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Abstract
Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation
technique that has shown promise in improving cognitive functioning and as a therapy
for neurological disorders. Recent studies have shown that it can modulate widespread
neural activity; yet these effects are highly variable and depend on the areas being
stimulated (montage) and the type of stimulation (polarity and intensity). We tested two
tDCS stimulation montages (unilateral and bilateral) targeting the nonhuman primate
prefrontal cortex (PFC) and examined their influence on spectral power in scalp-
recorded electroencephalogram (EEG) and intracortical recorded local field potentials
(LFPs). The effects of polarity (anodal or cathodal) and intensity (0.5-1.5 mA) were also
examined. Our results suggest that tDCS with a bilateral montage may be more
effective in changing spectral power than unilateral, causing a robust increase in power
post-stimulation in frontal scalp electrodes, focused in the lower frequency bands. No
effects of polarity were seen, but intensity of stimulation showed a roughly linear effect
on power. Minimal EEG power changes were observed in parietal recordings post-
stimulation, which tended to show decreases in power. These results highlight the
importance of electrode placement and targeting specific brain areas when considering
the potential efficacy of tDCS. Furthermore, these data allow a better understand the
underlying mechanisms of tDCS and can help translate findings across experimental

studies.
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Chapter 1: Introduction
Transcranial Electric Stimulation (tES)
tES is a brain stimulation technique that passes electrical current through the brain to
modulate brain function. It has gained popularity as a non-invasive, painless,
inexpensive, easy to use/administer, and portable technique, allowing the investigation
of neural systems and brain-behavior relationships (Paulus, 2011). A partial list of tDCS
effects include its ability to regulate neuronal excitability (Nitsche & Paulus, 2000, 2011),
entrain spontaneous oscillatory activity (Ali et al., 2013; Helfrich et al., 2014; Ozen et al.,
2010), alter cognitive performance (Coffman et al., 2014), and impact pathologic
psychiatric processes (Kuo et al., 2014). In general, tES works by passing weak
electrical current through the brain via scalp electrodes. However, only a portion of the
current applied reaches the brain.

Three main types of tES exist and include: transcranial direct current stimulation
(tDCS), transcranial alternating current stimulation (tACS), and random noise
stimulation (tRNS). Despite the similarity of electrodes and placement of these
techniques, they differ in stimulation pattern and are therefore thought to have unique
behavioral and neural outcomes. These contrast to other forms of stimulation like
transcranial magnetic stimulation (TMS) or deep brain stimulation in that the currents
delivered in tES techniques are weak (subthreshold) and are believed to not be
powerful enough to elicit an action potentials (Radman et al., 2009). We will focus on
the use and effects of tDCS and less on tACS or tRNS; however a brief introduction to
each follows. The use of tACS and tRNS can have advantages, such as reduced

cutaneous perception of stimulation by subjects (Ambrus et al., 2012; Paulus, 2011), but



here we will focus on tDCS because it is the most common and well-understood type of
tES (for reference on tACS and tRNS please see (Antal & Herrmann, 2016; Reato et al.,
2013). Additionally, the proposed experiments in Chapter 2 and 3 explore the effects of

tDCS in the brain.

Transcranial Direct Current Stimulation
Direct current electrical stimulation has been around for more than 100 years as a
potential therapeutic tool dating back to the 1800s. Although tDCS has changed from
electric current derived from animals, to galvanic batteries and transistors, and modern
tDCS uses microprocessors and controllers, the same basic setup remains (Sarmiento
et al., 2016). Simply, tDCS works by delivering a constant current through scalp
electrodes at low intensities (e.g. 0.5—-2 mA). Current flows unilaterally from an active
electrode through the brain, including the cerebral cortex, before returning through
another electrode. The attractiveness of this technique stems from its potential to
modulate cortical excitability with the hope to improve cognitive states and behavior
(Nitsche & Paulus, 2000). However, the low-intensity electrical fields generated by tDCS
are subthreshold, meaning that it is capable of modifying neuronal transmembrane
potentials and modulating excitability - bringing neurons closer to their firing threshold
without directly eliciting suprathreshold depolarization (Bikson, 2004).

Simply put, tDCS can be described as hooking up a 9V battery to your head.
Where the positive terminal on the battery (or anode) goes to one location and the
negative terminal (cathode) to another. The electrical connections between the battery

terminals are made through wires and conductive contacts (rubber pads, saline soaked



sponges or electrodes) completing a circuit. Appendix Figure 1 shows a simplified
schematic. Commercially available tDCS systems allow you to manipulate several
functions, which are described in the section below. Importantly, it allows the user to
turn up or down the intensity of current being delivered, ramp up or down the current
across time, and maintain constant current flow across changes in resistance. The
advantage of having software to ramp the current up and down slowly is that sudden
changes in voltage can harm tissue and invoke sensations (and side effects). Most of
these devices also pass very small pulses riding on top of the direct current to assess
the quality (impedance) of the circuit through the head as stimulation is delivered. With
this method, the user can determine if the resistance has become too high in the circuit.
Resistance is simply a measure of how much the material in a circuit reduces the flow of

electrical current through it.

Transcranial Alternative Current Stimulation

tACS is used to entrain and alter endogenous oscillatory brain activity in a state
dependent manner (Silvanto et al., 2008). Electrical current is passed between
electrodes which alternates electrode polarity at a specific frequency. Unlike tDCS,
tACS does not alter steady levels of neuronal excitability, but entrains the neuronal firing
from the large number of underlying neurons to the exogenous frequency (Battleday et
al., 2014). Neuronal entrainment is achieved by the applied current altering the
transmembrane potential of neurons. The polarization of neurons is reflected by the
current applied to it, leading to a time-varying fluctuation (typically sinusodial) in

membrane potential. This fluctuation is both frequency dependent and linearly



proportional to the applied current (Kanai et al., 2008); however, lower frequency
stimulation induces larger polarization than does higher frequency stimulation (Reato et
al., 2010; Tavakoli & Yun, 2017). Importantly, in comparing tDCS and tACS studies, it is
difficult to draw general conclusions about efficacy because of the skull working as a
low-pass filter (Nunez & Srinivasan, 2006). The skull effectively attenuates more and
more of the tACS applied as higher frequencies are used, filtering much of it above 25

Hz (Reinhart et al., 2017).

Transcranial Random Noise Stimulation

tRNS is similar to tACS in that it uses an alternating current; however, instead of
stimulating at a fixed frequency throughout the stimulation period, tRNS alternates at a
random frequency and amplitude within a defined range. Stimulation frequency for tRNS
is normally distributed between 0.1 and 640 Hz (Terney et al., 2008), although it can be
divided into low (0.1-100 Hz) or high (101-640 Hz) frequency stimulation (Fertonani et

al., 2011). tRNS is thought to induce excitation resulting in plasticity.

General tES Methodologies and Strategies Used for this Study

tES is a technique that delivers weak electric currents to the scalp using conductive
rubber electrodes placed in saline-soaked sponges (Bogaard et al., 2019) or Ag/AgCl
electrodes applied with conductive paste or EEG gel. tES is used to target specific
regions of interest in the brain in aims to induce shifts in neuronal membrane
excitability, resulting in secondary changes in cortical activity. Types of tES are now

concomitant with EEG monitoring and use, as similar electrodes can be used to both



stimulate and record neuronal activity. These combined systems can provide valuable
information on the mechanisms of tDCS. In addition, EEG findings can be an important
surrogate marker for the effects of tDCS and thus can be used to optimize its
parameters (Schestatsky et al., 2013). General methodologies on tES setups are
important as the experiments in Chapter 2 and 3 utilize the NHP as a model system to
investigate the effects of tDCS. As no standardized experimental setups exist, it was

therefore necessary for us to create a novel setup.

Electrode localization: Strategic placement of scalp electrodes should aim to create the
largest current flow between electrodes and reduce shunting across the scalp. Modeling
research has shown that a higher percentage of current penetrates the brain if the

electrodes (on the scalp) are placed further apart (Miranda et al., 2006). A distance of at

least 8 cm when using 35 cm” electrodes has been recommended (Wagner et al.,
2007). However, large distances may also require higher stimulation intensities in tDCS
studies (Moliadze et al., 2010) as current may dissipate. Yet, it has been suggested that
if the distance between electrodes is 5 cm or less, the current would be highly
susceptible to a shunting effect (Rush & Driscoll, 1968). Generally, large distances
between the scalp electrodes, are expected to increase cortical modulation, allowing the
current to be drawn through the cortex, rather than shunted across the scalp (Bikson et
al., 2010). Although some montages place electrodes closer together, this may allow
current to flow through the cerebrospinal fluid (CSF) from one electrode to the other,
without stimulating the cortex. This results from CSF being more conductive than brain

tissue (Moliadze et al., 2010).



Several methods can be used to localize the placement of scalp electrodes for
tES, with the most common being based on the EEG 10-20 EEG system (Klem et al.,
1999). This technique is based on measuring the participants head (naison to inion and
from left preauricular to right; (Klem et al., 1999)) in order to locate regions of interest.
Since regions of interest may be small, head measurements may be used in
combination with brain imaging techniques such as fMRI or PET (Nitsche et al., 2008).
Alternatively, neuro-navigation software can also be used if a subject has an MRI.
Combination techniques or neuro-navigation are more accurate than the 10-20 system
because they account for individual brain variability. However, these other techniques
are more expensive and are typically less frequently used. Placement of scalp
electrodes can also be done based on physiological measures. For example, motor
cortex can be mapped using TMS via inducing MEPs to identify this region (e.g.,
(Nitsche & Paulus, 2000)). However, physiology-based placement is currently limited to
only a few cortical areas (Woods et al., 2016). For our studies, we determined scalp
electrode placement using the 10-20 EEG system. The experiments described in
Chapter 2 and 3 will also explored how changes in electrode location influence neural

activity.

Electrode Contact: Most types of electrodes rely on a contact medium to ensure

connectivity between the electrode and scalp. While electro-conductive gel or paste is
most commonly used, sponge electrodes use saline as a medium. A study by (Dundas
et al., 2007) tested the perception of comfort with different saline concentrations. 15 to

140 mM concentration was found to be most comfortable in comparison to 220 mM or



deionized water (Dundas et al., 2007). Choosing one type of medium over another may
depend on availability, ease of loading and use, and preference (DaSilva et al., 2011). It
is reported that different types of gels influenced cutaneous sensations in participants
as well (Fertonani et al., 2015). Importantly, all types of media have the potential to dry
out over time and, due to the temperature that the electrode emits, can consequently
increase the risk of burns to the scalp (Lagopoulos & Degabriele, 2008). The amount of
contact medium should also be monitored, as too much may lead to bridging and
changes in current flow (for further discussion see: (Horvath et al., 2014). Since few
NHP tDCS studies have been conducted, conductive paste and gel were both tested
(Signa). For ease of use loading the electrodes and for more consistent connectivity, the
following studies used the gel.

Ensuring electrodes do not move while recording neural activity or during
stimulation is important. A study by Woods et al 2015 showed that movement by 5%
during tDCS can alter the accuracy and intensity of the current to targeted brain areas.
There are many ways electrodes can be secured to the scalp including rubber bands,
elastic tubular netting or neoprene caps. Rubber bands are easy to visualize but are
narrow and if not placed correctly, cannot ensure full contact with the scalp. Elastic
tubular netting can also be used for securing electrodes, however, it is important that
the material it is made of does not absorb saline, as this could cause impedance errors
and unwanted dispersal of the current flow across the scalp. With this caveat in mind,
netting is easy to use and maintains uniform electrode-skin contact, by allowing the
electrodes to adhere to the shape of the head (Fertonani et al., 2015). Neoprene caps

are also more secure, and they allow better contact with the scalp, although placing the



electrode accurately may be slightly harder than other methods. In our studies, custom
neoprene caps designed to fit each NHP were used as animals had different head size

and shape.

Target Stimulation: Stimulation can be targeted to a specific area of interest based on
the location of the electrodes and the task. If electrodes are placed incorrectly, different
brain areas or networks may be stimulated (Nitsche et al., 2008). Furthermore, specific
tasks may also be expected to recruit neurons in the target region, leading to
stimulation-related changes in behavior.

Typically, targeted regions are on the cortical surface, as it is unclear how
stimulation affects deep brain regions. A study by Opitz et al. (2016) has shown that
electrical field was strongest at superficial brain regions. Modeling studies have
demonstrated that the distribution of the current can vary across subjects, even when
the electrode montage is kept consistent, due to anatomical features such as skull
thickness and composition (Opitz et al., 2015). Current flow may also be influenced by
brain abnormalities and lesions common in clinical cases (Datta et al., 2011). A more
detailed description of inter and intra subject variability with tES is described below. The
use of neuro-navigational software can help identify these differences. Importantly, tES
techniques are not focal and surrounding regions may also receive stimulation,
potentially causing unspecified changes to task performance. In our experiments, we
targeted PFC to see if we could elicit changes in activity. Our experimental setup also

allowed us to examine neighboring brain regions (frontal and parietal regions on the



scalp and ACC/DPM intracortically) and subcortically (in the CAD) allowing us to further

explore the spread and extent tDCS could impact whole brain activity.

Reference: In scalp EEG recordings, voltages recorded at each ‘active’ electrode are
computed with ‘reference’ to another electrode (Steven J. Luck, 2014). Ideal reference
locations should be electrically neutral. Placement of reference electrodes is important
impacting not only the amplitude of the recorded potential but also its temporal
structure. Examples of locations commonly used for scalp EEG are: the vertex (Cz
electrode), nose, linked mastoids (behind the ear) or ears. Reference electrodes can
also be placed extracephalically on the neck, shoulders or upper arm (more information
on reference electrodes can be found in Fischer et al., 2017). In our experiments, we
used the single mastoid referencing for scalp EEG in both NHPs. Linked mastoid
references were explored and showed minimal change in scalp EEG activity (data not
shown).

In scalp EEG experiments labeling electrodes as ‘active’ and ‘reference’ are
arbitrarily, as the electrodes participate equally (Steven J. Luck, 2014). In tDCS
experiments, scalp electrodes can be referred to as ‘target’ and ‘reference’ (Thair et al.,
2017). Here, the target electrode is the region of interest (ROI), and the reference is
based off the direction of current flow, participant comfort, and safety. Reference
electrode distance is greatest at extracephalic locations, such as areas contralateral to
the ROI. An important advantage of extracephalic electrode set-up is that it helps to
exclude the effect of the reference electrode on cortical modulation (Nitsche & Paulus,

2011). A study by (Imburgio & Orr, 2018) showed that using an extracranial shoulder



reference yielded a larger and more consistent effect size than studies using a cranial
reference.

Determining where reference electrodes are placed can also impact current
direction. For example, in extracephalic electrode placement, switching between
placement on the contralateral upper arm instead of the forearm could shift the current
flow to travel across parietal regions rather than frontal (Bikson et al., 2010). Similarly,
cephalic electrode placements can also show this affect (Bikson et al., 2010; Datta et
al., 2011). One study by Reinhart et al. (2017) found that the reference electrode on the
opposite hemisphere of the PFC interfered with the stimulating electrode during
prefrontal cortical-administered tDCS.

When combining scalp EEG and tDCS setups, the nomenclatures mentioned
above don’t neatly apply. We refer to active scalp EEG electrodes, during stimulation,
that pass current as ‘stimulating’ and ‘return’ or according to the polarity of current (i.e.,

‘anode’ and ‘cathode’). Consistency in the nomenclature across studies and when
combining techniques is very important, and as scalp EEG and tDCS experiments are
emerging in animal models, careful consideration of electrode placement when

planning experiments in vital.

Sham and Controls: Sham stimulation is a generic term to indicate an inactive form of
stimulation (e.g. a very brief or weak one) that is used to control for placebo effects. The
subject believes they are being stimulated normally, but there should not be any real
effects. Sham stimulation is administered in order to mimic cutaneous perceptions (e.g.,

itching, tingling) that tend to be reported within the first few moments of tDCS (Gandiga

10



et al., 2006) when current levels are changing. This brief stimulation period does not
change cortical excitability (Nitsche et al., 2008). Sham tDCS is easy to administer and
involves three steps. First, a period of “ramping up” is administered, in which the
stimulator gradually reaches the maximum programmed current (e.g., 1 second to reach
1 mA). Ramping up is then followed by a short stimulatory period, in which the
participant receives stimulation for a few seconds. Finally, “ramping down” involves the
current gradually being switched off. This replicates the same cutaneous sensations
that are associated with changing current. Note the longer the ramp up time, the less
cutaneous sensations associated with changing current. There are other sham
techniques, including using an alternative electrode montage that does not stimulate the

ROI (Boggio et al., 2008), or stimulating at an extremely low current (e.g., 0.1 mA with

11 cm2 electrode sizes) for the same amount of time as “real” stimulation (Miranda et
al., 2009). However, the traditional method of ramping up/down is by far the most
popular method of sham control (Ambrus et al., 2012).

Control Site. There are many tES experiments in which stimulation of a site is
compared with sham stimulation and the conclusion is that a particular area is important
for a function. We would suggest that stimulation versus no stimulation is the weakest
form of control conditions and suggest that all experiments include a control site.
Control polarity may be sufficient here, as it would allow experimenters to claim site
specificity. However, there may also be interactions between polarity and task
characteristics (Antal et al., 2004; Parkin et al., 2015).

Control Task. As with TMS experiments, every tES experiment requires a control

task as well as a control stimulation condition. Just as one needs a control site to make
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claims about the effects of stimulating a specific brain region, so too there is a need to
show that effects are specific to tasks or task components. As an example, consider
that there are effects of tDCS on, say, decision making following stimulation of the
DLPFC. The DLPFC is involved in several functions, including working memory. As a
minimum case, then, one would need to establish that the effects on decision making
are separate from any possible effects on working memory, and to do this would require
a working memory control task. It is surprising how often task controls are either non-
existent or functionally irrelevant.

