several poten-
tial applications in the study and treatment of
neuropsychiatric disorders. Previous neurophysi-
ological studies using TMS focused largely on
stimulation of the motor cortex, quantifying the
response by accessing the motor evoked potential
(MEP) with electromyography (TMS-EMG).
Through these studies, several measurement par-
adigms were designed to aid the elucidation of
neurophysiological underpinnings of neuropsy-
chiatric disorders, as well as the description of
cortical responses to different neuroplasticity
interventions [64]. However, by requiring motor
cortex stimulation and motor evoked responses
as a read-out, this technique entails limitations.
First, there is an intrinsic restriction regarding the
cortical regions that are amenable to be investi-
gated, since the method depends on targeting the
motor cortex. Second, MEPs are a rather indirect
measure of cortical responses, and as such imply
the risk of confounding factors, which may come
from spinal cord, peripheral nerves, and muscle.
These are significant limitations if one aims to
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study neuropsychiatric disorders and related
brain functions, which may involve predomi-
nantly brain regions other than the motor cortex.

To circumvent these limitations, an alternative
method should be able to probe any cortical
region and obtain read-out signals directly from
the cortex. This was made possible by combining
TMS with electroencephalography (EEG):
Measuring EEG activity concomitant to the
application of TMS allows the investigation of
the local cortical responses to a stimulus applied
to any cortical area (provided that such area can
be effectively stimulated by TMS) [28, 70]. This
development implies that a read-out can be
directly extracted from the cortex, by means of
EEG signals, unlike TMS-EMG which relies on
an indirect measure of cortical responsivity such
as motor evoked responses. Moreover, TMS-
EEG provides multidimensional information: By
recording the continuous EEG response over sev-
eral electrodes atop the scalp, it is possible to
observe the evolution of the cortical responses in
time and space across distributed networks. Here,
we will describe the technical steps that are nec-
essary to perform a TMS-EEG measurement, as
well as the nature of the obtained data and its
caveats (Sect. 6.2). We will also describe current
results regarding the neurophysiological basis of
results obtained through TMS-EEG measure-
ment (Sect. 6.3); and finally, how TMS-EEG can
be and has been applied to neuropsychiatric dis-
orders (Sect. 6.4).
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9%
6.2 Technical Aspects
6.2.1 Generallssues

In simple terms, TMS-EEG involves recording
EEG activity in response to a focal cortical
stimulation, which is provided by the TMS
pulse. Therefore, any TMS-EEG experiment
naturally requires the placement of electrodes
on the surface of the scalp, which detect voltage
differences produced by postsynaptic potentials
in a large number of neurons underneath the
electrodes. As with any EEG measurement, the
signal obtained is the spatial and temporal sum-
mation of excitatory and inhibitory postsynaptic
potentials originating from the activity of a large
population of cortical pyramidal neurons and
interneurons [35]. By analyzing the EEG signal
that immediately follows a cortical stimulus (the
TMS pulse), one can observe how this cortical
region reacts and how the response evolves over
time and propagates to other cortical areas.
Also, by comparing the nature of these responses
between different populations, or in the same
population at different time points (e.g., differ-
ent states such as wakefulness vs. sleep, or
before and after an intervention), one can draw
conclusions regarding the underlying cortical
mechanisms, which may explain the differ-
ences. Despite this seemingly straightforward
rationale, it is imperative to keep in mind the
several measures that should be taken into
account to enable the feasibility of this method,
as well as appropriate interpretation of its
results. Below we will briefly describe the meth-
ods necessary for performing TMS-EEG studies
and some specific issues that should be
considered.

