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vi la circulacion de mi oscura sangre, vi el engranaje del amor y la modificacion de la muerte, vi el
Aleph, desde todos los puntos, vi en el Aleph latierra, y en la tierra otra vez el Aleph y en el Aleph
la tierra, vi mi cara y mis visceras, vi tu cara, y senti vértigo y lloré, porque mis ojos habian visto
ese objeto secreto y conjetural, cuyo nombre usurpan los hombres, pero que ningin hombre ha

mirado: el inconcebible universo.

”

Jorge Luis Borges, El Aleph

«

Abriu-se majestosa e circunspecta,
sem emitir um som que fosse impuro
nem um clardo maior que o toleravel

pelas pupilas gastas na inspecéao
continua e dolorosa do deserto,
e pela mente exausta de mentar

toda uma realidade que transcende
a prépria imagem sua debuxada
no rosto do mistério, nos abismos.

Abriu-se em calma pura, e convidando
quantos sentidos e intui¢Bes restavam
a quem de os ter usado o0s ja perdera

e nem desejaria recobra-los,
se em vao e para sempre repetimos
0S mesmos sem roteiro tristes périplos,

convidando-os a todos, em coorte,
a se aplicarem sobre 0 pasto inédito
da natureza mitica das coisas,

2

Carlos Drummond de Andrade, A maquina do mundo
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1. Introduction

Understanding and explaining behavior has been an ongoing labor and permanent quest for
the human kind. From metaphysical speculations to the first elaborations of this method of
manipulating and decomposing perceptual information nominated science, explaining and
predicting living organisms’ behaviors was a first-order agenda. The outbreak of modern
neuroscience and psychology approaches allowed direct experimentation with the mind-brain-
behavior conundrum, leaning on an extensive row that goes from lesioned patients to modern
neuroimaging methods. The in-depth study of the physiological foundations of higher brain
functions and mental activity in the mammalian brain is denominated cognitive neuroscience,
where cognitive processes that rely on the central nervous system, such as memory, can be
scientifically investigated with advanced methods such as imaging and computational techniques

(Raichle, 2009).

Some of the modern neuroimaging techniques, as electrophysiology and magnetic
resonance tomography, have paved the way to unveil the neural basis of cognition and behavior,
each with its own qualities and pitfalls, such as their temporal and spatial resolution (Axmacher,
Elger, & Fell, 2009). In conjunction with them, non-invasive brain stimulation (NIBS) are
techniques widely employed in the last decades to the study of physiology of cognitive processes,
and bring the promise of being a complementary therapeutic intervention to neuropsychiatric
disorders (Parkin, Ekhtiari, & Walsh, 2015). They can be useful to causally connect certain brain
structures and neuronal activity to functions, since neuroimaging and electrophysiology can reveal
spatio-temporal fingerprints of cognitive processes, but can only establish a correlational bound

between them (Bergmann, Karabanov, Hartwigsen, Thielscher, & Siebner, 2016). On the other



hand, NIBS can be inserted as a perturbation to the brain in order to interfere with a targeted
function. In the scope of memory research, NIBS, specifically transcranial Electrical Sitmulation
(tES) interventions, have been applied to several brain areas with the use of direct and alternating
currents. In an atempt to modulate memory encoding or retrieval, the majority of the studies
focused on the pre-frontal cortex as a preferable target (Manenti, Cotelli, Robertson, & Miniussi,

2012).

In this doctoral dissertation, we attempted to advance in methodologically rigorous
protocols influencing normal brain physiology and search for solutions to modulate memory
activity, a promising area for rehabilitation of people with neuropsychiatric diseases or aging
impairments. The episodic memory network is composed of several brain nodes working in a
network manner. For that, we attempted to influence different nodes of this network (here the left
pre-frontal and temporal cortices) in the search of the most robust and convincing results. We made
use of different versions of a verbal-associative memory task as the behavioral paradigm, and
computational models to estimate the features of our stimulation parameters. Specifically, the aim
of this doctoral work was to augment long-term memory performance in healthy human
participants by the application of transcranial electrical stimulation. In the following pages, |
outline the state of the art of the methods and brain processes investigated in this work, before
introducing the original scientific contributions brought by the two manuscripts that form the core
of this thesis. The last chapter summarizes the results brought by our investigations and points

possible future directions for the field.



1.1.Episodic long-term memory in humans

The brain systems supporting learning and memory are classified and differ according to type
and functional relevance. Short-term and long-term memory are partially overlapping functions
which rely on distinct neural underpinnings, being the long-term system split into procedural (or
implicit) and declarative memory (Morris, 2013). Episodic long-term memory is the process of
learning, storing and retrieving information in the brain regarding to daily personal experiences,
and a crucial feature for humans to thrive and adapt in different ever-changing environmental
conditions (Tonegawa, Pignatelli, Roy, & Ryan, 2015). While in the short-term modality memories
seem to be held in patterns of neural activity, long-term encompass structural modifications of
synaptic linkages and network connectivity. The encoding of a long-term memory involves an
initial scheme of activity that promotes a posterior structural modification to be retained as a trace,
i.e., an arrangement of connections maintained in specific neural assemblies by structural
molecular changes (Morris, 2013). The intriguing kaleidoscope of long-term memory
representations in the brain (namely the “engram”) are ensued by epigenetic modification in gene
expression caused by cascades of molecular alterations in neural activity to sensory inputs (Poo et
al., 2016). These molecular modifications, such as increase in AMPA receptors and spines that
control post-synaptic gears, are promoted and altered depending on the regularity of the activity
between cell assemblies that regulate the firing of a postsynaptic neuron, fostering the core
mechanisms of synaptic plasticity, the so-called long-term potentiation (LTP) or depression
(LTD). In mammals, the molecular and cellular basis of episodic memory encoding can be

approached by invasive procedures and cellular recordings. In humans, such invasive recordings



are poorly available, with the mechanisms of long-term memory having to be uncovered mostly
by techniques such as electrophysiology and neuroimaging (Kandel, Dudai, & Mayford, 2014).

A large body of literature has argued that declarative long-term memory is implemented
on intertwined distributed networks paced in spatiotemporal scales. Neocortical, allocortical and
subcortical brain areas were already extensively studied with the help of lesioned patients,
neuropsychological and neuroimaging findings. The most common areas associated with episodic
long-term memory are regions in the pre-frontal (PF), parietal cortex (PC) and the temporal lobe,
especially its medial part, with feedback projections between the neocortical associational,
subcortical and medial temporal lobe (MTL) structures (Dickerson & Eichenbaum, 2010; Henke,
2010; Kuhn & Gallinat, 2014; Ofen et al., 2007; Preston & Eichenbaum, 2013).

The last decades have seen the rise of a method to compare neural activity regarding patterns
of activation during recall or forgetting on memory tasks, called Subsequent Memory Effect
(SME), a biomarker for either successful encoding or for neural activity interfering with it (Kandel
et al., 2014). A meta-analysis investigated 74 fMRI episodic memory studies during encoding of
item and associated verbal and pictorial content, and showed a SME associated mainly with the
left inferior frontal cortex, bilateral fusiform cortex, bilateral medial temporal lobe, bilateral pre-
motor cortex and bilateral posterior parietal cortex (H. Kim, 2011). The verbal associative memory
modality (explored in this thesis) predominantly presented left-lateralized SM effects. These
results in the verbal associative domain were partially confirmed by a later fMRI study, with effects
being left-lateralized at the pre-frontal cortex level, but bilateral for the medial temporal lobe and
posterior parietal cortex (Schott et al., 2013). Gilmore et al. (2015) expounded on a group of meta-
analyses of task based functional MRI studies, proposing a functional parietal memory network

that showed SME for encoding and successful retrieval, encompassing the precuneus, the mid-



cingulate cortex, and the posterior inferior parietal lobule. In turn, the functional role of the MTL
on episodic memory is well stablished, with extensive scientific evidence showing a function-
related topography in its different structures operating in a loop-coordinated fashion. The
hippocampus is strongly associated with relational memory, i.e. for storing and binding the
different associative memory representational elements (Davachi, 2006; Hannula & Ranganath,
2009; Henke, 2010; Jeong, Chung, & Kim, 2015; Ranganath, 2010).

Neural oscillations are deemed to temporally pace neural firing and shape plasticity by the
synchronization or desynchronization of neuronal assemblies (Hanslmayr, Staresina, & Bowman,
2016). Neuronal synchronization represents the dynamic activation of neuronal groups and
underlies effective cell communication (Wang, 2010; Womelsdorf et al., 2007). The rhythmic
modulation of synaptic communication is thought to be at the core of effective connectivity, and
coherence between pre and post synaptic groups is required to coordinate input arrival at precise
excitability phases in oscillatory cycles (Fries, 2015). In long-term memory encoding, these
patterns are represented by activity in the key areas spreading along some of the canonical
frequency bands. Activity correlated with successful long-term memory formation showed
increases or decreases depending on the task type and site. Nevertheless, in general, decreases in
alpha and beta band (desynchronization), increases in theta and gamma power (synchronization)
and cross-frequency relationships are the most prominent (Duzel, Penny, & Burgess, 2010;
Hanslmayr et al., 2016; Hanslmayr & Staudigl, 2014; Jutras & Buffalo, 2010). In brain
physiology, cross-frequency coupling (CFC) is a multiscale neural phenomenon that can be
characterized by excitability fluctuations represented by the phases of the slower oscillation,
which, in turn, can selectively entrain higher-frequencies spiking of local specific networks in a

phase-locked manner (Canolty & Knight, 2010; Hyafil, Giraud, Fontolan, & Gutkin, 2015). One



of the most distinctive observable cross-frequency phenomenon in the brain is the theta-gamma
phase-amplitude coupling. It is hypothesized to be active in mnemonic computations in several
neocortical and medial temporal lobe areas with a specific functional significance: theta cycles
would organize distinct timing phases of neural excitability, coordinating the firing of local neural
assemblies (gamma activity) that represent and segregate chunks of information (Colgin, 2015;
Heusser, Poeppel, Ezzyat, & Davachi, 2016; Lisman & Jensen, 2013). Nevertheless, studies
investigating theta-gamma phase-amplitude coupling in verbal long-term memory encoding are
correlative, and the requirement of increases or decreases in theta-gamma coupling for successful
encoding in humans is still under debate (Lega, Burke, Jacobs, & Kahana, 2016; Vaz, Yaffe,
Wittig, Inati, & Zaghloul, 2017) .

The widespread nature of the episodic long-term memory network, and its multiscale
requirements for effective encoding of information nurture the necessity of further unveiling its
intricate anatomical and physiological underpinnings. Some of its core features, such as integration
of segregated sensorial input, dispersion and division of tasks — i.e. attention allocation and local
computations - and induction of effective plasticity, can be approached with neuroscientific tools
able to induce plastic after-effects and/or act on the temporal scales of cognitive phenomena. For
that, transcranial electrical stimulation in its modern format comes to hand, and its characteristics

will be described in the next sections.