Sham tDCS is generally regarded as an effective blinding technique, especially
for those who have never experienced tDCS before (Ambrus et al., 2010, 2012;
Gandiga et al., 2006). For people familiar with tDCS, blinding is more difficult to achieve
and may not be overcome (Ambrus et al., 2012) especially at high current strengths
(Russo et al., 2013). Double-blind experiments are usually ideal for experimental
control; however, no behavioral differences have been observed between single-blind
and double-blind tDCS experiments (Coffman et al., 2012).

In our experiments, we compared the influence of tDCS relative to no stimulation
and sham tDCS. Sham stimulation trials were randomly interleaved into experiments to
decrease experimenter bias. For comparisons of the effects of sham stimulation see

Supplemental Figure 2.6,3.1.

Size of Electrodes: Electrodes and pads come in various sizes with benefits to each

size. Smaller electrodes are thought to be more efficacious, due to more focal impact

and less cross-network influence. However, a larger electrode ensures that the entirety

12



of the ROl is being stimulated (Datta et al., 2009) and smaller electrode sizes have
been correlated with larger shunting effects (Wagner et al., 2007). The most common
electrode size used is 20— 35 cm? for sponges (Moreno-Duarte et al., 2014) and 5x7 cm
for metal electrodes. Although the size of electrodes can vary based on the type and
spread of stimulation desired. Because stimulation produces a diffuse effect, high-
definition stimulation electrodes, which are smaller in size, are now available. These
electrodes are thought to target more specific brain regions and reduce the amount of
current spread. However, smaller electrode surface area may produce more adverse
side effects such as pain or burning. In our studies we focused on using high definition
PISTIM electrodes from Neuroelectrics. Furthermore, size of electrodes was important

as the NHP brain is smaller than humans where surface area is more limited.

Electrical Brain Stimulation: A Method of Modulating Neural Activity

tDCS offers a non-invasive means to examine the relationships between neural
communication and processing underlying perceptual, cognitive, and motor functions.
There are two main polarities of tDCS stimulation: anodal and cathodal. Anodal
stimulation is believed to increase the excitability of neurons, while cathodal stimulation
is reported to have the opposite effect (Nitsche & Paulus, 2000; Priori et al., 1998).
Animal studies have shown that anodal tDCS of the cortex has been linked with
facilitation of unconditioned responses (Morrell, 1962). In humans, anodal tDCS has
been shown to influence various motor, visual, and somatosensory cortical functions
(Been et al., 2007). In contrast, fewer studies have focused on the effects of cathodal

stimulation due, in part, to the view of it having a hyperpolarizing effect (Jacobson,

13



Koslowsky, et al., 2012; Miniussi & Ruzzoli, 2013; Nitsche et al., 2008). However, recent
studies have suggested that cathodal stimulation may act as a noise filter, decreasing
global neural activity (Antal et al., 2004; Dockery et al., 2009; Weiss & Lavidor, 2012).
The ability to selectively modulate neural activity makes tDCS attractive for studying
various processes in the brain. In our experiments, we tested the extent to which tDCS
can influence neural activity locally (at the intracortical level) and globally (on the scalp).
If tDCS can change neural activity, it holds promise to impact behavior and
cognitive function, making it a promising therapeutic method. Yet, the behavioral and
cognitive measures accompanying tDCS have shown mixed results in both healthy
subjects and patient populations (Agarwal et al., 2013; Floel, 2014; Hoy et al., 2013;
Kuo et al., 2014; Smith et al., 2015). The inconsistency in behavioral outcomes
associated with tDCS may stem from our lack of understanding the mechanisms
underlying tDCS or the use of sub-optimal stimulation parameters. The observable
effects of tDCS depend on the intensity, duration, and/or timing of stimulation
(Batsikadze et al., 2013; Pirulli et al., 2013, 2014; Teo et al., 2011). Previous studies
have shown that the position of the return electrode may influence the effects of tDCS,
and that tDCS montages can also influence the uniformity of current distributed and field
strength (Parazzini et al., 2014; Woods et al., 2016). Although similar stimulation
parameters have been used in most cognitive tDCS studies (e.g., 35 cm? rectangular
electrodes, a supraorbital reference electrode, current strength between 1-2 mA), no
unitary stimulation protocol has been agreed upon (Coffman et al., 2014). Our study
systematically examined the effects of different stimulation parameters on neural

activity.
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Oscillatory Brain Activity

Rhythmic Neural Oscillations. Neural tissue can produce oscillatory activity driven either
by mechanisms localized within individual neurons or by feedback interactions among
populations of neurons (i.e., the interplay of excitatory and inhibitory feedback). Three
different levels of oscillatory activity have been recognized: microscopic, mesoscopic,
and macroscopic (Haken, 1996). At the microscopic level, individual neurons display
rhythmic patterns of spiking activity. The Mesoscopic levels reflects summed neuronal
activity or LFPs, and the macroscopic scale shows neural activity from multiple brain
regions. Studies of single neurons, LFPs, EEG and MEG, have collectively
characterized neural oscillations based on their frequency components: delta (1-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz) and gamma (30-80 Hz) (Puig et al.,
2014; Puig & Miller, 2012). Oscillatory rhythms are widespread, and rhythmic activity of
the same frequency can often be observed over a wide range of cortical and subcortical
regions. Neural oscillations and their synchronization have been linked to many
cognitive functions such as perception, motor control, and memory (Fell & Axmacher,
2011; Fries, 2005; Schnitzler & Gross, 2005). Furthermore, the dynamic interactions
between local and distant neuronal assemblies are thought to underlie cortical
processing and cognition. In our study, two electrophysiological techniques are used to

examine the influence of tDCS on neural activity — intracortical LFP’s and scalp EEG.

Dysfunction of Neural Oscillations. Cognitive and behavioral functioning is highly

dependent on coordinated spatiotemporal neural activity within and between brain

networks. By entraining multiple neurons in a coordinated fashion, neural oscillations
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form a critical interface between cellular activity and large-scale systemic functions
(Buzsaki, 2004; Buzsaki & Draguhn, 2004). It is likely that neurodegenerative disorders
show characteristic changes in coordinated network activity, which may account for both
cognitive and behavioral dysfunction. However, our knowledge about the
pathophysiology of network oscillations in neurodegenerative diseases is surprisingly
incomplete, and increased research efforts are urgently needed.

It is unclear if neural oscillations are the cause or an effect of brain dysfunction in
neurological disorders. The functional state of networks is often defined by
neuromodulatory systems where a change in activity or integrity of these systems can
affect the occurrence, strength, and coherence of rhythmic brain activity (Nimmrich et
al., 2015). Additionally, the synchronization of neuronal networks at a given frequency
depends on the recruitment of specific neuronal subtypes, which are often highly
specialized. Loss of selective types may therefore cause selective disruption of specific
patterns of oscillatory activity (Nimmrich et al., 2015).Therefore, neural oscillations are
speculated to have a key role in both normal and diseased states.

There is a large literature on changes in neural activity of tDCS assessed with
EEG (Boonstra et al., 2016) and MEG (Hanley et al., 2016; Marshall et al., 2016; Wilson
et al., 2018) where specific changes in oscillatory activity can be explored. For example,
selective changes to gamma oscillations have been seen over frontal cortex using
anodal tDCS paired with a cognitive control task (Boudewyn et al., 2019). A number of
studies have also reported changes to theta oscillations during a variety of cognitive
tasks following tDCS (Choe et al., 2016; McDermott et al., 2019; Reinhart et al., 2015).

Given the crucial role that neural oscillations play in cognition, both in “local” regional
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cortical dynamics and in long-distance communication across regions in a neural
network, the impact of tDCS on neural oscillations may make this method uniquely
poised to influence cognition (as opposed to methods that influence spiking directly
such as TMS). Although we do not study neural oscillations in the diseased state, our
transcranial stimulation experiments may shed on how it can change oscillatory activity

which can be further translated to functional and clinical domains.

Experimental Goals

tDCS is a promising brain-stimulation technique to modulate cortical excitability,
presumably with faciliatory or inhibitory effects, for experimental and therapeutic goals.
However, conflicting, and inconsistent results among previous studies hinder the
interpretability of polarity-specific and intensity-dependent effects of tDCS. Furthermore,
we know little about the mechanisms by which tDCS might work, and, more specifically,
how it affects neurophysiology. Our study set out to test the following questions to
resolve the apparent inconsistency and non-homogeneous effects that have been
reported. (1) Can tDCS stimulation penetrate the brain to influence neural activity, (2)
Does tDCS have local or global effects (including an influence in neighboring not
directly targeted and subcortically), (3) How do simulation parameters (polarity and
intensity) influence oscillatory brain activity, (4) How does unilateral and bilateral
electrode montage impact neural activity and the surrounding areas, and (5) can tDCS
produce long lasting changes in neural activity. To address these questions, our
experiments paired scalp EEG with simultaneous multi-electrode intracranial recordings

of LFP in awake NHP during tDCS. LFP power spectra was compared from frontal and
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parietal scalp sites and intracortically in the PFC, ACC, DPM, and CAD. Together, these
results can help shed light onto the effectiveness of tDCS to modulate neuronal activity

and functional connectivity.
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Chapter 2: Investigating the Neural Effects of Bilateral Transcranial Electrical
Brain Stimulation in the Primate Brain

Introduction
tDCS delivers a constant, low intensity current through the head via scalp electrodes
and has been shown to modulate neuronal activity by inducing intracerebral current
flow; consequently, either increasing or decreasing neural activity depending on the
specific area(s) being stimulated and on the type of stimulation being used. There are
two types of tDCS stimulation: anodal and cathodal. In general, anodal stimulation
excites neuronal activity while cathodal stimulation inhibits or reduces neuronal activity
(Bindman et al., 1964; Nitsche, Liebetanz, Lang, et al., 2003; Nitsche & Paulus, 2000;
Purpura & McMurtry, 1965). It is thought that tDCS works on a local scale affecting
membrane polarization; however, recent fMRI studies reported that tDCS can
influencing resting-state functional connectivity in distinct functional networks (Keeser et
al., 2011). Studies like this suggest tDCS may also modulate activity over a long range
and may even play an important role in neural oscillations (Filmer et al., 2014). For
instance, anodal tDCS was found to increase baseline alpha power and gamma power
in response to visual stimuli, markers of cortical inhibition and excitation respectively
(Wilson et al., 2018). Additionally, anodal tDCS was found to increase low-frequency
oscillations in the underlying tissue without increasing firing rates (M. R. Krause et al.,
2017). However, these effects may largely depend on a variety of factors including brain
anatomy and stimulation parameters, among other factors.

Despite accumulating evidence supporting the efficacy of tDCS as a treatment
option, many questions about its effects and use remain. The current study set out to

test how prefrontal tDCS with a bilateral montage affects neural activity at the
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population level (as assessed with scalp EEG electrodes and intracortical recording
electrodes), to determine the effects of varying stimulation polarity (anodal and
cathodal) and intensity (0.5-1.5 mA). We made simultaneous multi-electrode intracranial
recordings and scalp EEG recordings in awake NHPs during prefrontal tDCS. We
compared the effects of stimulation on scalp EEG power in frontal and parietal
electrodes and intracortically recorded local field potential (LFPs) power in the PFC,
ACC, DPM and the CAD. Increasing our understanding of how tDCS influences
neighboring and subcortical areas will ultimately improve our understand of the

underlying mechanisms of tDCS and allow this therapy to be used optimally.

Research Methods

Animals and surgical procedures: Experiments were performed on two adult macaque
monkeys (Macacca mulatta). All procedures used conformed to NIH guidelines and
were approved by UC Davis IACUC. Both NHPs were surgically implanted with a head
restraint post and a recording chamber located over the principle and arcuate sulcus. A
schematic of animal C and Z's intracortical and scalp electrophysiological setup is
shown in Figure 2.1. Animal C had recording chamber on left side hemisphere, while

animal Z the had recording chamber on right side.

Passive Behavior: Animals were seated in front of a monitor where they were allowed to
passively view a grey screen monitor. Eye position was monitored by an infrared video
eye tracker (Applied Science Laboratories, Bedford, MA), although no behavioral task

was employed.
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Transcranial direct current stimulation: tDCS was performed using the commercially
available Neuroelectrics system Starstim (Neuroelectrics Instrument Controller, v1.0;
Rev 2012-08-01, Neurolelectrics, Barcelona, Spain) with the program NIC. The
Neuroelectrics Starstim system is a HD-tDCS generator, allowing for more focal current
delivery. This system is commonly used in human studies and the 8-electrode setup
was used in our NHP recordings, where 5-6 1 cm radius Ag/AgCl electrodes (PISTIM,
Neuroelectrics) were used along with 1 ear clip (CMS/DRL). Contact between
electrodes and the scalp was made with Signa conductive gel (Parker Laboratories).
Scalp EEG data was collected at 500 Hz and analyzed offline. Electrode impedance at
the start of every recording session was 0-10 kQ, signals >15 kQ the were automatically
aborted.

NHPs had their hair timmed and were each fitted individually with a customized
EEG cap each day of recording. Scalp electrode locations were approximated from a
scaled down 10-20 mapping system (Appendix Figure 1). Electrodes were placed over
frontal (F7 and F8) and parietal brain areas (P7 and P8) with reference electrodes
positioned behind the ear as mastoid references (TP9 and TP10). tDCS was
administered through F7 and returned through F8, depending on polarity. Parameters
being studied included polarity (anodal and cathodal stimulation) and intensity (0.5, 1,
1.5 mA). Electrode placement mimicked a bilateral montage commonly seen in human
studies, where current flow crosses both hemispheres (Figure 2.1). Raw tDCS intensity
values are shown in Appendix Table 1. The Neuroelectrics system is capable of

simultaneously administering tDCS and recording EEG, however not in stimulating
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electrodes. Therefore, scalp EEG during stimulation is only reported for parietal scalp
electrodes.

Each day of recording began with a start and end baseline (120 seconds each)
and 80 blocks of stimulation (22 seconds) separated by blocks of EEG recording (20
seconds each). For stimulation, current was ramped up to the desired intensity over 1
second, and then maintained at a constant level for 20 seconds, before being ramped
down over 1 second for each stimulation trial. Two or three stimulation intensities and
both polarities of stimulation were randomly assigned to each trial on a given day. For
example, on days when 2 intensities were used,17-21 trials per intensity and polarity
were delivered. On days where sham tDCS was delivered, 16 stimulation trials of each
condition were randomly re-assigned as sham. Sham stimulation consisted of 1 second
ramp up followed by a brief 5 second stimulation, then a 1 second ramp down. At the
end of the 20 second of sham tDCS, there is another 1 second ramp up and down
(Supplemental Figure 2.5).

Two different datasets were collected in both animals. The first included scalp
EEG recordings during tDCS. The second included scalp EEG recordings along with
simultaneous intracortical recordings during tDCS. Animal C had an additional third

dataset, which included scalp EEG in combination with sham tDCS during tDCS.

Neural Recordings: Simultaneous multi-electrode recordings were made from the PFC,
CAD, ACC, and DPM with 8-16 tungsten electrodes (FHC, Bowdoin, ME) in both
animals (Supplemental Table 2,1). Neural recordings were collected through a Plexon

headstage (x1) and preamplifier (x1000 gain, band-pass filtering the signal at 0.7 Hz-6
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kHz). Broadband signals were collected at 20 kHz through a 1401 data acquisition
system in conjunction with Spike2 software (Cambridge Electronic Design, Cambridge,
UK). Electrodes were inserted into the brain every day of recording and guided by each
animals MRI images. Electrode location and identification was referenced with a
Paxinos brain atlas. Our analysis of PFC included both regions of the lateral PFC and
caudal PFC (posterior to area 8A including the frontal eye fields). Striatal recordings

included the head and body of the caudate nucleus.

Data Analysis: Scalp EEG data was analyzed offline using custom written code in
MATLAB (Mathworks, Natick MA). Signals were low-pass filtered using a 10" order
Butterworth filter (high cut freq: 250 Hz) and 60 cycle noise was removed (10" order
bandstop filter 59-61 Hz). Mastoid references on analysis are TP10 for both animals
unless otherwise noted. The signals were then decomposed into their spectral
components using a MATLAB-based wavelet analysis toolbox (Torrence and Compo,
1998) through their convolution with a Morlet wavelet, at 6 octaves (2:0.1:128 Hz). The
wavelet transform supplies both the amplitude and the phase of the signal at each time
point. Quantification of power was made using custom MATLAB code and is reported as
the average across days +/- SEM.

To relate intracortical data with scalp EEG, Spike2 recordings were time stamped
to NIC software using a TTL trigger adapter (Neuroelectrics, Cambridge MA). Offset
between intracortical and scalp EEG data was corrected manually. Intracortical data
was analyzed in a similar fashion offline. Signals were low-pass filtered using a 10t"

order Butterworth filter to separate local field potentials (LFP) from spiking activity (high-
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cut freq: 300 Hz). Analysis focused on LFP data, where the signal was further filtered to
remove 60 cycle noise (10" order bandstop filter 59-61 Hz) and down sampled to 500
Hz to match the scalp EEG. LFP data was then decomposed using a wavelet analysis.
Data are reported as average across electrodes +/- SEM.