The first TMS-evoked EEG recordings were
performed by Cracco et al. [12], and since then
the technique has been significantly refined.
Unlike simple EEG, which passively records cor-
tical potentials, TMS-EEG involves perturbation
of cortical activity, by means of the induction of
a brief but strong electromagnetic field in the cor-
tex. As would be expected, this electromagnetic
field inevitably interacts with the EEG electrodes,
placed between the TMS coil and the subject’s

scalp, and thus always produces undesirable arti-
facts and potential risks. Standard EEG disk elec-
trodes are inappropriate for TMS-EEG, as the
eddy currents induced by the magnetic field sig-
nificantly increase the electrodes’ temperature,
interfering with conductivity proprieties and pos-
ing a safety hazard [65]. In order to minimize this
effect, EEG electrodes for TMS-EEG should be
small Ag/AgCl pellet or slit ring (“c-shape” ring)
electrodes [28, 65, 73]. Ideally, special care
should be taken when preparing the electrodes’
placement, aiming for impedances below 5 kQ.
At the same time, one should avoid the creation
of “bridges” between electrodes, by limiting the
amount of conductive gel applied [28]. The TMS
coil should be positioned atop the subject’s head,
but avoiding direct touch with the electrodes,
which may cause disruption of the EEG signal
and the smearing of conductive gel, which would
create the aforementioned “bridges.” This may be
done by placing a plastic spacer between the coil
and the subject’s head [66], at the cost of higher
stimulation intensity needed to effectively stimu-
late the brain.

Regarding coil placement, it is important to
consider the use of neuronavigation for target
selection and maintenance of coil placement,
based on individual structural magnetic reso-
nance imaging (MRI). TMS applied to nonmotor
areas lack a clear read-out, as is the case with
MEPs from motor cortex stimulation, which
could be used for proper coil placement with
respect to the target. Neuronavigation allows
identification of specific cortical targets with
respect to the individual’s brain anatomy, also
accounting for anatomical variations and moni-
toring proper coil directionality, for example,
perpendicular to the targeted sulcus [21]. Finally,
real-time monitoring during an experiment is
desirable in order to correct possible coil dis-
placement during a session, minding that seem-
ingly small deviations of the coil’s location,
orientation, and angulation can significantly alter
evoked responses [37]. Therefore, neuronaviga-
tion should guide proper coil placement, and its
use is generally recommended in TMS-EEG
studies, in particular those involving nonmotor
cortex targets [70].
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6.2.2 EEG Artifacts

Another issue of TMS-EEG is that the high cur-
rent discharge involved in TMS pulses generates
a massive electrical artifact in the EEG signal, of
amplitude several orders of magnitude higher
than the average EEG signals from cortical activ-
ity. This saturates standard EEG amplifiers, hin-
dering the signal acquisition for hundreds of
milliseconds after the pulse and precluding any
meaningful interpretation of the signal following
cortical stimulation. First solutions to this issue
were the development of an amplifier with a
sample-and-hold circuit, in which the incoming
signal is decoupled from the amplifier within a
few milliseconds around the TMS pulse, prevent-
ing its saturation [29, 73]. Currently, other solu-
tions have been developed and TMS-compatible
EEG amplifiers can limit the information loss to
a couple of milliseconds around the TMS pulse,
thus allowing proper analysis and interpretation
of the signal within approximately 10 ms follow-
ing the TMS [28].

There are other sources of artifacts beyond the
TMS artifact that should be taken into consider-
ation. TMS-EEG responses are of small ampli-
tude compared to other sources of noise, and
therefore are sensitive to being obscured by such
sources, which also includes ongoing brain activ-
ity nonrelated to TMS response. In order to guar-
antee proper signal-to-noise ratio of these
responses, it is recommended to record and then
average approximately 100 trials [2, 42, 61]. This
averages out signals not correlated to the direct
cortical stimulation (non-time-locked to TMS),
while the specific TMS-evoked activity remains
in the averaged signal. Nevertheless, some
sources of interference still significantly disturb
EEG recordings despite the averaging, either due
to very high signal amplitude in comparison to
cortical activity, or because they are also evoked
by the TMS pulse, such as eye blinks and scalp
muscle activity. Dealing with these sources may
involve extensive data postprocessing, for exam-
ple, the manual exclusion of the trials and chan-
nels severely contaminated by noise. Furthermore,
signal components related to eye blinks and mus-
cle activity can be removed using independent

component analysis (ICA) [62]. MATLAB tool-
boxes have been developed to aid this TMS-EEG
data postprocessing, which helps making this
rather complex data analysis more user-friendly
and standardized [2, 61]. Application of ICA is
not trivial, as the TMS-evoked brain responses
and to be removed artifacts such as eye blinks
and muscle responses are not independent.
Therefore, more advanced techniques have been
developed to separate the signals, such as signal-
space projection (SSP) [44, 71] and the SOUND
algorithm [47].

