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Abstract: Experimentations with animal models spanning decades have characterized a number
of effects of weak electric stimulation (ES) on neurons and brain activity. By “weak” we mean
electric fields that are too weak to activate otherwise quiescent neurons. Low-intensity (few mA)
transcranial electrical stimulation (tES) produces weak electric fields in the brain. The effects that
have been observed for such weak fields include acute polarization of neurons, lasting
modulation of neuronal excitability, network effects which can amplify small single-neuron
effects, synaptic plasticity, effects on glia, and other non-neuronal effects such as inflammation,
although the latter tend to occur mostly for stronger fields at longer stimulation durations. These
effects will be reviewed here as candidates for the mechanisms that underlie the effects observed
of tES in humans. We further review animal studies that are relevant to specific clinical
pathologies.
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1. Neuronal Polarization and Need for Amplification

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

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

1.1 The Somatic Doctrine

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

It is often the case that the compartments at one end of a neuron are hyperpolarized while the
compartments at the other end are depolarized, so that the profile of membrane polarization
appears as a gradient from one end of the neuron to the other [3]. The relative direction between
the neuron morphology and the electric field determines the sign of polarization across
compartments. As it has been demonstrated in single-neuron recording, DCS in the “anodal”
direction results in depolarization of soma and basal dendrites but hyperpolarization of the apical
dendrites in an L5 pyramidal neuron, with polarization maximal when the electric field direction
is parallel to the somatodendritic axis [4]. Reversing the direction of current flow to the “cathodal”
direction, inverts this polarization profile (Fig 6.1). For ACS, opposite ends of a neuron remain
polarized in opposite directions, with the polarities alternating with each ACS phase [5-7] - as
the direction of current flow switches between the anodal and cathodal directions.

Polarization of soma can shape the excitability of a neuron as it plays an important role in action
potential generation. The “somatic doctrine” tries to explain the effects of the electric field based
on somatic polarization alone. As summarized below, early studies in animal models supported
soma-centered explanation for changes in firing rate, and ongoing studies expanded on such
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effects. At the same time, polarization by electric fields of other neuronal compartments such as
dendrites, axon hillock, and axon, has been shown to affect the excitability of neurons. Human
studies are predominantly designed and interpreted in light of somatic polarization. Indeed the
canonical human neurophysiology tDCS that heralded our contemporary area of low-intensity
tES studies, reported polarity-specific effects consistent with the somatic doctrine [8]; though
ongoing human studies show nuanced dose and polarity response [9]. Thus, for all its limitations,
the somatic doctrine remains an important basis to start understanding weak stimulation
mechanisms. .

We emphasize that the current has a complex spatial flow in the brain during electric stimulation.
In an lissencephalic brain, brain regions under the anode electrode and cathode electrode are
exposed to radially-inward (anodal) and radially-outward (cathodal) direct current flow, however
intermediate brain regions are stimulated with tangentially-direct current flow [10]. For folded
cortex, current crossing across gyri can create a highly mixed pattern of directionality even
directly under electrodes, though overall there is more inward/outward radial current near the
anode/cathode [11]. The application of the somatic doctrine, as used in explaining tDCS clinical
studies, assumes a consistently directed radial current flow in a region of interest, and assigns
no somatic polarization in regions with tangential current flow. Tangential currents cannot simply
be overlooked as animal studies have demonstrated that tangential current flow affected synaptic
efficacy acutely during DCS in hippocampal and cortical slices [3,11,12]. Cortical folding is thus
a complication concerning the directionality of the current flow and resulting polarity-specific
soma polarization. Electrode montage influences the non-uniformity of the electric field across
cortical patches. Consequently, the somatic doctrine is dependent on electrode montage and
this can complicate the interpretation of clinical results [31].

1.2 Early Evidence on Modulation of Excitability, Polarity Specific Effects

While a historical review of electric stimulation is beyond the scope of this chapter, it is helpful to
review a few early studies, which motivated the somatic doctrine. In 1870, a report on the effects
of electric stimulation on the brain by Fritsch and Hitzig demonstrated that a negative current can
suppress cortical excitability while a positive current can enhance it [13]. (Positive and negative
here means inward and outward flow of positive charges, respectively. In clinical studies, they
are referred to as anodal and cathodal stimulation). This early finding suggested that the brain is
electrically excitable. Later, it was revealed that electric stimulation is capable of modulating
ongoing firing patterns whereby a positive current stimulation increased neuronal firing rate and
a negative current stimulation had an inhibitory effect on neural discharges [14,15]. To explain
their observation, Creutzfeldt claimed that changes in neural excitability are epiphenomenal
results of electric stimulation [15]. Terzuolo and Bullock assigned a physiological role to electric
field stimulation [14]. The recent work on the effects of electric field stimulation is mostly in
agreement with the latter hypothesis suggesting a direct effect of electric field on excitability [16—
19]. The polarity of these effects is consistent with the polarization of the soma, namely, positive
currents will depolarize the soma and therefore facilitate firing [12]. However, there has been
recently an ongoing debate on whether peripheral nerve stimulation can have a causal role in
the reported effect with regard to tACS [20,21].
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The polarity specific effects on neural firing were confirmed by further animal studies in the early
1960s [22,23]. Additionally, the change in excitability due to the electric field seems to
accumulate over time and can outlast the period of stimulation. These results alongside other
findings such as modulation of epileptic discharges [24] and lasting effects through protein
synthesis [25] supported the importance of the somatic doctrine in explaining the effectiveness
of the electric field.

1.3 Polarization of Non-somatic Components

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

Dendritic trees are also electrically excitable membranes and electric stimulation can influence
them to evoke subthreshold or suprathreshold activities [26]. In a pyramidal neuron, membrane
polarization of basal dendrites has the same sign as the soma, while the apical dendrites are
polarized in the opposite direction [2,3]. Subthreshold stimulation can influence the synaptic input
since electric fields can change the strength of dendritic input in the postsynaptic neurons [27].
This can be a key factor in the modulation of synaptic plasticity and it will be discussed in more
detail in Sec 6.2. Dendrites are also capable of exhibiting activities such as spiking during a
suprathreshold stimulation [2,28—30]. It is worth noting that star-shaped neurons such as basal
ganglia neurons and thalamocortical cells can be polarized in the same way with different electric
field directions [31].
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Fig. 6.1 The principle of somatic doctrine and polarization (Adapted from [37]). (a) Schematic of
how a neuron will be polarized under different electric field polarities. (b) Quantification of somatic
polarization in cortical neurons of rats during DCS.

Axons are also sensitive to electric fields. The magnitude and sign of axonal polarization depend
on their morphology [32—-34]. While the initial segment of the axon is most likely polarized with
the same sign as soma [28], this assumption does not necessarily hold up for the rest of the
axon. Acute brain slice studies indicate that electric field stimulation can modulate the excitability
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of axons by measuring changes in presynaptic (antidromic) volley [3,12,35]. While the previous
studies conducted extracellular recordings, an interesting finding in a recent study in mouse
cortical slices demonstrated that the axonal terminals are 4 times more sensitive to electric field
stimulation compared to the soma [36]. They also showed that modulating membrane potential
of axonal terminals can shape action potential dynamics and synaptic input.