Analysis focused on the time and frequency dependence of oscillations in
multiple brain areas. Three epochs of electrophysiological data were examined: (i) pre-
tDCS to determine baseline physiology, (ii) during tDCS to identify ongoing changes
associated with tDCS delivery, and (iii) post-tDCS to evaluate the short and long-term
after-effects induced by tDCS. Note on one EEG trial (20 seconds), the beginning of this
time frame is analyzed as the post-stimulation (5 seconds) of the previous stimulation
trial, and the end of it is the baseline (5 seconds) for the next stimulation trial. Due to the
large stimulation artifact seen during the ramp up and down of stimulation (as see in the
filtered LFP Figure 2.2), this time period was removed from analysis in both scalp EEG
and intracortical data. Additionally, a 2 second buffer before and after the artifact peak
was removed as the effect of it smeared into the time surrounding it due to wavelet

decomposition. Therefore, 16 seconds of data was analyzed during stimulation.

Results

Previous studies report mixed results in the effectiveness of using tDCS as a
therapeutic tool. Some studies have shown behavioral enhancement following
stimulation while others show no effect at all (Harris et al., 2019)(London & Slagter,
2021) and further question the ability of low current penetrating the brain (Voroslakos et
al., 2018). Here we investigated if bilateral tDCS can causes changes in scalp EEG and

intracortical LFPs in the NHP model (Figure 2.1), by systematically examining different

24



stimulation parameters including polarity (anodal V+, cathodal V-) and intensity (0.5, 1,

1.5 mA).

tDCS Leads to a Broadband Change in Scalp EEG Power.

First, we confirmed that tDCS was visible in the scalp EEG in the NHP. An example of
three filtered scalp EEG trials during stimulation are shown in Figure 2.2. The scalp
electrode (P8) shows anodal stimulation across three trials with different intensities
(green: 0.5 mA, red: 1 mA, blue: 1.5 mA) from animal C. Time series of the trials shows
a 1 second ramp up and down with 20 seconds of stimulation (highlighted in grey).

We examined the spectral power across the frequency spectrum during
stimulation to confirm current penetrates the brain and produces changes in neural
activity. A large artifact during the ramping phases in the power spectra was seen;
therefore, a 2 second buffer was applied for all analysis after the ramp up and before
the ramp down during stimulation. A total of 16/20 second of stimulation was analyzed.

tDCS induced a broadband change in EEG power; however, differences in
spectral amplitudes of power were seen between both animals (Figure 2.3). For this
reason, the effects of tDCS on both animals is plotted separately. Comparisons of the

effects of tDCS on brain activity were therefore done within and not between animals.

tDCS Increase Parietal Scalp EEG Power During Stimulation.

The effects of tDCS on the parietal scalp EEG (electrodes P7 and P8) show an overall
increase in power during stimulation compared to baseline in both animal C and Z
(Figure 2.4 and 2.5). Effects of tDCS are focused on the low frequency range,

predominately in the delta band (1-4 Hz) Figure 2.4A and 2.5A. Table 1 shows the
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mean + SEM and P-values of delta band power during stimulation for animal C and Z
(paired t-test, FDR corrected), respectively. No strong differences were seen between
polarity; however, a trend towards an increase in intensity and power can be seen. A
large deviation in 1.5 mA stimulation for animal C (Figure 2.4, 2.6) was apparent;
however, this may reflect noise in the recording. No differences were seen between

parietal electrodes within each animal, suggesting a lack of hemispheric differences.

Prolonged Effects of tDCS on Scalp EEG Delta Band Power.

Profiles of each animal’s power spectra post stimulation can be found in Figure 2.6 and
2.7. Since the largest effects during stimulation were seen in low frequency bands,
analysis post-stimulation focused on the delta band. Post-stimulation was defined as 2-
7 seconds after stimulation (5 seconds total) and followed a 2 second buffer to avoid
any ramp-down artifacts. Interestingly current increases during stimulation showed the
opposite effect post-stimulation, and not all stimulation parameters that displayed
significant changes during stimulation showed changes post-stimulation. Animal C
showed prolonged decreases in power in recordings from parietal electrodes post-
stimulation in P7 and P8 after anodal 1 mA (p = 7.2e-7 and p = 0.0071), and cathodal
0.5 mA (p =0.0023 and p = 0.003) and 1 mA (p = 7.5e-8 and p = 8.8e-9) stimulation
(Figure 2.8). Animal Z only showed a decrease in power in recordings from P8
electrodes (Figure 2.9) after anodal 1.5 mA stimulation (p = 0.022). Mean + SEM and
P-values for delta band power post-stimulation are reported from a paired t-test (FDR

corrected) found in Table 2.2.
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Scalp EEG was examined post-stimulation for recordings from frontal scalp
electrodes, as scalp EEG could not be recorded simultaneously with current delivery.
Anodal stimulation showed increases in power post-stimulation at all intensities (Figure
2.10,2.11), in a dose dependent manner. See Table 2.3 for mean + SEM and FDR
corrected paired t-test p-values of delta band power. Cathodal stimulation caused mixed
results in relation to current flow and intensity. Animal C showed decreases in the
percent change of power relative to baseline in recordings from electrodes F7 and F8
during 1 mA stimulation (-29.52% and -41.58%), and also during 0.5 mA in recordings
from electrode F7 (-39.57%) (Figure 2.10). Animal Z showed a decrease in power
during cathodal 0.5 mA stimulation in recordings from electrode F8 (-33.26%) (Figure
2.11). Effects of anodal and cathodal stimulation trend to support polarity specific effects

in animal Z.

The Influence of tDCS on Local Field Potentials.

Since tDCS produced significant changes in scalp EEG power we further examined how
tDCS impacts neural activity on a finer scale. To achieve this, we simultaneously
recorded LFPs during tDCS. We focused on how tDCS impacted cortical regions (PFC,
ACC, DPM) during and after stimulation, and compared the effects of tDCS on a cortical
(PFC) vs. subcortical (CAD) areas. The PFC and CAD were chosen because they are
directly connected through the frontostriatal network. This network has shown to be
involved in many different cognitive and behavioral studies and therefore is a great
system to examine for modulatory effects (Antzoulatos & Miller, 2014). Next, we further

dove into the frontostriatal network to examine specific oscillatory changes (beta band)
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inherent to the network and how those were impacted following tDCS. The recording
chambers were over different hemispheres in animals C and Z; hemispheric differences
were not anticipated.

To confirm low levels of stimulation were reaching the brain, we first confirmed a
stimulation artifact was present in the LFP, as was seen with scalp EEG. Figure 2.2B
shows an example of a filtered LFP from the PFC, including periods of tDCS ramp up
and down and stimulation period (highlighted in grey). Interestingly, the profile of the
voltage does not stay elevated in the LFP as seen in the scalp EEG, despite similar

processing techngiues.

tDCS Produces Broadband Changes in Spectral Power Intracortically.

Effect of tDCS, collapsed across intensity and polarity, included broadband changes in
power compared to baseline (Figure 2.12A, 2.13A). Strongest and most wide band
effects were seen in the PFC and CAD in both animals. Mean + SEM and p-values are
reported from a two-sample t-test and shown in Table 2.4 and 2.5. In general, animal C
showed decreased changes in power during stimulation, except in the gamma band
(Figure 2.12A). Animal Z showed similar trends, where higher frequency bands showed
increased power, except in CAD which showed effects in all bands (Figure 2.13A). A
wider view of the spectral profile of tDCS broken down by polarity and intensity are
shown in Figure 2.12C, 2.13C. ACC, DPM and PFC all show different profiles in
spectral power despite their proximity to the stimulating electrode and being superficial
cortical areas. This is consistent with each area having distinct local networks and

effects of tDCS. All intracortical areas showed strong intrinsic beta band activity.
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Changes in PFC power spectra did not align with similar changes in the CAD.
Therefore, it is unclear if changes in the CAD result from global changes in the electric

field or through network properties.

tDCS Shows Mixed Intracortical Delta Band Power Effects.

To relate the changes in spectral power observed in scalp EEG, we focused our data
analysis of intracortically recorded LFP also in the delta band. Animal C and Z both
showed mixed effects of beta band power intracortically; however, both show the most
widespread effects in the PFC (Figure 2.14, 2.15). Animal C shows no changes in ACC.
Animal C showed a decrease in delta band power during cathodal 1.5 mA stimulation in
DPM (p = 0.042) and CAD (p = 0.0022). The strongest effects were seen in the PFC
during cathodal stimulation of 1 mA (p = 0.0087) and 1.5 mA (p = 6.7e-5). Similarly,
animal Z showed the least effects in ACC, with only 0.5 mA anodal stimulation being
different from baseline (p = 0.035). CAD showed significant effects only with anodal 1.5
mA stimulation (p = 0.0074). The strongest and most widespread change for animal Z
was in DPM and PFC. Anodal and cathodal 0.5 mA in the DPM (p = 2.4e-6 and p =
0.00062) and PFC (0.0072 and 0.021), and 1.5 mA in PFC of both (7.7e-5 and 4.8e-5).
Changes were also seen in cathodal 1 mA stimulation in DPM (p = 0.0015). P-values

are reported from a two-sample t-test.

tDCS Produces Limited Changes in Delta Band Power Post-stimulation.

We focused post-stimulation effects in areas that showed significant changes during

stimulation. Few areas that showed differences during stimulation had prolonged
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effects. Animal C showed long-term effects after 1.5 mA cathodal stimulation in the PFC
(0.019) and CAD (0.0010) (Figure 2.16). Animal Z showed no changes in baseline post-
stimulation in any area (Figure 2.17). Interestingly, brain areas became significant
different from baseline post-stimulation that did not show significant increases during
stimulation, including anodal 1 mA stimulation (p = 0.035) in animal C and anodal 0.5
mA (p = 2.4e-5) and 1 mA (p = 0.0015) in animal Z (data not shown). P-values are

reported from a two-sample t-test.

Discussion
Previous studies have shown that the effects of tDCS can be significantly altered by a
large number of methodological decisions (Bastani & Jaberzadeh, 2013; Moliadze et al.,
2010). Our study is the first to systematically examine multiple dimensions of tDCS
parameters in a NHP model of prefrontal tDCS. While other NHP tDCS papers exist,
their studies are limited in the brain areas recorded from and stimulation parameters
used (Bogaard et al., 2019; Datta et al., 2016; M. R. Krause et al., 2017, 2019). With
mixed literature on the neurophysiological effects of tDCS (Lopez-Alonso et al., 2014)
we sought to get a wider view of what happens to neural activity under tDCS with a
bilateral montage by testing different polarities (anodal/cathodal) and intensities
(0.5,1,1.5 mA). Our results show mixed effects of tDCS across scalp recorded EEG and
intracortically recorded LFP based on stimulation parameters.

Our results show a global and broadband increase in scalp EEG power in
parietal scalp electrodes during stimulation, trending in a dose dependent manner with

intensity. Changes in power were the strongest in the lower frequency bands
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(Jacobson, Ezra, et al., 2012; M. R. Krause et al., 2017), specifically in the delta band
(Wu et al., 2021). However, we cannot eliminate the possibility that these broadband
effects are a result of contamination form stimulation artifact emanating from the
stimulating electrodes. Nonetheless, it is important information to visualize what these
signals look like and highlight the diffuse form of even HD-tDCS systems. This data
does however provide evidence of stimulation delivery (with the Neuroelectrics system)
and may also be valuable in monitoring afferent effects of stimulation (i.e., potential
seizure like activity).

Changes in scalp EEG power seen during stimulation in parietal electrodes were
not consistently maintained post-stimulation. In fact, decreases in delta band power
were seen (Cai et al., 2019). In contrast, frontal scalp electrodes did show prolonged
effects of tDCS power trending with intensity, suggest a more localized effects of tDCS
once stimulation is turned off. Animal C also showed increases in power post anodal
stimulation and decrease in power with cathodal, in support of polarity specific changes
(Figure 10). More information on the individualized effects of tDCS can be found in the
General Discussion.

The influence of tDCS on intracortical neural activity both during and post-
stimulation was less clear, as tDCS parameters had varying results. The strongest
intracortical effects were seen in the PFC in animal C during stimulation, which is
consistent with the PFC as our main target. A study by Krause et al 2017 also showed
the largest tDCS induced changes in single and multiunit activity in the PFC compared
to inferior temporal cortex, however they reported increases in activity. All three cortical

areas recorded from (PFC, ACC, DPM) showed unique spectral profiles in response to
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tDCS in our study. Varying responses of tDCS based on brain regions have been
hypothesized to stem from many factors such as cell morphology, cell type, orientation,
and much more (Bikson et al., 2004; Bogaard et al., 2019; Kabakov et al., 2012;
Radman et al., 2009). Factors influencing tDCS can be found in greater detail in the
General Discussion, Chapter 4.

Interestingly, areas that showed significant changes during tDCS did not always
show changes post-stimulation. In fact, animal Z showed no significant changes in
power intracortically in the delta band post-stimulation (Figure 2.17). This may stem
from the short stimulation interval used (20 seconds) and account for the short-term
effects of tDCS. Longer stimulation intervals could lead to longer lasting post-stimulation
effects (Sanchez-Leon et al., 2020).

It is thought that tDCS influences areas directly under the stimulating electrodes;
yet, recent research has demonstrated that tDCS may also exert changes in neuronal
activity in deeper brain structures (Chib et al., 2013). Our intracortical CAD data does
show large changes in power in both animals, and the direction of change is opposite in
both. Mechanistically, it is unclear if these changes arise from network properties or
global changes in electric fields (see Chapter 4 General Discussion).

To support the role of tDCS being a form of diffuse stimulation, more global and
larger effects were seen with the scalp EEG than with the intracortical LFP. This could
stem from the scalp EEG casting a wider net and picking up the summated influence of
stimulation. In contrast, it is possible that tDCS induced changes could be more
drastically seen on a single neuron level than population, highlighting how scope and

study design can influence the interpretability of tDCS studies.
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Animals C and Z were statistically different from each other, yet the trends of
tDCS influence of tDCS in both animals were similar (Figure 2.3). This is consistent
with human studies showing individualized effects of tDCS and may be explained by
several factors including brain size, anatomy, etc. (Datta et al., 2009; B. Krause &
Cohen Kadosh, 2014; Opitz et al., 2015; Russell et al., 2013). More information on
individualized differences can be found in the General Discussion.

Three different stimulation intensities were used in the following study: 0.5, 1,
and 1.5 mA. These intensities were used as they are commonly tested in human
studies. However, 2 mA stimulation was eliminated from the present study early on as
the animal’s showed discomfort. tDCS related side effects are most reported during the
ramping periods where current levels change and can include sensations such as
tingling, warmth, and skin discomfort. The ramp times in the present study were 1
second long, whereas human tDCS experiments this is on a longer time scale (e.g., 30
second). It is possible that longer ramp times may alleviate any ramping induced side
effects and the large artifact seen in both the scalp EEG and intracortical LFP (Figure
2.2).

The mechanism of action of tDCS is thought to arise from altering resting
membrane potentials (Lang et al., 2005; Nitsche & Paulus, 2001) where anodal
stimulation leads to an increase in neuronal activity and cathodal stimulation inhibits it
(Monte-Silva et al., 2013). Our data did not show strong polarity induced effects during
stimulation or post-stimulation. Furthermore, human studies of bilateral tDCS have

shown evidence of increasing cortical excitability in one hemisphere while causing a
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decrease in the contralateral hemisphere (Mordillo-Mateos et al., 2012). However, we

do not see this teeter totter effect either.

Conclusion

In conclusion, the effects of scalp EEG in the NHP are mixed, where changes in power
were variable in relation to the different stimulation parameters used and the time
periods examined. Trends of Intensity and polarity induced changes were reported
throughout yet were not consistent. Further studies will need to be done to better relate
local changes in neural activity to scalp EEG. Despite these results, there is still promise
that specific combinations of tDCS parameters may influence frequency specific
changes in power in some individuals. Future experiments will need to address longer
stimulation times, repeated stimulation, the influence of tDCS on behavior, and more.
Gaining a better mechanistic view of the effects of tDCS and reducing intra-individual
variability can further progress its use a method of modulating neural activity and as a

therapeutic intervention (Ezzyat et al., 2018).
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Figure 2.1: Bilateral Stimulation tDCS Montage Setup. Approximate location of
stimulating electrodes (orange), recording scalp electrodes (white) and reference (grey)
in both animals C and Z. Current flows from stimulating (F7) to return electrode (F8).
Anodal and cathodal stimulation represent the charge of current (V+ and V-) in
reference to F7.
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Figure 2.2: tDCS Artifact in LFP and Scalp EEG. Example of pre-processed scalp
EEG (A) and LFP (B) data from one recording day showing 3 anodal stimulation trials
across intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA). Three time epochs are
focused on: ramp up (0-1 seconds), stimulation (1-21 seconds), and ramp down (21-22
seconds). Stimulation is highlighted in grey.
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Figure 2.3: Change in tDCS Scalp EEG Power Across Frequency Bands. tDCS
causes changes in parietal scalp EEG power compared to baseline in animal C
(orange) and Z (blue). Frequency bands are designated as Delta (6; 1-4 Hz), Theta (6;
4-8 Hz), Alpha (a; 8-12 Hz), Beta (B; 12-30 Hz), and Gamma (y; 30-128 Hz). Animal C
and Z show similar changes in spectral power, with animal C ~100 folder higher. Data is
collapsed across polarity and intensity and reported as mean + SEM: *= p<0.05; ** =
p<0.01; *** = p<0.001 (two sample t-test).
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Figure 2.4: The Effects of tDCS on Scalp EEG During Stimulation in Animal

C. Power spectra of parietal scalp electrodes during anodal (top) and cathodal (bottom)
stimulation with a bilateral montage (A). Three different stimulation intensities (green:
0.5 mA, red: 1 mA, blue: 1.5 mA) are superimposed on each panel along with baseline
(black). Power has been normalized for correction of power-law decay and is plotted on
a log scale. Strongest effects are seen in the low frequency bands, highlighted in the
delta band (5; 1-4 Hz). Inset of animal C with a bilateral tDCS montage, scalp electrodes
(orange) and reference (grey). Delta band effects of tDCS relative to baseline of each
stimulation condition in parietal electrodes (C). Baseline is specific for each area,
collapsed across intensity and polarity. Data is reported as mean + SEM: *= p<0.05; **
= p<0.01; *** = p<0.001 (two sample t-test, unequal variance; FDR corrected).
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Figure 2.5: The Effects of tDCS on Scalp EEG in Animal Z. Power spectra of
parietal scalp electrodes with a bilateral montage during anodal and cathodal
stimulation (A). Superimposed on each panel are three different stimulation intensities
(green: 0.5 mA, red: 1 mA, blue: 1.5 mA) and baseline (black). Power is plotted on a log
scale and has been normalized for correction of power-law decay. Strongest effects are
highlighted in the delta band (5; 1-4 Hz). Inset of animal Z with a bilateral montage (B)
highlighting stimulating (orange) electrodes and reference (grey). Stimulation effects of
tDCS in the delta band on parietal electrodes relative to baseline across conditions (C).
Baseline is specific for each area, collapsed across polarity and intensity. Data is
reported as mean = SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (two sample t-test,
unequal variance; FDR corrected).