Yet another source of confounding signals in
TMS-EEG data is the presence of sensory
evoked potentials (SEP). In addition to direct
cortical stimulation, the electromagnetic field
induced by the TMS pulse inevitably depolarizes
somatosensory nerve terminals in the scalp and
cranial muscles at or near the stimulation site,
provoking somatosensory perception. Also,
TMS produces a loud high-pitched click when it
discharges, leading to auditory perception. Both
percepts lead to a cortical response that can be
observed in the EEG, namely the SEPs [49, 53].
Dealing with this confounding factor is very
challenging, as TMS invariably provokes senso-
rial perceptions, which generate signals that are
not possible to reliably remove via standard data
postprocessing such as ICA, since by nature
these responses have a cortical source and are
also time-locked to the TMS pulse. The use of
masking noise (noise containing the same fre-
quency distribution as the TMS coil click deliv-
ered to the subject through earphones) has been
advocated to suppress the auditory SEP, with
good results [46, 68]. However, this does not
prevent the bone-conducted component of audi-
tory stimulation. This can be addressed by using
a spacer between coil and head. Moreover, this
does not entirely prevent SEPs from somatosen-
sory inputs. Although this issue is still a matter
of discussion, it is currently recommended to use
a “sham” procedure in TMS-EEG experiments.
A sham procedure would simulate all the senso-
rial stimuli of a TMS pulse (coil click, activation
of somatosensory scalp receptors and muscles)
but would not generate an electromagnetic field
in the cortex. Sham procedures usually involve a
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second TMS coil placed distant from the scalp,
which reproduces the auditory stimulus, and
short electrical pulses delivered by scalp elec-
trodes placed between the EEG electrodes,
which reproduce the somatosensory stimulus
[11, 23]. The removal of the signal correspond-
ing to the “realistic sham” condition from the
“real” TMS-EEG trials would then reveal the
true TMS-evoked activity, thus allowing the
results to be attributed specifically to direct acti-
vation by the TMS pulse, rather than the
unwanted indirect activation by peripherally
evoked potentials.

6.2.3 Outcome Measures

As mentioned above, TMS-EEG data is
extracted from several (typically at least 100)
trials, representing instances in which a TMS
pulse is applied while EEG is recorded. The
averaging of the signal time-locked to the pulse
allows the visualization of TMS-evoked poten-
tials (TEP), a series of deflections that peak at
specific time points [42]. An example of this
measure is shown in Fig. 6.1a. The location of
these peaks in space (scalp distribution) and
time (latency after TMS pulse) depend on the
stimulated cortical site, and the amplitude of
each peak is considered to represent different
physiological properties of the cortex, modu-
lated by brain state, as discussed in the next ses-
sion [26, 38]. Results regarding the amplitude of
these peaks can be compared in a few ways. A
region of interest might be selected a priori and
the signal from the respective electrodes aver-
aged to provide a single signal, with its ampli-
tude representing the measure of interest [28].
Alternatively, instead of selecting regions of
interest, it is possible to integrate the signal
from all the channels by means of the global
mean field potential, which provides the evolu-
tion in time of an averaged cortical response
over the entire scalp [70]. Concerning the statis-
tical comparison between two data sets (e.g.,
patients vs. healthy controls, or within a popula-
tion prior to and after intervention), an alterna-
tive to selecting regions and times of interest is

the application of cluster-based permutation
tests. Briefly, this method allows for a given sta-
tistical test to be carried out in several signal
clusters in time and space. This procedure pro-
vides as a result a set of adjacent electrodes at a
certain time window after the TMS pulse where
the compared signals are statistically different.
This allows the analysis of all data without
resorting to dimensionality reduction, at low
risk of false positive results [45, 52].

