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Abstract

Stimulus response and targeted plasticity of the macaque motor cortex using intracortical

microstimulation
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Chair of the Supervisory Committee:
Eberhard E. Fetz

Department of Physiology and Biophysics

Electrical stimulation is a commonly used tool for probing neural circuits in both research and
clinical settings. Stimulation delivered directly to the cerebral cortex, intracortical
microstimulation (ICMS), has often been used to induce targeted plasticity between a pre- and
postsynaptic site. However, the results often require a long conditioning period, are highly
variable, and depend on the cortical site pairs. The following dissertation describes experiments
performed to better understand both the behavioral and neural effects of ICMS and utilizes that
knowledge for a more effective spike-timing dependent plasticity (STDP) protocol. First, ICMS
is delivered at different phases of unimanual movement to assess its effects beyond the
stimulated hemisphere and dependence of the changes observed on the movement state. Next,

gamma-triggered stimulation as a proxy for-population triggered stimulation is explored for



inducing STDP. Then single neuron responses to ICMS and the dependencies of the responses to
underlying spontaneous activity as well as how they change over time are characterized. The
single neuron responses are subsequently used as a measure of connectivity in a paired
stimulation paradigm to induce STDP. Finally, different behavioral states during sleep and
waking are determined, and the underlying neural dynamics are compared to lay the groundwork
for assessing plasticity throughout different brain states. The combined results strongly suggest
the significance of specific timing in delivering ICMS, indicate the role of inhibitory responses,

and provide insights for future applications of ICMS.
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Introduction

Electrical stimulation was first found to excite the brain in 1870 by Fritsch and Hitzig (Fritsch &
Hitzig, 1870). Since the discovery, electrical stimulation has been used to probe various brain
structures, providing insight into neurobiology and neuroanatomy. More recently, stimulation
with both surface and depth electrodes are being used in medical applications for
neuroprostheses and to treat various neurological conditions including epilepsy, Parkinson’s
disease, and essential tremor (Borchers et al., 2012; Hartmann et al., 2016; Lebedev & Nicolelis,

2017; McPherson et al., 2015; Perimutter & Mink, 2006).

A particular application of electrical stimulation is to induce targeted plasticity, typically with
intracortical microstimulation (ICMS). A robust and effective method can lead to improving
connections and bridging gaps caused by injury or neurodegenerative diseases. As a result,
stimulus induced plasticity via spike-timing dependent plasticity (STDP) has been extensively
demonstrated both in vitro and in vivo (Bi & Poo, 1998; Jackson et al., 2006; Markram et al.,
1998, 2011). However, previous paradigms require a lot of stimulation leading to long
conditioning periods, report inconsistent changes in synaptic strength, and the results depend
heavily on the specific sites that were tested (Rebesco & Miller, 2011a; Seeman et al., 2017;
Zanos et al., 2018). Thus, there is a need to better harness the utility of electrical stimulation for

STDP.

One approach is to improve our understanding of how ICMS activates cortical circuits.
Stimulation is assumed to be purely excitatory in the context of stimulus-induced plasticity, but
studies have shown that single neurons also have a strong inhibitory response to ICMS that is
likely driven by local feedforward and feedback inhibitory networks (Butovas et al., 2006;

Dadarlat et al., 2019; Logothetis et al., 2010; Michelson et al., 2019). Although our



understanding of how cortical circuitry is activated by stimulation is growing, we still do not
understand the dependencies of the stimulus responses on ongoing neural dynamics or the

relationship between the excitatory and inhibitory responses.

Another approach to use electrical stimulation more effectively is to determine the effects of
specific timing of stimulation. Most plasticity studies deliver ICMS across various behavioral
states or even overnight; however, evidence shows that stimulation delivered during different
brain states, such as different phases of movement or different stages of sleep, produce varying
effects (Pascual-Leone et al., 1992; Rembado et al., 2017; Richardson & Fetz, 2017; Wolters et
al., 2003). There is a need to better understand how the underlying brain state affects responses
to ICMS and subsequent changes in neural circuitry. STDP experiments also typically use static
inter-stimulus intervals (IS1) or broad steps of several milliseconds (Rebesco & Miller, 2011a;
Seeman et al., 2017). Higher temporal specificity in stimulus timing will shed light on stimulus-

induced STDP and lead to more effective stimulation paradigms.

Finally, various other plasticity mechanisms must be considered. Short-term plasticity is present
during tonic stimulation, the induced changes depending on the stimulus frequency and the cell
and synapse type (Blackman et al., 2013; Losonczy et al., 2002; Zucker & Regehr, 2002).
Homeostatic plasticity is a compensatory mechanism that limits the positive feedback loop of
Hebbian plasticity with synaptic scaling (Miller et al., 2000; Turrigiano, 2008, 2012). Plasticity
also often does not follow classic STDP, and sometimes follows anti-Hebbian rules or is

unidirectional (Feldman, 2012; Markram et al., 2011; Miller et al., 2000).

This dissertation aims to better understand the neural response to intracortical microstimulation

and stimulus-induced plasticity by applying electrical stimulation to the motor cortex of intact,



behaving macaques. In the following studies | present research in which | explore the effects of

stimulation and changes in dynamics of single neurons and local field potentials:

Chapter 1 demonstrates the dependence of behavioral and neurological changes on the specific
timing of stimulation relative to unimanual movement. Stimulation delivered before movement
sped up the trigger limb, whereas stimulation delivered after contralateral limb movement
slowed down the contralateral limb but sped up the ipsilateral limb. These results show changes
in interhemispheric inhibition resulting in various changes in behavior, which was additionally
reflected in modulation of interhemispheric alpha coherence. Changes in the motor cortex may
result in much more global changes that must be considered when employing stimulation

techniques.

Chapter 2 explores the pitfalls of applying gamma-triggered stimulation as a method for
triggering from population-based activity to induce STDP. Two factors prevented the
implementation of an effective stimulation paradigm. 1) The delays introduced from band pass
filters lasted at least a whole cycle of gamma and was unavoidable without specialized hardware.
2) Stimulation of a postsynaptic site resulted in a large gamma component in the presynaptic site,
likely due to both stimulus artifact and stimulus response, leading to a positive feedback loop.

These two factors must be resolved to carry out proper cycle-triggered stimulation.

Chapter 3 characterizes the excitatory and inhibitory responses of single neurons to ICMS. The
excitatory response had two dependencies that were previously unexplored — 1) The timing of
stimulation since the most recent spike and 2) the spontaneous firing rate of the spike. Both
responses often changed over time due to repetitive stimulation, likely due to short-term
plasticity, with more changes occurring due to higher frequency stimulation. These relationships

and changes over time must be taken into account when employing ICMS paradigms.



Chapter 4 illustrates paired stimulation with higher temporal specificity in ISIs. Using the
probability of evoking a spike in the postsynaptic site when delivering ICMS to the presynaptic
site as a measure of synaptic connectivity strength showed depression even with positive ISIs.
Comparing the changes in synaptic strength to the single unit response revealed that stimulation
occurring during the inhibitory response results in depression, suggesting that the paired
stimulation may be strengthening the connections to the local inhibitory circuitry. Thus,
inhibition may play a larger role in ICMS paradigms than initially thought, resulting in STDP

being more complex in vivo.

Chapter 5 shows classification of different behavioral brain states during sleep and waking as a
prerequisite for delivering ICMS overnight. States were accurately classified as confirmed by
concurrent electrooculography recordings as well as kinematic metrics recorded with the
Microsoft Kinect. Assessing changes in spiking patterns, spike-field synchrony, and cross-
frequency phase-amplitude coupling showed that delta oscillations may be playing a role in the

reactivation of cortical circuitry during sleep for skill and memory consolidation.
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General Methods
Animals and implants
The following studies were conducted with 7 male pigtail macaques (Macaca nemestrina):

Monkeys Ig, Ka, U, Kr, In, S, and J.