39



Animal C Animal Z
Intensity Stimulation p-val Stimulation p-val
(mA)
Baseline -- 309.97 + 44.88 -- 19.39 + 2.91 --
Anodal 0.5 1574.38 + 249.85 4.1e-6 801.60 + 411.78 0.15
1 3478.21 + 382.03 4.8e-12 | 874.48 + 156.56 1.6e-6
1.5 46641.06 + 14480.44 | 0.0027 | 1819.65+391.54 | 7.6e-5
Cathodal 0.5 498.23 + 30.45 0.0011 | 1015.01 + 652.83 0.23
1 3943.13 + 395.70 2.5e-12 647.94 + 62.74 9.2e-15
1.5 584035.78 + 0.075 1528.02 £ 131.74 | 3.0e-16
302561.16
B. P8
Animal C Animal Z
Intensity Stimulation p-val Stimulation p-val
(mA)
Baseline -- 443.08 + 59.86 -- 17.90 + 4.41 --
Anodal 0.5 8549.47 + 2229.16 0.0023 | 642.44 + 394.98 0.20
1 1998.35 + 437.79 0.0026 | 485.38 + 137.90 | 0.0061
1.5 131295.52 + 72275.13 0.12 269.62 + 110.56 0.064
Cathodal 0.5 19658.17 + 11714.30 0.12 812.82 + 595.18 0.25
1 2016.71 + 543.26 0.011 225.88 +46.86 | 0.00038
1.5 349692.27 + 207679 0.12 397.41 £ 121.59 0.011

Table 2.1: Bilateral Stimulation Scalp EEG P-values. Power spectra from parietal
scalp electrodes, P7 (A) and P8 (B), across polarity and intensity in animal C and Z.
Stimulation data mean + SEM (paired t-test of unequal variance, FDR corrected).
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Figure 2.6: Post-stimulation Power Spectra in Animal C. Frontal and parietal scalp
EEG with a bilateral montage during anodal and cathodal stimulation. Superimposed on
each panel are three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue:
1.5 mA) and baseline (black). Power has been normalized for correction of power-law
decay.
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Figure 2.7: Post-stimulation Power Spectra in Animal Z. Frontal and parietal scalp
EEG with a bilateral montage during anodal and cathodal stimulation. Superimposed on
each panel are three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue:

1.5 mA) and baseline (black). Power has been normalized for correction of power-law
decay.
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Figure 2.8: Post-stimulation in Parietal Areas in Animal C. Power spectra from
parietal scalp EEG in the delta band during anodal and cathodal stimulation.
Superimposed on each panel are three different stimulation intensities (green: 0.5 mA,
red: 1 mA, blue: 1.5 mA) and baseline (black). Significant decreases in power can be
seen in both P7 and P8 5 seconds after stimulation.
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Figure 2.9: Post-stimulation in Parietal Areas in Animal Z. Delta band power from
parietal scalp EEG during anodal and cathodal stimulation. Superimposed on each
panel are three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA)
and baseline (black). Significant decreases in power can be seen in both P7 and P8 5
seconds after stimulation.

44



Animal C Animal Z
Intensity Post-stimulation p-val Post- p-val
(mA) stimulation
Baseline - 309.97 + 44.88 - 19.39 £ 2.91 -
Anodal 0.5 354.83 + 73.41 0.60 14.73 £ 5.03 0.46
1 69.58 + 10.40 7.2e-7 | 33.62 +12.96 0.34
1.5 430.45 £ 96.58 0.28 14.73+£2.19 0.30
Cathodal 0.5 128.77 £ 33.95 0.0023 | 42.10 + 19.67 0.34
1 53.52 + 3.77 7.5e-8 | 64.84 + 26.38 0.18
1.5 3811013.22 + 012 | 32.41+17.46 0.46
2316462.65
B. P8
Animal C Animal Z
Intensity Post-stimulation p-val Post- p-val
(mA) stimulation
Baseline - 443.08 £ 59.86 - 17.90 + 4.41 -
Anodal 0.5 402.52 £ 74.96 0.67 7.07£4.49 0.17
1 143.27 £ 79.74 0.0071 | 42.98 + 24.36 0.38
1.5 500.39 + 113.57 0.67 4.65+2.22 0.022
Cathodal 0.5 196.57 £45.19 0.003 | 32.29 + 18.09 0.48
1 52.51+18.12 8.8e-9 | 54.02 + 25.53 0.25
1.5 3799195.94 + 0.12 20.21 £ 15.82 0.89
2301897.55

Table 2.2: Bilateral Post-stimulation Scalp EEG P-values Animal C and Z. Power
spectra from parietal scalp electrodes, P7 (A) and P8 (B), across polarity and intensity
in both animals during post-stimulation. Post-stimulation data mean + SEM (paired t-test

of unequal variance, FDR corrected).
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Figure 2.10: Post-stimulation Effects of tDCS in Frontal Regions in Animal C.
Normalized delta band power during baseline and post-stimulation in frontal scalp
electrodes. Power is broken down by polarity and intensity across frontal areas. Percent
decrease from baseline (red) and increase (green). Baseline is specific for each area,
collapsed across polarity and intensity. Data is reported as mean + SEM: *= p<0.05; ** =
p<0.01; *** = p<0.001 (two sample t-test, unequal variance; FDR corrected).
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Figure 2.11: Post-stimulation Effects of tDCS in Frontal Regions in Animal Z.
Normalized delta band power during baseline and post-stimulation in frontal scalp
electrodes. Decrease in percent change from baseline broken down by polarity and
intensity (red) and increase (green). Baseline is specific for each area, collapsed across
polarity and intensity. Data is reported as mean + SEM: *= p<0.05; ** = p<0.01; *** =
p<0.001 (two sample t-test, unequal variance; FDR corrected).
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A. Anodal

Animal C Animal Z
Intensity Post-stimulation p-vals Post-stimulation p-vals
(mA)
F7 0.5 655.66 + 75.53 0.017 162.67 £ 9.13 0.0018
1 745.36 + 37.84 7.9e-7 326.38 + 26.51 4.9e-11
1.5 1422.56 £ 109.54 3.1e-13 | 521.43 £+ 36.58 7.0e-16
F8 0.5 526.28 + 67.06 0.61 302.97 + 77.64 0.031
1 889.48 + 114.06 0.010 478.05 £ 63.90 8.0e-7
1.5 3779836 + 0.15 405.77 £ 31.36 6.1e-12
2278172.42
B. Cathodal
Animal C Animal Z
Intensity Post-stimulation p-vals Post-stimulation p-vals
(mA)
F7 0.5 265.42 + 32.91 0.0036 172.51 £ 51.70 0.19
1 309.54 + 20.56 0.013 182.81 £ 28.71 0.017
1.5 3795130.85 0.10 199.51 £21.76 | 0.00081
2297997.85
F8 0.5 619.94 + 122.28 0.35 68.04 +7 0.19
1 281.65+77.04 0.067 132.68 £ 17.27 0.29
1.5 1084.54 + 234.65 0.041 148.93 £ 8.13 0.084

Table 2.3: Bilateral Post-stimulation Frontal Scalp EEG P-values Animal C and Z.
Power spectra from scalp electrodes during anodal and cathodal F7 stimulation. F7 is
the stimulating electrode and F8 is the return, animal C’s baseline power is 439.24 +

44.62 and 482.09 + 53.17 respectively. Animal Z's baseline powers as 100.08 + 16.84

and 101.95 + 23.18 respectively. Post-stimulation data mean £ SEM (paired t-test of
unequal variance, FDR corrected).
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Figure 2.12: The Influence of tDCS on Intracortical Brain Regions in Animal C.
LFP data from ACC, DPM, PFC, and CAD recorded simultaneously during tDCS.
Change in LFP power spectra collapsed across polarity and intensity in each location
(A). Stimulation effects are seen across frequency bands Delta (5; 1-4 Hz), Theta (6; 4-8
Hz), Alpha (a; 8-12 Hz), Beta (B; 12-30 Hz), and Gamma (y; 30-128 Hz). Approximate
location of intracortical electrodes (light orange) and stimulating (orange) and reference
(grey) scalp electrodes (B). Full power spectrum broken down by polarity (anodal and
cathodal) and three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5
mA) are shown along with baseline (black). Power has been normalized for correction of
power-law decay. Baseline is specific for area. Data is reported as mean £ SEM: *=
p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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. ACC

Baseline

Stimulation

p-val
5| 0.058 +£0.011 0.054 £ 0.013 0.66
9| 0.037 £0.0057 | 0.034 £0.0072 0.56
o 0.063 + 0.01 0.050 + 0.0079 0.024
p| 0.084+0.015 0.064 £+ 0.01 0.029
y| 0.016 +0.0017 0.016 £0.0017 0.91
. DPM
Baseline Stimulation p-val
§| 0.042 +0.0043 | 0.037 £0.0048 0.2
9| 0.031+0.0023 | 0.028 +0.0026 0.13
o | 0.039 £ 0.0036 0.036 +0.003 0.14
B 0.05 + 0.0061 0.056 + 0.0081 0.19
y| 0.011+0.0008 | 0.012 +0.0008 0.0088
. PFC
Baseline Stimulation p-val
§| 0.058 +£0.0038 | 0.051 £0.0034 0.005
0 0.04 £ 0.0025 0.033 £ 0.0023 | 9.10e-06
o | 0.081+£0.0097 | 0.068 +0.0086 | 0.00034
B 0.14 £ 0.026 0.12 £ 0.025 0.089
y| 0.021+0.0025 | 0.028 + 0.0045 0.0075
. CAD
Baseline Stimulation p-val
§| 0.034 +0.0036 0.032 + 0.0045 0.52
g | 0.029 £ 0.0040 0.028 + 0.0049 0.77
o | 0.042 £0.0043 0.036 £ 0.0043 0.00089
| 0.055+0.0074 0.047 £ 0.0071 0.0018
y | 0.0066 + 0.00081 | 0.0087 +0.0012 | 0.00035

Table 2.4: Bilateral Stimulation Intracortical P-values Animal C. Power spectra from
ACC (A), DPM (B), PFC (C), and CAD (D) collapsed across polarity and intensity by
frequency band. Data presented as mean + SEM (two sample t-test).
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Figure 2.13: The Influence of tDCS on Intracortical Brain Regions in Animal Z. LFP
data from ACC, DPM, PFC, and CAD recorded simultaneously during tDCS. Change in
LFP power spectra collapsed across polarity and intensity in each location (A).
Stimulation effects are seen across frequency bands Delta (3; 1-4 Hz), Theta (6; 4-8
Hz), Alpha (a; 8-12 Hz), Beta (B; 12-30 Hz), and Gamma (y; 30-128 Hz). Approximate
location of intracortical electrodes (light orange) and stimulating (orange) and reference
(grey) scalp electrodes (B). Full power spectrum broken down by polarity (anodal and
cathodal) and three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5
mA) are shown along with baseline (black). Power has been normalized for correction of
power-law decay. Baseline is specific for area. Data is reported as mean £ SEM: *=
p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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A. ACC

Baseline

Stimulation

p-val
S 0.14 £ 0.022 0.13+£0.015 0.55
0 0.11+£0.013 0.097 £ 0.0083 0.31
o 0.09 + 0.011 0.08 £ 0.007 0.094
p| 0.088+0.014 0.084 £0.012 0.21
y | 0.0091 £0.0013 | 0.0097 + 0.0012 0.013
B. DPM
Baseline Stimulation p-val
S 0.11£0.012 0.098 + 0.0085 0.081
0 0.11 +£0.015 0.097 £ 0.011 0.029
o 0.081 + 0.01 0.079 + 0.0091 0.47
| 0.071+0.008 0.074 + 0.0081 0.20
y | 0.0061 +0.0011 0.0097 + 0.002 0.076
C. PFC
Baseline Stimulation p-val
§| 0.046 £ 0.0058 | 0.0375 +0.0047 0.044
9| 0.035+0.0055 0.033 + 0.0044 0.62
o | 0.03£0.0065 0.033 £ 0.0062 0.30
| 0.044+0.014 0.005 +£0.014 0.091
y | 0.0036 +0.0009 | 0.0039 + 0.0083 0.72
D. CAD
Baseline Stimulation p-val
§| 0.032+0.055 0.048 £ 0.0088 0.031
9| 0.019+0.0028 | 0.0288 +0.0048 | 0.0048
o | 0.016 £0.0023 0.023 £ 0.0039 0.0056
p| 0.015+0.0025 | 0.0248 + 0.0056 0.023
y | 0.0028 +£0.0008 | 0.0042 + 0.0014 0.21

Table 2.5: Bilateral Stimulation Intracortical P-values Animal Z. Change in power
spectra in ACC (A), DPM (B), PFC (C), and CAD (D) across frequency bands, collapsed
by polarity and intensity. Data presented as mean + SEM (two sample t-test).
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Figure 2.14: Intracortical Delta Band Power During Stimulation in Animal C.
Normalized delta band power broken down by polarity (anodal and cathodal) and
intensity (green: 0.5 mA, red: 1 mA, blue: 1.5 mA) compared to baseline (dark grey).
Bars represent average mean, lines denote individual electrodes. Data is reported as
mean + SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).

54



>

Normalized Power (mV?) Normalized Power (mV?) Normalized Power (mV?2)

Normalized Power (m\V?)

-

08

04

0.z

o

0.8

08

06

0.2

ACC 3

AN

AN

Anodal Cathodal

DPM 3

" " "

Anodal Cathodal
PFC 3
-— ~ \ — N
Anodal Cathodal
CAD 3
Anodal Cathodal

55

Animal Z




Figure 2.15: Intracortical Delta Band Power During Stimulation in Animal Z.
Normalized delta power broken across polarity (anodal and cathodal) and intensity
(green: 0.5 mA, red: 1 mA, blue: 1.5 mA). Power compared to baseline (dark grey). Bars
represent average mean, lines denote individual electrodes. Data is reported as mean +
SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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Figure 2.16: Intracortical Post-stimulation Delta Power in Animal C. Intracortical
areas with significant increases in power during stimulation compared to post. Post-
stimulation is 2—7 seconds after stimulation is turned off, to exclude ramp down effects.
Changes in delta power during stimulation are not seen post-stimulation except in
Cathodal 1.5 mA in the CAD. Data is reported as mean + SEM: *= p<0.05; ** = p<0.01;
*** = p<0.001 (paired t test).
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Figure 2.17: Intracortical Post-stimulation Delta Power in Animal Z. Intracortical
areas with significant increases in power during stimulation compared to post. Post-
stimulation is 2—7 seconds after stimulation is turned off, to exclude ramp down effects.
Changes in delta power during stimulation are not seen post-stimulation except in
Anodal 0.5 mA in the CAD. Data is reported as mean + SEM: *= p<0.05; ** = p<0.01; ***
= p<0.001 (paired t test).
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Supplemental Figure 2.1: The Effects of tDCS with Intracortical Electrodes
Inserted on Scalp EEG in Animal C. Power spectra of parietal scalp electrodes during
anodal (top) and cathodal (bottom) stimulation with intracortical electrodes in place (A).
Three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA) are
superimposed on each panel. Power has been normalized for correction of power-law
decay and is plotted on a log scale. Inset of animal C with a bilateral tDCS montage,
stimulating scalp electrodes and recording chamber (orange) and reference scalp
electrode (grey). Intracortical electrodes were inserted into the PFC, ACC, DPM, and
CAD.
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Supplemental Figure 2.2: The Effects of tDCS with Intracortical Electrodes
Inserted on Scalp EEG in Animal Z. Power spectra of parietal scalp electrodes during
anodal and cathodal stimulation with intracortical electrodes present (A). Intracortical
electrodes were inserted into the PFC, ACC, DPM, and CAD. Superimposed on each
panel are three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA).
Power is plotted on a log scale and has been normalized for correction of power-law
decay. Location of stimulating scalp electrodes and recording chamber (orange) and
scalp EEG reference (grey) (B).
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Supplemental Figure 2.3: Post-stimulation Scalp EEG Power Spectra in Animal C
with Intracortical Electrodes Inserted. Frontal and parietal scalp EEG during anodal
and cathodal stimulation with intracortical electrodes. Intracortical electrodes were
inserted into the PFC, ACC, DPM, and CAD. Superimposed on each panel are three
different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA). Power has
been normalized for correction of power-law decay.
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Supplemental Figure 2.4: Post-stimulation Scalp EEG Power Spectra in Animal Z
with Intracortical Electrodes Inserted. Frontal and parietal scalp EEG during anodal
and cathodal stimulation with intracortical electrodes inserted into the PFC, ACC, DPM,
and CAD. Superimposed on each panel are three different stimulation intensities
(green: 0.5 mA, red: 1 mA, blue: 1.5 mA). Power has been normalized for correction of
power-law decay.
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Supplemental Figure 2.5: EEG of tDCS and Sham tDCS Trial. Example of a pre-
processed scalp EEG channel from one recording day showing 2 anodal stimulation
trials (A) and 2 anodal sham tDCS trials (B). Two intensities are shown at 0.5 mA
(green) and 1.5 mA (blue). Stimulation (1-21 seconds) and sham tDCS (1-6) time
segments are highlighted in grey.
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Supplemental Figure 2.6: Power Spectra During Shortened Duration Stimulation
in Animal C. Power spectra of parietal scalp electrodes during a brief 5 second anodal
(top) and cathodal (bottom) stimulation, also referred to as sham stimulation (A). Three
stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5 mA) are superimposed on
each panel. Power has been normalized for correction of power-law decay and is
plotted on a log scale. Inset of animal C with a bilateral tDCS montage, stimulating scalp
electrodes (orange) and reference scalp electrode (grey).
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Animal C
Animal Z