In addition, the signal can be analyzed in the
frequency domain. Spectral analysis of EEG
signals has been widely studied in the form of
oscillations, which are believed to represent the
underpinning of a broad variety of different
neurophysiological processes and behaviors
[5]. Differently from the resting-state EEG,
which shows the overall activity of the cortex at
rest, spectral analysis of TMS-EEG allows the
probing into the oscillatory response of the tar-
geted cortical area, and its evolution as the neu-
ral activation propagates to other cortical areas.
These results are exemplified in Fig. 6.1b. Focal
cortical stimulation elicits different patterns of
oscillatory activity, depending on the state and
nature of the stimulated cortex [63]. In short,
time-frequency analysis of TMS-EEG signal
can be obtained by estimating the change in
spectral distribution across time after the TMS
pulse in each trial, and averaging the results
across trials [54].

A further development of TMS-EEG data
analysis is the estimation of neural response
transmission between cortical regions following
the TMS pulse. For example, the signal propaga-
tion from the stimulated left prefrontal cortex to
the contralateral hemisphere can be quantified as
a function of the concomitant activation of both
hemispheres following the TMS pulse, estimated
using TEP amplitude from these regions [74].
Frequency-based connectivity analyses have
also been proposed as a measure of signal propa-
gation from the stimulated motor cortex to other
regions [55]. Another example of a complemen-
tary TMS-EEG metrics is the perturbation com-
plexity index (PCI), which uses the signal to
estimate the complexity of the evoked brain
activity in response to a direct stimulus, yielding
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Fig. 6.1 TMS-evoked and TMS-induced responses from
a single subject, average of 160 trials of TMS applied to
the dorsomedial prefrontal cortex at the time O seconds.
(a) Time course of the TMS-evoked response amplitudes
recorded by 126 electrodes, referenced to the average of
all electrodes (in the butterfly plot, dark green refers to the
Fz electrode, close to the site of stimulation).
Topographical plots below show the distribution of the
amplitudes on the scalp surface at different time points

a single value as outcome between 0 and 1 mea-
sure [8]. This estimate was developed to assess
the severity of patients with disorders of con-
sciousness, assuming that more severe cases

after the TMS pulse. (b) Time-frequency plot of the TMS
response, averaged across all 126 electrodes. Color coded
results refer to the change of the standardized value of the
spectral power (z-value) with respect to the baseline (time
before TMS pulse). Topographical plots to the right show
the distribution of the power on the scalp surface in differ-
ent frequency bands and time windows after the TMS
pulse

would account for a less complex cortical
response to TMS due to the severity of brain
damage and its inability to process inputs, thus
yielding a comparatively lower index [9].
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6.3  Physiology

TMS-EEG can be seen as a development from
TMS-EMG, allowing the probing and signal
acquisition from multiple cortical areas other
than motor cortex. The resulting signals can pro-
vide relevant information on the cortical func-
tioning and lead to a broader understanding of the
neurophysiology and its alterations in clinical
conditions. However, for that to be possible, the
physiological significance of each measure first
needs to be clarified.

The TEP components were proposed to repre-
sent each a particular process in the cortical
response to the TMS pulse. Given that there
exists a large body of neurophysiological studies
of TMS-EMG responses, early TMS-EEG exper-
iments first targeted the motor cortex, aiming to
relate TMS-EEG to TMS-EMG outcomes. It was
observed that the amplitude of early TEPs (peaks
from 15 to 80 ms after the TMS pulse) are corre-
lated with the MEP amplitude, and both are cor-
related to TMS intensity [19, 39]. This suggests
that the amplitude of early TEPs represent the
current local motor cortical excitability. The use
of pharmacological agents has also helped to elu-
cidate this phenomenon. The administration of
positive allosteric modulators at the GABA-A
receptor (diazepam, alprazolam and zolpidem)
increased the N45 potential (the amplitude of the
negative peak observed 45 ms after the TMS
pulse) elicited by TMS of motor cortex [57].
Similarly, the NMDA receptor antagonist dextro-
methorphan increased the N45 amplitude [40].
Indeed, local cortical excitability involves the
interplay between GABAergic and glutamatergic
interneurons, with the relative activity of these
two neuronal systems determining the neuronal
population’s excitability/inhibition balance and
downstream signaling [27].