Monkey Ig received 8 custom epidural electrodes bilaterally. Epidural electrodes were
constructed with 0.01-inch platinum wire insulated with heat-shrink tubing, with a ~0.5 mm

exposed tip.

Monkeys Ka and U were implanted with custom-made electrodes combining epidural and depth
electrodes called “dual electrodes” (detailed in Seeman et al., 2017) over left and right
sensorimotor cortex (Ka: 2 electrodes bilaterally, U: 7 electrodes bilaterally). In brief, dual
electrodes were constructed using two 0.005-inch bare platinum-iridium (Ptlr) wire rods. For
each dual electrode, two rods soldered to lead wires were secured in a small piece of
polytetrafluoroethylene (PTFE) tubing with silicon glue. The other end of the lead wires was
soldered to connectors. The tips of the rods were placed ~0.5 and 2-2.5 mm from the edge of the

PTFE tube such that the shorter rod would reach layer I of the cortex, and the longer rod layer V.

Monkeys Kr, S, and J were implanted with 96-channel Utah microelectrode arrays (Blackrock
Microsystems; 10x10, 400 um inter-electrode distance, 1.5 mm depth, Iridium oxide) in the hand
region of primary motor cortex (M1). They additionally received a “halo” implant made with
3/8” aluminum into an egg-shaped oval 17 cm long and 15.3 cm wide for holding the

Neurochip3 (Shupe et al., 2021) during overnight recordings (Figure 0.1).

Monkey J was also implanted with electrooculography (EOG) electrodes to track eye movements

(Figure 0.2). EOG electrodes consisted of a titanium washer ((#4, 0.25” OD, 0.032” thick) with a



0.016” hole drilled into it and a 34-gauge silver-plated copper microwire with silicone shielding

(Cooner Wire, AS155-34) threaded through the hole and soldered to the washer.

Surgical procedures

Surgeries were performed under isoflurane anesthesia and aseptic conditions. After each surgery,
animals received postoperative courses of analgesics and antibiotics. Animals did not show signs
of discomfort or pain related to any implanted devices after recovery, and all exposed implants
were regularly disinfected biweekly with chlorohexidine and treated with antibiotics to prevent
infection. All procedures conformed to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the University of Washington Institutional

Animal Care and Use Committee.

Epidural electrodes and dual electrodes

An incision was made along the midline of the scalp, and muscle and connective tissue were
resected to expose the skull. Titanium skull screws were placed in the skull around the edge of
the exposure for electrical grounds and mechanical stability. Small holes for the electrodes were
drilled over the sensorimotor cortex with a 1 mm bit using stereotactic coordinates. One
electrode was placed with forceps into each hole until resistance was felt between the rod and the
dura. Dual electrodes (Supplementary Figure 1.1) were additionally pushed through the dura and
into the cortex until a second resistance was felt between the shorter rod and the dura. After all
electrodes for one hemisphere were implanted, a thin coat of dental acrylic (methyl methacrylate)
was used to seal the holes and hold the electrodes in place. A titanium casing was then placed

over the implant and secured to the skull screws with acrylic.



Utah electrode array

Implantation of the Utah array was guided by stereotaxic coordinates. A 1.5 cm wide square
craniotomy was performed over the hand region of the primary motor cortex to expose the dura.
Three sides of the exposed dura were cut to expose the cortex; a Utah array was implanted, and
the dura was sutured over the array. Two reference wires were inserted below the dura and two
were inserted between the dura and the skull. The bone flap from the craniotomy was returned,
held in place by a titanium strap screwed onto the skull with 2.5 mm x 6 mm titanium skull
screws. A second smaller titanium strap was fastened to the skull to secure the wire bundle. The
connector pedestal for the array was attached to the skull with eight titanium skull screws and the
incision closed around the pedestal base. Additional skull screws were placed around the base of
the connector pedestal and a thin coat of dental acrylic (methyl methacrylate) was applied to the

skull between the screws and the connector base for additional stability.

Halo implant

Four titanium straps were affixed to the skull by titanium bone screws. Two were implanted
bilaterally over the occipital ridge, and two were placed temporally bilaterally. After the plates
integrated with the skull for 6 weeks, an aluminum ring (halo) was mounted on four pins seated
in each plate (Figure 0.1). A titanium can with a plexiglass top to house the Neurochip3 was

attached to the halo during all Neurochip3 recording sessions.

EOG electrodes

An incision was made to the dorsal and lateral margins of both orbits to expose the skull. A small
hole was drilled in each incision, a titanium skull screw (2 mm x 6 mm) was used to hold down
the EOG electrodes (Figure 0.2), and the wires of the electrodes were tunneled beneath the tissue

along the skull. Another incision was made along the top of the skull to secure a pedestal with 8



skull screws and allow access to the electrode wires. The inside of the pedestal was filled with
surgical silicone adhesive (Kwik-Sil, World Precision Instruments) to prevent infection.

Connectors were fastened to the wires postoperatively.

Recording and stimulation

All recording and stimulation was performed using one of the following systems: g.USBamp
(9.tec medical engineering GmbH, 2.4 or 9.6 kHz), Neural Interface Processor (Ripple Neuro, 30
kHz), or the Neurochip3 (Fetz Group, 20 kHz) (Shupe & Fetz, 2021). The number of channels
and sampling rate of recording and stimulation paradigm for each study is outlined in the

individual methods.

Spike sorting

Spikes in Chapters 3, 4, and 5 were sorted offline using two-window discrimination with custom
MATLAB (Mathworks) code. The cortical recording was bandpass filtered between 1000 and
2000 Hz with a first-order Butterworth filter. Then a negative threshold and two windows, one
each to capture the trough and the peak of the spike waveform, were manually chosen. All traces

crossing the threshold and through the two windows was denoted as a spike.

Coherence measurements
Magnitude-squared coherence was used in Chapters 1, 2, and 5 to calculate synchrony within the

same frequencies of local field potentials:

1P, ()|

y = W Equation 0.1



where C,,, is the coherence between x and y, Py, (f) is the cross-spectral density between x and
y, and P (f) and P, (f) are the spectral densities of x and y respectively. Coherence was

calculated between all combinations of channel pairs at every 0.1 Hz intervals.
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The work presented in this dissertation was supported by the National Institutes of Health
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Figures
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Figure 0.1 Utah array and connector pedestal

A. Picture of the Utah array module with the connector pedestal and reference wires. The
pedestal was secured to the skull with skull screws and the reference wires inserted under or on
top of the dura. B. Image of the Utah array electrodes, from S. J. Kim et al., 2006. Each electrode
is 1.5 mm long with 400 um interelectrode distance.
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Figure 0.2 Halo implant

Example of the halo implant with the pins and supports for affixing the halo to the skull.
Plexiglass rods were inserted into the two cylindrical brackets for head-fixing animals during
task performance. A titanium can to house the Neurochip3 was affixed to the halo with nuts and
bolts on one of the holes along the perimeter.
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Figure 0.3 EOG implant

A) Electrode design. Each electrode consisted of a titanium washer with microwire threaded
through a hole and soldered onto the washer. It was then fastened to the skull with a titanium
skull screw. B) Electrode placement. An electrode was placed on each dorsal and lateral margins
of both orbits. Recordings were performed differentially between a dorsal and a lateral electrode,
not necessarily from same orbit as eye movements during REM sleep are binocular.