1.4 Membrane Polarization and Coupling Constants

Quantifying polarization of various compartments is a key step towards developing a predictive
understanding of the effects of electric stimulation. Using electrophysiological recording from the
turtle cerebellum, Chan et al. measured the amount of polarization during stimulation with a very
low-frequency sinusoidal current [28,38]. They reported morphology details of a neuron are key
factors determining the sensitivity of a neuron to electric stimulation. Using the rat brain slice,
this work has been extended to hippocampal and cortical neurons with the approach of
intracellular recording polarization during weak DCS [3,11,39,40]. The basic observation is that
membrane polarization increases linearly with field magnitude [3], provided the fields are small
enough, i.e. <30 V/m [4], to not engage non-linear channel properties. In other words, stimulation
intensities are not strong enough to significantly activate voltage-gated channels and thus the
passive properties of membrane determine the amount of polarization.

The amount of polarization that is induced by an applied electric field in this linear regime can be
quantified by the coupling constant, also referred to as the ‘coupling strength’ or ‘polarization
length’ [4]. Under a uniform electric field, the membrane polarization, Vi (in Volts) can be
expressed as: Vin=G*E where G is the coupling constant (in V per V/m, or simply: m) and E is
the electric field (in V/m) along the somatodendritic axis. Based on experimental results, the
somatic coupling constant, G, was reported to be in the range of 0.1-0.3 mm for hippocampal
and cortical pyramidal neurons in rats [3-5]. Additionally, the measured coupling constant of
ferret cortical neurons is approximately 0.25 mm [16].

The orientation of a neuron with regard to the electric field affects both sign and magnitude of
coupling strength. In other words, the maximum magnitude of polarization across the
somatodendritic axis occurs when the electric field is parallel to this axis [3,28]. This corresponds
to an electric field radial to the cortical surface. Additionally, the magnitude of somatic polarization
depends on the length of the neuron and the dendritic asymmetry around the soma in
accordance with both experimental [4,41] and computational studies [42]. Polarization is
strongest at the distal ends of a neuron, whereas there is no polarization of the middle
compartments of the neuronal structure. Therefore, interneurons with a soma in the center of the
cell will not experience somatic polarization, whereas pyramidal neurons that have a soma
located at the basal end of the cell will experience relatively stronger somatic polarization [4].

So far, we have discussed findings on the amount of polarization during DCS. To address the
same issue during ACS, Deans et al demonstrated an approximate inverse relationship between
the amount of polarization and frequency of stimulation [5]. According to their results, the effects
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of ACS at 10 Hz were similar to those of DCS while the effectiveness of the electric field
decreased with frequency due to the capacitive properties of the neuronal membrane. This
inverse relationship suggests that high-frequency stimulation should be less effective.

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

Measurement of the electric field in the human brain revealed that the peak of the electric field
in the brain is about 0.3 V/m for 1 mA current intensities [43]. Considering this electric field
intensity, the maximum somatic polarization for the most sensitive neurons is about 0.1 mV. With
2 mA tES which is fairly prevalent in clinical trials, somatic polarization will be less than 0.2 mV.
Compared with the endogenous background activity in the brain, this amount of polarization is
relatively small. Alongside the results from animal studies and the minimum electric field needed
to observe a meaningful effect of electric stimulation, one might ask how this small amount of
electric stimulation can alter behavioral outcomes in humans. In what follows, we will try to
explore the possible answers to this question on the level of a single neuron or a network of
neurons.

1.5 Amplification through both Timing and Rate

At the level of a single neuron, a weak electric field can modulate the occurrence of action
potentials. An action potential is an all-or-none response that occurs when the somatic
membrane potential is sufficiently depolarized. Once this threshold is reached the neuron is said
to “fire” or “spike”. The threshold of depolarization needed to generate a spike in action potential
varies with the type of neurons but in general, is about 20 mV above the resting potential. Since
weak tES is unable to polarize a neuron to this extent, the effect of polarization can only modulate
ongoing activity by facilitating or suppressing neuronal firing. One frequent argument is that
neurons are close to the threshold of firing due to ongoing activity. Consequently, a small amount
of polarization can make a significant change in spiking behavior. Animal experiments have
demonstrated modulation of both the firing rate and the specific timing of action potentials
[5,6,14,16,17,19,44].

In 1965, Terzuolo and Bullock used a preparation of the non-adapting stretch receptor of the
crayfish abdomen and also of the cardiac ganglion of the lobster to study the effect of electric
fields on neural firing [14]. They were able to show that neural firing in an active state was
remarkably influenced by DCS as low as 1 V/m in a single neuron. In addition, current intensities
of more than 20 times of this amount were needed to elicit a spike when a neuron is at rest state.
Reato et al demonstrated an effect of weak electric stimulation on gamma activity in vitro with
field magnitudes as low as 0.2 V/m [17]. Computational modeling suggested that this modulation
was significantly affected by network interactions. Recently, Voroslakos et al reported that fields
of 1 V/m can achieve a significant effect on spiking activity in deep layers of the rat visual cortex
[44]. However, this intensity was not strong enough to modulate network oscillations.
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As we mentioned earlier, weak electric fields can also modulate spike timing when a neuron is
in an active state. Using intracellular depolarizing current injection into CA1 pyramidal neurons
(Fig. 6.2a), Radman et al found that DCS can modulate the latency of spiking depending on its
polarity [6]. Positive DCS can shorten this latency while negative DCS can increase it compared
to the control condition. Moreover, they also reported that changes in spike latency can be
guantified by multiplying electric field-induced membrane polarization by the inverse of the
current ramp slope (Fig. 6.2b and 6.2c). Therefore, the slope of the current ramp is the gain for
the amplification, and DCS can be more effective in spike latency modulation when this slope is
smaller. Another interesting finding in their work is how ACS can modulate oscillatory responses
generated by current injection in a neuron. They found that an alternating electric field as low as
1 V/m is able to induce coherent spiking in neurons oscillating at 30 Hz, i.e. gamma oscillation.
Later, a more detailed quantification was introduced to describe the relationship between the
spike timing phase and the coupling constant for biophysically realistic CA1 pyramidal neurons
[45]. It is essential to note that the reported effect can only be due to amplification at a single
neuron level. Research on entrainment in neural networks during ACS has indicated electric
fields as low as 0.2 V/m can be significantly effective [17]. By comparing these values, one might
suggest that amplification can be enhanced more at the network level.
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Fig. 6.2. (a) Schematic of the experimental setup in which a depolarizing current ramp is injected
into a pyramidal neuron during DCS or control condition. (b) Schematic of timing amplification.
(c) Intracellular response to depolarizing current ramp with 0.4 nA/s (left) and 0.7 nA/s (right) in
control (black) and cathodal DCS (blue) conditions (Adapted from [6]).

