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Abstract

Transcranial electrical stimulation (tES) refers to a group of non-invasive brain stimulation
techniques to induce changes in the excitability of cortical neurons in humans. In recent years,
studies in animal models have been shown to be essential for disentangling the neuromodulatory
effects of tES, defining safety limits, and exploring potential therapeutic applications in
neurological and neuropsychiatric disorders. Testing in animal models is valuable for the
development of new unconventional protocols intended to improve tES administration and
optimize the desired effects by increasing its focality and enabling deep-brain stimulation.
Successful and controlled application of tES in humans relies on the knowledge acquired from
studies meticulously performed in animal models.
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Introduction

Transcranial electrical stimulation (tES) typically consists of several minutes of non-invasive
application of weak electrical currents to the scalp through strategically positioned
electrodes [1,2]. The technique began to gain popularity at the beginning of this century,
when Nitsche and Paulus demonstrated its neuromodulatory effects by applying weak
electrical currents over the human motor cortex [1,3]; however, the first systematic
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experimental studies exploring the effects of prolonged DC electric field exposition over
neuronal activity in animal models began to be published in the mid-1960s [4-6]. Those
pioneering studies administered DC currents through epidural electrodes in anesthetized
animals, establishing the importance of current polarity (anodal or cathodal) [4,6] and
duration of the intervention in determining the short- and long-term effects of stimulation
[5]. The seminal work of Nitsche and Paulus [1,3] promoted a new interest in studying the
effects of weak DC currents in humans and also in new animal models developed for tES
studies.

Present animal models employed for tES studies include /n-vitro preparations using brain
slices and /n-vivo investigations in both anesthetized and alert animals (see [7] for a review).
Our current understanding of the basic mechanisms mediating tES effects arose from animal
models, showing the importance of orientation and morphological aspects of stimulated
neurons, the impact on synaptic events [8,9], the involvement of glial cells [10], and the role
of receptors such as NMDA [11], mGIuRS5 [12], AMPA [13] or adenosine [14], and the
implication of BDNF [11,15]. Animal models have also been used over the past decade to
define the safety limits of cathodal [16] and more recently anodal [17] tDCS in rats,
suggesting that the current densities typically applied in humans are two orders of magnitude
below the calculated lesion threshold. On the other hand, as animal models represent a
versatile test field for computational models, they are the perfect complement for validating
in-silico predictions and obtaining relevant physiological data to be implemented in
designing tES models. Two main aspects of tES have been recently modeled: the distribution
of the electric field in the brain [14,17,18] and the impact of the exogenous electric field on
the single neuron [8,19] or on neuronal assemblies [20]. Moreover, exploring the possibility
to enhance brain function has shown that tES is capable of modulating sensory processing
[14,20,21], associative learning [14], spatial memory [22,23] and movement accuracy [24] in
alert, behaving animals. Finally, the examination of tES effects (mainly tDCS) in different
neurological and neuropsychiatric disorders has benefited from animal-based studies. Thus,
animal models of acute cerebral ischemia, chronic inflammatory pain, addiction, epilepsy,
Alzheimer’s disease, and Parkinson’s disease, among others, have helped to identify
potential therapeutic applications of tES [7].

To overcome the limitations of this non-invasive stimulation technique and deepen our
knowledge of the way exogenous electric fields interact with the neuronal network, a series
of animal models has been employed in recent years that differ from popular tDCS
protocols, in an effort to explore unconventional ways of applying electric fields to the brain.
Exploring new tES paradigms and optimizing the effectiveness of classical ones is of highest
importance for the future application of tES in humans. This review aims to summarize the
main tES protocols generally applied in animals, commenting on key recent studies that
have used animal models to propose new tES-based stimulation paradigms. Finally, we
discuss limitations and potential challenges that require urgent attention in improving animal
models.
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Present tES protocols

With the aim to replicate results from human experiments, studies performed in animal
models highlight the mechanisms that mediate induced effects and explore new therapeutic
applications. Animal studies usually apply tES in the most common forms of stimulation,
i.e., tDCS and, to a lesser extent, tACS and tRNS (Fig. 1A). In humans, tDCS is achieved by
applying a constant current between a pair of electrodes (an anode or cathode electrode and
a reference electrode) for the specified amount of time (10 to 30 min) [1,2]. In anodal and
cathodal transcranial stimulation, the respective electrode is placed on the scalp over the
region of interest, whereas the reference electrode is typically placed over the contralateral
supraorbital, the mastoid, or the shoulder [9]. Two new protocols, tACS and tRNS, similar in
stimulating electrode configuration and stimulus duration, apply tES with alternating and
random-noise currents, respectively. Both techniques have demonstrated the potential to
interact with ongoing cortical oscillations to enhance or reduce specific electrocortical
frequencies and their related physiological functions [25].