Supplemental Table 2.1: Identity and Number of Intracortical Electrodes with
Bilateral tDCS Montage. Number of intracortical electrodes per area in animal C and Z

Bilateral Montage

PFC ACC DPM CAD
41 14 13 25
11 8 24 7

that data was collected and analyzed from.
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Chapter 3: The Influence of Unilateral Transcranial Electric Brain Stimulation on
Neural Activity in the Primate Brain

Introduction
tDCS is a form of neuro-stimulation that has gained popularity as a clinical tool for
the treatment of neuropsychiatric disorders. Despite growing interest in this technique,
we know little about the mechanisms by which tDCS might work. There is considerable
controversy as to whether or how tDCS affects neural activity (Voroslakos et al., 2018),
and understanding the potential effects is complicated by stimulation parameters
including electrode montage, polarity, and intensity of stimulation (Bastani &
Jaberzadeh, 2013; Moliadze et al., 2010). Previous studies have suggested that tDCS
can modulate cortical excitability in a polarity-dependent fashion (Sanchez-Le6n et al.,
2021), such that anodal stimulation is thought to increase cortical excitability, whereas
cathodal stimulation may decrease it (Bindman et al., 1964; Nitsche, Nitsche, et al.,
2003; Nitsche & Paulus, 2000; Purpura & McMurtry, 1965). Furthermore, placement of
scalp electrodes is thought to change current flow and the areas being impacted.
Therefore, there is a growing demand to understand the underlying mechanisms of this
technique in aims to further optimize stimulation paradigms as a therapeutic target.

In the experiments described below, we explore the parameter space of tDCS by
identifying changes in spectral power following tDCS in the NHP. We systematically
break down different stimulation parameters (including polarity and intensity) to identify
their neurophysiological effects more clearly by pairing multi-electrode intracranial
recordings with tDCS. tDCS was targeted over the PFC via scalp electrodes using a

unilateral montage, where current from stimulating to return electrode flowed within the
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same hemisphere. Scalp EEG and intracortical LFP data were simultaneously collected

to assess effects both during and post-stimulation.

Research Methods:

Animals and surgical procedures: Experiments were conducted on one female (animal
C) and one male (animal Z) adult macaque monkey (Macacca mulatta). Both NHP were
surgically implanted with a head restraint post and a recording chamber located over
the principle and arcuate sulcus. All surgical procedures used conformed to NIH

guidelines and were approved by UC Davis IACUC.

Passive Behavior: NHPs did not perform a behavioral task but were seated in front of a
monitor where there were allowed to passively view a grey screen monitor. No visual
stimuli were presented on the screen. Eye position was monitored by an infrared video

eye tracker (Applied Science Laboratories, Bedford, MA).

Transcranial direct current stimulation: tDCS was performed using the 8 electrode
Neuroelectrics Starstim setup (Neuroelectrics Instrument Controller, v1.0; Rev 2012-08-
01, Neurolelectrics, Barcelona, Spain) in conjunction with the program NIC. Five-six
1cm radius Ag/AgCl electrodes (PISTIM, Neuroelectrics) were used with Signa
conductive gel (Parker Laboratories). An earclip was used for CMS/DRL. Scalp EEG
data was collected at 500 Hz and analyzed offline. Electrode impedance at the start of
every recording session was 0-10 kQ, signals >15 kQ were automatically aborted.
Scalp electrode locations were approximated from a scaled down 10-20 mapping

system and both NHPs were fitted with custom scalp EEG caps. NHP hair was trimmed
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before each recording session. Electrodes were placed over frontal (F7 and F8) and
parietal brain areas (P7 and P8) with reference electrodes positioned behind the ear as
mastoid references (TP9 and TP10). A unilateral stimulation montage was used, where
the stimulating electrode and return was on the same hemisphere. The stimulating
electrode was F7 in animal C and F8 in animal Z, as their recording chambers are on
opposite hemispheres. tDCS stimulation parameters examined include polarity (anodal
and cathodal stimulation) and intensity (0.5, 1, 1.5 mA). Scalp electrodes were not able
to simultaneously record EEG during active current delivery, therefore, the effects of
tDCS on scalp EEG during stimulation are examined in recordings from 2 electrodes
while baseline and post-stimulation effects were examined in recordings from all 4. A
breakdown of stimulating electrodes in each animal according to montage is shown in
Figure 3.1. Mastoid references used in analysis are TP10 for both animals unless
otherwise noted.

A combination of stimulation protocols was used, where 2-3 stimulation
intensities and both polarities of stimulation were randomly assigned to each trial on a
given day. Trials began with a start and end baseline (120 seconds each) and 80 blocks
of stimulation (22 seconds) separated by blocks of EEG recording (20 seconds each).
Stimulation ramp-up and ramp-down was 1 seconds. On days where sham tDCS was
delivered, 16 stimulation trials of each condition were randomly re-assigned as sham.
Two different datasets were collected: scalp EEG only and scalp EEG with intracortical
LFPs. Sham stimulation data was only collected in animal C and consisted of the same

ramp up and down time but consisted of a brief 5 second stimulation period.
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Neural Recordings: Simultaneous multi-electrode recordings were made from the PFC,
CAD, ACC, and DPM with 8-16 tungsten electrodes (FHC, Bowdoin, ME). Total number
of electrodes in each recording site can be found in Supplemental Table 3.1.
Broadband signals were collected at 20 kHz through a Plexon headstage (x1) and
preamplifier (x1000 gain, band-pass filtering the signal at 0.7 Hz-6 kHz) via a 1401 data
acquisition system and Spike2 software (Cambridge Electronic Design, Cambridge,
UK). Electrodes were lowered into different sites every day of recording and were
guided by each animals MRI images. Our analysis of PFC included both regions of the
lateral PFC and caudal PFC (posterior to area 8A including the frontal eye fields) and

CAD included both the head and body.

Data Analysis: Scalp EEG and intracortical LFP data were analyzed offline using
custom written code in MATLAB (Mathworks, Natick MA). Signals were low-pass filtered
using a 10" order Butterworth filter (high cut freq: 300 Hz for LFP and 250 Hz for scalp
EEG) and 60 cycle noise was removed (10" order bandstop filter 59-61 Hz). LFP data
was down-sampled to 500 Hz to match the scalp EEG. Both signals were decomposed
into their spectral components using a MATLAB-based wavelet analysis toolbox
(Torrence and Compo, 1998) through their convolution with a Morlet wavelet, at 6
octaves (2:0.1:128 Hz).

Analysis focused on power across multiple brain areas during 3 epochs: (i) pre-
stimulus baseline, (ii) during stimulation, and (iii) post-tDCS. Scalp EEG power is

reported across days and LFP is across electrodes, data is presented as mean £ SEM.
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Due to the large stimulation artifact seen ramping periods, this time period (with a 2

second buffer around it) was removed from all analyses.

Results

It is unclear how different stimulation parameters influence the effectiveness of tDCS
and further limiting its potential as a therapeutic tool (Harris et al., 2019; London &
Slagter, 2021). In the following experiments we investigated unilateral tDCS to
determine whether it causes changes in scalp EEG and intracortical LFPs in the NHP
model (Figure 3.1), and whether any effects depend on stimulus polarity (anodal V+,

cathodal V-) and/or intensity (0.5, 1, 1.5 mA).

Animal Specific Effects are Seen in Scalp EEG Power During Stimulation.

First, we wanted to know if both animals displayed similar responses to tDCS, as
human studies have shown individualized effects (Lopez-Alonso et al., 2014). In line
with the human literature, animals C and Z displayed different spectral profiles in
response to stimulation (Figure 3.2). Animal C showed minimal changes in broadband
scalp EEG power during stimulation over the non-stimulated hemisphere (Figure 3.3A).
In contrast, animal Z showed large changes at <16 Hz (Figure 3.4A). Animals received
tDCS stimulation over the PFC; yet stimulation was delivered on opposite hemispheres
in each animal (Figure 3.1A, 3.1B). Animal C received stimulation on the left
hemisphere, with the stimulating electrode F7 and return P7. Animal Z's received
stimulation on the right side from scalp electrodes F8 for stimulating and P8 for return.
We do not anticipate hemispheric differences, yet the influence of tDCS on both animals

are plotted separately and stimulation related effects should be done within animal.
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As stimulation showed the largest effects in the lower frequency bands, analysis
focused on the delta band (1-4 Hz). Animal C showed no changes in delta band power
during stimulation (Figure 3.3C); yet, animal Z showed the largest effects of tDCS on
scalp EEG in the delta band (Figure 3.4C). No effects of polarity were seen in either
animal. Animal Z shows larger changes in scalp EEG power for 1.5 mA than 1 mA
stimulation. However, no 0.5 mA stimulation data was collected and therefore we
cannot conclude any linear effects of intensity. See Table 3.1 for a breakdown of mean

power and SEM for each animal.

tDCS Increases Scalp EEG Power Post tDCS at Stimulated Sites.

It is thought that tDCS can have both immediate and long term effects on neural activity
(Sanchez-Ledn et al., 2020). Therefore, we further examined how long changes of
power lasted post stimulation. For analysis, we added a 5 second buffer following the
termination of stimulation, as similar ramp up and down artifacts were seen as reported
in Chapter 2. Broadband spectral profiles of scalp recorded EEG sites are found in
Figures 3.5 and 3.6. No large broadband changes in scalp EEG were seen post-
stimulation in animal C, except in 1.5 mA P8 stimulation (Figure 3.5). This decrease in
power persisted through post-stimulation in the delta band (Figure 3.7). Qualitatively,
animal Z shows broadband increases in scalp EEG post anodal 1.5 mA stimulation
across all scalp EEG sites (Figure 3.6). However, animal Z did not show long lasting
changes in power post-stimulation in the delta band (Figure 3.8). A breakdown of mean

power and SEM for each animal can be found in Table 3.2.
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As our system does not allow us to simultaneously record scalp EEG and deliver
current from stimulating electrodes; we could only examine post stimulating effects on
stimulated sites. Stimulating electrodes in animal C was F7 with a return in P7, and F8
to P8 in animal Z (Figure 3.1). Analysis showed an increased scalp EEG power at
stimulated sites in both animals (Table 3.3). Animal C showed increased power in both
F7 and P7 after tDCS. No polarity specific effects were seen (Figure 3.9). Increases in
intensity trended to increase with delta band power post-stimulation in animal C. Animal
Z showed similar results, where F8 and P8 both shows increased power post-
stimulation (Figure 3.10). Not enough data was available for conclusions on polarity
and intensity related effects. Overall, these data show that tDCS related effects were
not strong or maintained post-stimulation in site distal to stimulation but were at areas

directly involved in current delivery.

Local Field Potential Show Varying Results with tDCS.
Intracortical recordings were paired with tDCS stimulation to examine the influence of
stimulation parameters directly on neurons. Areas recorded from included cortical (ACC,
DPM, PFC) and subcortical areas (CAD). Spectral profiles of each area recorded from
can be found in Fig 3.11C and 3.12C. These data show that each cortical area
recorded from had different levels of power with intrinsically strong frequency bands and
peaks. This is consistent with cortical areas having unique connections and network
properties.

During stimulation, a broadband decrease in power across all intracortical

recordings sites was seen, except ACC delta band in Animal C (mean: 0.045 £ 0.037)
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(Figure 3.11A). Figures 3.11A and 3.12A show broadband changes in power across
frequency bands in animal C and Z, where intensity and polarity are collapsed. Changes
in power observed were focused in the lower frequency bands, below gamma (Table
3.4). Animal Z showed similar decreases in the change of power during stimulation,
except in fewer frequency bands (Figure 3.12, Table 3.5). Similarly, animal Z also
showed only one parameter combination that increased power, except it was in the beta
band in DPM (mean: 0.012 £ 0.0074) (Figure 3.12A). These data support the idea that
tDCS can penetrate the brain and cause broadband changes in LFP power, as changes
were seen in cortical areas adjacent to the targeted stimulation site (the PFC) and

subcortically in the CAD.

Delta Band Activity During Unilateral Stimulation Showed Limited Long-term
Effects.

Animal C and Z showed some significant changes in delta band power during
stimulation in each intracortical areas recorded from (Figure 3.13 and 3.14). No
consistent polarity or intensity related effects were seen. Recordings in animal C show
strong outliers in cathodal 0.5 mA stimulation in ACC (Figure 3.13) and anodal 0.5 mA
PFC in animal Z (Figure 3.14). From here we examined if areas that had significant
changes in power during stimulation showed longer term effects. Both animals show no
changes in delta band power post-stimulation, except for animal C in the PFC following
anodal 1 mA stimulation (Figure 3.15 and 3.16; Table 3.6 and 3.7). These results

highlight the potential transient nature of the stimulation applied.

Discussion:
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Previous studies have shown that a variety of stimulation parameters influence the
effectiveness of tDCS in modulating neuronal activity and as therapy (Bastani &
Jaberzadeh, 2013; Moliadze et al., 2010). This study expands the parameter space
further than Chapter 2, by looking at the influence of montage on changes in scalp EEG
and intracortical activity in the NHP prefrontal tDCS where current flows in a single
hemisphere. In the sections below we re-visit discussion topics similar to Chapter 2 and
expand upon some important aspects related specifically to montage.

Our results show animal specific changes in non-stimulated scalp EEG recording
sites during stimulation (Hsu et al., 2016; Kim et al., 2014). Animal C showed minimal
changes, whereas animal Z had increased scalp EEG power in the lower frequency
bands that appear related to intensity. Similar changes in low frequency bands have
been reported in similar studies (M. R. Krause et al., 2017). Since only two stimulation
intensities were collected in animal Z, therefore intensity related effects are speculative.
Despite these effects, we cannot eliminate the possibility that changes in power during
stimulation may be due artifact of stimulation, as even HD-tDCS systems have large
spread in current. For further explanation on how data during stimulation could include
artifact of contamination, see Chapter 2.

Non-stimulated sites show minimal if any changes in power from baseline post-
stimulation in scalp EEG. However, stimulated scalp EEG sties showed increases in
power post-stimulation that trend dose dependent. Overall, 1.5 mA stimulation elicited
the largest response in both animals. No polarity specific effects were seen, as anodal

and cathodal both caused increases in power post-stimulation at stimulated sites. These
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data support the tDCS having more localized effects, despite it being a diffuse form of
stimulation.

Since tDCS passes low current through the brain, it is debated the extent to
which it can influence intracortical neuron activity has been the subject of debate
(Voroslakos et al., 2018). We further explored the question of whether stimulation could
influence intracortical LFP power. Indeed, we found that stimulation changed LFP
power, with both animals showing general decreases in broadband spectral power
across all intracortical sites recorded — PFC, ACC, DPM, and CAD. This overall change
in spectral power is speculated to be from global electric field changes. Furthermore, as
most of these areas are cortical — i.e. they generally have similar cell types and
orientation — these observations are consistent with similar effects from in vitro studies
showing neuronal features important in modulating activity (Bikson et al., 2004;
Kabakov et al., 2012; Radman et al., 2009).

From here we focused our analysis on the lower frequency band to see if similar
changes in scalp EEG data could be found in LFPs. Increases in delta band power were
seen in animals C and Z, although these effects were not as pronounced. Similarly, no
polarity or intensity related effects were seen. In fact, changes in LFP power seen in the
delta band were not long lasting, as power returned to baseline levels post-stimulation.
It is possible that long-term changes in power were not seen due to the shortened time
frame of stimulation (20 seconds). It is thought that immediate effects of tDCS on neural
activity stem from changes in electric fields, causing membrane polarization via
redistribution of charges in the cells (Chan et al., 1988). Yet, after effects observed after

stimulation is turn off likely requires several minutes of stimulation to develop and
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involve plasticity mechanism (Huang et al., 2017), therefore we would not see these
effects. For more information on how duration of stimulation and mechanisms of action

for tDCS see Chapter 4.