Later TEPs, on the other hand, were related to
other neurophysiological processes, namely
long-distance  connections and GABA-B
receptor-mediated activity. By delivering a con-
ditioning pulse around 100 ms before the test
stimulus, the cortex is placed into a low respon-
sivity state, a paradigm named “long-interval
intracortical inhibition” (LICI) [72], which was

found to be mediated by GABA-B activity [77].
Applying this paired-pulse TMS technique in
TMS-EEG experiments demonstrated that the
NI100 (negative peak observed 100 ms after the
TMS pulse) can be suppressed both in the motor
cortex [58] and the dorsolateral prefrontal cortex
(DLPFC) [15, 17, 18]. Moreover, administration
of a GABA-B receptor agonist (baclofen)
increased the amplitude of the N100 at the site of
stimulation [57, 58].

TMS-induced oscillatory cortical responses
add additional information of relevant physiolog-
ical significance. Rosanova et al. [63] reasoned
that regions of the sensory cortex respond to
incoming sensorial activation by oscillations in
specific frequency bands, depending on the
region (auditory, visual, somatosensory), propos-
ing that this reveals the “natural frequency” of
that region; and in their experiment TMS pulses
were used to provide direct activation of cortical
areas other than sensory regions [63]. Results
revealed that TMS of frontal cortex led to oscilla-
tory response in the high beta/gamma range
(around 30 Hz), TMS of motor cortex in the high
alpha/low beta range (around 18 Hz) and TMS of
parietal cortex in the theta/low alpha range
(around 8 Hz). Later studies found that changes
caused by intervention in focal cortical responses
were specifically found in their respective natural
frequency. For instance, a pharmacological study
of TMS to the motor cortex found that GABA-A
(diazepam, alprazolam, zolpidem) and a
GABA-B receptor agonist (baclofen) alter spe-
cifically TMS-induced oscillations in the alpha
and beta band [56]. Furthermore, TMS to the
occipital cortex elicits oscillatory response in the
alpha band (around 10 Hz), a response that could
be modulated by visual attention, further suggest-
ing the physiological function of induced oscilla-
tions as a natural oscillatory pattern specific for
the cortical area of interest [25, 69].

6.4  Neuropsychiatry

The advantage of TMS-EEG in enabling read-
outs from cortical regions beyond the motor cor-
tex offers particular benefits for the study of
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neuropsychiatric conditions. This method has the
potential to reveal diagnostic biomarkers of dis-
ordered cortical network function by comparing
TMS-EEG measures between a clinical popula-
tion and healthy controls, thus potentially reveal-
ing pathophysiological mechanisms of the
studied disorder. TMS-EEG measures can also be
used to investigate the response to treatment in a
clinical population, possibly delimiting the neu-
rophysiological processes associated with better
prognosis and clinical response to treatment.
These uses of TMS-EEG measures in neuropsy-
chiatric disorders will be exemplified below.

6.4.1 Attention-Deficit/
Hyperactivity Disorder

(ADHD)

Bruckmann et al. [4] proposed the use of the
N100 amplitude as a disease marker for ADHD,
observing that affected individuals had a reduced
N100 amplitude evoked by TMS of the motor
cortex compared to healthy controls, a result
consistent across different age strata [4]. This led
the authors to suggest that the reduced N100
amplitude points to a deficient top-down control
of motor inhibition, as proposed by disease mod-
els, and consistent with the later observed
pharmaco-TMS-EEG  findings  summarized
above, which showed increased N100 ampli-
tudes in higher inhibitory states. Also, a
decreased N100 amplitude inhibition in no-go
trials during the execution of a motor task (cued
go/no-go task), corroborated the deficient motor
control inhibition as a mechanism behind ADHD
symptoms [13].