In recent years, animal models attempting to mimic neuromodulatory protocols originally
applied in humans have applied diverse technical approaches [7,8] in brain slices,
anesthetized animals, and awake (even behaving) animals. Each of these experimental
preparations is suited to explore tES effects at different complexity levels, with specific
advantages and disadvantages in each case.

In-vitro experiments with brain slices can test the effects of electric fields on cellular
activity, allowing stable and high-quality recordings at the network [26], cellular [27], and
sub-cellular [19] level. In addition, pharmacological or electrical manipulation can be
performed with greater precision in brain slices, compared to whole-brain preparations.
However, any comparison of obtained results with outcomes from human experiments
should be made with caution, as /n-vitro tissue slices usually show homogeneous
extracellular solution concentrations, altered neural activity, and a lack of interconnected
networks with other parts of the brain [19].

Experimental preparations with anesthetized animals facilitate /n-vivo recording [28] and
manipulation [29] of cellular activity and allow for procedures that would cause pain or
stress in the awake animal, such as higher tES intensities [17] or ischemia induction [30].
Nevertheless, considering that final effects of tES depend on the animal’s brain state [31,32],
results obtained in anesthetized animals should be carefully interpreted when compared to
human results.

The in-vivo awake animal experiment offers the approach closest to human tES studies,
enabling behavioral tests with simultaneous electrophysiological recording (EEG, local field
potential [LFP], or extracellular unitary recordings) [14], as well as systemic or
pharmacological manipulations during and after tES [18]. The combination of these tools in
the alert animal brings up the possibility to test the effectiveness of different tES protocols
and provide information about the neuronal mechanisms involved. However, the use of
behaving animal models can be limited due to electrical artifacts associated to tES or animal
movements, as well as to restrictions required to minimize animal stresses, such as tES
duration or current intensity.
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Although most tES studies performed in animal models apply an active electrode over the
region of interest and a distant reference electrode to pass electrical current (commonly DC),
a variety of technical solutions can be found in the literature [32]. In slices, two parallel
silver—silver chloride electrodes are placed for stimulation on the surface of the artificial
cerebrospinal fluid [8], whereas in whole-brain preparations small stimulating electrodes
(including cup-shaped, plastic tubes filled with saline solution, multiple silver balls, and
square rubber electrodes) are being used in combination with larger reference electrodes
(including rubber plate and needle electrodes placed on the back, neck, or ventral region of
the animal). Diversity in the shape and size of stimulating electrodes used in animals
(depending on skull shape and size) has led to a wide range of current densities (defined as
intensity/electrode surface area) from tens to hundreds of A/m? applied directly to the skull,
compared to 0.28 to 2.0 A/m2 commonly applied to the human scalp [9,32]. The most
conventional tES protocol, tDCS, has been applied successfully in the three previously
described experimental preparations (see [7] for a recent review) (Fig. 1A). For example, DC
modulatory effects on the neuron’s transmembrane potential, as well as the importance of
various neuronal features, have been determined in brain slices [8]. /n-vitro experiments
have decisively contributed to our understanding of plasticity mechanisms associated to
induced long-term effects [12,33,34]. Applied in anesthetized animals, tDCS has
demonstrated the modulatory effects of DC on the corticospinal tract, whereas the polarity-
specific impact of tDCS on more complex brain functions such as sensory [14,20,21],
learning or memory processes [14,22,23,38] has been determined in alert animals.

In contrast to the great number of studies employing tDCS performed in animal models,
tACS effects have been less explored in animals. Most of what we know about tACS
mechanisms has been obtained from slices and anesthetized animals, where a few pioneering
studies showed that the sensitivity of hippocampal neurons to AC fields in brain slices drops
as an exponential decay function of frequency [39], and that low-frequency tACS (0.8-1.7
Hz) is capable of entraining neurons in cortical areas of anesthetized rats Additionally,
ultimate effects associated to low-frequency tACS (2-6 Hz) observed in anesthetized rats
could be explained through a model of cortical excitation/inhibition balance However, alert
animals provide a more appropriate physiological condition for testing, which could expand
our knowledge of the underlying mechanisms of tACS. Indeed, the application of tACS in
alert animals has demonstrated that the sub- or supra-threshold nature of associated effects
depends on the frequency of the current used, evoking motor potentials and tactile sensations
when administered to the motor or somatosensory cortices, respectively, at specific
frequencies [42]. In addition, low-frequency tACS (0.05-10 Hz) applied in alert animals
modulates sensory evoked potentials [42], sleep-dependent memory consolidation [23], and
sensory adaptation to visual stimuli [43].