Conclusion

tDCS is a growing technique that has promise as a therapeutic tool capable of
modifying neural activity in the brain. Previous studies have shown that stimulation can
cause behavioral and psychological changes; however, much work remains to
demonstrate its efficacy and use. To broadly investigate its potential benefit, we
examined the large parameter space of tDCS in a NHP model and tested different
stimulation parameters. No strong effects of polarity or intensity were seen in either
scalp EEG or in intracortical LFPs, providing support for the view that purely
hyperpolarizing stimulation does not exist (Liu et al., 2018). However, 1.5 mA
stimulation did show the largest changes in power in scalp EEG. Furthermore, scalp
EEG results showed more obvious changes in neural activity compared to intracortical
LFP results, where numerous factors including cell type, neuron orientation and more
must be considered. Taken together, these results show that through two different
electrophysiological measures, tDCS can lead to changes in population-level dynamics
using specific parameter combinations. More broadly these findings highlight the
potential use of tDCS as a noninvasive method of stimulation that can influence brain
activity, further highlighting its potential as a therapeutic tool (Reinhart & Woodman,

2015).
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Animal C Animal Z

Stimulating Return
F7/F8 | P7/P8
Anodal V+ V-

Cathodal| V- V+

Figure 3.1: Unilateral Stimulation tDCS Montage Setup. Approximate location of
stimulating electrodes (orange), recording scalp electrodes (white) and reference (grey)
in both animals C and Z. Current flows within one hemisphere from stimulating (frontal
scalp electrode) to return electrode (parietal). Current flows from F7 to P7 in animal C
and F8 to P8 in animal Z. Anodal and cathodal stimulation represent the charge of
current (V+ and V-) in reference to frontal scalp electrodes.
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Figure 3.2: Change in tDCS scalp EEG power across frequency bands. tDCS
causes changes in frontal and parietal scalp EEG power during stimulation compared to
baseline in animal C (orange) and Z (blue). Frontal and parietal scalp recorded site in
animal C is F8 and P8, and animal Z is F7 and P7 respectively. Frequency bands are
designated as Delta (5; 1-4Hz), Theta (6; 4-8Hz), Alpha (a; 8-12Hz), Beta (B; 12-30Hz),
and Gamma (y; 30-128Hz). Animal C and Z show similar changes in spectral power,
with animal Z ~100 folder higher. All datapoints are collapsed across polarity and
intensity and reported as mean + SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (two
sample t-test). Gamma band in animal C frontal electrodes is not plotted, as data is
plotted on a log scale (-14.41 £ -0.091; ***).
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Figure 3.3: The Effects of tDCS on Scalp EEG During Stimulation in Animal

C. Power spectra of parietal scalp electrodes during anodal (top) and cathodal (bottom)
stimulation with a bilateral montage (A). Three different stimulation intensities (green:
0.5 mA, red: 1 mA, blue: 1.5 mA) are superimposed on each panel along with baseline
(black). Power has been normalized for correction of power-law decay and is plotted on
a log scale. Strongest effects are seen in the low frequency bands, highlighted in the
delta band (3; 1-4 Hz). Inset of animal C with a unilateral tDCS montage, scalp
electrodes (orange) and reference (grey). Delta band effects of tDCS relative to
baseline of each stimulation condition in parietal electrodes (C). Baseline is specific for
each area, collapsed across intensity and polarity. Data is reported on a log scale as

mean + SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (two sample t-test, unequal
variance; FDR corrected).
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Figure 3.4: The Effects of tDCS on Scalp EEG During Stimulation in Animal

Z. Power spectra of parietal scalp electrodes during anodal (top) and cathodal (bottom)
stimulation with a umilateral montage (A). Three different stimulation intensities (red: 1
mA, blue: 1.5 mA) are superimposed on each panel along with baseline (black). Power
has been normalized for correction of power-law decay and is plotted on a log scale.
Strongest effects are seen in the low frequency bands, highlighted in the delta band (;
1-4 Hz). Inset of animal C with a bilateral tDCS montage, scalp electrodes (orange) and
reference (grey). Delta band effects of tDCS relative to baseline of each stimulation
condition in parietal electrodes (C). Baseline is specific for each area, collapsed across
intensity and polarity. Data is reported on a log scale as mean + SEM: *= p<0.05; ** =
p<0.01; *** = p<0.001 (two sample t-test, unequal variance; FDR corrected).
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C. Frontal

Animal C (F8) Animal Z (F7)
Intensity Stimulation p-val Stimulation p-val
(mA)
Baseline - 250.41 +£42.79 -- 52.74 + 24.36 -
Anodal 0.5 362.57 + 98.97 0.51 N/A N/A
1 345.30 + 53.25 0.40 8864.19 +1110.63 0
1.5 722.29 +£299.47 0.40 22229.67 £ 6443.71 | 0.013
Cathodal 0.5 196.028 + 62.48 0.63 N/A N/A
1 1261.89 £ 406.24 0.18 28030.78 = 0.054
10986.83
1.5 823.79 +284.72 0.30 70865.59 * 0.055
29355.21
D. Parietal
Animal C (P8) Animal Z (P7)
Intensity Stimulation p-val Stimulation p-val
(mA)
Baseline - 103.27 £ 27.45 - 44.09 + 25.87 -
Anodal 0.5 98.75 + 26.71 0.95 N/A N/A
1 149.90 £ 39.16 0.66 8455.50 + 1080.50 0
1.5 41.48 +12.20 0.15 | 21539.19 +6499.66 | 0.018
Cathodal 0.5 75.41+23.10 0.75 N/A N/A
1 225.35+55.91 0.16 2772473 0.058
11038.89
1.5 128.16 + 101.67 0.95 70599.21 0.058
29615.74

Table 3.1: Unilateral Stimulation Scalp EEG P-values. Power spectra from frontal
scalp electrodes (A) F8 (animal C) and F7 (animal Z) and parietal electrodes (B) P8
(animal C) and P7 (animal Z). electrodes, Data is shown across polarity and intensity in
both animals. Stimulation power data mean + SEM (paired t-test of unequal variance,
FDR corrected) with significant p values in red.

81



F7

Normalized Power (mV?)
Anodal

Cathodal

F8 P7 P8

Frequency (Hz)

Figure 3.5: Post-stimulation Power Spectra in Animal C. Frontal and parietal scalp
EEG with a unilateral montage during anodal and cathodal stimulation in animal C.
Stimulated sits were F7 and P7, non stimulated were F8 and P8. Superimposed on
each panel are three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue:
1.5 mA) and baseline (black). Power has been normalized for correction of power-law
decay. Data is reported on a log scale as mean power at each frequency + SEM
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Figure 3.6: Post-stimulation Power Spectra in Animal Z. Frontal and parietal scalp
EEG with a unilateral montage in animal Z during anodal and cathodal stimulation.
Current was passed between F8 and P8, and non-stimulated sites are F7 and P7.
Superimposed on each panel are two different stimulation intensities (red: 1 mA, blue:
1.5 mA) and baseline (black). Power has been normalized for correction of power-law
decay and is reported as mean power per frequency + SEM on a log scale.
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Figure 3.7: Post-stimulation in Non-stimulated Sites in Animal C. Power spectra
from parietal scalp EEG in the delta band during anodal and cathodal stimulation.
Superimposed on each panel are three different stimulation intensities (green: 0.5 mA,
red: 1 mA, blue: 1.5 mA) and baseline (black). Significant decreases in power can be
found in P8 during anodal and cathodal 1.5 mA stimulation after 5 seconds. Data is
reported as mean delta power per trial + SEM.
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Figure 3.8: Post-stimulation in Non-stimulated Sites in Animal Z. Power spectra
from parietal scalp EEG in the delta band during anodal and cathodal stimulation.
Superimposed on each panel are two different stimulation intensities (red: 1 mA, blue:
1.5 mA) and baseline (black). No significant decreases in power can be seen in both F7
and P7 5 seconds after stimulation. Data is reported mean delta power per trial £ SEM.
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B. Frontal

Animal C (F8) Animal Z (F7)
Intensity | Post-stimulation p-val | Post-stimulation p-val
(mA)

Baseline - 250.41 +£42.79 -- 52.74 + 24.36 -
Anodal 0.5 383.71 +107.06 0.50 N/A N/A
1 149.80 + 55.28 0.40 58.46 + 16.94 0.85
1.5 284.12 +152.41 0.83 132.24 £ 57.37 0.344
Cathodal 0.5 226.54 +74.18 0.83 N/A N/A
1 462.97 £ 255.57 0.62 29.27 +7.68 0.48
1.5 465.47 £ 353.51 0.66 40.77 £ 6.58 0.73

B. Parietal
Animal C (P8) Animal Z (P7)
Intensity | Post-stimulation p-val | Post-stimulation p-val
(mA)

Baseline - 103.27+ 27.45 - 44.09 + 25.87 -
Anodal 0.5 85.42 + 25.67 0.85 N/A N/A
1 106.60 + 48.47 0.95 36.68 +9.49 0.79
1.5 9.76 + 2.28 0.0044 80.07 + 33.29 0.53
Cathodal 0.5 77.016 £ 31.64 0.80 N/A N/A
1 69.90 + 19.31 0.66 17.15+4.57 0.49
1.5 9.71+2.60 0.0045 30.13 +6.39 0.69

Table 3.2: Unilateral Post-stimulation Scalp EEG P-values Animal C and Z. Power
spectra from frontal scalp electrodes (A) F8 (animal C) and F7 (animal Z) and parietal
electrodes (B) P8 (animal C) and P7 (animal Z) after stimulation. Power is reported

across polarity and intensity. Post-stimulation data mean £ SEM (paired t-test of
unequal variance, FDR corrected) with significant p values in red.
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Figure 3.9: Post-stimulation Effects of tDCS in Frontal Regions in Animal C.
Normalized delta band power during baseline and post-stimulation in frontal scalp
electrodes. Power is broken down by polarity and intensity across frontal areas. Percent
decrease from baseline (red) and increase (green). Baseline is specific for each area,
collapsed across polarity and intensity. Data is reported as mean + SEM: *= p<0.05; ** =
p<0.01; *** = p<0.001 (two sample t-test, unequal variance; FDR corrected).
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Figure 3.10: Post-stimulation Effects of tDCS in Frontal Regions in Animal Z.
Normalized delta band power during baseline and post-stimulation in frontal scalp
electrodes. Power is broken down by polarity and intensity across frontal areas. Percent
decrease from baseline (red) and increase (green). Baseline is specific for each area,
collapsed across polarity and intensity. Data is reported as mean + SEM: *= p<0.05; ** =
p<0.01; *** = p<0.001 (two sample t-test, unequal variance; FDR corrected).
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C. Anodal

Animal C Animal Z
Intensity | Post-stimulation | p-vals | Post-stimulation | p-val
(mA)
Stimulating 0.5 305.96 + 18.26 0.0021 N/A N/A
1 675.63 £44.10 7.20E-16 | 398.50+72.88 | 0.00021
1.5 886.54 + 73.86 1.93E-11 | 702.75+ 258.15 0.026
Return 0.5 185.57 £27.71 0.16 N/A N/A
1 259.19 +35.83 0.47 281.92 +£39.38 | 0.00010
1.5 332.05+34.42 0.012 479.71 +62.99 0
D. Cathodal
Animal C Animal Z
Intensity | Post-stimulation | p-vals | Post-stimulation | p-val
(mA)
Stimulating 0.5 82.70+6.19 0.096 N/A N/A
1 106.39 + 7.68 5.87E-05 166.74 £ 35.62 0.0028
1.5 180.01 + 26.00 0.00014 167.34 +32.72 0.0028
Return 0.5 272.16 £9.44 8.52E-39 N/A N/A
1 557.97 £35.34 8.66E-23 | 179.31 +36.11 0.0028
1.5 729.52 +32.17 1.00E-28 90.48 + 21.56 0.055

Table 3.3: Bilateral Post-stimulation Frontal Scalp EEG P-values Animal C and Z.
Power spectra from scalp electrodes during anodal and cathodal stimulation. F7 is the
stimulating electrode and P7 is the return, animal C’s baseline power is 231.65 £ 12.94
and 71.10 = 3.14 respectively. Animal Z’s stimulating electrode is F8 and return is P8.
Baseline power for animal Z is 69.55 £20.52 for F8 and 35.45+17.72 for P8. Post-
stimulation data mean + SEM (paired t-test of unequal variance, FDR corrected).
Significant p-values are shown in red.

&9



>
w

ACC DPM PFC CAD
PR Animal C
E 0.08
g
g ).06
& D.04
o
- 0.02
£
o o . - - -
2 (] "ENTT megeT guge
5 002 | S - . .
a4 -
3 0 apy S0 afy 5 0apy 3O apPry
Frequency Band
ACC DPM PFC CAD e
! . 1 0.5 mA
= 08 08 . -1 mA
—~ g 0.8 od —1.5mA
z < ot 0. 06
e« 4 a4 04 0.4
‘g 0.2 0.2 02 0zt
DL — Bl .
8 1 2 4 8 163264128 1 2 4 8 16 32 64 128 ..154-’.:%34—-7F 31 2 4 B 16 32 64 128
© . .
N ® | 1
N 08 0.8 -
r— o 08} 08}
- 0 |
g £ ' a u“ 6|
c % 04 0.4 nal O
= (&) 0 04 04}
2 BN ' 0.2 ‘321, ) M
0 SR—— ) p——T , ;
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128 “1 2 4 8 1 32 84 128 “1 4 8 16 32 64 128

Frequency (Hz)

Figure 3.11: The Influence of tDCS on Intracortical Brain Regions in Animal C.
LFP data from ACC, DPM, PFC, and CAD recorded simultaneously during tDCS.
Change in LFP power spectra collapsed across polarity and intensity in each location
(A). Stimulation effects are seen across frequency bands Delta (5; 1-4 Hz), Theta (6; 4-8
Hz), Alpha (a; 8-12 Hz), Beta (B; 12-30 Hz), and Gamma (y; 30-128 Hz). Approximate
location of intracortical electrodes (light orange) and stimulating (orange) and reference
(grey) scalp electrodes (B). Full power spectrum broken down by polarity (anodal and
cathodal) and three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5
mA) are shown along with baseline (black). Power has been normalized for correction of
power-law decay. Baseline is specific for area. Data is reported as mean £ SEM: *=
p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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E. ACC

Baseline Stimulation p-val
S 0.11+0.031 0.15+0.068 0.46
0 0.086 +0.018 0.075 +£0.027 0.67
a 0.11+0.016 0.090 £ 0.019 0.31
B 0.17 £0.026 0.15+0.034 0.55
y 0.033 £ 0.0041 0.030 £ 0.0038 0.051
. DPM
Baseline Stimulation p-val
S 0.035 +£0.0038 0.028 + 0.0035 0.13
0 0.028 £ 0.0033 0.018 £ 0.0021 2.67E-05
a 0.039 £ 0.0042 0.028 £ 0.0031 3.16E-05
B 0.042 £ 0.0053 0.035 £ 0.0046 0.00074
Y 0.016 £ 0.0022 0.017 £ 0.0022 0.45
. PFC
Baseline Stimulation p-val
S 0.051 £ 0.0026 0.041 £ 0.0030 0.00062
0 0.040 £ 0.0020 0.032 £ 0.0025 0.00033
o 0.070 £ 0.0046 0.053 £ 0.0035 7.12E-12
B 0.076 £ 0.0063 0.069 *+ 0.0056 0.0025
y | 0.015+0.00089 0.016 £ 0.0010 0.057
. CAD
Baseline Stimulation p-val
S 0.035 +0.0031 0.021 £ 0.0015 1.59E-06
0 0.025 +£0.0018 0.015 +£0.0010 2.22E-08
a 0.055 + 0.0052 0.036 £ 0.0032 1.26E-06
B 0.059 £ 0.0064 0.051 + 0.0056 0.022
y | 0.0050 + 0.00045 0.005 + 0.00045 0.30

Table 3.4: Unilateral Stimulation Intracortical P-values Animal C. Power spectra
from ACC (A), DPM (B), PFC (C), and CAD (D) collapsed across polarity and intensity
by frequency band. Data presented as mean + SEM (two sample t-test), significant p
values in red.
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Figure 3.12: The Influence of tDCS on Intracortical Brain Regions in Animal Z. LFP
data from ACC, DPM, PFC, and CAD recorded simultaneously during tDCS. Change in
LFP power spectra collapsed across polarity and intensity in each location (A).
Stimulation effects are seen across frequency bands Delta (3; 1-4 Hz), Theta (6; 4-8
Hz), Alpha (a; 8-12 Hz), Beta (B; 12-30 Hz), and Gamma (y; 30-128 Hz). Approximate
location of intracortical electrodes (light orange) and stimulating (orange) and reference
(grey) scalp electrodes (B). Full power spectrum broken down by polarity (anodal and
cathodal) and three different stimulation intensities (green: 0.5 mA, red: 1 mA, blue: 1.5
mA) are shown along with baseline (black). Power has been normalized for correction of
power-law decay. Baseline is specific for area. Data is reported as mean £ SEM: *=
p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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E. ACC

Baseline Stimulation p-val
S 0.12 £0.020 0.11 £ 0.020 0.71
0 0.078 £0.012 0.067 £0.011 0.058
o 0.061 £ 0.0094 0.052 +0.0083 0.036
B 0.055 *+ 0.0085 0.049 +0.0083 0.10
y | 0.0063 +0.00088 0.0054 + 0.00078 | 0.063
F. DPM
Baseline Stimulation p-val
S 0.11+£0.021 0.10+0.021 0.37
0 0.097 +0.017 0.077 £0.014 0.13
o 0.067 £ 0.0090 0.059 + 0.0078 0.16
B 0.083 £ 0.012 0.096 +0.019 0.28
y 0.011 £ 0.0015 0.010 +0.0017 0.74
G. PFC
Baseline Stimulation p-val
S 0.17 +0.037 0.16 +0.043 0.88
0 0.10 +0.019 0.092 +0.021 0.60
o 0.067 +£0.0095 0.055 +0.0087 0.032
B 0.10 +0.023 0.10 +0.023 0.96
y 0.012 +0.0024 0.011 +0.0022 0.32
H. CAD
Baseline Stimulation p-val
S 0.076 £ 0.027 0.045 + 0.0091 0.20
0 0.053 £ 0.013 0.034 + 0.0066 0.061
o 0.041 £ 0.0089 0.027 +0.0042 0.039
B 0.037 £ 0.0065 0.031 +0.0035 0.27
y | 0.0046 + 0.00084 0.0036 + 0.00041 0.093

Table 3.5: Unilateral Stimulation Intracortical P-values Animal Z. Change in power
spectra in ACC (A), DPM (B), PFC (C), and CAD (D) across frequency bands, collapsed
by polarity and intensity. Data presented as mean + SEM (two sample t-test) with
significant p values in red.
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Figure 3.13: Intracortical Delta Band Power During Stimulation in Animal C.
Normalized delta band power broken down by polarity (anodal and cathodal) and
intensity (green: 0.5 mA, red: 1 mA, blue: 1.5 mA) compared to baseline (dark grey).
Bars represent average mean; lines denote individual electrodes. Data is reported as
mean + SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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Figure 3.14: Intracortical Delta Band Power During Stimulation in Animal Z.
Normalized delta band power broken across polarity (anodal and cathodal) and intensity
(green: 0.5 mA, red: 1 mA, blue: 1.5 mA). Power compared to baseline (dark grey). Bars
represent average mean; lines denote individual electrodes. Data is reported as mean *
SEM: *= p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).
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Figure 3.15: Intracortical Post-stimulation Delta Band Power in Animal C.
Intracortical areas with significant increases in power during stimulation compared to
post. Post-stimulation is 2—7 seconds after stimulation is turned off, to exclude ramp
down effects. Changes in delta band power during stimulation are not seen post-
stimulation except in anodal 1 mA in the CAD. Data is reported as mean + SEM: *=
p<0.05; ** = p<0.01; *** = p<0.001 (paired t test).