It is not clear how these in vitro results in rodent slices translate to clinical studies. Krause et al
performed single- and multi-unit activity recording from the prefrontal cortex of macaque [46].
Their gyrencephalic cortex and skull thickness, that is close to that of humans, make macaque
an ideal animal model. Their study revealed that the spike timing could only be modulated by
tDCS with intensities similar to those used in clinical trials while the firing rate is not affected. In
addition, intracellular recording from neurons in deep brain structures demonstrated that tACS
with intensities within the range of human experiments affected spike timing but not spiking rate
in alert nonhuman primate [47]. Overall, these results suggest that low-intensity electric fields
are capable of shaping neural activity in the human brain.
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What can explain these aforementioned sensitivities to weak electric stimulation in an active
state? One frequent argument is that neurons are close to the threshold of firing due to ongoing
activity. Consequently, a small amount of polarization can make a significant change in spiking
behavior. It is important to emphasize that the level of amplification can depend on neuron types
since the coupling constant is not the same for all types of neurons.

While low-intensity tES has subthreshold effects on neurons, simultaneous electric field
stimulation with ongoing neural activity can result in suprathreshold responses and long-lasting
changes in neurons. However, it is still an ongoing debate on whether to apply the electric field
before or during a behavioral or cognitive task [48].

1.6 Seizure Threshold and Modulation

Since somatic polarization is a key factor in triggering seizures during stimulation, considering
the coupling constant can be insightful with regard to field intensities capable of modulating
seizure. tDCS can generate <1 V/m electric field in the brain resulting in subthreshold membrane
polarization. In contrast, TMS or Deep Brain Stimulation is able to produce fields of 100 V/m
which generates suprathreshold activation of neurons. In vitro animal studies showed DCS over
20 V/m, which corresponds to >60 mA tDCS, can generate spikes in neurons with the most
sensitivity to electric fields [6]. Additionally, it is reported that electric fields about 100 V/m, which
corresponds to >500 mA tDCS, are capable of triggering epileptiform activity in acute
hippocampal slices [3]. It is noteworthy that these values were recorded in quiescent brain slices
and they may vary in an active network. In line with somatic doctrine, experimental results
suggest electric fields as low as 1 mV can affect ongoing epileptiform activity [49-53]. In
particular, negative DCS can suppress ongoing epileptiform activity due to hyperpolarizing soma
and positive DCS can enhance this activity because of further somatic depolarization.

2. Synaptic Processing and Plasticity

Many of the effects discussed above are acute, i.e. they are observed during the period of
stimulation and disappear when stimulation stops. However, clinically we are interested in
changes that outlast the period of stimulation. Synaptic plasticity is known to be one of the
underlying mechanisms of learning and memory formation [54]. It is often argued that the lasting
effects of stimulation of tDCS may be mediated by synaptic plasticity [40,55-58]. This section
addresses the contribution of animal studies to understanding plasticity generated by weak DC
electric fields only. We do not have enough data on AC electric fields.

Animal studies in the 1960s established that weak DCS could produce lasting physical changes
in neural activity. These sustained changes could not be explained as persistent “reverberating
circuit” of activation [59,60]. Especially notable are the animal studies by Bindman and
colleagues that showed that prolonged DCS can produce polarity-specific and lasting changes
in cortical excitability [22]. This motivated their early work treating depressive patients with tDCS
[61,62]. Persistent changes in excitability were observed in a study using stimulation protocols
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lasting up to 13 min in humans [63,64]. These multi-minute protocols are frequently adopted in
tDCS research. Lasting changes with ACS have recently been demonstrated in animals when
endogenous neural oscillations were present [65]. Long-lasting changes beyond the transient
effects of DCS- and ACS-induced polarization would require synaptic changes or changes in
neuronal excitability [40,66—68]. In a recent study, the impairment of LTP of cerebellar purkinje
cells resulted in the elimination of the effect of andoal DCS on vestibulo-ocular reflex habituation
[69]. This study depicts the dependency of DCS-induced positive effect on underlying plasticity
during a cerebellar task. Moreover, both in humans and animal studies, changes in synaptically
mediated evoked responses are considered reliable hallmarks of long-term plastic changes that
could support lasting clinical effects [40,46,67,70-72].

2.1. Paradigms for Modulation of Synaptic Plasticity by Electric Stimulation

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

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

2. Changes in action potential rate or timing, secondary to neuronal polarization, may
affect synaptic efficacy since they are important factors in determining synaptic plasticity.
Classic animal studies indicated that weak DCS is sufficient to induce short- and long-
term plastic changes [23,25]. However, these studies do not directly provide a causal link
between altered neuronal activity during stimulation and prolonged after-effects.

3. Incremental polarization of the membrane in combination with ongoing synaptic activity
may induce synaptic plasticity. The theory is that the induction of plasticity requires
synaptic coactivation during ES. It has been shown that in vitro synaptic potentiation
under anodal stimulation only occurs with concurrent synaptic stimulation at specific
frequencies [40]. In a rabbit study, DCS was combined with repeated somatosensory
stimulation leading to polarity-specific lasting changes with cathodal stimulation [67]. If
one assumes that tES exerts a postsynaptic priming effect, i.e., polarization of soma, then
coactivation of afferent synaptic input could be conceived as Hebbian reinforcement. This
learning mechanism has been shown in cortical slice models as well as in vivo [73,74].
Clinically this plasticity paradigm is broadly analogous to combining tES with a cognitive
task or specific behavior that coactivates a targeted network or combining tES with TMS
[75-78].

4. Incremental polarization of the membrane may boost ongoing endogenous synaptic
plasticity similar to a model of associative learning [67] and has been shown to follow the
rules of Hebbian plasticity — specificity and associativity in hippocampal slices [55].
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Clinically this paradigm is analogous to combining tES with training [79]. Synaptic
plasticity experiments typically distinguish between a long-term potentiation (LTP) of
synaptic efficacy and long term depression (LTD). It has been shown in rat visual cortex
slices that the same tetanic stimulation induced LTD or LTP depending on the level of
polarization of the postsynaptic neuron [80]. Hence incremental polarization of the
membrane may modulate LTP/LTD.

5. Meta-plasticity is defined as sustained polarization before or after the generation of
endogenous plasticity that “primes” the brain to respond differently to potentiation [81].
Evidence from brain slices shows that priming with DCS modulates subsequent tetanus-
induced synaptic plasticity in a polarity-specific manner [82].

6. Oscillatory network dynamics that induce LTP, which when modulated can result in
lasting effects of electric fields [19,83]. Such modulation may reflect interference with the
finely tuned excitatory-inhibitory synaptic balance during oscillations [17].

7. Synaptic tagging and capture hypothesis could offer another explanation for the
observed effect of ES [84,85]. In this case, ES might be guiding the process of formation
of molecular tags for some plasticity proteins whose synthesis is induced by successive
strong synaptic stimulation, either tetanic or theta-burst. There might be different origins
for the formation of these molecular tags ranging from ES exposure induced modification
of existing proteins to changes in spontaneous neuronal spiking and/or miniature synaptic
potentials, or even the expression of new proteins by early gene induction. DCSS is
indeed shown to modulate the response to a successive protocol of synaptic potentiation
in a polarity-specific manner [82]. The influence of DCS on cortical plasticity has also
been demonstrated in humans [86,87].