13



Chapter 1. Cortical stimulation paired with volitional unimanual movement affects
interhemispheric communication

Abstract

Cortical stimulation (CS) of the motor cortex can cause excitability changes in both hemispheres,
showing potential to be a technique for clinical rehabilitation of motor function. However,
previous studies that have investigated the effects of delivering CS during movement typically
focus on a single hemisphere. On the other hand, studies exploring interhemispheric interactions
typically deliver CS at rest. We sought to bridge these two approaches by documenting the
consequences of delivering CS to a single motor cortex during different phases of contralateral
and ipsilateral limb movement, and simultaneously assessing changes in interactions within and
between the hemispheres via local field potential (LFP) recordings. Three macaques were trained
in a unimanual reaction time (RT) task and implanted with epidural or intracortical electrodes
over bilateral motor cortices. During a given session CS was delivered to one hemisphere with
respect to movements of either the contralateral or ipsilateral limb. Stimulation delivered before
contralateral limb movement onset shortened the contralateral limb RT. In contrast, stimulation
delivered after the end of contralateral movement increased contralateral RT but decreased
ipsilateral RT. Stimulation delivered before ipsilateral limb movement decreased ipsilateral RT.
All other stimulus conditions as well as random stimulation and periodic stimulation did not have
consistently significant effects on either limb. Simultaneous LFP recordings from one animal
revealed correlations between changes in interhemispheric alpha band coherence and changes in
RT, suggesting that alpha activity may be indicative of interhemispheric communication. These
results show that changes caused by CS to the functional coupling within and between precentral

cortices is contingent on the timing of CS relative to movement.
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Introduction

Cortical stimulation (CS) delivered during different phases of movement has been shown to
affect motor function (Butefisch et al., 2004; Edwardson et al., 2015; Pascual-Leone et al., 1992;
Thabit et al., 2010). However, these studies often have limited timing of stimulation and examine
one limb and the contralateral hemisphere in isolation. Although limb movements are
predominantly driven by the contralateral motor cortex, entirely unilateral movements elicit
correlated activity in the ipsilateral hemisphere (Cardoso et al., 2001; Donchin et al., 1998; Tanji
et al., 1988). Evidence shows that the motor cortex recruits transcallosal networks that primarily
evoke interhemispheric inhibition (IHI) in homologous regions of the contralateral motor cortex

(Cincotta & Ziemann, 2008; Ferbert et al., 1992; Hibers et al., 2008).

IHI has been directly demonstrated with transcranial magnetic stimulation (TMS) using a paired-
pulse paradigm. A test stimulus following a conditioning stimulus of the contralateral
hemisphere with a 6-15 ms delay results in depressed motor evoked potentials (MEPS)
(Daskalakis et al., 2002; Di Lazzaro et al., 1999; Ferbert et al., 1992). The interstimulus interval
(1SI) between the conditioning and test stimulus affects the strength of IHI; ISIs of 3-5 ms can
even produce facilitation of the MEPs (Ferbert et al., 1992; Hanajima et al., 2001). Similar to the
paired-pulse paradigms, stimulation of the ipsilateral M1 during voluntary movements attenuates
the electromyographic (EMG) activity of the moving limb, termed the ipsilateral silent period
(iSP) (Cincotta & Ziemann, 2008; Ferbert et al., 1992; Giovannelli et al., 2009). IHI is
additionally modulated by various attributes of the motor output, such as the finesse of
movements and contraction strength (Kuo et al., 2017; Morishita et al., 2012; Perez & Cohen,
2008). Further findings document complex interactions of IHI with various intracortical

inhibitory circuits in the motor cortex (Chen et al., 2003; Daskalakis et al., 2002).
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These studies indicate the potential impact of IHI on cortical activity throughout unilateral
movements (Figure 1.1). However, the associated temporal dynamics are not well understood
because paired-pulse paradigms are typically performed at rest and iSP experiments typically
deliver stimulation during tonic contraction. The effects of stimuli delivered before, during, and
after a brief unilateral movement remain to be compared to determine how stimulation and
interhemispheric interactions affect preparation and execution of movements. Additionally, the
changes caused by stimulation are usually considered on a trial-by-trial basis without regard for
possible prolonged effects. Another open question is how long the effects of a single stimulus

last.

In addition, despite extensive research on the behavioral effects of IHI in M1, there have been
surprisingly few relevant neural recordings. Different frequency bands of local field potentials
(LFPs) exhibit unique modulation throughout movement planning, execution, and termination,
and are thought to reflect underlying excitatory and inhibitory circuitry (Baker et al., 1999; Engel
et al., 2001; Murthy & Fetz, 1996a). In particular interest are the alpha band (8-12 Hz) (Hummel
et al., 2002; Jensen & Mazaheri, 2010) and the beta band (15-30 Hz) (Engel & Fries, 2010;
Heinrichs-Graham et al., 2017; Murthy & Fetz, 1996a) which have both been shown to be
consistently modulated during visuomotor tasks and associated with top-down processing.
Correlated changes in LFP bands and behavior induced by CS would shed light on the dynamics

of IHI.

This study probed the temporal dynamics of unimanual movement and the relevance of
interhemispheric interactions by delivering CS at different phases of a cued voluntary movement.
Monkeys performed a unimanual reaction time (RT) task as we delivered electrical CS to one

hemisphere during either contralateral or ipsilateral hand movements; stimuli were timed to
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arrive during movement preparation, during movement execution, or after movement
completion. We tracked the RT of both limbs throughout the experiment and found that RT of
the trigger limb (tRT) decreases if the stimulation is delivered before movement, and tRT
decreases but the RT of the non-trigger limb (ntRT) increases if the stimulation is delivered after
the movement of the contralateral limb. Additionally, we simultaneously recorded LFPs from the
motor cortices of both hemispheres and performed coherence analysis to elucidate the neural
correlates of interhemispheric communication. Changes in interhemispheric LFP coherence

suggest that alpha oscillations may be a signature of interhemispheric communication.
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Materials and Methods

Subjects and implants

Experiments were conducted with 3 male pigtail macaques (Macaca nemestrina; Monkeys I, Ka
and U). Monkey Ka will be referred to as Monkey K within this chapter. Monkey | received 8
custom epidural electrodes bilaterally (Supplementary Figure 1.1A). Monkeys K and U were
implanted with custom-made electrodes combining epidural and depth electrodes called “dual
electrodes” (Supplementary Figure 1.1B, detailed in Seeman et al., 2017) over left and right
sensorimotor cortex (U: 7 electrodes bilaterally, K: 2 electrodes bilaterally; Supplementary

Figure 1.1A). Refer to General Methods for full details on implants and surgical procedures.

Behavior

During each session, the monkeys were seated in a primate chair facing a monitor (Figure 1.2A)
and 3-axis accelerometers were affixed to the dorsum of each hand. The vertical position of two
cursors on the screen were controlled by the z-axis of each accelerometer (rectified and
smoothed with a 50 ms boxcar filter). Each trial began with a 0.5 second delay, followed by
target boxes at the bottom of the screen to cue the animal to hold at rest. After holding for 2-3
seconds, one of the target boxes moved up (the “GO” signal) to cue a quick, unilateral wrist
extension to drive the associated cursor into the box within 0.85 seconds. When the cursor was
held in the target for 0-200 ms while the other cursor stayed in the start box, an apple smoothie
reward was delivered with an audio tone. Trials were randomly selected to be left or right limb

and the task was performed throughout the experiment.

Cortical stimulation
Each stimulus consisted of a 10-pulse train delivered at 333 Hz. Pulses were negative leading

with a 200 ps phase width. 200 ps phase width pulses have been shown to reliably activate
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cortical circuitry and have also been used to induce plasticity in the primate cortex (Jackson et
al., 2006; Logothetis et al., 2010). CS was bipolar, delivered between two adjacent electrodes for
epidural electrodes (Monkey I) or between the surface and intracortical contacts of dual
electrodes (Monkeys K and U). Current amplitude was determined daily as the lowest intensity
to elicit movement in the contralateral limb as determined by the investigator using the
accelerometer trace. The stimulated hemisphere was chosen randomly each session, and CS was
triggered by either the contralateral limb (Contralateral CS experiments) or the ipsilateral limb
(Ipsilateral CS experiments). The timing of CS for each session was determined randomly before

each experiment and kept consistent throughout the session.

For Monkeys | and K, CS was delivered to 100% of the trigger trials during stimulation (e.g.,
100% of contralateral trials in Contralateral CS experiments). However, the suprathreshold
stimulation completely obscured LFPs in the stimulated hemisphere. To obtain artifact-free LFP
recordings during stimulation, CS was delivered to only a random 50% of the trials for Monkey
U (e.g., 50% of contralateral trials in Contralateral CS experiments). The data from Monkey U

was used for all LFP analysis of the conditioning period (Cond epoch, see Experimental design).