98



ACC 3 DPM & PFC s CAD &

0.4

—Baseline
0.5 mA
—1mA
0.3 —1.5mA
—Post

0.2

*
*
*
* *
: i 0
1TmA 1.5mA
Anodal Anodal

Animal Z
Normalized Power (mV?)

1.5mA 1mA 0.5mA
Cathodal Cathodal Cathodal

Figure 3.16: Intracortical Post-stimulation Delta Band Power in Animal Z.
Intracortical areas with significant increases in power during stimulation compared to
post. Post-stimulation is 2—7 seconds after stimulation is turned off, to exclude ramp
down effects. Changes in delta band power during stimulation are not seen post-

stimulation. Data is reported as mean + SEM: *= p<0.05; ** = p<0.01; *** = p<0.001
(paired t test).
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A. ACC

Polarity | Intensity Baseline Stimulation p-val Post- P-val
(mA) stimulation
Anodal 0.5 0.10 £ 0.058 0.089 + 0.058 0.010 0.49£0.47 0.37
B. DPM
Polarity | Intensity Baseline Stimulation p-val Post- P-val
(mA) stimulation
Anodal 0.5 0.044 £ 0.012 | 0.023 £0.0047 0.019 0.031 £0.0096 | 0.083
C. PFC
Polarity | Intensity Baseline Stimulation p-val Post- P-val
(mA) stimulation
Cathodal 1 0.042 £ 0.0062 | 0.033+£0.0038 | 0.022 | 0.040 +0.0047 0.57
1.5 0.051 £ 0.0045 | 0.038 £0.0040 | 0.014 | 0.046 +0.0029 0.16
0.5 0.050 + 0.0058 | 0.035 +0.0035 | 0.00042 | 0.068 +0.013 0.13
Anodal 1 0.060 £ 0.0066 | 0.037 £0.0092 | 0.016 | 0.037 £0.0050 | 1.56E-
05
D. CAD
Polarity | Intensity Baseline Stimulation p-val Post- P-val
(mA) stimulation
Cathodal 1.5 0.072£0.017 | 0.028 £+0.0037 | 0.019 | 0.050+0.0091 | 0.054
Anodal 0.5 0.032 £ 0.0062 | 0.020 £ 0.0029 | 0.0052 | 0.038 +0.0090 0.46
1 0.031 +£0.0052 | 0.013+0.0017 | 0.0010 | 0.025 +0.0069 0.41
1.5 0.035+0.0047 | 0.026 £0.0026 | 0.035 | 0.047 £0.0081 | 0.070

Table 3.6: Unilateral Stimulation and Post-stimulation Intracortical Delta Band P-
values in Animal C. Baseline, stimulation and post-stimulation delta band power

spectra from intracortical areas ACC (A), DPM (B), PFC (C), and CAD (D). Data

presented as mean + SEM (two sample t-test). Significant effects (red p-vals) during
stimulation were not maintained poststimulation.
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A. ACC

Polarity | Intensity Baseline Stimulation p-val Post- p-val
(mA) stimulation
Anodal 1 0.087 £0.038 | 0.095 £ 0.039 0.018 0.12 £ 0.062 0.23
1.5 0.16 £ 0.051 0.11£0.043 0.035 0.11 £0.035 0.21
B. DPM
Polarity | Intensity Baseline Stimulation p-val Post- p-val
(mA) stimulation
Cathodal 1.5 0.14 £0.061 | 0.054 £0.028 0.047 0.16 £ 0.087 0.46
C. PFC
Polarity | Intensity Baseline Stimulation p-val Post- p-val
(mA) stimulation
Cathodal 1 0.11+£0.038 | 0.079+£0.028 0.020 0.21 £ 0.089 0.11
D. CAD
Polarity | Intensity Baseline Stimulation p-val Post-stimulation | p-val
(mA)
Cathodal 0.5 0.035+0.027 | 0.054 £n0.033 | 0.035 0.035+0.016 0.99

Table 3.7: Unilateral Stimulation and Post-stimulation Intracortical Delta Band P-
values in Animal Z. Delta band power from intracortical areas ACC (A), DPM (B), PFC

(C), and CAD (D) comparing stimulation and post-stimulation to baseline. Data

presented as mean + SEM (two sample t-test). Significant p-values are reported in red.
No significant changes were seen in post-stimulation data that were significant during.
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Supplemental Figure 3.1: Power spectra during shortened duration stimulation in
animal C. Power spectra of frontal and parietal scalp electrodes during a brief 5 sec
anodal (top) and cathodal (bottom) stimulation, also referred to as sham stimulation (A).
Three stimulation intensities (green: 0.5mA, red: 1mA, blue: 1.5mA) are superimposed
on each panel. Power has been normalized for correction of power-law decay and is
plotted on a log scale. Inset of animal C with a unilateral tDCS montage, stimulating
scalp electrodes (orange) and reference scalp electrode (grey).
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Unilateral Montage

PFC ACC DPM CAD

Animal C 47 9 7 19
Animal Z 18 12 16 9

Supplemental Table 3.1: Identity and Number of Intracortical Electrodes with
Unilateral tDCS Montage. Number of intracortical electrodes per area in animal C and
Z that data was collected and analyzed from.
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Chapter 4: General Discussion

tDCS Stimulation Parameters and Factors Influencing its Efficacy

Below we break down tDCS stimulation parameters by factors and how they could
influence neural activity and ultimately impact its potential as a therapeutic tool.
Parameters and topics expanded upon that were investigated in Chapters 2 and 3
include electrode placement, polarity, intensity, and subject variability. Further themes
discussed are how tDCS influences and is affected by behavioral state, duration, and

repeated stimulation.

Electrode Placement. The PFC is a common target in human studies and shows
promise for improving cognitive function and as a therapeutic target for tDCS. It is
possible that other electrode locations and montages may better target this region of
frontal cortex and show different effects on neural activity. Electrode montages differ
between studies and there is no standardized placement, although many are now being
explored. Two montages were investigated in Chapters 2 and 3, showing that targeting
PFC with two different montages of tDCS differentially influenced spectral power.
Furthermore, electrode placement and its relationship to current is not a trivial
and depends on the distance from the current source, which determines the electrical
field strength. Factors such as neuronal orientation and morphology of neurons also
influence current flow (Das et al., 2016). To address this, we examined the influence of

PFC tDCS on cortical areas (PFC, ACC, and DPM), as these are all near/beneath the
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stimulating electrode. Our data showed that cortical brain areas showed different
spectral profiles in response to tDCS.

It is also thought that tDCS may influence neural activity remotely (through
electric fields) or systemically (via neuronal circuitry). Evidence from human
electrophysiological and neuroimaging studies suggests that tDCS modulates brain
activity in cortical or subcortical areas other than the stimulated site (Antal et al., 2011;
Bachmann et al., 2010; Chib et al., 2013; Halko et al., 2011; Lang et al., 2005)
potentially through anatomical connections (Selemon & Goldman-Rakic, 1985).
Therefore, we further tested the effects of tDCS on the frontostriatal network, to see if
stimulation could influence the CAD. Our results show that PFC to CAD had differences
in magnitude of power and spectral profiles, where a stronger effect was seen in PFC.
However, it is unclear how much of an influence tDCS had on the CAD. Looking at
timing of changes with knowledge of circuit properties would help elucidate this.
Furthermore, the frontostriatal network contains both excitatory and inhibitory
projections (Li et al., 2015) and therefore it might also be possible that tDCS affects
extracellular dopamine levels, as previous studies have shown tDCS can affect
dopamine release (Tanaka et al., 2013).

Although strong effects of tDCS on power spectra were not seen post-
stimulation, this highlights the idea of ‘functional targeting (Bikson & Rahman, 2013).
Functional targeting suggests that specific brain networks activated by a task and would
be more sensitive to tDCS as they are already active (Jackson et al., 2016). This idea is
supported by tDCS producing too low of intensity to influence activity de novo and that

only synapses already active would be modulated (Kronberg et al., 2017). Furthermore,
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location of the stimulating electrode, as well as the return electrode position is relevant
for stimulation effects, determining electrical field orientation and direction of current
flow. Collectively, electrode location and montage are crucial factors for the
effectiveness tDCS and its influence on other stimulation parameters (Bikson et al.,

2010; Moliadze et al., 2010).

Polarity. It is traditionally thought that anodal stimulation causes depolarization and
cathodal stimulation causes hyperpolarization of neurons, leading to an alteration of
spontaneous neural activity or by bringing neurons closer to their firing thresholds
(Bindman et al., 1964; Purpura & McMurtry, 1965). In humans, measurement of motor
evoked potentials revealed that anodal tDCS over motor cortex increases cortical
excitability and cathodal tDCS decreases it (Nitsche, Nitsche, et al., 2003; Nitsche &
Paulus, 2000). Our data does not support this clear influence on the direction of power,
where anodal tDCS increases power in scalp EEG or intracortical LFP, and cathodal
stimulation decreases it. Importantly, the effects of polarity are not necessarily opposite
in direction of excitatory and inhibitory effects (Matsunaga et al., 2004) and depend on
other factors including neural morphology (Radman et al., 2009) and current intensity
(Batsikadze et al., 2013). Furthermore, the effects of polarity have shown to be more
homogenous in motor studies and heterogeneous in cognitive ones (Jacobson,

Koslowsky, et al., 2012).

Intensity. tDCS is hallmarked by the delivery of low current ranging from 0 to 2 mA. Our

experiments examined three different tDCS stimulation intensities: 0.5 mA, 1 mA, and
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1.5 mA. 2 mA stimulation was also originally tested but was stopped as the NHP
showed increased arousal during while current was being delivered. The use of
anesthetics applied to stimulation sites has been shown to reduce uncomfortable
sensations, compared to a placebo (McFadden et al., 2011). However, their use is not
advisable as they may mask the sensation of any damage being caused (DaSilva et al.,
2011).

With the three intensities tested, we did not find a dose dependent relationship
between tDCS intensity and post-stimulation effects on scalp EEG or intracortical data,
suggesting intensity does not necessarily translate into a more robust outcome. In some
cases, the lowest intensity (0.5 mA stimulation) showed the largest effects, as this may
be more physiological. In contrast, since tDCS current can easily be shunted, it is also
thought that higher stimulation intensities would result in more current reaching the
brain and influencing activity. It is important to note that the amount of current applied to
the head is different from the amount of current that reaches the cortex. Electrical
currents are known to follow the path of least resistance. The skin and the brain are
relatively low resistance; however, the skull is relatively high resistance, meaning a
significant amount of the current is shunted through the scalp and does not penetrate

the skull.

Influence of tDCS Parameters on Individuality. Many factors influence tES techniques,
besides stimulation parameters. This includes participant factors such as age (Leach et
al., 2019) and gender (Russell et al., 2017). In fact, between animal C and Z, their

spectral profiles and intensity of power varied. Animal C is a younger female macaque
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and has a smaller brain, compared to animal Z. Furthermore, no two brains are
identical, with variability in brain anatomy and function. Variation between individuals
can produce large differences in tES stimulation. Factors affecting tissue composition
include idiosyncrasies of gyral/sulcal geometry, white and gray matter architecture
(Russell et al., 2013), variations in skull thickness and shunting of current through
cerebrospinal fluid, are among many other factors that complicate current flow (Datta et
al., 2009; B. Krause & Cohen Kadosh, 2014; Opitz et al., 2015).Other factors that may
influence the effects of tDCS include cellular properties such as morphology,
orientation, position of soma, and resting membrane potential. This is consistent with
modeling studies and a recent study by Bogaard et al. (2019) showing pyramidal cells
being more affected by tDCS. It is also important to recognize network level effects,
where exciting intermediate inhibitory cells could produce unpredictable and non-
specific effects. These effects may help explain why cathodal stimulation can produce
excitatory effects (Bogaard et al., 2019).

The issue of individual variability in response to stimulation is important for many
tES techniques and applications. Two approaches to help address this include:
selecting an appropriate stimulation type (tDCS, tRNS, TMS) or by identifying the
optimal stimulation parameters. In addition to anatomical and physiological variables
influencing tDCS (Alagapan et al., 2016) intra-individual variability may further stem

from brain states (Neuling et al., 2013) and behavior.

Behavioral State. The effects of tDCS have been further shown to depend on behavioral

state (Bikson & Rahman, 2013; Petti et al., 2017; Silvanto et al., 2008; Wang et al.,
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2018). For example, differences in brain activity during tDCS can be seen during restful
wakefulness compared to behavioral tasks (Clemens et al., 2014; Dalong et al., 2021).
A study by Li et al. (2019) showed in the absence of a task, the main effect of tDCS
accentuate default mode network activation and deactivation in the salience network
(SN). In contrast, during task performance, tDCS increased SN activation. In our
experiments, the animals were not performing a behavioral task and were allowed to
passively view a monitor. Animals were allowed to close their eyes and ‘rest’ while tDCS
protocols were conducted. In addition to behavior, tDCS has also shown to be
influenced by psychopathology (depressed or non-depressed), sleep deprivation, etc.
Our experiments were conducted in healthy animals on normal sleep and wake cycles.

Further experiments to exploring behavioral and mental states are needed.

Duration. Human studies have shown that tDCS can produce effects during stimulation
and also afterwards (Bindman et al., 1964). Typical human tDCS paradigms span
several minutes (10—-20 min) (Aparicio et al., 2016; Khadka et al., 2020; Stagg &
Nitsche, 2011), and can have changes that persist for more than an hour after the
delivery of current (Nitsche, Nitsche, et al., 2003; Nitsche & Paulus, 2001). The duration
of the stimulation depends on the aim of the experimental approach, and in our
experiments, we chose to do shorter duration stimulation trials (20 seconds) to see
instantaneous effects on neural activity. Our data did not show prolonged effects of
tDCS in a time dependent manner (data not shown) and effects of post-stimulation were
only examined for 5 seconds after ramp down. Increasing the duration of stimulation

has shown to have longer duration after-effects. However, one study has shown that
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increasing duration led to a reversal of plasticity related effects of tDCS. The authors
hypothesized that this non-linearity of prolonged stimulation duration might activates
counter-regulatory mechanisms to prevent excessive brain excitation (Hassanzahraee
et al., 2020). Overall, we do not see a strong time dependence of stimulation regardless

of parameters.

Repeat Stimulation. Repeated sessions of tDCS are increasingly used for therapeutic
applications The majority of clinical trials do apply multiple sessions of tDCS (around 5—
30 sessions)(Herrera-Melendez et al., 2020). However, it is unclear how timing of
repeated stimulation (i.e., the number of sessions and spacing) are related to desired
outcomes. It is possible that the effects of tDCS can be additive over consecutive
stimulation sessions, and that the duration of effects increases after a series of
consecutive stimulation sessions (Nitsche, Liebetanz, Antal, et al., 2003; Nitsche &
Paulus, 2001; Rostami et al., 2013). Effects of timing in regard to when tDCS should be
applied - before or during behavioral paradigms — also need to be further explored. Yet,
many studies have shown that repeated tDCS may influence behavioral outcomes,
including improving spatial working memory (Wu et al., 2017). Studies have also
examined the safety and efficacy of adverse events associated with repeated sessions,
showing little evidence to suggest that repeated sessions of active tDCS pose increased
risk to participants. For a systematic review of multiple tDCS sessions see Nikolin et al.

(2018).