1.2. Transcranial electrical stimulation (tES)

Transcranial electrical stimulation is a NIBS technique that grew steadily in the last 20

years, although having an older history of human attempts on its usage. Since the convention of



the voltaic pile, scientists have been trying to apply direct current to the human head to a myriad
of neurological and behavioral conditions (Paulus, 2011). Soon these efforts were interrupted by
the lack of reliable results and experimental outcomes that could be precisely measured by the
time’s instrumentation. The field experimented a renaissance around two decades ago, when
transcranial magnetic stimulation (TMS) was used to assess motor cortex excitability after the
application of direct currents (Priori, Berardelli, Rona, Accornero, & Manfredi, 1998). Pioneer
studies on direct current applied to the primary motor cortex (Nitsche & Paulus, 2000, 2001) set
up the stage for a steep increase of papers in the field, going from motor to perception, cognition

and clinical studies.

tES basically assumed three different forms in the last decade: direct current (tDCS),
alternating current (tACS) and random noise (tRNS), which are mostly used to interfere or enhance
neuronal activity (Bergmann et al., 2016). It works through the application of weak electric
currents to the scalp, generating an electric field and related electric currents in the head (Peterchev
et al., 2012). In contrast to TMS, which as a suprathreshold stimulation is able to elicit neuronal
firing, tES is a subthreshold form of NIBS that is capable of inducing changes in the margin of a
neuronal response and up or down-regulate neuronal excitability (Fertonani & Miniussi, 2017).
The distribution of the generated-electric fields is heavily dependent on several variables, such as
the experimental parameters and the individual anatomy of the target (Opitz, Paulus, Will, &
Thielscher, 2015). The anatomical compartments’ conductivity values play an important role,
being unique for skin, scalp, corticospinal fluid, bone, grey and white matter, given that the
currents have to surpass several of them (Opitz, Windhoff, Heidemann, Turner, & Thielscher,

2011). Gyral geometry is also crucial, since the polarization of neurons is directly related to the



direction of the electric field and to which extent and direction it reaches different compartments

of grey matter neurons (Thielscher, Opitz, & Windhoff, 2011).

The tES technique encompasses the application of low intensity currents (~1-4 mA) by
dedicated stimulators with different assemblies of electrodes over the scalp. Electrodes vary in size
(usually from 1 to 7 centimeters) according to stimulation design, and are made of rubber or plastic,
normally using paste, gels or saline solution as conductive means (Fertonani & Miniussi, 2017).
Montage choices to target a selected brain area are supposed to be guided by the available literature
or experimental data, as well as the use of recently available tools to simulate the generated-electric
field direction and distribution, either to serve research or clinical purposes (Bergmann et al.,
2016). Some key variables that impact tES are electrode type and size, conductive mean,
stimulation intensity, polarity, duration, frequency and blinding protocols, all selected carefully to
assure maximal protocol effectiveness and safety (Woods et al., 2016). The approach can be either
online or offline, i.e., in offline, tES is applied before a task or brain monitoring in order to prior
modulate brain plasticity and/or activity, whereas in online tES is delivered during a specific task
and/or brain monitoring in order to direct influence behavior or brain activity during a chosen
measurement. Although these parameters are controllable, several factors related to individual
differences, such as brain anatomy and dynamics, neurochemistry, genetics, age and gender are
hard to control and impact directly on the physiological responses to tES (Li, Uehara, & Hanakawa,

2015).

The experimental validations of the mechanistic hypothesis underlying the action of tES
method has been built up through in vitro, in vivo, computational and pharmacological studies. A
pertinent discussion to the field is referred to the translation of these studies to humans, i.e., if the

weak electrical currents would penetrate the scalp and actually reach the human brain, and to which



extent of the electric filed distribution. Despite that realistic finite-element models showed that
most of the current is shunted by the skin (Holdefer, Sadleir, & Russell, 2006), recently available
intracranial recordings in humans demonstrated that the currents can reach up to 0.5 mV/mm with
a 1 mA stimulation, and, in the case of alternating currents, only negligible phase shifts across

space occur (Y. Huang et al., 2017; Opitz, Falchier, Yan, Yeagle, & Linn, 2016).

Regarding safety, ethical and legal parameters, recent literature based on more than 8.000
participants summarized the actual safety indicators of low intensity tES. So far, the majority of
adverse effects were mild, such as itching or burning sensations and headache, with very
occasional moderate adverse effects related to skin burning (A. Antal et al., 2017). The almost two
decades of current-tES parameters in humans, in addition to the safety analysis drawn by animal
studies (Liebetanz et al., 2009), have been demonstrating the feasibility of this techniques as an
easy, portable and relatively safe procedure to modulate brain activity for basic and applied

purposes in a tolerable fashion.

1.3.Transcranial direct current stimulation

Transcranial direct current stimulation is a NIBS technique that works through the application
of weak direct currents over the scalp. It has the advantage of being reasonably cheap, portable
and of easy applicability, making it accessible to several research and clinical facilities. Besides
it’s common usage with neuromodulatory purposes to cognitive, perceptual and motor processes,
it has being trialed, with relative success, to a myriad of neuropsychiatric disorders, such as stroke,

Parkinson, depression and chronic pain (A. Antal et al., 2017; Lefaucheur et al., 2017).



IntDCS, the current is unidirectional and passed by a pair or set of electrodes with a determined
electrode polarity, the so-called anodal or cathodal tDCS. This current direction is thought to
induce long-lasting polarity-dependent effects on neuronal excitability by modulating ongoing
neuronal activity, being highly dependent on the network state of the target (Andrea Antal, Terney,
Poreisz, & Paulus, 2007; Nitsche et al., 2008; Woods et al., 2016). The current is able to cross the
initial anatomical compartments and affect relative wide cortical areas, initially de- or
hyperpolarizing resting membrane potentials, but, depending on the duration of the stimulation,
induce synaptic plasticity, and thus, long-lasting effects (Bikson et al., 2018; Polania, Nitsche, &
Ruff, 2018). Nonetheless, it is known that the large cortical folding and the geometry and
placement of the neurons in the cortical layers impact closely the quantity of polarization, where
the orientation of the neurons relative to the electric field, as well as to which neuronal
compartment these fields are reaching, largely determine possible net summation effects that can
result in increased or decreased excitability (Thomas Radman, Ramos, Brumberg, & Bikson, 2009;

Rahman et al., 2013).

The effects of tDCS can be split into on-line and off-line. During stimulation (on-line effects),
pharmacological and TMS studies revealed that changes in the resting membrane potential are
likely the main actor, with no prominent effects of synaptic plasticity (Stagg & Nitsche, 2011).
Early evidence of DC fields applied to in vitro preparations showed an increase or decrease in the
firing rate of neurons with the application of anodal and cathodal currents, respectively (Stagg,
Antal, & Nitsche, 2018), confirmed by recent studies that were able to manipulate membrane
potential and influence up- or down-regulation of neuronal compartments excitability (Bikson et
al., 2004; Thomas Radman et al., 2009). The effects of tDCS on synaptic plasticity seem to be

CA2+ and NMDA receptor dependent and alter GABAergic and Glutamatergic activity, as well
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as brain neurotrophic factor-related, thus resembling LTP and LTD-like plasticity (Y.-Z. Huang et
al., 2017; Nitsche, Miller-Dahlhaus, Paulus, & Ziemann, 2012; Nitsche & Paulus, 2011). In
addition, as suggested by several pharmacological studies, the off-line effects of tDCS seem to
rely on neuromodulators as dopamine, acetylcholine and serotonin for the anodal polarity, and on
changes of glutamatergic synapses for the cathodal stimulation (Kuo, Grosch, Fregni, Paulus, &

Nitsche, 2007; Kuo, Paulus, & Nitsche, 2008; Nitsche et al., 2006, 2009).

tDCS is also able to modulate brain connectivity and neural communication (To, De
Ridder, Hart Jr., & Vanneste, 2018). Studies in resting-state fMRI demonstrated the ability of tDCS
to alter functional connectivity of the motor cortex, pre-frontal cortex, fronto-parietal and default-
mode networks (Amadi, llie, Johansen-Berg, & Stagg, 2014; Keeser et al., 2011; Sehm et al.,
2012), which can be a source of explanation to the behavioral effects resulting of its application
verified in diverse experimental results. Moreover, as physiological brain oscillations are deemed
to functionally underlie neural communication and synchronization, influencing them should bring
detectable physiological and behavioral impacts. Direct current was demonstrated to influence
ongoing oscillatory activity in several bands (theta, alpha, beta and gamma), however, without a
clear mechanistical explanation so far (Notturno, Marzetti, Pizzella, Uncini, & Zappasodi, 2014;
Soekadar et al., 2013; Zaehle, Sandmann, Thorne, Jancke, & Herrmann, 2011). Recent intracranial
recordings in monkeys during a learning task showed that tDCS is able to modulate neural
excitability and connectivity, specifically tuning up connectivity in higher frequencies (Krause et
al., 2017). In this doctoral thesis, tDCS is used in one study in an attempt to modulate cortical

activity at the pre-frontal cortex during a verbal memory task.
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1.4, Transcranial alternating current stimulation

To dynamically coordinate neural transmission between functionally connected but
spatially distributed brain networks, neural oscillations are claimed to play a decisive role. These
oscillations represent a rhythmic activity in neuronal excitability in which components like
frequency, phase and amplitude are modulated through specific functions to be performed by the
brain (Thut, Miniussi, & Gross, 2012). The poor temporal resolution of tDCS brought the field of
tES research to experiment with oscillating currents. Transcranial alternating current stimulation
shares common features with tDCS, such as the dependence on parameters as intensity, current
density, electrodes choice and target site, but brings into play new variables to be explored, mainly
frequency and phase. Frequencies from close do DC up to the kilohertz range can be employed by
applying currents in an oscillatory fashion, and with that, endogenous activity can be coupled by
the means entrainment, i.e., inducing changes by an external driving force and, in this case,
modulating neuronal firing synchronicity that rise as detectable brain rhythms (Andrea Antal et
al., 2008; Andrea Antal & Herrmann, 2016; Miniussi, Harris, & Ruzzoli, 2013). On one side, tACS
can be a powerful tool to causally link brain oscillations to functions (Herrmann, Rach, Neuling,
& Striber, 2013). On the other side, since several brain disorders are related to perturbations in
rhythmic oscillatory patterns in cortical and subcortical areas (so-called oscillopathies), tACS turns
to be a promising intervention to treat symptoms of central nervous system diseases (Frohlich,
Sellers, & Cordle, 2015).

One of the main hypotheses behind tACS action, coming from in vitro and in vivo studies,
is that the generated fields can tune up or down oscillatory power by synchronizing or

desynchronizing neuronal networks. It would change spike rate and timing, both magnified by
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networks dynamics (Davide Reato, Rahman, Bikson, & Parra, 2013). In in vitro preparations,
oscillatory currents can also accomplish membrane polarization, although within the temporal
characteristics of alternating fields (Deans, Powell, & Jefferys, 2007; T. Radman, Su, An, Parra,
& Bikson, 2007). Data from ferrets’ cortical slices showed that AC fields from 0.5 mV/mm could
already modulate ongoing neural functioning (Fréhlich & McCormick, 2010). A computational
model, tested at the in vitro level, found that weak AC currents can affect firing time of neurons
(which summed at the network level), adjust the timing of frequency cycles and pace timing shifts
(D. Reato, Rahman, Bikson, & Parra, 2010). Another computational model tested in vivo (multi-
unit activity recordings) in anesthetized ferrets showed an increase in oscillatory power and phase-
locked activity at the frequency of the stimulation (Ali, Sellers, & Frohlich, 2013). Recording
invasively in rats, intrinsic slow oscillatory activity could be entrained by external AC fields in
widespread cortical sites, where additional intracellular recordings showed the pacing of firing

activity by the applied electrical current (Ozen et al., 2010).

The main mechanistic hypothesis underlying the action of tACS in the brain is that it acts
by the means of entrainment (Frohlich & Schmidt, 2013; Helfrich et al., 2014). Entrainment
corresponds, in this case, to the possibility of resetting, by an acting external force, network activity
driven by local dynamics. This would phase-lock and synchronize brain oscillations in its
harmonics and sub-harmonics frequencies, mostly or more strongly when the external field
matches the ongoing oscillatory dominant frequency of the targeted neuronal group (Andrea Antal
& Herrmann, 2016; Miniussi, Brignani, & Pellicciari, 2012; Veniero, Vossen, Gross, & Thut,
2015). If tACS is able to entrain naturally occurring brain oscillations, this may signify on the
neuronal level that the current modulation of the firing rates of neurons will force a temporal

oscillatory shift on membrane potential, possibly influencing physiological neural rhythms (Thut,
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Schyns, & Gross, 2011). If brain oscillations are a force behind neural communication and
cognitive processes, affecting these rhythms would be detectable by behavioral changes in
response to perceptual or cognitive tasks. There are currently several electrophysiological and
behavioral evidences in favor of the entrainment hypothesis in tACS (Romei, Thut, & Silvanto,
2016). Long-lasting effects of tACS are scarcer in evidence, and so far most efficient in a high
frequency range of about 140 Hz (Moliadze, Antal, & Paulus, 2010; Moliadze, Atalay, Antal, &
Paulus, 2012). Although offline effects in tACS may be a product of spike-time dependent
plasticity resulting of the tuning of neural rhythms, evidence that these effects are dependent on
the online action of the technique are not conclusive (Y.-Z. Huang et al., 2017; Veniero et al.,
2015). In this thesis, tACS is used to target physiologically occurring theta-gamma phase-

amplitude coupling at the left temporal cortex during the encoding phase of a verbal memory task.