Control experiments consisted of no stimulation, periodic stimulation, or randomly timed
stimulation. There was no difference between baseline left and right limb RT, so all behavioral
data was combined as RT of the limb with respect to the stimulated hemisphere. Thus, RTs
during Contralateral CS, Ipsilateral CS, and randomly timed experiments are presented as the
trigger limb RT (tRT) and non-trigger limb RT (ntRT). Data for Contralateral CS and control
experiments are from all three monkeys and Ipsilateral CS experiments are from Monkeys K and

u.
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Experimental design

The timeline of an individual experimental session is depicted in Figure 1.2B. In each session the
initial 500 trials were collected to characterize RT in the absence of CS (Pre epoch). We
discarded the first 25 trials to avoid warm-up effects as the monkey settled into the task. After
the Pre epoch, CS was initiated and continued for about 1000 trials (Cond epoch). At the end of
conditioning, another 500 trials were collected (Post epoch) to determine the longevity of any
induced changes. Each session lasted for 1.5-2.5 hours. One session was performed per day to
prevent any effects from propagating between sessions. All changes in RT are shown as the
difference between the RTs during the Cond or Post epoch and the median RT during the Pre

epoch (ART).

Movement onset was determined by threshold crossing of the smoothed rectified acceleration
trace (see Recordings and analysis). The sessions were labeled according to the response phase
during which stimuli were delivered relative to movement onset — preparatory phase, CSprep: -
300-0 ms; during movement, CSmove: 0-300 ms; after movement, CSrelax: 300-600 ms (Figure
1.2C, Supplementary Figure 1.2). We ensured a delay of 2-3 seconds between trials such that

CSrelax could not be construed as CSprep Of the next trial.

Recordings and analysis

Behavioral data, including cursor position, target presentation time, and raw accelerometer
signal, were recorded at a sampling rate of 1 kHz (National Instruments Multifunction 1/O
Device). During the task, cursor position was driven by accelerometer signals generated by each
wrist (Figure 1.3A). RT was measured offline using the raw accelerometer signal processed in
three steps: 1) band-pass filtered between 10 and 150 Hz, 2) rectified, and 3) low pass filtered at

5 Hz. We calculated a movement threshold as 1/6 the peak of the median response over the last
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600ms from trial completion as this ensured we did not detect the stimulus induced movement as
movement onset (Supplementary Figure 1.3). RT was defined as the time between the target
presentation (GO signal) and the threshold crossing of the processed accelerometer response

(Figure 1.3A).

For each animal, LFPs were recorded single-ended between each individual electrode and a
distant reference from the same hemisphere. Sampling rates were 9.6 kHz for Monkeys U and K,
and 2.4 kHz for Monkey I (g.USBamp, g.tec medical engineering GmbH). LFP frequency bands
were extracted using a third-order bandpass Butterworth filter (alpha: 8-12 Hz, beta: 15-30 Hz,
low gamma: 30-50 Hz). Instantaneous amplitude for each filtered signal was calculated offline as
the absolute value of the Hilbert transform. Spectral density and cross-spectral densities were
calculated using the multitaper method (Chronux software package (Mitra et al., 2018; Mitra &
Bokil, 2008)) with an overlapping moving window of 500 ms width and 25 ms steps. LFP traces

in figures are the average across all electrodes in the designated hemisphere.

Magnitude-squared coherence was calculated by Equation 0.1. In all coherence analyses, x and y
were signals from electrodes in different hemispheres. Coherence traces in figures are the

average of all pairwise combinations of electrodes between the two hemispheres.

To assess whether there was a direction of connectivity in the LFP bands we calculated Granger
causality (Granger, 1969). Granger causality uses an autoregressive model to determine whether
a signal can predict another signal, which would imply a direction of information transfer
between the two signals. We used the Multivariate Granger Causality (MVGC) toolbox (Barnett
& Seth, 2014) to perform Granger causality analyses on all pairs of channels. LFPs from each
channel were preprocessed with a comb notch filter at 60 Hz to ensure predictability did not arise

from noise.
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All offline analyses were conducted using custom MATLAB scripts.

Statistical Analysis

Each animal’s performance fluctuated over time, possibly due to changes in motivation or
fatigue. As a result, all statistical tests for RT and LFPs compared the changes in distributions
from the no stimulation control experiments (e.g. a difference between the Pre epoch and the
Cond epoch in a Contralateral CS experiment was considered significant if it was statistically
distinct from the difference between the Pre epoch and the Cond epoch in control sessions). The
Wilcoxon rank-sum test was used for all hypothesis testing due to the nonparametric nature of

the data.
All box plots show the median and interquartile range. The notch represents:

1.57 IQR .
m+——— Equation 1.1

T n

where m is the median, IQR is the interquartile range, and n is the number of samples. The full

range (whiskers) and outliers have been omitted for clarity.
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Results

Data

We recorded a total of 152 sessions from three monkeys (I: 67; K: 31; U: 54). The number of
experimental conditions per animal is shown in Table 1.1. Figure 1.3 shows that our movement-
detection algorithm successfully detected RTs in single trials. Variability in the trial-by-trial
response is evident in the accelerometer snippets aligned with the GO signal (Figure 1.3B, left),
and the onset of the earliest responses is evident at around 100-200 ms. Aligning the
accelerometer traces with RT (Figure 1.3B, right) demonstrates that the monkeys’ movements

were consistent.

Contralateral CS

We conducted Contralateral CS experiments in all three monkeys to assess how stimulation of
the movement-generating hemisphere affects RTs. Figure 1.4A depicts an example of behavior
and stimulation relationship during the task when CS was triggered with right hand movements.
We found that stimulation before movement (CSprep, -300-0 ms from RT) significantly decreased
the trigger limb RT (tRT) in all monkeys but did not significantly affect the non-trigger limb RT
(ntRT) (Figure 1.4B). Surprisingly, stimulation delivered after the movements had concluded
(CSrelax, 300-600 ms from RT) had pronounced effects in subsequent movements associated with
both limbs; CSrelax significantly slowed tRT but sped up ntRT (Figure 1.4B). Stimulation during
movement execution (CSmove, 0-300 ms from RT) did not produce a significant or consistent
change in either limb’s RT. Changes were denoted to be significantly different from control

experiments if they were significant for all three monkeys.
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Ipsilateral CS

To further investigate the role of the non-movement generating hemisphere during unilateral
movement, we also tested whether CS delivered to the ipsilateral hemisphere could generate
changes in RT. These experiments were conducted in Monkeys K and U. Figure 1.5A depicts an
example behavior and stimulation relationship during the task when CS was triggered with left
hand movements. Similar to Contralateral CS, we found that CSprep Significantly shortened tRT
and CSmove did not produce a significant or consistent change in RTs of either limb (Figure
1.5B). CSrelax also did not produce any significant effects. Changes were denoted to be

significantly different from control experiments if they were significant for both monkeys.

Persistence of changes in RT

Previous studies suggested that CS paired with movements or EMG signals can induce lasting
directed plasticity (Butefisch et al., 2004; Lucas & Fetz, 2013; Thabit et al., 2010). Thus, we
tracked the changes in RT over time to determine whether the CS we delivered causes long-term
changes. Figure 1.6A shows changes in RT for contra- and ipsilateral trials during the Post epoch
for CSrelax €xperiments compared to the Pre epoch. We found that increases in tRT did not persist
during the Post epoch but the decrease in ntRT remained consistent in Monkeys | and K.
Monkey U did not have a change in the Post epoch, but the effects during the Cond epoch were
smaller compared to the other two monkeys. All other stimulus conditions did not have a

significant or consistent effect during the Post epoch.