Finally, the most recent protocol used in human studies (normally implemented in human
tES-devices) is tRNS, in which electrical currents are applied between active and reference
electrodes, following a random-noise frequency pattern (Fig. 1A). Surprisingly, although
tRNS has been shown to increase human cortex excitability [44] and enhance learning and
performance in children with mathematical learning disabilities [45], this protocol has not
yet been published in an animal model. One study has tried to shed light on the basic
mechanisms underlying tRNS, using optogenetic tools to explore the effects of noise
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photostimulation in anesthetized mice; the study found that tRNS amplifies the signal-to-
noise ratio of sensory evoked potentials [46].

It is clear from the available data that using animal models in tES studies, which allows
invasive recordings and manipulations offers a great advantage in disentangling the
neuromodulatory effects associated to this type of stimulation. Furthermore, animal-based
investigations provide a valuable testing environment for the development of new protocols
intended to improve tES administration.

Exploring new protocols and overcoming tES limitations

Experimental results acquired by present tES methods, mainly tDCS, tACS and tRNS, are
highly variable and often contradictory across studies [47]. The high potential of these
methods in brain neuromodulation is reason enough to explore new stimulation paradigms
aiming for higher focality and allowing deep-brain stimulation in order to optimize the
desired effects. These new protocols differ from the conventional application of tES in two
ways: 1) in the waveform and duration of the injected current and 2) in the number of
electrodes used for electric current application.

Due to the decay of the electric field intensity with increasing distance, present tES
approaches primarily focus on the stimulation of superficial brain structures. Nevertheless, it
has been reported that /n-vivo tDCS produces a lasting effect on deep-brain structures such
as the hippocampus or the striatal nucleus [48-50]. Several studies have demonstrated the
modulation of remote brain structures with respect to the stimulation electrode [37,50]. This
indirect modulation could be caused by changes in the input activity, reflecting a nearly
straightforward but attenuated copy of the direct effects at the cortical stimulation site [49].
In addition, it is known that tDCS [38] and tACS [23] can modify LFP power and coherence,
inducing an indirect modulation of the oscillations that functionally connect distant brain
regions. In any case, it is not clear whether reported tDCS-associated effects in deeper
structures are due to the stimulation of superficial areas that project to these structures
[51,52], or to direct effects of exogenous electric fields in deep local populations of neurons.
It is important to note that animal studies typically use density currents at one or two orders
of magnitude higher than human tDCS experiments [32]. To address this issue, we need to
carefully model the electric fields to better estimate the strength of the applied electric field
and design experiments that more faithfully mimic what we expect to see in the human
(electric fields of the order of 1 VV/m [9]).

With the aim of overcoming limitations faced by present tDCS protocols, in which direct
effects are theoretically restricted to superficial brain regions, a new approach combining
different high-frequency oscillatory electric fields, called temporal interference (T1)
stimulation, has been recently proposed. This unconventional concept consists in delivering
multiple electric fields at specific frequencies (around 2 kHz) thought to be too high to
interfere with neural activity, but which together generate a complex new wave of an
amplitude modulated within the dynamic range of neural firing (10 Hz) [53] (Fig. 1B). Thus,
the brain region where the original waves interfere is stimulated by the electric field
envelope of that new complex wave.
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This novel method is capable of modulating hippocampal neurons without affecting the
overlying tissue, as well as of evoking different motor patterns. However, as the neuronal
mechanisms that allow filtering for constant but not for variable amplitudes in high-
frequency signals remain unknown, the translational potential of this technique is limited. A
better understanding of neuronal filtering would be necessary to develop computational
models that predict optimal frequencies and electrode locations of the human scalp
optimizing stimulation focality and neuronal response [54].

On the other hand, optimization of present tES protocols implies improving focality of the
exogenously applied electric currents that interact with neuronal networks at the desired
location, thereby minimizing effects in surrounding brain regions. Considering that most of
the published tDCS studies performed in humans use large sponge electrodes (25 — 35 cm?2)
[2], a great margin for improvement could be expected. Nevertheless, a substantial reduction
in size of the transcranial stimulating sponge electrodes without decreasing the current
delivered necessarily implies an increase in current density, which could provoke discomfort
in the subjects and other undesired effects.