1.5.The modulation of episodic long-term memory by tES

A growing set of experimental work supports tES-related modulatory effects on memory
formation or retrieval, ranging from improvements to impairments, although frequently small-
sized (K. Kim, Ekstrom, & Tandon, 2016), with some reports of negative results (Braun, Sokoliuk,
& Hanslmayr, 2017). So far, the majority of the studies with tES and episodic long-term memory
were conducted with tDCS. A review in 2012 (Manenti et al., 2012) showed the that most tDCS
studies focused the stimulation on the DLPFC with relative success, generally improving verbal
memory with anodal or impairing with cathodal tDCS, applied to the encoding or retrieval phase

of a task. Another study with verbal material showed an improvement in memory performance
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when tDCS was applied to frontal and parietal regions of young participants during the retrieval
phase of a task, but not during encoding (Manenti, Brambilla, Petesi, Ferrari, & Cotelli, 2013). In
another case, tDCS improved memory retrieval of non-verbal material and impaired verbal and
non-verbal when applied to the parietal and pre-frontal cortices, respectively (Manuel & Schnider,
2016). Nevertheless, these two studies suffered from clear pitfalls, as not comparing real against
sham conditions or being single-blind, which can raise doubts about the plausibility of the effects.
Two further studies showed that anodal and cathodal stimulation applied to the DLPFC during
encoding respectively improved and impaired both verbal (A. H. Javadi & Walsh, 2012) and
pictorial (Zwissler et al., 2014) memory in recognition tasks. More recently, only anodal tDCS to
the ventrolateral pre-frontal cortex was able to augment memory performance when applied to
encoding, but no to retrieval, of verbal material (Medvedeva et al., 2018). Again, at the parietal
cortex, anodal tDCS applied during retrieval in a verbal task improved performance (Pisoni et al.,

2015).

Early studies applying oscillatory tES to modulate episodic memory used alternating
currents with a DC-offset during sleep, and were able to influence verbal memory encoding
(Marshall, Helgadéttir, Mdlle, & Born, 2006; Marshall, Kirov, Brade, Mdlle, & Born, 2011).
However, these results could not be replicated during sleep (Eggert et al., 2013; Palmann et al.,
2016; Sahlem et al., 2015) and during wakefulness when applied after memory encoding, yet
during learning the free recall of associated-words showed improvement (Kirov, Weiss, Siebner,
Born, & Marshall, 2009). More recent approaches with older humans and Alzheimer patients
revealed a positive effect on memory of oscillatory tES applied during day-naps (J. Ladenbauer et
al., 2016; X. J. Ladenbauer et al., 2017). With tACS, 140 Hz bilaterally applied at the dorsolateral

pre-frontal cortex during the encoding of word pairs before sleep reduced overnight forgetting of
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learned material (Ambrus et al., 2015). In a different approach, Javadi et al. (2017a) used gamma
tACS to the DLPFC during both encoding and retrieval to modulate memory reinstatement and
could enhance verbal episodic memory. On the other hand, Braun and colleagues (2017) attempted
to modulate verbal and non-verbal episodic memory formation in the alpha, beta and low gamma
range, using a short-burst event-related approach. Results showed null-effects on memory
performance for words and faces in a recognition paradigm. Taken together, the modulation of
episodic memory by tES is so far bringing mixed results, with several research groups tracking for

the optimal stimulation parameters that can bring reliable and replicable outcomes.

1.6.Limitations of tES

Although being generally well-received in the scientific community and experiencing a strong
increase in its use on the last years (Polania et al., 2018), transcranial electrical stimulation does
not come without limitations and critics. TDCS and tACS studies have been showing replication
issues and small effect sizes across motor, perception and cognitive fields (Chew, Ho, & Loo,
2015; Emmerling et al., 2017; Horvath, Forte, & Carter, 2014, 2015; Parkin, Bhandari, Glen, &
Walsh, 2018; Raffin & Siebner, 2014), with notable inter- and intra-individual variability in the
obtained results (Y.-Z. Huang et al., 2017). The major sources of variability to NIBS protocols
have been pointed as intrinsic/biological factors and extrinsic/protocol factors. In the former,
aspects such as age, gender, genetics, lifestyle, individual neuroanatomy and synaptic history, time
of the day, arousal, substance use and additional unknown that may affect plasticity. In the latter,

technical factors as tES parameters (polarity, intensity, duration, montage), study design, sample
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size, statistics, neuroimaging recordings and behavioral tasks directly impact the experimental

outcomes(Guerra, Lépez-Alonso, Cheeran, & Suppa, 2017; Y.-Z. Huang et al., 2017).

In the cognitive domain, the widespread and simplistic use of tES to enhance cognitive
functions as diverse as reading, decision making, speech, working memory and mathematical skills
comes with at the expense of raising concerns in the quality and reliability of these studies (Parkin
et al., 2015). Recently, Parkin et al. (2018) investigated the assumptions of classical tDCS
parameters applied to cognitive processes. There, they tested the assumptions that a bilateral tDCS
montage and a 2mA would have the enhancing properties on cognition as showed by several
studies. The results using TMS-generated MEPs to evaluate cortico-spinal excitability revealed
null results for bilateral montages, adding up evidence to these concerns on the literature using

such stimulation parameters for the purposes of cognitive enhancement.

In general, the field of tES research brings several promises of cognitive enhancement,
although clear-cut designs and methodological shortcomings are a topic under current intensive
discussion. Some suggestions were already drawn to make the most conclusive and less variable
studies, when technically and financially possible: the use of neuronavigation, the experimental
control of behavioral tasks, sites and frequencies, the use of neuroimaging, and the elaboration of
clearer mechanistical models to the NIBS-induced changes. This so-called multi-method studies
would take careful consideration about planning the stimulation targeting, adequate control
conditions and reasonable sample sizes (Polania et al., 2018). A recent panel of specialists (Bikson
et al., 2018) brought on a list of recommendations to improve quality and reproducibility in tES
research. They included electrode preparation and placement, operator training, protocol blinding
and report, the use of computational models for spatial targeting and dose individualization, and

the use of multi-modal approaches that include neuroimaging.
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2. Targeting the left pre-frontal cortex during verbal episodic memory
encoding with transcranial direct current stimulation

The participation of the left pre-frontal cortex in episodic long-term memory encoding is
well-stablished in the literature (Dickerson & Eichenbaum, 2010). It is assumed that the region
acts as a hub for semantic processing, and primarily actively executing organizational functions of
monitoring and managing episodic memories (Eichenbaum, 2017). Accordingly, attempts to
modulate this region’s activity with transcranial direct current stimulation have been conducted in
the last years, with moderate success (Dedoncker, Brunoni, Baeken, & Vanderhasselt, 2016b).
Nevertheless, the majority of the studies employ a typical bipolar (i.e., two electrodes) montage
bilaterally placed at the left and right pre-frontal cortex (Dedoncker, Brunoni, Baeken, &
Vanderhasselt, 2016a). This sort of tES setting usually leads to less focal distribution of the
generated electric-field, a potential confounding factor for the effects of absence of it (Hill,
Rogasch, Fitzgerald, & Hoy, 2017). In the first study (Lara, Knechtges, Paulus, & Antal, 2017),
we aimed to modulate memory performance by applying a focal multi-electrode tDCS based on a
computational model to stablish our stimulation parameters, targeting primarily the dorso-lateral
pre-frontal cortex (DLPFC). We expected to augment cortical excitability with anodal tDCS, and
consequently, ignite verbal memory performance. Two groups of fifteen young healthy
participants were stimulated continuously for 20 minutes, each group in a different timing step
(first during encoding and second during retrieval). The behavioral assessment was conducted
through a classical paired-associative verbal learning task in a cued-recall fashion. We found no
significant effects of tDCS on memory performance on both of the measured groups. The possible

factors for the obtained results are discussed on the published paper that follows.
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Anodal tDCS Over the Left DLPFC
Did Not Affect the Encoding and
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Gdttingen, Germany

Several studies imply that anodal transcranial direct current stimulation (tDCS) over
the left dorsolateral prefrontal cortex (DLPFC) can modulate the formation of verbal
episodic memories. The aim of this study was to test if tDCS through a multi-electrode
Laplacian montage over the left DLPFC could differentially modulate declarative memory
performance depending on the application phase. Two groups of healthy participants
(n =2 x 15) received 1 mA anodal or sham stimulation for 20 min during the encoding or
during the recall phase on a delayed cued-recall, using a randomized, double-blinded,
repeated-measures experimental design. Memory performance was assessed at two
time points: 10 min and 24 h after learning. We found no significant difference between
anodal and sham stimulation with regard to the memory scores between conditions
(stimulation during encoding or recall) or between time points, suggesting that anodal
tDCS over the left DLPFC with these stimulation parameters had no effect on the
encoding and the consolidation of associative verbal content.

Keywords: tDCS, verbal associative learning, verbal long-term memory, DLPFC

INTRODUCTION

Low-intensity transcranial electrical brain stimulation (TES) has the potential to further improve
our knowledge about the functional and neural correlates of declarative memory, by directly
manipulating the neural activity of targeted brain areas before or during the performance of a
given task. Previous studies in this research field have found promising improvements in subjects’
recognition of encoded material when transcranial direct current (tDCS), alternating current
(tACS), or oscillatory tDCS was applied in either the learning and/or in the recognition phase
(Marshall et al., 2006; Jacobson et al., 2012; Javadi et al., 2012; Javadi and Walsh, 2012; Ambrus
et al., 2015; Pisoni et al,, 2015). Among the above-mentioned techniques, tDCS is one of the most
extensively used TES methods. It is thought that tDCS is capable of inducing polarity-dependent,
relatively long-lasting changes in the human brain, probably either by de- or hyperpolarising
neurons’ resting membrane potentials and causing a reversible change in the balance of excitatory-
inhibitory cortical activity (for recent reviews see Hartwigsen et al.,, 2015; Woods et al., 2016;
Fertonani and Miniussi, 2017).

A meta-analysis of fMRI studies on episodic memory showed left lateralized effects for the
encoding of verbal material, arguing in favor of the involvement of the prefrontal cortex (Kim,
2011). Additionally, results from non-invasive brain stimulation studies suggest that the left
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dorsolateral prefrontal cortex (DLPFC) may be involved in both
the encoding and retrieval of verbal content (Manenti et al.,
2012). Furthermore, several sources of recent experimental data
indicate that the application of anodal tDCS over the left DLPFC
during learning results in improvements in different cognitive
tasks, including the encoding of semantic material (e.g., Brunoni
and Vanderhasselt, 2014; Dedoncker et al., 2016b; Kim et al,,
2016; Hill et al.,, 2017), although conflicting results were also
reported (e.g., Tremblay et al., 2014). Further research considered
that the stimulation timing might be critical (Dedoncker et al,,
2016a, b; e.g., before or during the performance of the task),
with the results usually showing a small, but significant, effect on
accuracy and reaction time in working memory, when tested after
the application of anodal tDCS.