Aside from these possible synaptic plasticity effects, there may be non-synaptic origins of lasting
plastic changes following ES. Though the synapse is typically considered the locus of plastic
changes, “non-synaptic” changes have been noted after DCS in peripheral axons [66]. In brain
slice models, where background synaptic activity is absent, orthodromic synaptic and antidromic
non-synaptic axonal inputs can be precisely isolated. This allows more precise isolation of
synaptic and non-synaptic mechanisms. However, functional outcomes of non-synaptic changes
in the CNS would still be expected to affect synaptic processing [88].

2.2. Effects of Direct Current Stimulation on LTP and LTD in vitro

A wide array of animal studies using tetanic stimulation to induce LTP/LTD have demonstrated
multiple forms of plasticity involving distinct pre- and post-synaptic mechanisms on distinct time
scales. DCS-induced lasting changes in excitability were reported [22] a decade before the well-
lauded discovery of LTP by Bliss and Lomo [89]. However, the research on tetanic LTP outpaced
the investigation of the DCS-induced plasticity changes.

LTP/LTD induced by either tetanic stimulation or DC may, unsurprisingly, share some common
molecular substrates [25,82,90]. NMDA receptor-mediated LTP/LTD are the most common
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forms [91], and have been implicated in lasting tDCS effects in both humans [92] and rodents in
vivo [93], and in vitro DCS-induced plasticity [40,56].

DCS with the anode closer to CA1 apical dendrites is referred to as anodal stimulation as this
corresponds to a positive inward current for cortical pyramidal neurons. Conversely, DCS with
the cathode closer to CA1 apical dendrites is referred to as cathodal stimulation. So anodal DCS
would depolarize soma and basal dendrites, and hyperpolarize apical dendrites. Conversely,
cathodal DCS would hyperpolarize soma and basal dendrites, and depolarize apical dendrites.
A study done by Grassi group in hippocampal CA3-CA1l synapses exhibited an increase and
decrease in LTP with anodal and cathodal DCS, respectively [82]. Subsequent studies
highlighted the fact that DCS modulation effects are not as binary and simple [55,56]. These
studies identified DCS as a modulator of synaptic activity, not its inducer. They also brought
attention to the dependency of the DCS-modulation effects on spatial and temporal patterns of
endogenous synaptic activity. When DCS at 20V/m was coupled with tetanic plasticity induction,
anodal stimulation enhanced LTP in basal dendrites while cathodal stimulation enhanced LTP in
apical dendrites. Interestingly, both anodal and cathodal stimulation modulated LTD in the same
direction [56]. This asymmetry of DCS effects might arise from ceiling effects of one/multiple
cellular processes that design the endogenous state in a way that its modulation is allowed only
in one direction.

Afferent axonal polarization is shown to drive the changes in synaptic activity during DCS [39].
The observed changes are probably due to the orientation of pre- and post-synaptic neurons
relative to the electric field. Paired pulse analysis in both rabbit and rodent models also pointed
to the presynaptic origin of these tDCS-induced effects [67,93], while the other studies did not
find tDCS affecting the presynaptic component [56]. There is a unified emphasis on the DCS-
induced change in the postsynaptic membrane potential during the endogenous synaptic activity
that drives its effects on ongoing synaptic activity [39,55,56,82]. In any event of DCS, there is
simultaneous depolarization and hyperpolarization of different compartments within the same
neuron, i.e., the polarity of soma and the basal dendrites is opposed to that of apical dendrites
and that leads to varying effects as discussed below.

Contrary to the DCS-induced effects on tetanic-LTP, the modulation of TBS-LTP isn’t as
complex, as depicted by the studies done in CAl1 Schaffer Collateral synapses (Fig.6.3).
Irrespective of the dendritic location of the electrodes, anodal stimulation augments the existing
LTP whereas cathodal DCS seemed to not affect LTP in either of the compartments [55]. Why
is this discrepancy in the observation of DCS effects in the two scenarios? This could be
explained by the general principle proposed by Kronberg et al [68]. In an event of endogenous
plasticity being primarily driven by the somatic sources of depolarization, e.g. spikes, as is the
case with TBS-LTP, DCS-induced polarization at the soma determines the effects on plasticity.
In this case, no matter the dendritic location, anodal stimulation will depolarize the soma that will
result in an enhanced LTP. When dendritic sources of depolarization, e.g. subthreshold
depolarization of dendritic spikes, primarily drive the endogenous plasticity, such as in most of
the tetanic-LTP forms, DCS-induced polarization at the dendrite determines the effects on
plasticity. Since different dendritic segments don’t share the same sign of polarity, the observed
modulation of synaptic plasticity varies depending on the type of stimulation and the location of
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electrodes. It is, therefore, the interaction between the induced electric field, neuron morphology,
and the endogenous brain dynamics that determines the DCS-mediated synaptic function output
[55].

In the same study, ACS (5 Hz) when coupled with TBS bursts that were timed to either the peak
or the trough of the sinusoidal AC, resulted in the modulation of TBS-LTP as described (Fig.6.3c).
The applied electric field at the peak of the AC was identical to anodal constant current, whereas
the one at the trough of the AC was identical to cathodal constant current. The effects of AC
were similar to those of the analogous constant current paradigm, indicating that plasticity
modulation is consistent with the instantaneous incremental membrane polarization on a
millisecond timescale [55].

a b c
4x 100 Hz
= Y 15 x 5 Hz
= e | |+20 v/ A
5 £ E-ﬁeldI | E-field
3s -20 V/m Trough TBS
o 1.7 P,
2 21.9
5)
W15 % $i
g 2 @ 5
£ 2 a3 Dis
S - w w
. 1.3
£1.1 :
b ) s g 1.1
Membrane polarization (m 2 0.9 =
" Polarization (L) o 20 a0 60 80 0.9

o

20 40 60 80
Time (min)

3240123 Time (min)

Fig. 6.3: Effect of electric fields on TBS-induced LTP in the hippocampal Schaffer Collateral
pathway. a) Top: Schematic of the experimental setup, showing the orientation of electric fields
generated by parallel wires (black). Location of stimulation (Stim) with TBS and recording (Rec)
of fEPSP are indicated relative to a CA1l pyramidal neuron soma (black triangle). Bottom:
Membrane polarization throughout a model pyramidal neuron in response to 20 V/m anodal (red)
or cathodal (blue) DCS. Green compartments are depolarized due to DCS, while magenta
compartments are hyperpolarized by DCS. b) Constant current stimulation applied during TBS
modulates the resulting LTP. ¢) ACS (5 Hz) was applied and TBS bursts were timed to either the
peak (red) or the trough (blue) of the sinusoidal AC. LTP was induced at the 20 min mark.
(Adapted from [55]).

Another emerging aspect is the compliance of Hebbian rules by DCS modulation. The
modulation effects of DCS are not only input specific but also exhibit associative properties [55].
These results align with the tDCS-induced facilitation of associative learning in the primate brain
[46].

Since electric stimulation has a distinct modulatory effect on various compartments of the neuron
(see Section 6.1), the interaction between the multiple compartments makes it difficult to predict
the outcome on synaptic plasticity. Prolonged tDCS will trigger effects operating on both shorter
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time scales, e.g. membrane polarization and plasticity induction, as well as longer time scale,
e.g. cell motility and immune responses. Different mechanisms will then interact with each other
to produce the results.