In addition, we analyzed RT of trials without stimulation following a trial with stimulation to
document the immediate duration of effects produced by CS. For Monkeys | and K there were no
such trials for tRT during Contralateral CSprep and tRT during Ipsilateral CSprep Since these trials

were always stimulated. The stimulation for CSreiax, hOwever, arrives after the completion of
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behavior thus providing us with trials not directly affected by the stimulus. Figure 1.6B shows
that the increase in tRT and decrease in ntRT induced by Contralateral CSrelax Were just as
evident in trials that occurred up to 4 trials after the most recent stimulation in Monkey I, and at

least 1 trial after stimulation for Monkeys K and U.

Control Experiments

To control for changes in natural behavior over time we first tracked the animal’s performance
without delivering any CS. RT in both limbs slowed over time, becoming significantly slower
during the “Post” epoch compared to the “Pre epoch.” However, there was no difference between
the limbs, which suggests a general behavioral change rather than a specific limb or hemisphere
change (Figure 1.7A). To test whether stimulation itself caused any changes, we performed
experiments with open-loop periodic stimulation at 0.1 to 0.2 Hz. Figure 1.7B shows that
periodic stimulation delivered to one hemisphere during the Cond epoch resulted in large
variability, but did not produce consistent changes in either RTs. Periodic stimulation also failed

to produce any differential changes between the RTs.

We also performed control experiments to test whether it was necessary that CS was consistently
timed to movements over time. Figure 1.7C shows results from Contralateral and Ipsilateral CS
experiments in which stimulation for each trial was randomly delivered between -100 and 800
ms relative to the GO signal. These controls showed similar changes compared to the no
stimulation condition (increasing RT during later epochs) for both Contralateral and Ipsilateral

CS with greater variability.

Changes in cortical LFPs with movement
To examine bilateral cortical activation during unilateral movements and changes with

stimulation, we recorded local field potentials (LFPs) of both hemispheres from each animal
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throughout the experiment. Movement-related LFP data is from all three animals and LFP data
during the Cond epoch is from Monkey U. Any trials with CS were discarded due to the stimulus
artifact obscuring LFPs; as the changes in RT persisted several trials beyond the stimulated trial,

the trials between stimulation reflects the effects of CS.

LFPs in primary motor cortex (M1) are consistently modulated with respect to movement in a
frequency dependent manner (Figure 1.8). The raw LFP of each hemisphere around the
estimated RT is complex and multiphasic, as shown in Figure 1.9. We separated the LFPs into
different frequency bands (alpha 8-12 Hz, beta 15-30 Hz, and gamma 30-50 Hz) to document the
modulation of each band (Figure 1.9). As commonly reported in intracortical recordings, we
observed an increase in alpha and gamma amplitude during movement and a decrease in beta
amplitude (Buzsaki & Wang, 2012; Canolty et al., 2012). These LFP band dynamics also reflect
MEG recordings in human sensorimotor cortex during cued movements; especially notable are
the desynchronization of the beta band during movement onset and its subsequent rebound after
movement termination (Bardouille & Bailey, 2019; Cheyne, 2013). Ipsilateral movements

generated similar features but with lower amplitude compared to contralateral movements.

We also calculated the change in magnitude-squared coherence of all bilateral pair-wise
combinations of sites between the two hemispheres (Figure 1.9). Alpha coherence peaks at the
onset of movement, similar to alpha amplitude. Beta coherence drops during movement, likely
due to desynchronization, although the change begins during movement preparation rather than
movement onset. Gamma band coherence was inconsistent across trials and experiments, as
gamma likely reflects much more local activity (Buzséki et al., 2012; Buzsaki & Wang, 2012;

Fries et al., 2007), and was therefore omitted from coherence analyses.
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To document possible changes in LFPs unrelated to CS over the course of a session, we first
tracked how these measures change throughout no stimulation control experiments to document
confounding factors such as motivation, fatigue, or attention (Figure 1.10A). The average
amplitude of each frequency band was significantly higher during the Pre epoch, perhaps
because the animal performed more exaggerated movements before learning to efficiently move
the minimal amount for the task, as well as a possible drop in motivation over time (Figure
1.10B). Alpha and beta coherence were also higher in the Pre epoch, also possibly related to the
larger movements. To account for these changes, all following LFP analyses are performed with

respect to the baseline changes observed in control experiments.

CS modulates interhemispheric alpha coherence

We tracked changes in amplitudes and coherence of alpha and beta band LFP to determine
neural correlates of interhemispheric communication. The instantaneous amplitudes of alpha and
beta band LFP during contralateral or ipsilateral trials in CS experiments are shown in
Supplementary Figure 1.4 and Supplementary Figure 1.5. A large change observed in LFP bands
was the decrease in post-movement beta rebound (PMBR), thought to indicate motor termination
(Heinrichs-Graham et al., 2017; Pfurtscheller et al., 1996). However, the changes were consistent
across stimulus conditions and PMBR has been shown to decrease with lower force, lower rate
of force development, and slower termination of movement (Fry et al., 2016; Heinrichs-Graham
etal., 2017). Therefore, the changes in PMBR were likely due to the animal’s movements
becoming smaller over time as they became more accurate and fatigued as shown in Figure
1.10B. Other than the PMBR, there were no clear or consistent differences in LFP band
amplitudes during any CS condition compared to control experiments. Ipsilateral CS experiments

also showed no significant differences in instantaneous amplitudes of alpha and beta band LFP.
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Beta coherence between hemispheres also did not show any consistent changes, but alpha
coherence had clear differences from the control (Supplementary Figure 1.6 and Supplementary
Figure 1.7). Alpha coherence during trigger trials of Contralateral CSprep Was noticeably
diminished during the Cond epoch as well as during non-trigger trials of CSrelax (Figure 1.11). To
quantify their differences, we integrated alpha coherence in a window of -200 ms to 200 ms from
RT to capture the peak amplitude. The decreases in alpha coherence during trigger trials of
CSprep and non-trigger trials of CSrelax Were statistically significant, possibly related to the
decrease in RT during those conditions (Figure 1.12A). Ipsilateral CS experiments also had a
significant decrease in alpha coherence that was associated with a decrease in tRT during CSprep

(Figure 1.12b).

There were statistically significant changes in alpha coherence during CSmove — a decrease during
non-trigger trials of Contralateral CS experiments and a decrease during non-trigger trials of
Ipsilateral CS experiments — that were not reflected in their respective RT. However, these
changes had a relatively high p-value, and thus could be due to single-animal variability.
Comparisons between the change in alpha coherence and change in RT for all experimental
conditions and trial types with a significant change in alpha coherence did not reveal a

significant correlation (Supplementary Figure 1.8).

As IHI is directed from one hemisphere to another, we additionally explored pairwise Granger
causality using the MVVGC toolbox (Barnett & Seth, 2014). For baseline analysis we used the
same window as the alpha coherence peak (-200 to 200 ms from RT) in trials within the Pre
epoch during all conditioning experiments for all channel pairs (Supplementary Figure 1.9). Only
3 out of 32 channels had predictability towards more than one channel on the other hemisphere,

and significantly so (p<0.05) in less than 10 out of 42 experiments. In contrast, at least 27 out of
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32 channels had significant predictability (p<0.05) within the same hemisphere for at least 10
experiments. We did not pursue Granger causality any further due to the lack of consistent

directionality between hemispheres.
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Discussion

Our main finding was that suprathreshold CS delivered to one motor cortex can affect the RT of
both limbs, depending on the timing of CS relative to voluntary unilateral movement. We
observed that CS can cause distinct changes in RT: 1) Contralateral CSprep decreased tRT, 2)
Ipsilateral CSprep also decreased tRT, and 3) Contralateral CSreiax increased tRT but 4) decreased
ntRT. Figure 1.13 shows proposed mechanistic changes induced by each stimulus condition.
These changes persisted for at least 4 trials (~10 seconds) after the most recent stimulus. The
most durable change was the decrease in ntRT following Contralateral CSrelax, Which remained
significant during the ~20-minute Post epoch, highlighting the significance of the ipsilateral
hemisphere to unilateral movement. The lack of consistent changes in periodic or random
stimulation control experiments suggests that changes in RT reflect the effect of consistently

timing stimulation to movement throughout the Cond epoch.