A recent study tested the hypothesis that long-term
associative-memory engrams are stored in an excitatory-
inhibitory balance in neuronal ensembles. Learning is assumed
to change synaptic strength, which is disrupted during this
process, with the new excitatory connections being rebalanced
afterwards by inhibitory GABAergic mechanisms (Barron et al.,
2016). They showed that by unmasking inhibitory connections
using anodal tDCS to downregulate cortical GABA concentration
after learning, significant improvement could be obtained in
associative memory, which correlated with a decreased GABA
level in the targeted area.

To clarify whether anodal tDCS directed to the left prefrontal
cortex could indeed significantly modulate the encoding or
retrieval of verbal associative learning, we chose to apply 20
min of tDCS, as it constitutes common standard in the field for
cognitive paradigms (Hill et al., 2017). For this we designed two
experiments with different stimulation time points: in the first
group, anodal tDCS was applied before and during learning, in
order to augment learning-induced neuronal plasticity. In the
second group, stimulation was administered before and during
the recall phase 24 h after learning with the aim to rebalance
inhibitory plasticity after learning, as previous studies showed
that anodal tDCS can effectively decrease the GABA level (Stagg,
2014; Stagg et al., 2014; Barron et al., 2016). While after learning
(and during “forgetting”) the new excitatory connections are
frequently rebalanced by inhibition, we hypothesized that the
stimulation during the recall phase might induce enhanced
memory performance by downregulating the increased GABA
level, compared to sham stimulation, and similarly, during the
encoding phase.

MATERIALS AND METHODS

Participants

Thirty healthy, young adult, right-handed, native German
speakers with normal or corrected-to-normal vision were
recruited, after giving their informed consent. They were
assigned to two groups of 15 participants each (group 1: eight
females, mean age 24.8 & 3.5, age range 18-30; group 2: seven
females, mean age 24.6 *+ 3, age range 18-31). They had no
history of neuropsychiatric or brain disorders. The participants
were naive to the applied task and were reimbursed for their
participation. The project was approved by the ethics committee

of the University Medical Center Géttingen and was conducted
accordingly to the Declaration of Helsinki. No participant
reported adverse effects.

Experimental Procedure

A randomized, double-blind, repeated-measures, placebo-
controlled design was used, with each participant taking part
only in one experimental group. Every participant underwent
two stimulation conditions (anodal tDCS and sham) with
blocks of two experiments related to one condition (stimulation
during encoding—group 1 or recall—group 2) separated by 24 h,
generating a total of four sessions (Figure 1). The first and the
third sessions consisted of a (1) learning phase, combined with
the application of tDCS in the group 1, (2) a 10-min pause,
and (3) a first cued-recall. The second and fourth sessions
were composed of a second cued-recall to assess memory
overnight consolidation, combined with tDCS only in group
2. Each stimulation session was separated by at least a 5-day
interval to avoid carryover effects. To minimize the well-known
learning effect in word-list memory tasks, the order of real and
placebo conditions were counterbalanced across participants.
At the beginning of the first session, the subjects received
written instruction about the task and were informed about
the experimental procedures. The participants also filled in an
additional indicators questionnaire and were debriefed after the
stimulation sessions.

Stimulation Protocol

tDCS was delivered by using a certified NeuroConn Multichannel
stimulator (Ilmenau, Germany). We used a set of five 3 cm?
rubber-round electrodes with Ten20 paste as conductivity mean.
Both of the groups received 1.0 mA of tDCS applied for 20 min
continuously during the learning phase of the task (group 1)
or during the second day’s cued-recall (group 2). For group
1, the stimulation was started 12min before presentation of
the learning material, and then continued during it (learning
duration was 8 min); for group 2, the stimulation started 15 min
before and then continued during the cued-recall (which lasted
5min). During the real (anodal tDCS) and sham stimulation the
current was ramped up for 10s in the beginning until reaching
the programmed intensity, and then ramped down for 10's at the
end. In the sham condition, the current was additionally applied
for 30 s and then discontinued. The impedances were kept below
the limit of 5 k€2 as measured by the device.

Montage

The positioning of the electrodes was standardized and kept
constant across the experiments as suggested by modeling studies
(Saturnino et al, 2015), with the plugs and cables always
turned in a medial-to-lateral direction. The Laplacian multi-
electrode montage, designed to answer our research hypothesis,
was composed of a central anodal electrode over the AF3
position (according to the international 10-20 EEG system)
and four surrounding return electrodes with 6 cm distance
from the central one, and 10 cm distance between the medial
and lateral electrodes (Figure2A). A realistic finite-element
model (Figure 2B) to evaluate the extension and precision of
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FIGURE 1 | The paired-associate learning task assessing episodic long-term memory. Participants learned 52 semantically-related German paired nouns. The
cued-recall testing consisted in verbally expressing the second word of the pair, always 10 min and again 24 h after the encoding phase.
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FIGURE 2 | The multi-electrode tDCS left pre-frontal montage and the estimated distribution of the tDCS-generated electric field. (A) A five-electrode Laplacian
montage to deliver the current was centered over the AF3 position, surrounded by 4 return electrodes. The distances between the electrodes were set as follows:
central and return electrodes, 6 cm; adjacent return electrodes, 6 cm; distance between the medial and lateral return electrodes, 10 cm (Human head modified from
Patrick J. Lynch’s illustration, distributed under a CC-BY 2.5 license.) (B) The estimated electric field distribution is color-coded to the intensity scale, with the

maximum field strength reaching 0.35 mV/mm.

our anatomical target and to estimate the distribution of the
electric field was generated in SIMNIBS 2.0.1 (Thielscher et al.,
2015). The model accounts for white matter anisotropy and the
following conductivity for these anatomical components: scalp
(0 = 0.465 S/m), bone (o = 0.010 S/m), cerebrospinal fluid (o
= 1.654 S/m), gray matter (0 = 0.275 S/m), and white matter
(0 = 0.126 S/m). The tetrahedral volume mesh post-processing
and visualization was generated through Gmsh (Geuzaine and
Remacle, 2009).

Task

A verbal-associative learning task (Figure 1), shown in previous
studies to be sensitive in the capture of effects of non-invasive
brain stimulation in declarative memory (Marshall et al., 2006;
Garside et al., 2015), was utilized in order to assess verbal
episodic memory. In this paradigm, the participants were asked
to memorize semantically related word-pairs presented one at
a time. For each experimental condition, a different list with a
total of 54 word-pairs composed of associated German nouns
was presented on a monitor, where 8 (4 in the beginning and

4 in the end) of them were dummy pairs to buffer recency
and primacy effects. The order of the lists was randomized
across subjects and conditions. Each correct answer was granted
two points, with one point given to late or partially correct
(morphologically incorrect) answers, totaling 92 possible points
(100% performance) to score. The dummy pairs were excluded
from the data analysis. The subjects were exposed to each
word-pair for 4s with an inter-stimulus interval of 100 ms,
thereby learning the list two times in a different, randomized
order. With two different time delays (10min and 24 h),
the participants’ memory performance was subsequently tested
with a cued-recall in a forward-recall manner, where each
stimuli was presented for 5s. The stimuli in the two cued-
recalls were presented in two different, randomized orders.
During the 10-min pause following the learning phase, the
participants stayed seated and had no other activity or verbal
interaction with the researcher. No feedback was given about
the correctness of the answers. The task was conducted using
Presentation software (Neurobehavioral Systems Inc., Albany,
CA, USA).
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Statistical Analysis

In a first step, all the groups underwent null hypothesis
significance testing to compare their behavioral performance
in the task. As in the first experimental group two variables
were non-normally distributed, a related-samples Wilcoxon
signed rank test was employed in order to compare memory
performance between sham and real tDCS, both for the first
and second testing days. To rule out baseline differences that
could impact the outcomes in our parallel-group design, a non-
parametric independent-samples Mann-Whitney U-test was
used to compare the sham condition performances on both days.
In addition to the null hypothesis significance testing, we ran
Bayesian analyses to verify the amount of evidence for the null
or the alternative hypothesis given in our dataset (Rouder et al.,
2009). One-sided JSZ Bayes Factors (BFy;) were computed in
JASP (version 0.8.1.2) to estimate how likely the null hypothesis
(there are no differences between the conditions) could be
observed under the alternative hypothesis (there are differences),
with a Cauchy prior width of 0.707. We also calculated the
effect size for all the real conditions compared with sham for the
respective groups (Figure 3C). The calculations were performed
with the Measures of Effect Size toolbox for MATLAB, which
provides a corrected and unbiased Hedges’g estimation for small
paired samples (Hentschke and Stuttgen, 2011).

Arousal Levels and Sleep Quality Indicators
To control for two variables that directly influence memory
encoding and retrieval (Diekelmann and Born, 2010; Rutishauser
et al., 2010), we asked the participants to report their arousal
levels and sleep time and quality in the previous night (Table 1).
The arousal was assessed on a self-report scale from 1 to 10 (1
= very tired, 10 = totally awake). Sleep quality was measured
through self-report, including the number of hours subjects slept
during the previous night (Likert scale, 1-5 points continuum;
1 = very bad, 5 = very good). All the indicators were analyzed
using the non-parametric paired samples Wilcoxon signed rank
test.

RESULTS

Memory Accuracy

The results with regard to memory performance in the paired-
associative learning task are summarized in Figure 3. The task
permitted an absolute maximum numerical score of 92 points,
and the results are plotted in original values for all days when
memory accuracy was measured in a cued-recall fashion. In
the first group (n = 15), where the participants received the
stimulation during encoding, a small numerical difference in
memory performance was observed between the real (67.2 £
17.3) condition compared to sham (67.8 £ 16.8) stimulation
in the first recall test, and also between sham (66.5 & 17.1)
and real tDCS (64.7 + 16.4) on the second day of recall.
The related-samples Wilcoxon signed rank test revealed no
statistically significant effect of the stimulation condition, for
either the first day (Z = —0.057, p = 0.955, Hedges'g = 0.03)
or the second day (Z = 0.664, p = 0.506, Hedges'g = 0.10) of
testing. The computed Bayes Factor showed moderate evidence

in favor of the null hypothesis on the first cued-recall (BFy; =
3.719), where the null hypothesis is 3.719 times more likely to
be observed that the alternative hypothesis given this dataset.
For the second cued-recall, Bayes Factor also showed moderate
evidence for the null hypothesis (BFo; = 3.237), i.e,, it is 3.237
times more likely to be observed than the alternative given the
present data.

For the second group (n = 15), where the participants
received the tDCS during retrieval, the first cued-recall showed
a slight numerical difference in memory performance between
the anodal tDCS group (70.3 & 10.6) compared to sham (71.4
=+ 8.3). On the delayed cued-recall, memory performance was
also slightly different between the real stimulation (70.0 & 11.6)
compared to sham (69.4 £ 10.6). The related samples Wilcoxon
signed rank test revealed no statistically significant differences in
memory performance between sham and real tDCS for either
the first (Z = —0.711, p = 0.477, Hedges'g = 0.11) or the
second cued-recall (Z = —0.566, p = 0.572, Hedges'g = —0.04).
Here, Bayes Factor showed moderate evidence in favor of the
null hypothesis (BFg; = 3.326) for the first cued-recall, where
the null is 3.326 times more likely to be observed than the
alternative. For the second cued-recall, Bayes Factor also showed
moderate evidence for the null hypothesis (BFy; = 3.737),
being 3.737 times more likely to be observed given the actual
data.

Moreover, the independent samples Mann-Whitney U-test
revealed no significant difference in sham performance between
the groups, for neither the first cued-recall (U = 112.500, p =
1.000), or for the second cued-recall (U = 119.500, p = 0.771).

Sleep Quality and Arousal Indicators

A summary of the sleep quality and arousal data collected on
the day of the experiments is reported in Table 1. In the first
group (stimulation during encoding), the number of hours slept
the night before the experimental session showed no significant
difference between real and sham condition for session one or
session two. There was also no significant difference in sleep
quality report on the night before the experiments between real
and sham for either of the sessions. Similarly, Wilcoxon signed
rank test showed no significant difference in the arousal levels
between sham and real stimulation for the first and second day of
memory cued-recall testing.