2.3. Molecular Mechanisms of tES induced effects on Synaptic plasticity

Since the tES-induced effects are primarily driven by the influence on the underlying synaptic
plasticity, it is no surprise that the molecular underpinnings of these observed effects are similar
to what forms the basis of induction and maintenance of synaptic plasticity. For example, the
BDNF/TrKB pathway that is a potent modulator of these common forms of LTP/LTD [94], has
also been implicated in lasting tDCS effects in both humans and in vitro animal studies [40,82].
BDNF/ TrkB was also shown to mediate the metaplastic effect of anodal DCS on the induction
of hippocampal CA1 LTP [95]. In addition, BDNF val66met polymorphism, that partially affects
activity-dependent BDNF secretion, impaired motor skill acquisition in both humans and mice
[22]. The enhancement of anodal tDCS-induced motor learning was subjective to the secretion
of activity-dependent BDNF-.

Towards the end of the 20th century, stimulated brain slices were probed for different possible
molecular targets. DCS was found to affect cyclic adenosine monophosphate ‘cAMP’, the protein
kinase C family ‘PKC’, and calcium, each of which play a role in LTP/LTD [90,96]. Recent in vivo
animal work has shown the dependency of lasting tDCS effects on the adenosine Al receptor
[67] and NMDA receptor activation [93]. In vitro current stimulation of brain slices led to an
immediate increase in the c-fos and zif268, two of the immediate early genes known to regulate
downstream target genes [82]. These genes play an important role in the maintenance of long-
term neuronal changes and memory formation [97-101].

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

3. Morphological Changes

A plethora of in vivo and in vitro studies have highlighted the influence of high intensity electric
fields of more than 50 V/m on nervous development and regeneration [102,103]. While not
necessarily “weak” (as focused on in other sections of this chapter), and in some cases directed
to peripheral nerves with micro-electrodes, these results suggest a novel mechanism that may
impact tDCS/tACS outcomes. Electric fields are known to govern the directed migration of
neuronal cells, also referred to as electrotaxis. This is further linked to development, membrane
protein redistribution, cell proliferation, and recovery from injury [103-105]. A study in the
medullary explants from chick embryos exposed to an electric field of ~60 V/m featured the
preferential growth of neural processes towards the cathode, and their stunted development
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towards the anode [106]. Electric fields also affected the growth rate of the neurites, as they
could grow about three times faster towards the cathode at 70 V/m [107].

Electrotaxis has been extensively characterized in vivo. Application of 1 YA of current for 3 weeks
to a sprouting rat nerve resulted in an increase in responsiveness with anodal stimulation, when
cathode was placed in the direction of growth of the sprouting nerve, in the hind paw sensitivity
assessment [108]. Physiological correlates have also been measured in association with the
functional recovery of the neurons exposed to low intensity extracellular fields. Administration of
30-minute currents generating fields of approximately 10 V/m for 20 days, after the cut-suture
intervention of the sciatic nerve, resulted in nerve regeneration and electromyographic (EMG)
activity in 67% of the animals receiving stimulation. Here, growth was directed toward the
cathode, as compared to only 17% growth towards the reversed polarity [109]. Subsequent
studies further supported an increase in neurofilament growth towards the cathode in damaged
sciatic nerves [110], morphological regeneration after nerve transection [111], and complete
recovery of associated function [112].

Two plausible mechanisms underlie the axonal growth and guidance. First, the number of
cytoplasmic projections that guide axonal growth, also referred to as filopodia, towards the
cathode is double that of the ones growing towards the anode [113]. This might be serving as an
augmentation mechanism, not a necessary one, since galvanotropic behavior is seen without
filopodia. The second mechanism is electric field-induced receptor migration [113]. Acetylcholine
(Ach) receptors clustered towards both the anode and the cathode during DC stimulation of
Xenopus muscle cells at 400 V/m for 20-40 min, followed by continued accumulation towards
the cathode [114,115]. These receptors can increase intracellular calcium concentration via
second messenger pathways. This localized shift of intracellular calcium then promotes the
growth of neural processes.

In addition to affecting the axonal growth and guidance, electric fields are known to affect the
dendritic spines as well. In an ischemia rat model, daily 10 Hz, 0.1 mA tDCS over a period of two
weeks increased spine density and improved motor function [116]. Anodal tDCS at 2.2 mA/m?,
when combined with electrical forepaw stimulation, increased spine density and enlarged head
sizes of new spines in the sensorimotor (M1/S1) cortex [117]. This tDCS induced regrowth of
dendrites and axons was further supported by the upregulation of MAP-2, a critical protein in
dendritic outgrowth and remodeling, and GAP-43, a protein found in axonal growth cones [118].
DCS at 25 V/im and 50 V/m applied to differentiated neurons in vitro increased GAP-43
expression as well [105].

4. Network effects:

How electric field stimulation can modulate a neural network has been an active area of research.
The activity of neurons in an active network are different than those of neurons in a quiescent
state. Similarly, electric field stimulation can produce responses in an active network not
expected from single neurons. These responses are specific to the network’s architecture and
level of activity. A key aspect of network activity is rhythmic firing which results in oscillatory brain
signals. Both clinical trials and animal experiments reported that electric stimulation modulates
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oscillations in the brain [83,119]. It is essential to emphasize that the underlying mechanisms are
not the same for different endogenous oscillations in the brain, e.g. slow-wave, alpha, or gamma
oscillations have entirely different physiological origins. Consequently, the effects of electric field
stimulation on active networks are likely to depend on network dynamics leading to each type of
oscillation. In this section, we will summarize animal studies on how electric stimulation can affect
activities within neural networks with different techniques of stimulation and we will outline the
suggested explanatory mechanisms to this date.

Slow-wave oscillations that are common during sleep consist of a succession of high firing
activity (Up state) and almost no spiking state (Down state) [120]. Frolich et al showed that anodal
DCS (soma-depolarizing) can significantly reduce the duration of the Down state, while the Up
state was unchanged by weak electric fields. Based on their hypothesis, this resulted in a
reduction of the oscillation period. In rat hippocampal slices, gamma oscillations can be
modulated in amplitude with DCS and the modulation is strongest when applied fields are
oscillating at theta frequencies [17]. Later, the same group showed that prolonged DCS caused
lasting effects on gamma oscillations and multi-unit activity [19]. Recordings in non-human
primates showed that tDCS with 2 mA had a significant effect on local field potentials in a broad
range of frequencies [46], although there are some concerns that this may be the result of
physiological artifacts also observed in humans EEG [121].

tACS has been used as an intervention to target specific oscillatory patterns in the brain
[122,123] (Fig. 6.4a). Studies on mechanisms of action include both in vivo and in vitro
experiments. One such mechanism is resonance whereby ACS modulates endogenous activity
at the same frequency of the stimulation [16,17,124]. For instance, fields as weak as 0.2 V/m are
able to enhance the firing activity during gamma oscillation in hippocampal CA3 if the frequency
of oscillation matches that of the endogenous rhythm [17]. ACS within the frequency range of
cortical slow oscillations can also entrain endogenous activity in anesthetized rats [125]. Stronger
fields managed to entrain a larger number of neurons, consistent with findings from in vitro
experiment [5]. A study in awake head-fixed ferrets [126] suggests that low-intensity electric
fields (<0.5 V/m) can selectively entrain alpha oscillations (11-17 Hz).