We simultaneously recorded cortical LFPs to examine neural dynamics related to movement and
how they may be modulated by CS. In control experiments without CS, trial-averaged LFP band
amplitude and interhemispheric coherence decreased over time, consistent with the natural
increase in RT, perhaps due to increased efficiency in movements or a decrease in motivation. In
both contralateral and ipsilateral CS experiments there was a significant change in alpha
coherence between the hemispheres that was strongly correlated with decreases in RT,

suggesting that alpha may be indicative of IHI.

Stimulation delivered before contralateral movement decreased contralateral limb RT
The suprathreshold stimulation used in our study induces a physical twitch in the animal’s
contralateral hand. This movement can be processed as a tactile stimulus, and, since response to

tactile stimuli is faster than response to visual stimuli, it may thus have led to a faster RT (Chan
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& Ng, 2012; Godlove et al., 2014). However, this is unlikely as studies have shown response to
electrical microstimulation of the cortex to be significantly slower than response to tactile
stimulation in both humans and non-human primates (Caldwell et al., 2019; Godlove et al.,

2014).

Suprathreshold stimulus induced movement can also activate cortico-spinal reafferent
sensorimotor loops that could lead to changes in RT. Thabit et al. similarly showed a reduction in
contralateral limb RT when suprathreshold TMS was delivered to the motor cortex, but also
showed that the F-wave in the corresponding muscle generated by stimulation delivered to the
peripheral nerve did not change (Thabit et al., 2010). Thus, our results are also likely due to

changes in cortical excitability rather than changes in the spinal level.

The changes in cortical excitability could be induced by Hebbian-like potentiation. Activation of
the motor cortex immediately before activation of the corresponding periphery has been shown
to induce long-term potentiation (LTP) in paired-association stimulation (PAS) studies (Suppa et
al., 2017; Wolters et al., 2003). Thabit et al. also showed that the motor-evoked potential (MEP)
increased with the reduction in RT (Thabit et al., 2010). However, such a broad increase in
excitability of the cortex would suggest a simultaneous change in IHI, and thus the ipsilateral
limb RT, which was not observed. We propose that the stimulation interrupted the inhibitory
network responsible for mediating IHI from the contralateral hemisphere (Figure 1.13, 1). IHI is
highest immediately before movement onset (Beaulé et al., 2012; Duque et al., 2007), and
electrical CS has been shown to interrupt cortico-cortical signaling (Griffin et al., 2011;
Logothetis et al., 2010). As a result, CS could lead to the disinhibition of the cortex and
subsequent faster RT. Additional experiments with subthreshold stimulation could potentially

confirm these mechanisms.
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Stimulation delivered before ipsilateral movement decreased ipsilateral limb RT

Similar to stimulation delivered before contralateral movement, the reduction in RT cannot be
attributed to the animal responding to the induced twitch. In addition, reafferent sensorimotor
loops do not play a role as the changes were observed in the ipsilateral limb. As the major
pathway between the motor cortex and the ipsilateral limb is the transcallosal inhibitory pathway,
the stimulation most likely interrupted the ongoing IHI from the stimulated hemisphere to the
contralateral hemisphere, thus disinhibiting the contralateral cortex and speeding up the

ipsilateral limb RT (Figure 1.13, 2).

Stimulation delivered after contralateral movement increased contralateral limb RT but
decreased ipsilateral limb RT

Paired associative stimulation (PAS) studies have shown that stimulation of the periphery before
stimulation of the cortex can induce long-term depression (LTD), thought to be mediated via
Hebbian-like mechanisms (Suppa et al., 2017; Wolters et al., 2003). Thabit et al. delivered
suprathreshold TMS to the motor cortex after unilateral voluntary movement of the contralateral
limb which decreased subsequent MEP amplitudes, also likely through Hebbian-like LTD
(Thabit et al., 2010). Our result showing that Contralateral CSrelax increased contralateral RT
corroborates these studies — stimulation of the movement-generating hemisphere following
voluntary movement increased the RT, likely due to decreased excitability of the stimulated
cortex (Figure 1.13, 3). In addition, during Contralateral CSrelax We observed a simultaneous
decrease in ipsilateral RT, possibly due to the decreased excitability leading to disinhibition of
IHI (Figure 1.13, 4). Ipsilateral CSrelax did not change either RTs, further highlighting the

significance of timing CS to specific limb movements.
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Alpha band LFP and IHI

Alpha activity has been shown to be inversely related to attention during visuomotor tasks
(Jensen & Mazaheri, 2010; Klimesch et al., 2007; Rilk et al., 2011) and is commonly thought of
as a resting rhythm. Alpha coherence has similarly been demonstrated to be a measure of
reduced cortical activation. When measured during applications of repetitive TMS (rTMS), low-
frequency rTMS was shown to induce inhibition and high-frequency stimulation to induce
excitation, with corresponding increases and decreases in intra- and interhemispheric alpha
coherence (Strens et al., 2002; Thut & Pascual-Leone, 2010). Furthermore, one study applied
rTMS in an IHI experiment using a paired-pulse paradigm (Gilio et al., 2003). They
demonstrated a decrease in IHI from the stimulated to the non-stimulated hemisphere during
delivery of low-frequency rTMS, likely due to disinhibition, though they did not report on

relevant LFP measures.

During volitional movement, stimulus-induced IHI of the movement-generating hemisphere has
been shown to be highest just before movement but released at movement onset (Beaulé et al.,
2012; Duque et al., 2007). The temporal dynamics of interhemispheric alpha coherence in our
experiments match these findings; coherence began to rise around the Go signal, reached a peak
at movement onset, and decayed during movement execution (Figure 1.9). Changes in RT that
were possibly from modulations of IHI (tRT during Contralateral CSprep, tRT during Ipsilateral
CSprep, and ntRT during Contralateral CSreiax) Were associated with corresponding decreases in
their alpha coherence magnitude. The increase in tRT during Contralateral CSyelax that is likely

due to LTD did not have a significant corresponding change in alpha coherence.

Variations in coherence can often be epiphenomena of changes in overt oscillations (Buzsaki &

Schomburg, 2015; Srinath & Ray, 2014), we saw no significant changes in alpha amplitude.
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Besides changes in amplitude, correlation in amplitude can also greatly affect coherence values
(Srinath & Ray, 2014), but we saw very low correlation coefficients (around 0.05) of alpha
amplitudes between the hemispheres during movement. Thus, alpha coherence is likely a
reflection of changes in synchrony, illustrating interhemispheric alpha coherence as a potential
measure of IHI. However, our LFP results during the Cond epoch are drawn from a single animal

and further studies are warranted to confirm these findings.

In addition, we explored Granger causality using the MVGC toolbox (Barnett & Seth, 2014).
Although we expected signals reflecting IHI to show significant directionality, Granger causality
did not reveal any consistent relationships between hemispheres. This may be due to the fact that
the time course of IHI is highly volatile, as evidenced by the different changes caused by
different ISIs during paired stimulation experiments (Ferbert et al., 1992; Hanajima et al., 2001).
Variations within the 400 ms window we tested may have caused difficulties in assessing
significant directionality. Another possible explanation is that the frequency range reflecting IHI
may be very limited as the only consistent changes in coherence we observed was in the alpha

band.

Clinical relevance

Studies of stroke patients have found increased inhibition in the lesioned hemisphere, most likely
due to compensatory processes that increase activity in the contralesional hemisphere leading to
stronger IHI (Lewis & Perreault, 2007; Liepert et al., 2000; Murase et al., 2004). The
mechanisms underlying this “IHI imbalance” has been found to predominantly reside in cortical
circuitry rather than subcortical structures or pathways (Murase et al., 2004). IHI has also been
shown to be especially modulated by movement in stroke patients (Boddington & Reynolds,

2017).
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As a result, efforts towards motor recovery have been focused on reducing IHI using rTMS and
transcranial direct current stimulation (tDCS) often used in conjunction with rehabilitation
(Boddington & Reynolds, 2017). However, the optimal stimulation paradigms for greatest
reduction of IHI and most effective recovery is still undetermined. Our experiments suggest that
stimulation of the unaffected hemisphere delivered after voluntary movement of the
contralesional limb may depress the cortex, thus disinhibiting the lesioned hemisphere for a

potentially more effective motor rehabilitation paradigm.