For the second group (stimulation during retrieval), the
amount of reported hours slept on the night before the
experiments showed no significant impact on the results for
either the real or sham conditions for any of the cued-
recall sessions. The sleep quality was not significantly different
between real and sham stimulation before the first session, but
significant difference was observed before the second session,
where participants judged that they slept better before receiving
sham stimulation (p = 0.008). A significant difference was
detected in the arousal levels before the session between sham
and real stimulation for the first day of memory cued-recall
testing, where participants reported higher arousal levels in the
real tDCS condition (p = 0.006), but not for the second cued-
recall.
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FIGURE 3 | tDCS had no significant effects on memory performance. The violin plots indicate the density of the sample distribution across the y-values. Mean and
standard error of the mean (SEM) are shown in each plot as the black dot and the black line (A) Memory score for sham and real stimulation conditions for each
participant in group one, day 1 and 2, respectively. (B) Memory score for sham and real stimulation conditions for each participant in group two, day 1 and 2,
respectively. (C) Effect sizes for the real tACS conditions across the two groups.
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TABLE 1 | Results for the sleep and arousal indicators.

Condition Value Test

SLEEP

Group 1

Amount of hours Session 1 p =0.092
Real 7.5+ 0.81
Sham 71+£141
Session 2 p =0.223
Real 72+09
Sham 6.7+ 15

Sleep quality Session 1 p =0.683
Real 3.4+1.0
Sham 36+ 1.0
Session 2 p = 0.666
Real 3.9+0.8
Sham 39+1.0

Group 2

Amount of hours Session 1 p=0.138
Real 75+09
Sham 69+1.2
Session 2 p =0.634
Real 72+1.1
Sham 73+1.2

Sleep quality Session 1 p = 0.490
Real 3.6+0.7
Sham 3.4+09
Session 2 p = 0.008
Real 3.4+09
Sham 43+06

AROUSAL

Group 1

First cued recall Real 71+£1.2 p =0.888
Sham 72+14

Second cued recall Real 7.4 +09 p =0.392
Sham 76+13

Group 2

First cued recall Real 79+1.1 p = 0.006
Sham 6.3+1.8

Second cued recall Real 70+1.4 p =0.848
Sham 7.0+1.9

DISCUSSION

In the present study we investigate the effect of anodal tDCS
over the left DLPFC on verbal-associative long-term memory
performance. Interestingly, none of the stimulation conditions
(before-during learning or before-during the recall phase)
resulted in a modification of performance compared to the
subjects during sham tDCS. Significant differences were observed
between anodal and sham condition only in the sleep quality
and arousal level in Group 2, however, without behavioral
consequences.

Previous work has suggested that the excitatory-inhibitory
balance in neuronal networks is disturbed during the learning

of a new material (Song et al, 2000; Nabavi et al., 2014).
In this period, when novel information is stored during the
modification of excitatory synaptic strengths, anodal tDCS can
have a beneficial effect and, consequently, augment the learning
process. Indeed, data from numerous past experiments has
implied that anodal tDCS can modify reaction time (for a review
see Dedoncker et al, 2016b) or memory performance (for a
recent review see: Hill et al.,, 2016) when administered in this
critical period. However, the small effect sizes of previous studies,
coupled with non-significant effects on several analyses, require
cautious interpretation of these data. Moreover, since in the first
experiment we fit the learning inside the last minutes of the
stimulation protocol, homeostatic metaplastic effects could have
driven the results toward a cancelation, as shown already when
long-term potentiation-like brain stimulation protocols were
applied prior to motor learning in humans (Jung and Ziemann,
2009).

With regard to the administration of anodal tDCS on the
day after the verbal information encoding (experiment 2), we
hypothesized that by decreasing the inhibitory rebalancing that is
thought to take place after learning-induced increase in neuronal
excitation (Froemke et al., 2007), a larger amount of semantic
information would be recalled and memory performance would
increase compared to sham stimulation. However, this was not
the case and we were not able to replicate previous findings
(Barron et al., 2016). Nevertheless, we can speculate that the
timing of the stimulation in Group 2 might not have been ideal
(e.g., the memory test should have occurred after the 20 min
stimulation), as decreases in GABA levels were significantly lower
after anodal tDCS applied at the primary motor cortex, but not
during it, when compared to baseline measurements and to sham
stimulation (Bachtiar et al., 2015). Another possible scenario is
that the applied intensity might have been too low to generate
an electric field strong enough to overcome the inhibitory effect.
Nevertheless, the same intensity was used in previous research to
successfully modulate GABA levels with anodal tDCS (Bachtiar
et al., 2015; Barron et al., 2016).

Joyal and Fecteau (2016) reviewed studies that used tDCS in
an attempt to modulate semantic processing. The data revealed a
structured network correlated with this function, which included
the inferior frontal gyrus, a region adjacent to the stimulated
area but not directly targeted by it, a fact that can be related
to the absence of significant behavioral outcomes. Moreover,
we could speculate that the cathodal electrodes close to the
lateral part of the frontal cortex may have driven this site to
temporal inhibition. Additionally, findings on the cellular and
network plasticity mechanisms that govern human learning and
memory point to the fact that the search for a specific locus
for the memory engram storage can be misleading, due to its
possible widespread nature, i.e., the memory trace may be stored
in connectivity patterns in different brain sites defined during
encoding (Tonegawa et al., 2015). Therefore, targeting only one
structure may be a limitation of each study with a design similar
to the present one.

Furthermore, our target area might also not have been ideal.
Indeed, multiple brain regions and not only the DLPFC are
assumed to interact in order to coordinate verbal information
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processing, both for encoding and retrieval of declarative
memories (Cabeza and Nyberg, 2000; Borst and Anderson, 2013;
Pisoni et al., 2015). Besides, a fixed montage as chosen here
can impact the study outcome. An individualized anatomical
approach governed by neuronavigation to localize the DLPFC
could optimize the results, in keeping with the known variability
of brain anatomy as related to gender, aging, lateralization and
pathological processes (Mylius et al., 2013). In addition, we
employed electrode types that differed from the ones used in
previous studies, that is, five smaller electrodes arranged in a
Laplacian montage. Although, it was suggested by computational
models and experimental studies that this sort of montage could
effectively change cortical activity (Datta et al., 2009, 2012;
Gbadeyan et al., 2016), the electric field induced by this montage
is more focal and less deep compared to the one evoked by
conventional pad electrodes.

Since we did not observe significant behavioral effects in
the responses to tDCS, it would have been interesting to
identify external and internal factors that might account for
the negative results. Certainly, the variability in the cortical
changes after tDCS that might result in the absence of group
effects is a frequently discussed issue, particularly at the case
of motor-evoked potentials responses after tDCS (e.g., Wiethoff
et al., 2014). Many factors that could modulate responsiveness
before, during or after tDCS have been identified (these being
methodological-, investigator- and subject-related), however,
until now, no consensus has been reached about the reasons
underlying the between- and within-subject variability of tDCS
effects. Although, it is difficult to compare directly, we believe that
with regard to age, gender, educational level or sample size, this
work did not differ from those published by previous research in
tDCS and episodic memory.

So far, these studies in healthy participants have presented
small effect sizes (Cohen’s d of 0.04), with samples varying
from 12 to 20 participants, with females outperforming male
participants (Dedoncker et al., 2016a). Moreover, a meta-
analysis that included only single-session protocols showed
no significant effects of anodal tDCS on episodic memory
(Dedoncker et al., 2016b). In another meta-analysis that included
research with similar designs to the present work, only one
study presented significant results, with a sample size of n =16
(Horvath et al., 2015). Furthermore, in a recently published
work (Emmerling et al., 2017), anodal tDCS was applied to
the right DLPFC in order to manipulate cognitive control.
The authors used the same experimental conditions in two
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3. Targeting the left temporal cortex during verbal episodic memory
encoding with transcranial alternating current stimulation

In the second study (Lara et al., 2018), we moved our target to the left temporal cortex.
This time we aimed to interfere and manipulate with the temporal characteristics of the encoding
process, and for that we chose tACS. Here, we attempted to profit on the naturally occurring theta-
gamma phase-amplitude coupling observations of previous neuroimaging studies (Hyafil et al.,
2015) to build or scientific framework and hypotheses. It is still debated to which extend cross-
frequency phase-amplitude coupling in different cortical sites is fundamental to successful
episodic memory encoding, including at the lateral temporal cortex (Lega et al., 2016). Recently,
a first study employed a theta-gamma cross-frequency tES waveform to the left pre-frontal cortex
and was able to modulate working memory performance and cortical connectivity (Alekseichuk,
Turi, Amador de Lara, Antal, & Paulus, 2016). We further extend this idea to another memory
modality and cortical area, and, attempting to modulate theta-gamma cross-frequency coupling
during episodic memory encoding, we stimulated 72 healthy young participants divided into 3
groups with cross-frequency theta-gamma tACS. In one group, gamma bursts were rhythmically
coupled to the peak of the theta cycle, whereas in a second group they were coupled to the trough
of theta. In a third condition, as a control, the two frequencies were continuously intertwined for
the entire theta cycle. Here, the same verbal associative learning task as in the previous chapter
was utilized. When high gamma bursts were couplet to the trough of the theta cycle, memory was
significantly impaired. This work adds new evidence to the participation of theta-gamma coupling

to the physiology of verbal episodic memory encoding.
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Abstract

Background: Phase-amplitude cross-frequency coupling (PAC) cimracterized by the
modulation of the power of a fast brain oscillati@&g., gamma) by the phase of a slow rhythm
(e.g., theta). PAC in different sub- and neocortical oagi is known to underlie effective neural

communications and correlates with successful kengr memory formation.

Objective/Hypothesis: The present work aims to extend earlier obsermatidata, by probing
the functional role of theta-gamma PAC in the tefhporal cortex in humans during verbal long-

term memory encoding.

Methods: In three double-blinded, placebo-controlled expents (n=72), we employed cross-
frequency transcranial alternating current stimahat(tACS) to externally modulate ongoing
PAC during a verbal-associative learning task. &hgges of cross-frequency tACS protocols
were used: bursts of high gamma tACS were coupleithé peak or trough of the theta tACS
cycle, and a control condition where gamma tACS emaginuously superimposed at theta tACS

cycles.

Resultss Gamma bursts coupled to the trough of theta tA@&uced robust behavioral
impairment in memory performance (p < 0.01), whergamma burst coupled to the peak or

continuously superimposed with theta tACS had gaoiicant behavioral effects.

Conclusions: Our results demonstrate direct evidence regartfiagmportance of theta-gamma

coupling in verbal long-term memory formation.

Keywords: tACS, verbal episodic memory, phase-amplitude ef@xpuency coupling, long-

term memory, temporal lobe
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Introduction

Complex cognitive functions, like declarative loegm memory, rely on large-scale
distributed networks operating in precise spatigeral coordination. Neural oscillations
dynamically coordinate the information flow betwedime medial temporal lobe and its
projections to subcortical and neocortical sites] have been shown to be crucial in associative
memory formation [1-4]. Phase-amplitude cross-feemqy coupling (PAC) is an
electrophysiological phenomenon in which the phasdes slow oscillation selectively entrains

the amplitude of a fast rhythm in a phase-lockedmea [5,6].