6.4.2 Schizophrenia

TMS-EMG studies have suggested a GABA-B
cortical deficiency in subjects with schizophrenia
[59], which is in line with results from genetic
and neuroimaging studies pointing to a cortical
inhibitory deficit in this population [67]. In agree-
ment with the hypothesis of GABA-B deficiency
in the prefrontal cortex, N100 amplitude was

found to be reduced in subjects with schizophre-
nia when targeting TMS to the DLPFC, but not
motor cortex [51]. The capability of TMS-EEG
in probing different cortical targets made this
investigation possible, providing evidence on
how the disease distinctly impacts different brain
regions.

Combining the analysis of LICI (a TMS
paired-pulse protocol that elicits GABA-B-
dependent inhibitory cortical responses) and
TMS-induced oscillatory responses revealed that
in subjects with schizophrenia, paired-pulse TMS
did not properly inhibit the oscillatory response
in the gamma frequency band, which corresponds
to the prefrontal cortex natural oscillatory
response [17, 18, 60]. The authors suggested that
the deficient prefrontal GABAergic activity in
schizophrenia may be not only a disease marker,
but also the cause of excessive gamma oscilla-
tions, which leads to aberrant plasticity, and ulti-
mately translating into learning disarray,
inflexible thinking and consequently schizophre-
nia symptoms [60]. Indeed, subjects with schizo-
phrenia showed persistent oscillations in the
gamma frequency range in response to TMS, a
measure that was positively correlated with the
severity of positive symptoms [22]. Future stud-
ies should investigate possible treatments that
can return the cortical inhibition to normal levels
in the prefrontal cortex, and whether this trans-
lates into clinical improvement, as has been done
in the motor cortex with TMS-EMG [24, 34].

6.4.3 Mood Disorders

A study comparing healthy subjects to subjects
with major depressive disorder (MDD) and bipo-
lar disorder has demonstrated that TMS of the
premotor cortex induced less than normal oscilla-
tions in the high-beta (21-30 Hz) and gamma
(>30 Hz) frequency bands in the clinical popula-
tions, these corresponding to the natural frequen-
cies of this cortical area [7, 63]. Concomitantly,
subjects with MDD showed significantly lower
amplitudes of early TEPs in response to DLPFC
stimulation, with N45 amplitude reduction show-
ing significant diagnostic value, with 76%
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accuracy in correctly identifying subjects with
MDD [75]. These two findings are intimately
correlated: As mentioned before, early TMS
responses relate to local cortical excitability, par-
ticularly the state of the glutamate/GABA-A
dynamics, with enhancement of N45 amplitude
after pharmacological challenge by positive allo-
steric modulators at the GABA-A receptor [57]
and NMDA receptor inhibition [40]. A dysfunc-
tion of this dynamics observed in MDD, with
reduced N45, can therefore explain the failure of
the DLPFC in recruiting the local natural fre-
quency in the gamma band. This phenomenon
might have central importance in the pathophysi-
ology of depressive disorders and might explain
the efficacy of repetitive TMS protocols that
induce prefrontal cortex facilitation in the treat-
ment of refractory MDD [41].

Aiming to use this phenomenon as a treatment
response marker, one study investigated TMS-
EEG oscillatory responses in subjects with bipo-
lar disorder prior and following treatment.
Although findings confirmed a deficit of the
TMS-induced response of prefrontal cortex in the
high-beta/gamma frequency band in the clinical
population compared to healthy controls, no
change in the oscillatory response was seen fol-
lowing treatment, irrespective of clinical
improvement, leading the authors to suggest this
alteration as a static disease marker in people
diagnosed with bipolar disorder [6].