Conclusions

In conclusion, electrical cortical stimulation delivered to one motor cortex during a unimanual
task affected behavior dependent on the timing of stimulation relative to movement. Specifically,
stimulation delivered before the contralateral or ipsilateral limb movement sped up the
corresponding limb in subsequent trials, likely due to the disruption of ongoing IHI. Stimulation
delivered after the contralateral limb movement slowed down the contralateral limb due to
STDP-like LTD but sped up the ipsilateral limb as the reduced excitability of the stimulated
hemisphere led to the disinhibition of IHI. LFP analyses revealed decreases in interhemispheric
alpha coherence during faster reaction times due to decreased IHI, highlighting alpha as a

possible measure of interhemispheric communication.
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Figures and Tables

Table 1.1 Number of experiments by type

Number of experiment types per animal. Note Monkey | only had 3 Ipsilateral CS experiments

and is hence omitted from Ipsilateral CS analyses.

Monkey | Ipsilateral Contralateral | Nostim | Non-time-locked
CS CS stim
I 3 41 10 13 (periodic)
K 14 14 3 0
U 20 (50% CS) | 22 (50% CS) 4 6 (random)
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Figure 1.1 Cortical circuitry during unilateral movement

When the animal is at rest, baseline interhemispheric inhibition (IHI) between the motor cortices
is depolarized. Unilateral movement activates the contralateral cortex, triggering IHI to the
ipsilateral cortex and disinhibiting itself.
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Figure 1.2 Behavioral task, experimental timeline, and stimulus timing

(A) Top: Monkeys were cued to move a cursor into a target box by rapid wrist extension. Trials
were randomly selected to be left or right. Bottom: example right hand trial. (B) Experimental
timeline showing trials before (Pre), during (Cond) and after (Post) cortical stimulation (CS).
The task was performed continuously throughout the experiment. (C) Stimulus timings are
shown with respect to the average accelerometer trace across trials. The stimulus timing was split
into three groups relative to movement onset (RT at 0): CSprep, CSmove, and CSrelax.
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Figure 1.3 Estimating reaction time

(A) Three example trials. Boxes indicate when the monkey was cued to move left (red box) or
right (blue box). Responses were required to be unilateral. Inset: identification of reaction time
(RT). Raw accelerometer signal (gray) is transformed into a processed signal (black) for RT
estimation using a threshold (dotted line). Note the stimulus induced twitch lies below the
threshold. (B) Aligned processed accelerometer traces. Left: aligned by GO signal. Right:
aligned by calculated RT.
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Figure 1.4 Contralateral CS

(A) Example illustration of Contralateral CS and task
relationship for left hemispheric stimulation. (B)
Difference between RTs for trials during the Cond epoch
and the median RT of the Pre epoch for each monkey
(ART). CSprep significantly decreased tRT in all monkeys.
CSrelax experiments produced bilateral effects,
significantly slowing down tRT and speeding up ntRT.
Significance is calculated in comparison with the no
stimulation control experiments and only denoted if
consistent across all animals (*: p<0.01; ** : p<0.001; *
* 1 p<0.0001).
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Figure 1.5 Ipsilateral CS

(A) Example illustration of Ipsilateral CS
and task relationship for left hemispheric
stimulation. (B) Difference between RTs for
trials during the Cond epoch and the median
RT of the Pre epoch for each monkey. CSprep
decreased tRT in both monkeys. Significance
is calculated in comparison with the no
stimulation control experiments and only
denoted if consistent across both animals (x

* 1 p<0.001).

41



100

ART (ms)

-100

100

ART (ms)

-100

Contralateral CS,gjax

Monkey | Monkey K Monkey U
i ‘B e Q%H
* *
*
X% FHH tRT
Xk e EntRT
Cond Post Cond Post Cond Post
Contralateral CS,gjax
Monkey | Monkey K Monkey U
RIRARALY TE
T
xxx KEx O FEE O ax ’ ¥ I:ItRT
** [IntRT
12 3 4 1 2 3 4 1 2 3 4

Trials since last stim

Figure 1.6 Persistence of changes in RT

(A) RT changes of trials ipsilateral to the stimulated hemisphere stayed faster during Post epoch

of CSrelax experiments in Monkeys I and K. Increases in CRT did not persist (* : p<0.01; #x :
p<0.001; *** : p<0.001). (B) Effects of CS were persistent in trials arriving long after CS was
delivered during experiments with consistently timed CS. (* : p<0.01; *x : p<0.001; s :

p<0.001).
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Figure 1.7 Control Experiments

(A) RT relative to the Pre epoch when delivering
no stimulation during the “Cond” epoch. The
“Cond” epoch was determined using the number
of trials. RT slows over time for both limbs and
becomes significant by the Post epoch. There
was no significant difference between the two
limbs. Significance is compared to zero (*:
p<0.01). (B) Periodic stimulation delivered to
one hemisphere did not have consistent changes
or produce differential effects in RT associated
with either hand. Plots show six different
experiments with Monkey | and corresponding
change in RT. Contra and Ipsi RT are with
respect to the stimulated hemisphere.
Significance is compared to zero (*: p<0.01; #x :
p<0.001). (C) Random stimulus timing delivered
to both the movement generating (Contra CS)
and non-movement generating (Ipsi CS)
hemisphere. There is greater variability in RT
compared to the no stimulation condition, but
median changes were similar. Significance is
compared to zero (x: p<0.01).
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Figure 1.8 Spectral power and coherence during a trial

(A) Spectral power during behavior with respect to the GO signal of the contralateral (top) and
ipsilateral hemispheres (bottom) during a Pre epoch, averaged across all three monkeys. The
right panels show the spectra normalized across time for each frequency (z-score) to highlight
frequency-specific changes over time. (B) Coherence between the two hemispheres with respect
to the GO signal. The right panel shows coherence normalized across time for each frequency.
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Figure 1.9 Neural dynamics of movement

RT-averaged raw LFP, instantaneous alpha (a), beta (), and low gamma (y) intrahemispheric
amplitudes, interhemispheric a and B coherence (Coh), and processed accelerometer signal
(Accel). Solid lines depict the contralateral hemisphere’s trial-triggered averages, and dashed
lines depict the ipsilateral hemisphere’s trial-triggered averages.
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Figure 1.10 Change in amplitude and coherence over time with no stimulation

(A) RT-aligned alpha (a, top) and beta (B, bottom) intrahemispheric amplitude and
interhemispheric coherence for all three epochs of no stimulation control experiments.
Contralateral and ipsilateral refers to the hemisphere relative to movement. (B) Accelerometer
traces showing larger movements during the Pre epoch compared to the Cond or Post epochs
during no stimulation control experiments.
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Figure 1.11 Coherence in Contralateral CS experiments

Coherence during each experimental epoch for CSprep and CSreiax. Contralateral and ipsilateral
refers to limb movement relative to the stimulated hemisphere. Notice the large decrease in
contralateral alpha coherence during CSprep and ipsilateral alpha during CSreiax (arrows); both
RTs decreased during stimulation (Figure 3). CSmove did not produce any significant changes.
See Supplementary Figure 5 for both alpha and beta coherence for all Contralateral CS
conditions.
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Figure 1.12 Alpha coherence reflects changes in RT

Normalized changes in the integrated interhemispheric alpha coherence peak from the Pre epoch
to the Cond epoch (difference between the coherence in the Pre and Cond epochs divided by the
coherence in the Pre epoch). The changes in alpha coherence reflect the changes in Monkey U’s
RT induced by each CS timing for (A) Contralateral CS and (B) Ipsilateral CS. Statistical testing
compares the changes to the control experiment. (* : p<0.01, =*x : p<0.001, *** : p<0.0001).
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Figure 1.13 Cortical circuitry affected by stimulation