Experiments in rodents’ medial temporal lobe showet, depending on the recording
location (hippocampal fissure or CA1/CA3), the peakrough in the theta cycle are thought to
regulate the induction of long-term potentiatiomdahus, memory encoding [7]. In essence,
different phases of theta states would represefts s excitable periods that recruit functionally
associated neuronal populations segregated intangaaycles [8,9]. However, the relationship
between theta-gamma PAC and memory is quite ambgualthough evidence supports a
positive relation in different cortical sites ants ibehavioral effect on long-term memory
formation [10,11], a left-lateralized decreasethieta-gamma PAC was also found during the

successful encoding of associative verbal and pattmformation [12,13]

In order to mimic physiologically occurring PAC chateristics, we used cross-frequency
transcranial alternating current stimulation (tAC&non-invasive brain stimulation method that
can causally probe the functional role of crossiiency coupling by externally injecting
oscillatory electrical current into the brain [18]1It is hypothesized that tACS can entrain the
endogenous activity, i.e. induce changes in thelislrdp and phase, and thus modulate neuronal

firing synchronicity that rise as detectable bndigthms [16,17]. In a recent work, theta-gamma
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cross-frequency tACS applied to the left pre-frobmiartex was able to increase visual spatial

working memory performance on a two n-back matchample task [18].

Here, we aimed to externally modulate PAC at thendn temporal lobe during the
memory formation stage of a verbal paired assatik@ning task. For this purpose, we utilized
two cross-frequency theta-gamma tACS protocolsrtdihasts of high gamma tACS cycles were
coupled to the peak (TGp-tACS; experiment oneyaugh (TGt-tACS; experiment two) of the
theta tACS cycle (Figure 1D). In addition, we imtoced a control group in which the gamma
frequency was continuously modulated along theatlwfcle (TGc-tACS; experiment three).
High gamma frequency was chosen due to its assmtiatith successful verbal memory
encoding in the hippocampus and left temporal iobeumans [19,20]. High gamma oscillation
coupled with theta was also detected in rats amdanis medial temporal lobe and neocortical

structures during episodic memory encoding [21-23].

We hypothesized that TGp-tACS would magnify gamrsaillations and PAC at higher
excitability phases, which would facilitate sucdassnemory encoding by inducing LTP-like
effects. On the other hand, an increase in PAGeatdwer excitability theta phases (TGt-tACS)
would impede memory encoding, reinforcing LTD-liglasticity mechanisms. LTD or LTP-like
processes were already shown to be facilitatediffgreint protocols with rhythmic stimulation,
mainly when applied to different theta phases [b,BY coupling gamma bursts to different
excitability phases in theta cycle, we attemptedlter normal PAC regimes when compared to
sham stimulationln the control group, gamma oscillations were matkd continuously along
the theta wave (TGc-tACS), meaning no phase cog@pecificity. From a dynamical systems
theory perspective, this can be treated as a weagliog, where the modulatory force of the

slow rhythm is weak enough for the fast rhythmtey gpresent during the whole slow oscillation
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cycle, rendering the phase-amplitude relationsmgubstantial [25]. For that, we hypothesized
that no significant differences in memory performanvould be generated. We found that TGt-
tACS induced a robust behavioral impairment in mgnEerformance compared to the active
sham condition, whereas TGp- and TGc-tACS produwedgignificant behavioral effects. Our
findings provide direct evidence for the importanck theta-gamma coupling in memory

formation and its external modulation by TG-tACS.

M aterials and M ethods

Participants

A total of 72 healthy, right-handed, young aduitive German speakers with normal or
corrected-to-normal vision were recruited for thedy, after giving their signed informed
consent. They were randomly distributed into tregperiments, each of which consisted of 24
participants, with 12 males and 12 females (expaminone: mean age 23.5 + 3.1, age range 18-
32; experiment two: mean age 24.3 £ 2.9, age rdB¢g@9; experiment three: mean age 23.2 +
2.2 , age range 19-27). They reported no histonyeofropsychiatric disorders, drug-dependency,
or neurological abnormalities. The participants eveaive to the memory test applied and were
reimbursed for their participation. The experimenwtye approved by the Ethics Committee of
the University Medical Center Goettingen, Germaagd conducted in agreement with the

Declaration of Helsinki.

Experimental procedures

The study utilized a double-blind, randomized, plae-controlled, parallel group design,
where each participant took part in one experinwath two conditions (real stimulation and

active sham). Every participant took part in foassons. The first and the third sessions
5
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consisted of a (1) learning phase combined withaghi@ication of real or active sham tACS, (2) a
ten minutes pause and (3) a cued-recall test. @bensl and fourth sessions occurred 24 hours
after learning and consisted of a second cuedireralssess overnight memory retention. Each
experimental condition was separated by an at leas:-day interval between stimulation
sessions. To minimize the learning-to-learn effattmemorizing word lists that could interfere
in the study outcome, the stimulation conditiongevgelaced in a counterbalanced order across
participants. The data collector was blinded wébard to the stimulation conditions by another
researcher, who replaced the condition labels dittnmy codes. In the beginning of the first
experimental session, the subjects received aanritistruction about the task and were informed

about the stimulation procedures.
Stimulation protocol

The transcranial alternating current was delivdrganeans of a CE-certified Neuroconn
multichannel stimulator (neuroConn GmbH, lImenaar@any). The stimulation protocol was in
agreement with the present ethical guidelines [28.used a 3 cfirubber-round electrode with
the Ten20 paste as the conductive mean. In allpgrdier the real tACS protocol, a sinusoidal
alternating current of 1 mA (peak-to-baseline) \applied for 10 minutes continuously during
the learning phase of the task. As demonstratadtbgcranial recordings during transcranial AC
stimulation in humans, the stimulation intensitylsgd in this work can generate electric fields
strong enough [27,28] to modulate neuronal actigitgording to in vitro and in vivo studies
[29,30]. During the real and active sham stimulatihe current was ramped up for 10 seconds in
the beginning until the programmed intensity waached, with a ramp down of 10 seconds in
the end; but in the active sham condition, a curreas delivered for 30 seconds and then

discontinued by using a ramp-down of 10 seconds. d¢tive sham stimulation consisted of a
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protocol already demonstrated to mimic the cutasesansations related to the real transcranial
electrical stimulation, although not leading to edéble behavioral after-effects [31]. The
impedances were kept below 1Q ks measured by the device. The positioning otlbetrodes
was standardized and kept constant across theiewgrgs as suggested by modelling studies

[32], with the plugs and cables always turned t@maierior-to-posterior direction.

In this work, the employed cross-frequency stimalatcomprised two components
(figure 1D): in the first and second experiments|av, continuous 5 Hz theta wave (0.75 mA
peak-to-baseline) modulated bursts of the 80 Hzngant0.5 mA peak-to-baseline, 50 ms
duration) fast component coupled with the peak @odgh of each theta cycle, respectively; in
the third experiment, both components were merggd & continuous superimposed theta-
gamma wave, with the theta being the envelopeefjimma wave. There were no DC offsets in
the waveforms (which could lead to confounding @& The temporal coordination of the
components was generated with a specific hardwacde varified in the stimulator with an

oscilloscope.

Montage

The three-electrode montage was derived fromitefaglement model to focus the electric
field distribution over the left temporal lobe was composed of a stimulation electrode over T7
and two return electrodes over FPz and T8, accgrtbnthe international 10-20 EEG system
(Figure 1B). In order to estimate the distributiointhe electric field, a realistic model (Figure
1C) was generated from the SIMNIBS 2.0.1 packa@e3@. This MRI-derived, finite element
model took into account white matter anisotropy d aonductivity [35] for the following

anatomical compartments: scatp< 0.465 S/m), bones(= 0.010 S/m), cerebrospinal fluid €
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1.654 S/m), grey mattel (= 0.275 S/m) and white mattes € 0.126 S/m). The tetrahedral

volume mesh post-processing and visualization wag dvith Gmsh [36].

Task

Based on previous studies [37,38], a paired-asbeeitearning task (Figure 1A) was
employed to asses verbal episodic memosing the study-test method, in which the participa
studied a list of semantically related word-paiosnposed of associated German nouns. For the
two stimulation conditions (real or active shammotindependent word lists were used, each of
which containing a total of 54 word-pairs. The ord¢ the word lists was counterbalanced
between stimulation conditions and participantsithify the word lists, the presentation order of
the word-pairs was randomized for each word-lisspntation, stimulation condition, participant
and experiment. The stimuli were presented horabnat the center of a 17" computer screen,
written in white Arial with a font size 18 over dabk background. The participants seated
comfortably in chair placed at a 90 cm distancenfrthe monitor. In order to facilitate the
learning of the large amount of the to-be-encodediwpairs, during the encoding phase (tACS +
learning), the participants were presented one Wsirdwice immediately after each other. From
the 54 learned word-pairs, 8 (4 in the beginnind 4nn the end) of them were dummy items to
buffer primacy and recency effects, which were edetl from the data analysis. Particularly, the
recency (serial position) effect is accounted fbe tworking memory component in the
performance, which justifies the data exclusione Shbjects were exposed to each word pair for
5 seconds with an inter-stimulus interval of 100lisgconds. The learning phase was followed
by a 10-minute-long pause, during which the partints stayed quiet and performed no other

activity.
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Each learned word list was tested in two differiamie points (10 minutes and 24 hours
after encoding) using a cued-recall ifioaward-recall fashion, in which the order of the stimuli
in the two test moments was randomized. In thenggthase, each recall trial lasted 5 seconds
with the stimulus constantly being presented onrtfmitor. Participants responded verbally.
Their responses were noted by the investigator staadardized experimental sheet. The task
correction criteria included granting one pointlate answers (i.e., provided outside of the 5s
recall interval of a given trial) or partially cest answers (e.g., plural instead of singular), and
two points for each correct answer, totaling a fisgoint score of 92. In addition, a different
scoring criterion was used to test the validityoaf procedure. In this second scoring approach,
partially correct answers where considered ashiid, and late answers as misses. The results
from the second scoring approach conceptually caefgdd the results from the first scoring
approach (see supplementary material). No feedbaskgiven during and after the recall tests
regarding the correctness of their answers. ThHe was controlled using Presentation software

(version 0.71, Neurobehavioral Systems Inc, Alb&¥,, USA).

Data analysis

All the experiments were submitted to null hypothesgnificance testing to compare the
behavioral performance in the task. In experimed, ¢hree variables (real stimulation day one
and active sham stimulation days one and two) sti@veon-normal distribution. For this, a non-
parametric related-samples Wilcoxon signed-rankwes employed to compare sham and real
tACS conditions in all the experimental groups. f&oroni correction was used within
experimentsfor correcting for multiple comparisons. A parametiitdependent-samples
Kruskal-Wallis test was used to check if there waignificant differences between the active

sham conditions. To complement the applied nulldtlyesis significance testing, we estimated

9
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the effect size (Figure 3) for all the real corahts compared with active sham for the respective
experiments. The calculations were performed with Measures of Effect Size toolbox for

MATLAB, that uses standardized mean difference @mects for bias in cases of small sample
sizes [39]. We additionally clustered our particifsin three groups depending on whether their
performance during active stimulation surpassed;redsed or remained the same when

compared to the active sham condition.

Arousal levels, cutaneous sensations and sleep quality indicators

To control for the variables which can impact meynperformance, we asked the
participants to report their arousal levels, cutarsesensations and the number of hours they had
slept on the night before the experiment day (TdbleThe arousal degree was self-report on a
scale going from 1-10 (1 = very tired, 10 = tota#lwake). Wilcoxon signed-ranks test was
applied to assess differences on both of the itolisawithin groups, and the Independent-
samples Kruskal-Wallis test when comparing the settieators between groups.

We also accounted for a possible effect of cutasesmnsations/discomfort between the
stimulation conditions and groups. The participawere asked whether they felt any skin
sensation during the stimulation (by using an litvpbikert-scale; O — not at all, to 10 — very
strong). The related-samples Wilcoxon signed-rae&t twas applied to assess differences
between real and active sham tACS within groupssreds the independent-samples Kruskal-

Wallis test was used to compare cutaneous sendsiareen the groups.

Results

For the first experiment, we hypothesized thatrtieelulation of the gamma bursts nested

into the theta wave peaks (TGp-tACS) during the wmnencoding would improve subsequent
10
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memory performance by enhancing theta-gamma cayplirtheta high excitability phases [18].