Animal Models of tDCS
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In vivo studies with animals may only be indirectly applicable to humans. Animal models
have different anatomy including skull thickness and musculature that can influence
tDCS stimulation parameters, shunting the signal or changing its properties. Work with
human cadavers and monkey skulls shows that approximately 45% of the current that
tDCS electrodes deliver to the scalp makes it through the skull to the brain (Burger &
Milaan, 1943; Rush & Driscoll, 1968). More recent studies examining the scalp in
rodents and brains of human cadavers, have even estimated that ~75% of scalp-applied
currents are attenuated by soft tissue and skull (Voroslakos et al., 2018), and it is
thought that >1 mV of current reaches the brain. Therefore, shunting of current may
have account for null or inconsistent results of tDCS on scalp EEG and intracortical
data.

Furthermore, changes in current flow in the present studies may be due to
factors relating to the simultaneous intracortical recordings. Various head hardware and
alterations needed for the experiments, including the cranial implant, the recording
chamber, and the craniotomy may account for differences in tDCS results. Still, we
expect these differences to be consistent as they do not change across tDCS session.
To account for tungsten recording electrodes, we examined the influence of tDCS with
and without them being present. Data shows that they do impact the spectra profiles
and intensity of spectral power during stimulation (Supplemental Figure 2.1,2.2) and
post stimulation (Supplemental Figure 2.3,2.4).

Differences in mastoid reference TP9 and TP10 may be due to specific NHP
musculature. NHPs have large muscles on their heads in order to freely and

independently move their ears (Burrows et al., 2016). This may account for the
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differences in mastoid referencing and demonstrates how linking mastoids may not be
optimal in all species. Investigation into other physical references (examples: FCz, Oz,
linked ears, nose, and neck ring) and computational references should be investigated.
Another factor that may account for the differences in results between the two animals
is animal C had its recording chamber over the left hemisphere, while animal Z ha the

recording chamber over the right hemisphere.

tDCS Mechanism of Action

What happens in the brain tissue after you have begun to deliver current is a matter of
active research, biophysical modeling, and debate. The effects of tDCS has been
shown to produce both immediate effects on neuronal excitability and long-term effects.
Immediate effects, appearing at the very moment of electric field application, are related
to changes in membrane polarization Kronberg, Michael A. Nitsche, 2019; Purpura &
McMurtry, 1965). This can further influence neurochemical effects like dopamine
release (Li et al., 2015; Tanaka et al., 2013), BDNF (Hadoush et al., 2018), and reduced
oxidative stress (Lu et al., 2015). Intracellular and extracellular recordings in rats,
showed that at least a 1 mVV/mm voltage gradient is necessary to affect neuronal spiking
and subthreshold currents (Voroslakos et al., 2018). tDCS did not disrupt single neuron
turning, it did alter population of cells during movement (Bogaard et al., 2019). Although
alteration of spontaneous neural activity has been reported (Fritsch et al., 2010;
Nitsche, Liebetanz, Lang, et al., 2003). tDCS has shown to entrain neural activity
(Voroslakos et al., 2018)(Ozen et al., 2010) and modulation of oscillations (Nitsche &

Bikson, 2017; Reato et al., 2010).

112



Recently, in vitro experiments have shown that neuronal features such as
neuronal morphology (Radman et al., 2009), position of the soma (Bikson et al., 2004)
and axonal orientation (Kabakov et al., 2012) are crucial to determine the overall
immediate neuronal modulation. These studies further have shown purely depolarizing
or hyperpolarizing stimulation does not exist (Liu et al., 2018). Neural cell type has also
been shown to influence the effects of tDCS. For example, pyramidal cells are thought
to be more affected by stimulation, regardless of polarity (Bogaard et al., 2019).

On the other hand, after effects observed following current cessation require
several minutes of stimulation to develop involve synaptic modification (Liu et al., 2018;
Marquez-Ruiz et al., 2012) and plasticity mechanisms (Huang et al., 2017; Nitsche et
al., 2008; Nitsche & Paulus, 2000; Polania, Nitsche, et al., 2011; Polania, Paulus, et al.,
2011). For example, cathodal DCS enhanced LTP in apical dendrites while anodal DCS
enhanced LTP in basal dendrites. Both anodal and cathodal stimulation reduced LTD in
apical dendrites (Kronberg et al., 2017). Studies have also shown long-term effects of
tDCS involved changes in GABA levels (Bachtiar et al., 2015, 2018; Patel et al., 2019;
Stagg et al., 2009), BDNF levels (Ranieri et al., 2012) and various receptors such as
NMDA (Fritsch et al., 2010) mGIuRS (Fritsch et al., 2010; Hadoush et al., 2018; Sun et
al., 2016), AMPA (Martins et al., 2019; Stafford et al., 2018) and adenosine (Marquez-
Ruiz et al., 2012). However, long-term effects of tDCS may depend on a multiplicity of
stimulation factors including, but not limited to, length of stimulation, frequency, intensity
of current and electrode location (Utz et al., 2010), in addition to cognitive and
behavioral states (Bogaard et al., 2019). Further research is needed to solidify these

mechanisms in both human and animal models.
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Electrical stimulation of the scalp can affect brain activity in multiple indirect
ways, including activation of peripheral nerves (Nitsche & Bikson, 2017; Zaghi et al.,
2010), retina (Schwiedrzik, 2009), the vestibular apparatus, astrocytes, perivascular
elements(Monai et al., 2016; Ruohonen & Karhu, 2012), and placebo effects (Horvath et
al., 2015). Alternative or complementary mechanisms include vascular function
(Cancel et al., 2018; lyer & Madhavan, 2018), metabolic changes (Binkofski et al.,
2011), growth and mobility (Keuters et al., 2015; Pelletier et al., 2014) or neurogenesis

(Braun et al., 2016; Rueger et al., 2012).

tDCS as a Therapeutic Tool

tDCS has gained popularity as several studies suggest that it can be a valuable tool for
the treatment of neuropsychiatric and neurodegenerative conditions including
depression (Dell'Osso et al., 2012), stroke (Sohn et al., 2013), multiple sclerosis
(Ferrucci et al., 2014), Parkinson’s disease (Benninger et al., 2010), and schizophrenia
(Shenoy et al., 2015). Research has also demonstrated cognitive improvement in some
patients and healthy controls undergoing tDCS. Studies have shown that tDCS can
enhance an individual’s linguistic and mathematical abilities (Floel et al., 2008), increase
attention span (Kang, 2009), problem solving (Metuki et al., 2012), memory (Boggio et
al., 2006) and coordination (Antal et al., 2004). In fact, positive effects have been
described for prefrontal cortex stimulation specifically, including executive functioning,
attention, working memory, memory, and language (Doruk et al., 2014; Lawrence et al.,
2018; Manenti et al., 2016, 2020). Despite the promise of cognitive and behavioral
improvement, the studies examining the effects of tDCS have been small and

heterogeneous. Meta-analyses have failed to prove any conclusive effects.
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Future Studies

tDCS is a non-invasive brain stimulation technique that can help elucidate and establish
brain-behavior relationships. It allows the reversible modulation of neural activity and
can targeting specific brain regions affecting a variety of cognitive, motor, social, and
affective domains (for a review see Filmer et al., 2014). Furthermore, it has shown
promise in both clinical and healthy populations, by modifying behavior, accelerating
learning, and boosting task performance (Coffman et al., 2014; Parasuraman &
McKinley, 2014) to name a few. tDCS is inexpensive, easy to use, and safe, making it
attractive in many ways.

Future studies on tDCS should aim to creating universally accepted stimulation
protocols and work towards receiving FDA approval. This includes optimizing tES by
selecting scalp electrode placement based off behavioral or physiological means, and
consideration of where current is flowing. Modeling studies of the human brain can help
predict where current flows (Bikson et al., 2012) and may help account for current flow
and spread changes based off of individual’s brain anatomy (Miranda et al., 2006,
2009). COMETS is a recently developed MATLAB Toolbox (Jung et al., 2013) that aims
to assist with electrode placement by simulating current flow amongst various electrode
placements. Techniques like this may be useful for exploring tDCS current flow;
however, head size, shape and anatomy still vary across individuals and allow for
individual variability. More studies in this sector are largely needed. Future
developments in the use of tES techniques should also combine experimental setups to
examine more complex interactions of the brain. This should include pharmacological,

behavioral, and cognitive domains.
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Appendix

tES Safety and Ethical Considerations

tDCS is a noninvasive form of stimulation that applies weak electrical currents via the
scalp in aims to modify brain activity. It has the distinct advantages compared to other
forms of stimulation by being inexpensive, easy to administer, noninvasive and relatively
painless. Yet, one of the main drawbacks of this technique is that it is a diffuse form of
stimulation and therefore may be difficult to achieve spatial precision when aiming to
activate specific brain areas or networks. To help fix this, high-definition (HD) montages
are now increasingly popular and promise the ability to administer more focal current
(Dmochowski et al., 2011). In fact, the Neuroelectrics system, used in Chapter 2 and 3,
utilize a HD-tDCS system.

“Ring electrodes” are another way to increase focality of stimulation (see
(Villamar et al., 2013), for a guide) and are comprise of five small electrodes, such as a
single anode surrounded by four cathodes (DaSilva et al., 2015). Ring montages, such
as this, have been shown to enhance spatial focality and also overcomes problems
observed when using square sponges, in which the highest concentration of current
density is observed along the straight edges (Miranda et al., 2006). MxN stimulator
systems also offer other advanced HD-tDCS, that allow easy montage configuration
from an array of possible electrodes, allowing each to stimulate as cathodal or anodal
independently (Rostami et al., 2013). Mechanistically, the enhanced focality of ring
electrodes is due to the suppression of surrounding regions by the other electrodes,
constraining any modulation (Datta et al., 2009). A drawback in the use of this can be

skin irritation which may result from increased electrodes, however, this can be
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alleviated by increasing the distance between the positive and negative electrodes
(Datta et al., 2009). Thus, before deciding upon the use of HD-tDCS or traditional
montages, the trade-off between focality and participant comfort should be considered.
In addition to HD-tDCS systems, another method to reduce current spread is with
novel montages. The montages in Chapter 2 and 3 only utilize one stimulating and
return electrode, as traditionaly studies focus on this simplistic setup. Yet, newer studies
have utilized multiple electrodes to stimulate areas using an array. One such montage
was also developed (Fischer et al., 2017), uses bilateral motor cortex anodal stimulation
using an array of electrodes, while cathodal stimulation was applied to non-primary
motor cortex regions including frontal and parietal regions. Montages like this are
thought to produce a much larger and long- lasting increase in neural excitability.
Despite conventional electrical field modeling showing that both montages should
produce a similar current dose to motor cortex, the novel montage was physiologically
more efficacious. Recurrent connections within the motor cortex network may amplify of
the administered dose (see also (Reato et al., 2010) leading to the observed
enhancement. It is clear more work looking at electrode placement in addition to
accounting for tDCS’s diffuse characteristics is important when using tDCS in research

and clinical settings.

Safety and Tolerability of tES. tES is considered to be a safe and low-risk treatment. A
review of the adverse effects associated with tDCS in over 33,200 sessions and 1000
individuals reported no serious adverse effects while using tDCS (Bikson et al., 2016).

Although rarely reported, mild and moderate effects have been identified including skin
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irritation, headaches, fatigue, and skin burning (due to poor electrode contact), skin
prickling, and headache (see (Antal et al., 2017). However, it is important to note that
these effects are seen in both active and sham stimulation (Bikson et al., 2016).
Furthermore, adverse effects from stimulation should be monitored and reduced
including decreasing stimulation duration (<60 min), intensity (<4 mA) of stimulation,
electrode size and placement to avoid increasing the temperature under the electrodes
to prevent skin burns and limit irritation (Antal et al., 2017). Preparing the skin prior to
electrode placement can also help improve conductivity and reduce sensation, such as
trimming body hair and cleaning the skin with alcohol. A comprehensive guide to the

safety considerations surrounding tES use has been published by (Rossi et al., 2009) .

Ethical Considerations. Despite growing evidence for the benefits of tES and its
combination with behavioral paradigms (B. Krause & Cohen Kadosh, 2014;
Santarnecchi et al., 2015), there are still some ethical considerations concerns
regarding its use. An area that needs further investigation is the long-term effects and
repeated use of tES on changes in cortical function and behavior. Another is its ability to
easily be made and at a relatively low cost ($500). This raises the concern that it may
be tried on vulnerable patient groups as a potential “improve-all” technique for cognitive
enhancement without user knowledge of the ideal stimulation protocols or possible
adverse side effects (Cohen Kadosh et al., 2012; Maslen et al., 2014). Additionally,
stimulation parameters may not be kept within the safety guidelines, and stimulation
sites may be misidentified, causing stimulation to affect different cognitive processes

than those intended, leading to a decline in already worsened cognitive abilities (for a
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full reviews of DIY-tES, see (Fitz & Reiner, 2014; Hamilton et al., 2011)). It is important
to note that tDCS is not an FDA approved therapy and treatments are considered an ‘off

label’ therapy.

NHP in Research

Limitations. NHP have been portrayed as ideal animal models for certain types of
biomedical and cognitive research because of their similarity to humans. For this
reason, we made a scaled down 10-20 human mapping system of scalp EEG to use in
primates (Supplemental Figure 5.1).The assumption is that NHP will help us to
understand the human brain; however, a few challenges exist. A major difference
between human and NHP is brain size, where the human brain is 13-18 times larger
than a NHP (Yin et al., 2009). For example, the neocortex is 35% larger in humans than
a primate of similar size (Eshchar et al., 2016). Furthermore, the PFC, defined as the
granular frontal cortex, forms 28.5% of the neocortex in the human brain but only 11.3%
in the macaque brain (Elston, GN, 2007). Additionally, when related to the brain as a
whole, the frontal polar cortex, area 10, is proportionately twice as large in the human
brain as in that of the chimpanzee (Semendeferi, 2001). However, other model
organisms, are even more problematic task in generalizing to the human brain. For
example, the neocortex represents 28% of the rat brain, compared to 72% in the
macaque monkey. Furthermore, supporting the use of NHP as an ideal model system.
However, it is important to further recognize that an increase in brain size is not a result
of simple scaling (Rilling JK, 2006). Humans have developed new brain structures and

more complex functions, resulting in specialized subregions. These factors are
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important when relating the results of our study to humans as we focus on brain
(particularly frontal and parietal) areas that differ in size and specialization (Orban et al.,
2004). Because of the differences in structure and function of NHP compared to
humans, an example of what typical scalp EEG looks like is shown in Supplemental
Figure 5.2. Limited studies exist showing this in NHP, but it is important when
translating animal findings to humans (Gil-da-Costa et al., 2013; Tada et al., 2020;
Woodman et al., 2007).

Another important factor is that there are consequential changes in the
microstructure between humans and NHP. For example, the maximum spine density of
layer 11l pyramidal neurons in the PFC is 70% greater in the human than in the macaque
brain (Elston, GN, 2007). Another difference is cell types. For example in the ACC
different cell types have been found in the but not macaque brain (Allman et al., 2002).
Thus, differences between the brains of humans and NHP are apparent (Preuss, TM,
2000) and are important when interpreting results across species. Additionally, cognitive
and behavioral differences (Subiaul, 2007) may further depend on these distinctions in

the brain.

Use and Importance of Non-human Primate Models. Nonhuman primate (NHP) model
systems provide a powerful platform for investigating cognitive, behavioral, and social
similarities due to their anatomical and physiological similarity to humans (Harding,
2017). NHP are particularly useful for studies aiming to understand neural mechanisms
at fine spatial and temporal resolution, where single neurons and populations can be
recorded. The spatial resolution of imaging methods, such as fMRI, MEG, TMS and DTI

are adequate to address functions of networks and large brain areas but are limited at
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the cellular level (Maestripieri, 2003). Rather, these methods reflect a more global
measure of the function of a neural region or system. Most studies examining the
effects of tDCS largely stem from fMRI and scalp EEG and are therefore limited in their
ability to investigate neural mechanisms. With limited access to intracranial recording in
humans, NHP models are a useful alternative to investigating the effects of stimulation
in vivo. Pairing multiple methods, like simultaneous EEG and intracranial recordings,
give us further power to provide new mechanistic insight and perspective onto the
human literature. Additionally, understanding the relationship between neural activity
across different measures may allow us to use less invasive procedures in the future to

study neural activity and processing.
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Appendix Figure 5.1: Comparison of Human and NHP tDCS Setup. NHP EEG and
delivery of tDCS was based off a scaled down 10-20 human mapping system.
Measurements were made from brow ridge to back of the head in the NHP, similar to
nasion to inion. Approximate location frontal (F7 and F8) and parietal (P7 and P8) scalp
electrodes. Electrodes were placed outside of the animals’ implant housing a recording
chamber, allowing simultaneous recordings. CMS/DRL electrodes are on the right
earlobe and ground is TP10. This schematic is in animal C, however similar in animal Z,
except the recording chamber is on the opposite hemisphere.

122



Assigned Intensity (mA) Delivered Intensity (mA)

Stimulating Return Stimulating Return
0.5 0.5 0.454 0.449

1 1 0.909 0.899

1.5 1.5 1.363 1.349

Appendix Table 5.1: Intensities Delivered During tDCS. This table shows the amount
of current assigned during stimulation sessions compared to what was actually
delivered by the Neuroelectrics device. The values are the same for both anodal and

cathodal and are V+/- as appropriate. Stimulating and return values are flipped for
bilateral montage.
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Appendix Figure 5.2: Primate Baseline Scalp EEG. Baseline scalp EEG from frontal
(F7, F8) and parietal (P7, P8) electrodes from animal C (A) and Z (B). Animal C has
similar baseline amplitude across scalp electrodes and is higher than animal Z. Animal
Z has similar amplitude in frontal areas and parietal, but not overall.
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