6.4.4 Substance Abuse Disorders

Acute alcohol consumption was consistently
shown to decrease N100 amplitude when target-
ing both the motor cortex and in DLPFC [32, 33,
43], opposite to the N100 amplitude increase fol-
lowing administration of the GABA-B agonist
baclofen [57]. This suggests that the neurophysi-
ological disinhibiting effect of alcohol involves
disruption of GABA-B receptor-mediated corti-
cal activity. A pilot paired-pulse TMS study also
pointed to deficient LICI when testing the DLPFC
in subjects with alcohol abuse disorder under
treatment, suggesting that the inhibitory defi-
ciency is not limited to alcohol consumption, but

may be a disease marker [48]. Unfortunately,
there is as of yet a lack of TMS-EEG studies
involving clinical populations of patients with
substance-related disorders.

6.4.5 Alzheimer’s Disease (AD)

Initial TMS-EEG studies with AD subjects
pointed to a significant reduction of the P30
amplitude to TMS of motor cortex, an abnormal-
ity that was also found in cortical areas distant
from the stimulated motor cortex, such as the
ipsi- and contralateral temporoparietal regions
[30, 31]. As early TEPs are believed to reflect
local cortical excitability at the site of stimula-
tion, it was suggested that cortical atrophy and
loss of connectivity between cortical areas seen
in AD might be responsible for the observed P30
decrease. In line with this result, Casarotto et al.
[10] found that early TEP amplitudes are
decreased in subjects with AD, independent of
age or cortical atrophy (the use of MRI-informed
online estimation of the TMS-induced electric
field guaranteed proper cortical stimulation
despite cortical atrophy in AD) [10]. On the other
hand, Ferreri and colleagues [20] found an
increase in P30 in subjects with AD who were
naive to medication, suggesting cortical hyperex-
citability as a marker of AD, and that previous
results were confounded by the wuse of
medication.

TMS-EEG was also used to test the effects of
an intervention, namely repetitive TMS to the
precuneus, as a therapeutic measure to improve
cognitive dysfunction. TMS-EEG showed
increased cortical responsivity, with increased
amplitude of evoked responses, only when the
target was the precuneus, not a control region
(posterior parietal cortex), pointing to the speci-
ficity of TMS-EEG in detecting change in a focal
cortical area [36]. Moreover, the EEG response to
the stimulus was observed both locally and also
in a region corresponding to the medial prefrontal
cortex, suggesting that the rTMS protocol had an
effect over the frontal-parietal working memory
network, which is centrally involved in the phys-
iopathology of AD [16].
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6.5  Future Directions

In addition to advancing the development of patho-
physiological models and disease markers, the
combination of TMS and EEG can have further
applications. Of particular interest is the use of
EEG signals to guide the application of TMS
pulses. TMS responses, and neurophysiological
processes in general, are greatly influenced by the
current neuronal state, which modulates the likeli-
hood of neuronal firing, downstream signaling, and
neuroplasticity [46, 50]. Therefore, it is expected
that the application of repetitive TMS might lead to
differential immediate and neuroplastic effects
when applied in different brain states. This was
tested in the motor cortex, as TMS pulses applied
to different phases of a relevant local oscillation
(the sensorimotor p-rhythm in the alpha frequency
band) evoked MEPs of different amplitudes and led
to different degrees of neuroplasticity [79]. Using
this rationale, paradigms of EEG-informed repeti-
tive TMS are potentially highly interesting as a
treatment tool, possibly enhancing efficacy of ther-
apeutic noninvasive brain stimulation for neuro-
psychiatric conditions [78].

Regarding its use in neurophysiological
research, we have seen that TMS-EEG showed
several relevant results in the study of neuropsy-
chiatric disorders. Nevertheless, there are funda-
mentally important issues that need to be
addressed in advancing the field, such as uniform
standards of data collection and data processing,
so that results from TMS-EEG studies become
reliable and valid across different centers around
the world. This would need necessarily include
the use of proper methods to remove spurious
cortical responses, such as SEPs, to reveal the
true nature of the brain response to TMS [3].

The physiological meaning of the TMS-EEG
measures 