The memory performance across the sample (Figuyenva& numerically higher, although it was

not statistically significant, in the real TGp-tA@8ndition (70.1 + 14.3 mean score; Hedges’ g
.12) compared to the active sham (68.2 + 15.8 nseare) for the first cued-recall (Z =.732-
.928, Bonferroni corrected, Wilcoxon signed-rangt}eSimilar improvement also occurred with
real TGp-tACS (66.7 + 16.2 mean score, Hedges'.§j53 compared to active sham stimulation
(64 £ 17.3 mean score) on the second cued-recaH {Z116,p = .528, Bonferroni corrected,
Wilcoxon signed-rank test). We further clustered garticipants based on whether they had an
increase or decrease in memory performance in nsgpto real TGp-tACS (Figure 4A). No clear
predominance of the effect was observed on thedirsd-recall, while a slight numerically better
performance was present on the second cued-refddlitionally, we asked the participants
before the experiments about their arousal levelthe number of hour of sleep they got, factors
that could impact memory encoding and retrievafgerance [40,41]. No significant group-

level differences were reported (Table 1).

In the second experiment, we hypothesized thatnbdulation of the gamma bursts
nested into the theta wave troughs (TGt-tACS) wodétrease memory performance. This
decrease consistently occurred across the studyteadrs (Figure 2B). On both cued-recalls, a
consistent drop in memory performance was obser/&d % and 75% of the subjects,
respectively, Figure 4B). On the first cued-reddl= -2.844,p = .008, Bonferroni corrected,
Wilcoxon signed-rank test), real TGt-tACS (62.3%4. mean score, Hedges’ g = -.57) impaired
memory formation compared to the active sham satien (71.3 £ 15.2 mean score). The same
effect was observed on the second cued-recall (2.831,p = .010, Bonferroni corrected,
Wilcoxon signed-rank test), where real TGt-tACS.868 16.6 mean score, Hedges’ g = -.49) led

to a decrease in memory performance compared teeagthtam stimulation (68.0 + 16.7 mean
11
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score). The arousal and amount-of-sleep reportwesthamo significant differences between real
and active sham stimulation on either of the cuwedlis (Table 1). The consistent memory
impairment scores on two separate days indicate ttiea process of memory encoding was

disrupted.

To additionally control for the phase relationshipstween theta and high gamma
oscillations during declarative long-term memoryniation, a third experiment was conducted,
in which gamma oscillations were modulated contusly along the theta wave (TGc-tACS),
meaning no phase coupling specificity (Figure 1) hypothesized that a weaker form of
cross-frequency coupling would have no impact omorg formation and, hence, on memory
performance. Confirming this hypothesis (Figure ,2@¢ found no significant difference (Z =
.098,p = 1.0, Bonferroni corrected, Wilcoxon signed-rdekt) between real TGc-tACS (65.4 +
11.3 mean score, Hedges’ g = .05) and the actigsstimulation (64.6 + 13.5 mean score) on
the first cued-recall, or between real TGc-tACS.76£212.4 mean score, Hedges’ g = .05) and the
sham (63.5 £13.5 mean score) on the second cuall-igc = -.200,p = 1.0, Bonferroni
corrected, Wilcoxon signed-rank test ). The perfamoe clustering also did not show a clear
predominance of any effect (Figure 4C). Again, ¢heas no significant difference between the
conditions in terms of self-reported arousal levatgl hours slept on the night prior to the

experiment (Table 1).

To further test whether fluctuations in individysdrformances could drive the difference
in the outcomes between the stimulation conditieves,compared specifically the performance
under the active sham tACS conditions betweenhfteetexperimental groups. An independent-
samples Kruskal-Wallis test revealed no significalitference between the active sham

conditions on either the first (H(2) = 3.5455 .170) or the second cued-recall (H(2) = 1.158,

12
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.560). The comparison of arousal and sleep reparteal and active sham tACS across the three
experiments (Table 1) demonstrated no significaifferences among them, excluding the

possible influences of these variables fluctuatiormemory performance.

The cutaneous sensations/discomfort comparisonceaducted to identify differences
between the stimulation conditions (active shamreal tACS) and groups. The skin sensation
reported on the real tACS session was comparedeleetwhe groups with the independent-
samples Kruskall-Wallis test, which revealed nmgigant difference across the groups (H(2) =
1.612,p = .447). We also tested if discomfort could accotor differences between the
conditions. We compared the skin sensation duhegeal and sham sessions within each group
by using the related-samples Wilcoxon signed rask tNo significant difference was found for
the TGp-tACS group (Z = -.45p = .652), for the TGt-tACS (Z = .20, = .841) and for the
TGc-tACS (Z = .500p = .617). These results suggest no detectableteffethe stimulation-

related skin discomfort on memory performance.

Discussion

The objective of this study was to investigate aérbpisodic memory formation by
targeting CFC between theta and high gamma osaeiistat the temporal lobe. Cross-frequency
tACS protocols, as used here, can further extenctledive evidence deriving from observation
studies, towards a direct link between the thetarga cross-frequency hypothesis and cognition
[18]. Due to its preponderance in processing aodng verbal content within the memory
network [42], we targeted the left temporal lobetbsee tACS CFC protocols. Our behavioral
analysis revealed that short bursts of gamma tAQpled with the trough of the theta tACS

cycle significantly impaired verbal long-term memgerformance.
13
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PAC between theta and gamma oscillations regulates- and intra-areal spike-time
dependent plasticity that underlie learning mectrasiand the organizational pattern of encoding
information [43—46]. In subdural recordings oveit kcortical areas in epilepsy patients, theta to
high gamma coupling was present in 84.3% of theteldes for multiple tasks, including
semantic processing and episodic memory [23]. ibeatgamma PAC was also investigated in
the context of sequential temporal encoding of Isingvisual items, where
magnetoencephalography revealed a robust nestigaroima power to different theta phases
associated with the serial position of the learitechs in multiple structures of the MTL [13].
Additionally, direct recordings from the MTL in redts and humans suggest that CFC between
theta-low gamma might be involved in memory retaiewhereas theta-high gamma coupling
could be directly involved in encoding [21,22]. TREC phenomenon, and a possible phase
preference of high gamma amplitude in relation He theta cycle during encoding, set the
framework for our hypothesis on the role of thetamgha coupling in the temporal lobe in

declarative long-term memory.

The impairment of memory performance in our TGt-BA@xperiment suggests the
hindering of naturally occurring theta-gamma cooglicharacteristics, which is known to
coordinate long-term memory encoding, demonstraictpar sensitivity to this type of coupling.
To understand the lack of memory improvement, wesier the following scenarios. In healthy
young adults with intact cognitive functions, aliog effect in learning may occur more likely as
compared to the likelihood of deterioration, redmsd of whether electrical brain stimulation is
applied or not; as well as optimized brain funcsiopredominantly respond to external
perturbations with impairment [47,48]. In line withis, a recent study, in which left or right
medial temporal lobe was stimulated invasively gstectrical pulses with a frequency of 50 Hz,

revealed only an impairment, but not an improvementerbal and spatial memory domains
14
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[49]. Also, a long andtontinuous stimulation as used here is more prone to induttenetional
disruption, rather than enhancement [50], as pwterstimulation protocols could be more
aligned with the physiological fluctuations of nemal activity than the continuous ones,
although showing variability issues in the outcorfiels52]. This may be due to the fact that
theta-gamma PAC typically fluctuates in a limitéde window during memory encoding, as, in
general, brain rhythms are transient in nature.[53]

An alternative explanation may be related to thek laf agreement in the experimental
data regarding the presence of CFC and its phasetsie in successful memory encoding, a
topic of constant debate on the field of neurosmerin the verbal episodic memory domain,
intracranial recordings revealed differences in PAAEIng episodic memory formation between
hippocampal and neocortical recording sites [54hilgVthe hippocampus exhibited maximum
PAC between both slow delta/theta (2.5-5 Hz) and dmd high gamma rhythms, the lateral
temporal lobe showed a different oscillatory pattehat is, theta wave (4-9 Hz) modulated
mainly low gamma activity. Future tACS research eaplore the involvement of theta-low
gamma PAC during verbal memory encoding. In adadljteo recent study using a paired-verbal
memory task has linked successful memory encodirdetreased rather than to increased PAC
between theta and high gamma in the inferior flogyaus, and theta and low gamma in the left
temporal lobe [12]. Nevertheless, the electropHggioal signal detected in the temporal site
with intracranial recordings was classified as arglwaveform deflection, not as a synchronized
gamma oscillation nested to theta. Based on thestefihdings, we would expect functional
impairment in all three TG-tACS experiments; howewelr results clearly provided evidence for
verbal memory impairment only in the TGt-tACS expeamt.

The results from the realistic finite element modelicate the highest field strength

allocated in the left temporal lobe (Figure 1C). thsthe anatomical precision of our model-
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driven TG-tACS, the present results can be expthibg at least two scenarios. First, it is
possible that our findings are due to the diretg@atfof TG-tACS over the left lateral temporal
lobe. This account is supported by experimentad,dahich correlated theta-gamma coupling in
this region with verbal long-term memory encodigg][ In addition, modulation of the left
lateral temporal cortex could affect medial tempéwbe activity via the functional connections
to it, also known as a “proxy” stimulation effeardonstrated by earlier studies [50,55]. Medial
temporal lobe structures that connect to lateratptaal sub-regions, namely the anterior
hippocampus and perirhinal/entorhinal cortices,engdrown to encode verbal content as a part of
the episodic memory network [56—61]. Second, wenoarule out the intriguing possibility that
TG-tACS, although to a lesser extent, reached desmas such as the medial temporal lobe
structures, possibly via the cortico-spinal flu@B]. Thus, it is possible that either direct or
indirect stimulation of the medial temporal lobetiwiTG-tACS could be responsible for the
present results.

Few limitations of the present study include thesesize of electrophysiological
recordings before and after TG-tACS, thus the tegulnetwork dynamics remains to be
characterized. Second, endogenous brain oscillatieriransient in nature, however, the present
paradigm utilized continuous stimulation for 10 otes. This limitation requires the
investigation of a temporally coordinated, even#ted form of tACS.

Taken together, we demonstrated that the pertarbaif theta-gamma coupling at the
temporal lobe hinders declarative memory formatioyn,showing the feasibility of externally

modulating verbal episodic memory encoding withtdhgamma cross-frequency stimulation.
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Figuresand table legends

Figure 1. Experimental parameters: (A) The verbal paired-associative learning task.

Participants leaned 54 associated German nounse whiteiving TG-tACS. The memory

performance was tested twice in a cued-recall nrarthe first test occurred 10 minutes after

learning and the second test 24 hours after legrnf®) Stimulation montage: transcranial

alternating current was delivered over the lefhgeral region (T7, international EEG 10-20
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system) with two return electrodes over the rigimporal (T8) and frontal (Fpz) areas. Note that
the amount of power provided by the summed energy @ ¢omponents in each cycle
corresponded to 2 mA peak-to-pefR) Realistic, anisotropic, finite-element computaéibnead
model of the electric field distribution in the braincluding the following compartments: scalp,
bone, cerebrospinal fluid, grey and white matteslo@d circles in upper figures represent the
tACS electrodes locations. Bottom right presenty dield strength distribution in grey matter
compartment. The field strength is color-coded fromo 0.6 mV/mm.(D) Cross-frequency
protocols for tACS where 80 Hz gamma bursts weyedupled with the peaks (TGp-tACS), (2)
with the troughs (TGt-tACS), or (3) continuouslyepented during the 5 Hz theta wave cycles

(TGC-tACS).

Figure 2: Episodic memory perfor mance. Violin plots with individual data points indicatad
scores in the verbal paired-associative learniak. {&) Active sham and real TGp-tACS for the
first experiment (80 Hz gamma bursts at the peatkef Hz theta cycle]B) Active sham and
real TGt-tACS for the second experiment (80 Hz ganbarsts at the trough of the 5 Hz theta
cycle). (C) Active sham and real TGc-tACS for the third expemnt (80 Hz gamma bursts
continuously modulated by 5 Hz theta cycles). Maad standard error of the mean are indicate
by the filled black dot and the vertical black lineespectively. Horizontal brackets point
statistically significant differences according paired samples null significance hypothesis

testing (* p < 0.01; Bonferroni corrected).