What are the mechanisms underlying the aforementioned effects of ACS? The proposed
explanations are often tied to the specific mechanism underlying a given endogenous oscillation.
The temporal biasing of spikes is one possible mechanism for the ACS-induced effects. Small
amounts of polarization generated by an exogenous electric field can shift spike occurrence or
spike timing when a neuron is close to the threshold of action potential generation. Network
entrainment is another way ACS can influence oscillatory behaviors, particularly in a network
with coherent oscillation. When the frequency of weak ACS is matched with the endogenous
oscillation, time shifts can accumulate over several cycles. This results in a temporal alignment
of spiking activity in a network whereby there will be a constant phase difference between applied
ACS and native rhythm. In the case of a network with less regular oscillation, ACS can exert its
effects through enforcing a firing pattern. In this manner, the exogenous electric field counteracts
with the endogenous oscillation. Imposing a firing pattern requires the external electric field to
be strong enough to overpower native rhythm.
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These endogenous oscillations can be the result of balanced interactions between excitatory and
inhibitory neurons. In such networks, excitatory inputs drive inhibitory neurons to control the
timing of the network. ACS, when applied, can enhance the temporal alignment of firing patterns
of excitatory neurons. This ACS-induced elevated level of synchrony is followed by stronger
activation of inhibitory neurons, resulting in increased suppression of excitatory neurons. This
suppression can cause the network to “skip a beat” resulting in half as many cycles, i.e., half
harmonic [5,17]. For example, the strong ACS-induced modulation of gamma oscillations is a
result of an overshoot of the dynamic balance between excitatory and inhibitory interactions. A
similar effect was observed with amplitude-modulated ACS [127]. The high-frequency carrier
(2kHz) had only minimal effects, but once modulated in amplitude at lower frequencies (10Hz)
there was a strong modulation of the endogenous gamma rhythm. In temporal interferential
stimulation (TIS) a similar amplitude modulated high frequency oscillation is generated.
Grossman et al have argued that the spatial selectivity observed in TIS is the result of this
specificity of AM modulated fields [128]. It is not yet clear how the high-frequency stimulation of
the carrier becomes more effective when it is modulated in amplitude at lower frequencies. One
modeling study suggests an interaction of axonal activation with the high frequency and network
adaptation effects as lower frequencies [128].

Networks with slow-wave oscillations (0.5-4 Hz) were also reported to be sensitive to applied
ACS [16,124]. Slow-wave oscillations are identified by synchronized neural activities alternating
between Up and Down states. The high level of neural activities during Up state are governed
by excitatory interactions. This heightened level of activity is followed by depletion of the available
cellular resources and the collapse of the excitatory activities. This leads the network to transition
to Down state, where the neurons become quiescent and there is simultaneous recovery of the
resources. Consequently, a small amount of depolarization can shift the network to the active
states again.

Another proposed mechanism of tACS is the attenuation of neural adaptation. In a non-human
primate study, Kar et al applied tACS with 2 mA peak-to-peak at 10 Hz to surface electrodes
over the vertex and lateral to the middle temporal area (MT) on the scalp [129]. While they did
not observe neural entrainment, they reported tACS-induced attenuation in spiking adaptation to
the visual input. Sodium and calcium-gated potassium channels have been implicated in this
adaptation mechanism, therefore, Kar et al. suggest that the 10Hz field oscillation may affect
these channels.
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Fig. 6.4 Effects of ACS on a network of neurons (Adapted from [83]). Schematics of the in vitro
and in vivo animal models applying AC (sinusoidal) stimulation on oscillatory rhythms. Colors
indicate frequency bands.

5. Interneurons and Non-Neuronal Effects

5.1. Interneurons

Many interneurons have a relatively symmetric morphology compared with pyramidal neurons.
This will result in weaker somatic polarization as reported in both experimental results in cortical
slices [4] and biophysically realistic computational models [42]. However, we cannot ignore the
effects of polarization of other compartments such as dendrites and axon during stimulation.
Additionally, interneurons have a great variety of morphology which includes neurons with
asymmetric dendritic trees [130]. The study of interneuron is particularly important because they
play a pivotal role in plasticity and brain oscillations [131]. Recent studies have explored the
effects of weak electric stimulation on interneurons. For example, DCS modulated paired-pulse
facilitation in hippocampal slices suggest an effect of DCS interneurons [12]. Similarly,
computational modelling suggests that ACS could modulate the activity of fast-spiking
interneurons through indirect network effects [126]. Further studies are needed to fully
characterize the effects of DCS and ACS on the functional and morphological attributes of
interneurons.

5.2. Glia

Glial cells represent about half of cells in the human brain while the precise glia-neuron ratio
varies in different brain regions [132]. Astrocyte, microglia, and oligodendrocytes are three
different glial cell types in the CNS. It is increasingly recognized and understood that glial cells
do not act only passively as a supportive role for neurons, but rather are actively involved in
information processing [133]. There are few studies that have investigated the primary effects
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of electric stimulation on glia. Any activation of neurons or synaptic function will trigger a
secondary glial response - in this sense any tDCS effects on neurons includes glial-neuronal
interactions. This section however focuses on evidence for primary glial response to electrical
stimulation.

Several studies reported that DCS can cause protrusion elongation in both astrocytes and
microglia in culture preparations. In addition, cell alignment is possible at higher intensities of
stimulation [105]. In such a case, the orientation of microglia is parallel and the orientation of
astrocyte is perpendicular to the electric field direction [134]. These studies offered evidence for
the responsiveness of glial cells to electric field stimulation as direct effects [134]. Since most in
vivo studies focusing on how electric field stimulation affects glial cells have investigated the
inflammatory response, we will review them in the next section. Here, we will point out other
possible mechanisms for modulation of glial cell activities due to electric stimulation.

A computational model suggested that applied electric fields can produce polarization in
astrocytes which are within the range of their ongoing endogenous polarization [135]. This
polarization is further influenced by the presence of voltage-sensitive channels across the
membrane of astrocytes. Astrocytes play a role in the regulation and reuptake of excess
extracellular potassium and sodium changes produced by neuronal activity, including through
processes such as potassium spatial buffering that is driven by glial membrane polarization [136].
The application of direct current in vivo can activate these ionic clearance processes [137]. While
it has been reported that extracellular potassium concentration doesn’t change during DCS in
vitro [138], it should be noted that the brain slice preparation interferes with extracellular
concentration mechanisms [139].