New tES protocols have emerged that use several small-size electrodes to administer the
stimulation to the desired brain region from a “multifocal” perspective. This technique has
been effective in both human [55,56] and animal [14,42] studies. Recently, a new spatially
focused tES protocol, tested in humans and rodents, has been proposed, consisting in the
sequential application of very short pulses that converge at specific brain regions [57]. In this
method, called “intersectional short pulse” (ISP) stimulation, several electrode pairs
strategically located over the scalp are sequentially activated in a spatio-temporal rotating
pattern, focusing the strongest modulatory effects in a spatially confined region (Fig. 1C).
Unlike the previously cited multifocal approach, current injection in ISP stimulation can
reach higher intensities (while keeping charge density and sensations at the scalp surface
relatively low) through the activation of each pair of electrodes for just a few microseconds.
In this way, modulation of the neuronal activity can be spatially focused since neurons
perform a temporal integration of electrical gradients in the order of milliseconds. Although
this stimulation paradigm holds great potential, the conclusions made by the authors,
supported by measurements in rodents and cadavers, may not be applicable to future studies
performed in living humans. The recording of electric field strengths in living humans is still
required to determine optimal protocols and intensities, which is essential to translationality
of the technique [58-60].

Finally, unconventional tES protocols using a transcranial electric field with different
waveforms constrained in the temporal domain have also been employed. The application of
these protocols, administering AC [42] and Gaussian [61] waveforms in the millisecond
range (100 and 50 ms, respectively), induced tactile perception to natural stimuli during an
associative learning paradigm [42] and resulted in reduced spike-and-wave episodes in
response to seizure-triggered feedback in epileptic rats [61]. Therefore, tES shows potential
as a valuable non-invasive tool for closing the loop in computer-to-brain communication
feedback.
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Conclusions

Although animal models differ from human experiments in important parameters, including
brain size, simplified cortical geometry, brain state and higher current densities, that may
limit translational utility, these potential problems are beginning to be attenuated by the
increasing number of species involved (including mice, rats, rabbits, cats or monkeys) and
improved control of the density of injected currents. Accordingly, animal models offer a
unique opportunity to disentangle the mechanisms underlying the effects of well-established
tDCS protocols and to explore new therapeutic approaches. Although the number of tDCS
studies using animal models has exponentially increased in recent years, experiments
focused on tACS and tRNS are scarce in animal-based research, in part as a consequence of
introduced artifacts in the recordings based on stimulation protocols. Resolving these
technical issues will be important in future efforts to disclose basic mechanisms triggered by
new methods such as tACS and tRNS.

Animal models are an excellent choice to explore unconventional protocols of non-invasive
stimulation, eliminating limitations of current protocols, such as low focality and insufficient
stimulation of deeper structures. Thus, the future of non-invasive tES relies on both an
improved understanding of underlying mechanisms and the development of new protocols
that reduce current limitations by applying recently acquired knowledge.
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Abbreviations:

AC alternating current

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BDNF brain-derived neurotrophic factor

DC direct current

EEG electroencephalography

ISP intersectional short pulse

LFP local field potential

mGIuR5 metabotropic glutamate receptor 5

NMDA N-methyl-D-aspartate

tACS transcranial alternating-current stimulation
tDCS transcranial direct-current stimulation

tES transcranial electrical stimulation
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TI temporal interference

tRNS transcranial random-noise stimulation
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Highlights
. Animal models play a key role disclosing the mechanisms underlying tES
effects.
. Novel strategies for tES are overcoming major limitations of current
protocols.
. Translationality of animal-based tES studies to applications in humans is
increasing.
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Comparison of tES protocols applied to animal models. On the left, schematic rodent skull
with the location and relative size of the electrodes used for the different protocols. On the
right, schematic shape of the electric current applied to the skull. A) Conventional tES
protocols (from top to bottom, traces corresponding to tDCS, tACS and tRNS). An active
electrode is placed over the region of interest, with a distant reference electrode, for the
application of long-lasting weak electric fields. B) Temporal interference (TI) protocol.
High-frequency electric fields are applied at strategic locations; frequencies differ in the
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neural firing range. Upper blue and red traces represent electric current applied to electrode
1 and 2 (left panel). The lower black trace represents the sum of both signals in the
stimulated region, showing a slow amplitude modulation resulting from the progressive
phase shift between the original electric currents. In this example, signals from 2.2 and 2
kHz waves are used to facilitate the visual interpretation of the protocol. Vertical dotted lines
indicate when the two signals are in antiphase or phase. C) Intersectional short pulse (ISP)
protocol. Temporal application of pulses to the three pairs of electrodes, shown
schematically on the left, is depicted at microsecond scale.
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