Figure 3. Effect sizes. Cross-frequency tACS protocadls three experimental groups. Values in
the Y axis represent an unbiased Hedges' g estinmtthe standardized mean performance
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compared to sham stimulation. The X axis presemstivo cued-recall tests for each of the

experimental groups.

Figure 4. Clustered memory performance. Proportion of volunteers that demonstrated increase
or decrease in memory performance. Left columncetés the first cued-recall (10 min after
learning and TG-tACS), and right the second cueddtg24 hours after learning). Blue areas
represent increase, orange areas represent decaedsgrey areas represent equal performance

between real and active sham tACS.

Table 1. Sleep hoursand arousal indicators. Comparisons between real and active sham tACS
within experiments for the amount of hours slepd #me self-reported arousal level before the

memory test, both on the first and second expetiahelays. Wilcoxon signed ranks test revealed

no significant differences for either indicator. r@maring the same indicators between

experiments, again for the real and sham conditaots for both of the experimental days, the

independent-samples Kruskal-Wallis test showed igoifcant differences. The value column

indicates mean * standard deviation.
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Table 1.

Condition Value Test

Sleep

Experiment 1 (peak)

Number of hours First day
real 7.1+0.9 p=.79
active sham 7210
Second day
real 74+11 p=.20
active sham 70+£1.0

Experiment 2 (trough)

Number of hours First day
real 7.2+0.9 p=.54
active sham 6.9+15
Second day
real 7211 p=.30
active sham 74 +1.3

Experiment 3 (continuous)

Number of hours First day
real 7.4+£0.6 p=.92
active sham 74+0.7
Second day
real 7.7+£0.8 p=.95
active sham 76+1.0

Arousal

Experiment 1

First day real 6.8+1.8 p=.97
active sham 6.8+1.3

Second day real 7.0+£15 p=.42
active sham 6.8+15

Experiment 2

First day real 6.6+1.1 p=.73
active sham 6.5+15

Second day real 6.7+15 p=.14
active sham 72211

Experiment 3

First day real 74+11 p=.18
active sham 6.8+1.5

Second day real 7611 p=.96
active sham 76+14




Between experiments

Arousal
First day

Second day

Sleep hours
First day

Second day

real
active sham
real
active sham

real
active sham
real
active sham

=.06
.58
14
=.30

=.61
37
.62
.09
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Highlights:

» Theta-gamma cross-frequency tACS can modulate verbal declarative memory encoding
» Gamma bursts coupled to the trough of thetawave hinder memory performance

» Evidenceisadded for the involvement of theta-gamma coupling in memory formation



3.1.Supplementary material

Task

The full dataset was additionally analyzed by using an alternative scoring criterion. In this
second analysis approach, morphological differences such as plural/singular exchanges were
neglected (Bacharach, 1972; Koppenaal & Glanzer, 1990), and participants received a full score
for a recalled word. Words recalled outside of the cued-recall’s 5000 milliseconds time window
(i.e., late answers) were treated as misses (Tulving & Arbuckle, 1963) and no points were added.
This different approach led to the same statistical results on the behavioral performance as the first
analysis approach. The dependent variable (performance) was compared between conditions with
the non-parametric Wilcoxon signed-ranks test and p-values were Bonferroni corrected for

multiple comparisons.

For the first experiment (TGp-tACS), memory performance was not significantly different
between the real tACS condition (70.6 + 14.9 mean score) and active sham condition (68.3 + 15.6
mean score) either for the first cued-recall (Z =1.293, p = .392). No significant difference was
found between the real tACS condition (66.7 = 16.2 mean score) and active sham stimulation
condition (64 + 17.3 mean score) on the second cued-recall (Z = 1.219, p = .446). In the second
experiment (TGt-tACS), a significant impairment in performance occurred between real tACS
(62.5 + 15.5 mean score) and active sham stimulation (71.6 £ mean score) on the first cued-recall
(2 =-2.976, p = .006). This effect was also observed on the second cued-recall (Z = -2.816, p =
.010), where real tACS (59.9 + 16.2 mean score) led to a significant decrease in memory
performance compared to active sham stimulation (68.3 = 16.6 mean score). For the third

experiment (TGc-tACS), there was no significant difference (Z = -.046, p = 1.0) between real
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tACS (65.5 + 11.4 mean score) and the active sham stimulation (65.1 + 13.3 mean score) on the
first cued-recall, or between real tACS (62.7 + 12.2 mean score) and the active sham condition

(63.9 £ 13.4 mean score) on the second cued-recall (Z =-.632, p = 1.0).
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4. Summary and concluding remarks

The work conducted for this doctoral thesis is sustained on the premise that brain activity
can be externally influenced by weak electrical currents. These currents can cross the barrier of
several anatomical compartments and reach an extremely folded surface, where millions of
neurons align themselves in different directions. Besides, the brain cells are also highly intertwined
by complex layers of synaptic physical approximations and electrochemical cascades, which have
to calibrate their activity in space and time. This activity is paced in a seesaw influx of excitation
and inhibition, resulting in ever going cycles that rise as detectable brain rhythms. This activity is
also susceptible for internal perturbations, which can translate into pathological states. The quest
of the projects described in this work was to find possible ways of externally improve episodic
memory performance in the healthy brain, with the ultimate goal as helping future research for

clinical populations.

The assumptions’ framework brought together to form this thesis were the following: (1)
the several cortical nodes composing the verbal episodic memory network are susceptible to
external perturbations, and, by that, functional changes can be induced; (2) NIBS are techniques
that can be used to establish causal brain-behavior relations (Polania et al., 2018), and its use for
modulating functions is effective and reliable; (3) anodal tDCS can enhance neuronal excitability
by depolarizing neuronal membrane, and also can decrease GABA levels at the targeted sites
(Stagg et al., 2018), being a potentially strong paradigm to memory encoding augmentation; (4)
naturally occurring theta-gamma phase-amplitude at temporal lobe structures is a potential target
for tACS, its functional relation to verbal episodic memory can be tested by tES, and possibly,

memory improvements can be tACS-induced.
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In the first study, where the left pre-frontal cortex was targeted with anodal tDCS, we chose
to stimulate during encoding or recall (as a control group) with 1 mA current during 20 minutes.
Contrary to our expectations and hypotheses, we could not observe a significant improvement in
memory performance, given the chosen stimulation parameters. Still, our results are not distant
from obtained with 1 mA tDCS in memory encoding paradigms so far, where mixed results and
small effect sizes were the general finding (Dedoncker et al., 2016a; Manenti et al., 2013, 2012).
Noteworthy is, that our results do not disprove the efficacy or potential of tDCS for episodic
memory augmentation, but brings the necessity of uncovering better stimulation parameters for it.
Factors as current intensity, stimulation duration and target site are first-order candidates for
further experimental projects. Regarding stimulation duration, recently data demonstrated that the
standard 20 minutes stimulation in motor cortex paradigms may not be directly translatable to the
cognitive domain (Parkin et al., 2018). One possible successful use of tDCS in memory
improvement can be the combination with an additional intervention, as it showed beneficial
effects when combined with memory training and serotonergic enhancement (Antonenko et al.,

2018; Prehn et al., 2017).

In the second study, we were the first research group to apply cross-frequency tACS to
modulate episodic memory. Here, we targeted the left temporal cortex, choosing to stimulate with
1 mA current for 10 minutes during encoding of verbal content. Using a multi-electrode montage
based on a computational model optimization, we measured a large sample of healthy participants
and were able to significantly impair memory encoding in one of the experimental groups.
Contrary to our hypothesis, when gamma was coupled to the peak of the theta carrying frequency,
we found no improvement in memory performance. Nevertheless, we add evidence to the causal

participation of theta-gamma cross-frequency coupling to episodic memory encoding. Additional
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online electrophysiology recordings might have brought a more definitive answer to which extent
cross-frequency coupling was manipulated by tACS, although online recordings in tES are
technically limited due to artifacts, and their current reliability a matter of strong debate (Neuling,
Ruhnau, Weisz, Herrmann, & Demarchi, 2017; Noury & Siegel, 2018). Also, further research has
to be conducted on the waveform action when gamma is coupled to the trough of the theta cycle,
to possibly diverse memory tasks and different stimulation parameters (higher intensities and

alternative electrode montages).

Notwithstanding, difficulties in finding robust parameters to augment human episodic
memory non-invasively are being tackled by a different line of action, meaning, deep brain
stimulation. These acute stimulation paradigms, usually delivered from electrocorticography
(ECoG) or depth electrodes, normally profit on pre-surgical electrophysiological measurements
on epileptic patients to conduct studies or trials (K. Kim et al., 2016). By targeting neocortical
areas or medial temporal lobe structures, usually with low or high gamma frequencies (e.g. 50,
100 or 200 Hz), these stimulation protocols aim to mimic the normal physiological oscillatory
patterns of episodic memory encoding (Lee, Fell, & Axmacher, 2013), and bring maximum
focality stimulating the memory nodes on site. Curiously, in verbal memory, the majority of the
studies were able to disrupt memory encoding, but not improve it (Jacobs et al., 2016; Lee et al.,
2013; Merkow et al., 2017). Possible solutions to the impairments can come with better
synchronization of the stimulating waves with the normal physiology, using machine learning
paradigms to look at the optimal or sub-optimal brain states and stimulate according to them
(Ezzyat et al., 2017; Fell et al., 2013; Kucewicz et al., 2018). Nonetheless, invasive techniques
also do not come with limitations: they are mainly restricted to non-healthy subjects’ cohorts, and

to the stimulation sites with clinical relevance. Still, focal interventions as invasive stimulation
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bring the promise of revealing further insights in memory machinery and on effective interventions

to benefit memory impairments in patients.

From the non-invasive frontier, it is salutary to discuss some limitations of the studies
conducted for this thesis. In a broader term, combining NIBS with other research methods would
bring a clearer picture and more conclusive derivations of what was driven or not by the applied
electrical currents (Polania et al., 2018). Targeting can be also a debatable issue in the first study,
due to the lack of spatial precision of tES, in comparison to other NIBS interventions. However,
the use of neuronavigation may have affected the outcomes. The dosing employed is also a
parameter that can highly impact the outcome of our studies, since the electric fields magnitude
generated inside the skull by 1 mA tES can fall below or be in the limit threshold for modulating
neuronal activity (Datta et al., 2009; Miranda, Mekonnen, Salvador, & Ruffini, 2013; Opitz et al.,
2016). That said, a linear increase in the dosing may not lead to linear outcomes, (Batsikadze,
Moliadze, Paulus, Kuo, & Nitsche, 2013; Parkin et al., 2018), and careful optimal intensities for
different cognitive modalities have to be investigated. Electrode placement can rise now as another
source of strong variation in studies relying on computational models to estimate the tES-generated
electric fields. A recent study using intracranial recordings in human patients showed that fields
predicted by models can vary immensely from real data when electrode placement diverge more
than 1cm between them (Opitz et al., 2018). This has large implications for model-driven tES

protocols and for repeated-measures design as in the studies of this thesis.

Concluding, this research demonstrated that tES can be a tool to modulate episodic memory
in a meaningful way. The large myriad of methodological parameters that can be explored in such
investigations require optimizations coming from several technical advances in neurosciences,

such as timelier precise stimulation tools, close loop systems, multi-electrode solutions,
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investigation of higher current intensities, and, in the case of episodic memory, the simultaneous
stimulation of several nodes of the cortical memory network. Additionally, the experimentation
with interfering alternating currents (Grossman et al., 2017) in the kHz range is a promising
frontier for memory interventions, if the feasibility of targeting deep brain structures (for memory,
the hippocampal formation) with non-invasive currents turn out to be executable and targets can

be accurately reached.
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