Calcium signaling is a means of communication between astrocytes and neurons [140]. Electrical
activation of one astrocyte can cause activation of others in a local astrocytic network and
thereby affect the neuronal processing [141]. In addition, learning can be impaired in the absence
of astrocytic calcium signaling, highlighting the importance of astrocytes in learning [142].
Interestingly, the application of anodal tDCS with a current density of 50 A/mm? for 10 minutes
induced a high-level of astrocytic Ca*? surge across cortical areas of awake mice. As the authors
did not observe a significant change in local field potential, they concluded that this is a direct
effect of tDCS on astrocytes leading to metaplasticity mediated by noradrenergic transmission
[143].

Microglial cells function as immune cells and phagocytes in CNS; however, there is a growing
body of evidence showing their active role in synaptic plasticity [144]. A recent study showed that
in vivo anodal tDCS caused morphological changes of microglia such as enlargement of soma
and decreased their motility in mice. These results were obtained after 3 hours after tDCS and
they were absent if the animals were under anesthesia during tDCS. The authors speculated
that tDCS could slow down the surveillance of microglia and this might help the initiation of
synaptic changes.

Myelination and metabolic support are the main functions of oligodendrocyte in CNS. In vivo
ACS study in adult rats showed that stimulation of corticospinal axons can promote the
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proliferation and differentiation of oligodendrocyte-specific progenitors after multiple sessions of
stimulation [145]. In addition, it has been reported that cathodal tDCS over the ischemic region
recruited oligodendrocytes precursor toward the lesion in adult rats while tDCS promoted
neurogenesis regardless of its polarity [146].

5.3. Inflammation, Angiogenesis and Apoptosis

In addition to the above-stated effects, tES is known to modulate other vital physiological
processes of inflammation, angiogenesis and apoptosis. In vitro studies demonstrated the high
intensity DCS-induced accelerated and polarized migration of different peripheral immune cells,
including neutrophils [147], lymphocytes [148], macrophages [149], and polymorphonuclear cells
[150] [151]. Stimulation of cultured primary astrocytes as well as astrocytic cell lines resulted in
increased energy metabolism [152] and perpendicular alignment to the electric field [153,154].
Depending on the intensity and direction, tDCS effects could be pro-inflammatory or anti-
inflammatory in nature. Both cathodal and anodal stimulation at 500 pA, 15 min for 10 sessions
resulted in increased proliferation of activated microglia in the ipsilateral side of motor cortex
[155]. In another study, anodal tDCS at current strength of 200 pA, 30 min for ten days in the rat
model of vascular dementia reduced the number of activated microglia and astroglia. There was
a reduced expression of pro-inflammatory factors such as IL-1p3, IL-6, and TNF-q, indicating the
attenuated inflammatory response in the hippocampus [156]. Cathodal tDCS at 500 pA for 15
min for five consecutive days attenuated the activation of astrocyte and microglia, reduced the
expression of pro-inflammatory IL-1p3, IL-6, and TNF-a, and upregulated the anti-inflammatory
IL-10 in rat model of middle cerebral artery occlusion [157]. Bicephalic tDCS at the current
density of 33.4 A/m? also reduced the levels of IL-1B and TNF-a in the cerebral cortices of obese
rats [158]. It is to be noted that most of these studies used higher intensity electric fields than
expected in human tDCS.

Large electric fields (50-400 V/m) applied for long periods of time are known to direct the
migration, reorientation, cell-division and elongation of endothelial cells in culture [159-165]. In
vitro DCS also stimulated the secretion of vascular endothelial growth factor (VEGF)
[159,162,164], nitric oxide, and interleukin-8 [163,166]. All three are critical players in
angiogenesis. Furthermore, DCS-induced increase in capillary density in a rabbit model of
myocardial infarction [167] and a rat model of hindlimb ischemia [159] suggests a positive
modulatory effect on angiogenesis. Electric fields may induce significant angiogenesis through
the increased expression of VEGF [159,168], activation of VEGF receptor 2 (VEGFR2) and
downstream activation of phosphoinositide 3-kinase (PI3K)/ Akt, extracellular regulated kinase
1,2 (Erk1/2), as well as the c¢-Jun NH2-terminal kinase (IJNK) signalling
pathways [161,162,164,166]. DCS induced the upregulation and increased activation of
chemokine receptors CXCR4 and CXCR2 in an in vitro study [165]. Both the chemokine
receptors are necessary for endothelial cell chemotaxis [169,170]. Endothelial cells form the
blood—-brain barrier (BBB) that tightly regulates transport between the brain extracellular space
and blood. As such, any action of DCS on endothelial cells would significantly affect the brain
function. tDCS with a current density of 8.0 mA/cm? increased the permeability of BBB and this
modulation is dependent on nitric oxide [171].
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Electric stimulation has been shown to affect apoptotic processes. In ischemic mice, cathodal
tDCS significantly decreased the number of cortical and striatal caspase-3 positive cells but
anodal stimulation had an opposite effect [172]. ACS (100 pA, 2Hz) decreased the number of
apoptotic cells in the cortex, but not in the striatum of ischemic rats, and these anti-apoptotic
effects were exerted through Akt phosphorylation [168]. In vitro study with fibroblasts exposed to
a 100V/m stimulation demonstrating the upregulation of anti-apoptotic proteins, namely
apoptosis inhibitor 5, caspase 8, and Fas-associated death domain-like apoptosis regulator and
the protein kinase C epsilon [173], further highlights the ES induced attenuation of apoptosis.
DCS at 100 V/m, when applied to injured rat dorsal root ganglion (DRG) cells for an hour,
decreased the apoptotic rate of DRG cells [174]. In an in-vitro study with biofilms, low-frequency
low voltage AC accelerated the apoptotic process in bioelectrical reactor biofilms [175].

6. Applications to Clinical Pathologies

The noninvasiveness and low cost of tES methods have made it versatile and widely studied as
a potential treatment for various diseases [176,177]. tES is especially favorable as a treatment
tool for psychiatric disorder because of low-cost, portability and ease of use. tES effects can be
directly assessed with behavioral and cognitive tests, which are more direct and informative in
humans than animals [46,156,178-183]. It is easy to interpret human behavior and assess their
feelings as compared to animals. For these reasons, a majority of published findings are of tDCS
effects in humans and relatively few are in animal models. Amongst the animal studies, most
involved highly invasive methodologies (e.g., tissue damage, brain slice, and protein-synthesis
experiments). Nonetheless, some studies treating animal models of psychiatric disorders with
tDCS are briefly outlined below.

6.1. Stroke:

Since the application of tES and more specifically tDCS has shown promising results as a
therapeutic intervention in stroke patients, several groups have attempted to use animal models
of stroke to study the effectiveness of the electric field stimulation and the underlying functional
and cellular mechanisms explaining this efficacy. One important factor to consider is when tES
should be applied after a stroke. While there are clinical studies that have delineated beneficial
effects of tACS in patients during recovery after stroke [184], animal studies have not attempted
to investigate the efficacy of this technique of stimulation in stroke models yet. We can categorize
studies based on the time of intervention into acute,i.e., less than<24 hours after stroke and
subacute, 1-7 days after stroke groups [185].

Different reports outlined the potential benefit of ipsilateral cathodal tDCS within a few hours
following the stroke induction, namely reduction in various stroke-related outcome measures
such as infarct growth, edema, inflammation, and the number of apoptotic cells [172,186].
Additionally, DCS can be used for the purpose of rehabilitation to regain cognitive and motor
performances when it is applied in the subacute phase. While there is a debate on the
effectiveness of DCS with regard to the polarity of the electric field, there is accumulating
evidence suggesting an improvement in the recovery and neural growth such as elevated levels
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of microtubule and growth-associated protein due to DCS application [118]. Overall, these results
suggest a preventive and rehabilitative benefit of tDCS for stroke patients.

6.2. Addiction

A handful of studies using tDCS as a treatment for addiction in animals have been conducted.
Anodal tDCS at 0.2 mA, when applied to the frontal cortex for 20 min twice a day for 5
consecutive days was sufficient to reduce anxiety-like and depression-like behavior in nicotine-
addicted mice [187]. Repeated anodal tDCS impaired cocaine-induced place preference
conditioning and locomotor activation [188]. In this study, repeated anodal tDCS also reduced
cocaine-induced expression of Zif268 in specific corticostriatal circuits for three weeks in female
mice. tDCS mediated modulation of cortical excitability is shown to treat food addiction as well,
and the underlying biochemical response involves lipid, protein and metal/non-metal ion driven
mechanisms [189].

6.3. Alzheimer’s Disease

The main methods of noninvasive brain stimulation for Alzheimer’s disease are TMS and anodal
tDCS and preliminary findings suggest that both techniques reduced cognitive deficits in
Alzheimer’'s patients [124-126]. To replicate the cognitive symptoms of Alzheimer’s,
intraperitoneal injections of scopolamine were given to rats that subsequently received 0.1 mA
of anodal tDCS for 20 minutes twice a day, five times a week [190]. After 2 weeks of treatment,
rats treated with tDCS had slightly increased cognitive function in comparison to the rats just
treated with tacrine. After the 4 weeks of treatment, rats that receive tDCS therapy had motor
behavior improvements and increased acetylcholine activity. Improved cognitive function and
memory performance effects of repetitive anodal tDCS lasted for two months in a rat model of
Alzheimer’s [191]. In another study, tDCS when delivered for 20 min/day, 5 days/week over three
weeks at 50 A to triple transgenic (3X Tg) Alzheimer's mice failed to improve memory
performance and alter the expression of neuropathological hallmarks of Alzheimer’'s [192].
Anodal tDCS when delivered for 30 minutes/day over five days at 200 pA alleviated the cognitive
impairment, assessed by Morris Water Maze task, in a rat model of vascular dementia [193].

6.4. Chronic Stress and Depression

Though numerous tDCS studies have shown a therapeutic effect in humans and in animal
models, the limits to tDCS effects were only recently tested [194]. In this study, tDCS efficacy
was measured in chronic stress mice models. After subjecting rats to chronic restraint-induced
stress (CRS) for 11 weeks, rats were given 20 min anodal tDCS treatment sessions for 8 days.
Behavioral tests were performed after the 11 weeks of CRS, immediately after and 24 h after
tDCS treatment. Control rats were not subject to CRS but were randomly given either sham or
tDCS treatment. tDCS treatment reversed the stress induced allodynia and increased the pain
threshold in unstressed animals. tDCS was only able to decrease BDNF release in the spinal
cord and brainstem of unstressed rats. Interestingly, CRS rats treated with tDCS had a weak
reduction in pain sensitivity even though no change of BDNF levels was detected indicating that
a different mechanism may be involved in the attenuation of pain sensitivity. The results from
this study highlight that tDCS treatments alone may not be sufficient to produce long-term effects
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when chronic stress is present. Chronic stress-induced pain threshold in rats was evaluated
using a hot plate and tail flick latency (TFL) tests. In this study, active bicephalic tDCS increased
the pain threshold and thereby reduced stress-induced hyperalgesia [195].

Anodal tDCS, when delivered at 200 pA for ten sessions attenuated depression-like behavior
induced by chronic corticosterone exposure in mice and these effects were long-lasting [196].
tDCS at 0.1 mA for 10 minutes was also shown to alleviate depression-like behavior induced by
chronic restrained stress in mice [197].

7. Prospects for Animal Research in tDCS/tACS Informing Ongoing
Human Trials

A central challenge for tDCS/tACS studies is translating data collected from animal models of
tDCS/ACS to inform the interpretation and design of human protocols. Historically, tDCS/ tACS
animal studies have informed human testing. Notably, the demonstration that prolonged
DCS/ACS protocols, lasting for minutes, in animals can lead to short- and long-term plasticity
encouraged the use of such protocols in humans [198]. The polarity dependence of DCS was
first demonstrated in animal models [14,23,28]. Animal models demonstrated that low-intensity
DCS/ACS can modulate ongoing neuronal activity, which provides a possible physiological
substrate for the effects observed in human clinical trials [3]—countering the argument that weak
fields, such as those applied in tDCSHACS, are physiologically inert. In some cases, animal
studies of DCS/ACS were conducted contemporaneously with human testing providing
confirmatory evidence, for example, that AC can entrain oscillations [180,199] or that tDCS
plasticity is NMDA dependent [200]. On the other hand, there are scarce examples of modern
animal tES studies influencing how human trials are conducted and analyzed. This reflects how
tES protocols have remained largely unchanged with the majority of protocols applying 1-2 mA
over 10-30 min using two large pad electrodes without any customization based on an
individual’s biomarkers.

Developments in tES protocols were driven by clinical neurophysiology [201] rather than
extrapolated from animal models. Often animal studies confirm findings in humans rather than
suggesting novel improvements to the current protocols; a notable example being the
identification of the role of BDNF polymorphism [40]. We believe development in animal tES
studies combined with an increased emphasis on designing these experiments for clinical
relevance would accelerate the development and application of tES in humans. This includes an
increased emphasis of the plastic, rather than acute effects of stimulation [40,202].
Simultaneously, results from human trials also point to a need to critically address issues such
as nonlinear dose—response, state dependency, and inter-subject variability.

Animal experiments provide a degree of cellular resolution, state control, and rapid screening
not available in human subjects to help detangle complex interactions [3]. We propose that
meaningful translation to human applications would be accelerated by the exploration of data
that appears, at first glance, to be conflicting between animals and humans. For example, the
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acute effects of DCS in animal are monotonic across a very wide intensity and brain-state range,
e.g., anodal/cathodal almost always results in excitatory/inhibitory effects after accounting for
orientation of neurons relative to the field [14,82]. This is in direct contrast with clinical
neurophysiology studies showing that many pharmacological, dose-dependent, and brain-state
perpetrators can qualitatively change the direction of neuromodulation [17,201]. As another
example, ACS in animals can influence ongoing oscillations in a myriad of ways and is dependent
on the nature of endogenous activity and stimulation frequency [19,119,199], while human
testing with tACS and EEG are typically limited to testing one or a few frequencies [203]. Rather
than speculating which protocols are effective, it would be useful to consider cellular effects from
animals in comparison to network effects observed in human studies. The most impactful
translational animal studies will be those that explain results from humans in previously
unexpected ways and that can suggest non trivial methods to optimize tES outcome in human
trials.
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