Intra- and interhemispheric circuitry involved in unilateral movement. Numbers identify
proposed affected connections with left hemispheric stimulation for 1) decrease in tRT during
Contralateral CSprep, 2) decrease in tRT during Ipsilateral CSprep, 3) increase in tRT after
Contralateral CSrelax, and 4) decrease in ntRT after Contralateral CSrelax.
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Chapter 2. Challenges of gamma-triggered stimulation for stimulus induced
cortical plasticity

Abstract

Hebbian plasticity has been induced in vivo using spike-triggered stimulation or paired-
stimulation paradigms through spike-timing dependent plasticity (STDP) mechanisms. However,
they often require high current amplitudes or are dependent on specific tested sites; thus, a more
robust method is required for effective translatable targeted plasticity. A previous study
successfully produced bidirectional changes by delivering stimulation locked to specific phases
of beta oscillations in the motor cortex (Zanos et al., 2018). We expanded upon the study by
delivering stimulation phase-locked to gamma band local field potentials. Gamma LFP is
reflective of local population activity, often generated through oscillating activity between
excitatory and inhibitory circuitry, and single units have been shown to be phase-locked to the
trough of gamma. As such, gamma band LFP may act as a proxy for population activity.
Implementing gamma-triggered stimulation in vivo revealed several hurdles that must be
overcome to properly assess the effects of stimulation. First, the stimulation itself produced a
large gamma component leading to positive feedback loops. Second, the filters used for real-time
signal processing introduced delays larger than an entire gamma cycle. Third, cortico-cortical
evoked potentials (CCEPs), often used as a measure of connectivity between two cortical sites,

changed due to both open-loop stimulation and no stimulation at all.
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Introduction

Consistent oscillatory signals are often observed in LFPs, frequently classified into various
frequency bands, which have been shown to be relevant to excitatory and/or inhibitory activity as
well as behavior, cognition, and other higher order functions (Buzsaki & Draguhn, 2004; Cannon
et al., 2014; Engel & Fries, 2010). Individual spikes are highly synchronized with these
oscillations in various frequency bands, suggesting that the oscillatory content may be able to
provide much more detailed information on the ongoing cortical activity than initially apparent

(Buzséki et al., 2012; Lachaux et al., 1999; Murthy & Fetz, 1996b; Zanos et al., 2012).

Unlike other frequency bands, gamma oscillations are commonly divided into low (30-50 Hz),
mid (50-80 Hz), and high (80-120 Hz) ranges. Low gamma has been the most commonly studied
range and has been shown to be relevant to both cognition and behavior (Donner et al., 2009;
Herrmann et al., 2010; Muthukumaraswamy, 2010). It is thought to be generated by either
periodic activity between interneurons — interneuron gamma (ING) (Buzsaki & Wang, 2012;
Traub et al., 1996; Wang & Buzsaki, 1996; Whittington et al., 1995) — or between pyramidal
cells and interneurons — pyramidal-interneuron gamma (PING) (Brunel & Wang, 2003;
Ermentrout & Kopell, 1998; Geisler et al., 2005). Low gamma has even been operantly
conditioned with a brain-computer interface; spike activity and synchrony were shown to change

with the modulations of the oscillations (Engelhard et al., 2013).

Mid gamma is often included in studies involving low gamma and is also highly relevant in the
ING and PING networks due to slight axon conduction or synaptic delays dictating large changes
in generated oscillation frequencies (Buzsaki & Wang, 2012; Leung, 1982). High gamma is
typically studied in relevance to spiking activity due to its high frequency content (Muller et al.,

2018; Ray et al., 2008; Yazdan-Shahmorad et al., 2013), or in the hippocampus for its
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synchronization with theta oscillations and relevance to memory (M. R. Cohen & Kohn, 2011,

Colgin, 2016; Yamamoto et al., 2014).

As there is strong precedent for gamma activity indicating neural activity, we can potentially use
it as a trigger for activity-dependent stimulation. Although classic spike-timing dependent
plasticity (STDP) posits the strengthening and weakening of individual synapses (Bi & Poo,
1998; Markram et al., 1998) and successful studies have been reported in vivo (Jackson et al.,
2006; Rebesco et al., 2010), they often required delivering stimulation for up to 72 hours. Using
population activity as the trigger signal may allow us to strengthen the connections between
entire columns of the cortex rather than focusing on a single neuron that may be overwhelmed by
background activity and more easily lost over time. In addition, previous work has shown that
stimulation triggered to beta oscillations (15-25 Hz) result in bidirectional plasticity dependent
on the phase of oscillation (Zanos et al., 2018), and an integrate-and-fire spiking neural network
model strongly predicts the ability for gamma-triggered stimulation to create STDP (Shupe &

Fetz, 2021).

The aim of this study was to induce bidirectional plasticity by delivering stimulation triggered to
gamma band LFP. However, during the process we realized there were several challenges

confounding potential results, including a gamma component that follows stimulation leading to
a positive feedback loop of stimulation, filter delays resulting in improper timing of stimulation,

and changes to baseline CCEP magnitudes within control experiments.
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Materials and Methods

Subjects and implants

This study was conducted with Monkey Kr with the Utah array (referred to as Monkey K in this
chapter) and Monkey | with dual electrodes using the Ripple Neuro. Refer to General Methods

for full details on implants and surgical procedures.

Experiment timeline

The monkeys were seated in a primate chair with both arms restrained and performing a center-
out isometric wrist torque task. A trigger channel (Nrec) was chosen such that stimulating it
resulted in reliable CCEPs in the stimulated channel (Nstim) (Figure 4.1B). Each experiment
consisted of 3 epochs: 1. 2-10 minutes of pre-test stimulation (2-5 Hz, single pulse stimulation of
Nrec), 2. 10-60 minutes of conditioning, and 3. post-test stimulation (2-5 Hz, single pulse
stimulation of Nrec). 5 minutes of recording without any stimulation was also collected both

before and after the experiment.

Cortical stimulation

The signal from Nrec was filtered to mid gamma (50-80 Hz) using a third order Butterworth
filter. Mid gamma was chosen over low or high gamma due based on a previous modeling
study’s prediction on the efficacy of mid gamma triggered stimulation (Shupe & Fetz, 2021). A
negative threshold was determined each day as 2 times the standard deviation of a 1-minute
baseline recording of the gamma filtered LFP. Each time the LFP crossed the threshold (positive
or negative slope, depending on the day) stimulation was delivered to Nstim without a delay.
Each stimulus consisted of either single-pulse stimulation or a pulse train of 3 pulses at 333 Hz
with an amplitude that ranged from 10 to 40 uA. There was a timeout ranging from 50 to 100 ms

after each stimulus to prevent a positive feedback loop from occurring, since stimulating Nstim
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often generated a response in Nrec in the gamma range. Conditioning duration was between 10
and 40 minutes per session, with roughly 10 triggered stimuli occurring per second, resulting in

between 6000 and 24000 gamma-triggered stimuli.

Calculation of cortico-cortical evoked potentials

Cortico-cortical evoked potentials (CCEPs) were calculated using both peak-to-peak (pk-pk) and
root-mean squared (RMS) measures. Pk-pk was calculated by finding the difference between the
maximum and minimum values in the stimulus-triggered average response from 0 to 50 ms and

RMS was calculated on the stimulus-triggered average in a window of 1.5 to 50 ms.
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Results

33 total experiments were conducted with Monkey K using 17 unique channels and 28 unique
channel pairs. 14 were positive slope experiments and 19 were negative slope experiments. 25
total experiments were conducted with Monkey | use 18 unique channels and 10 unique channel
pairs. 15 were positive slope experiments and 10 were negative slope experiments. We initially
delivered single-pulse stimulation at each threshold crossing, but noticed that the stimulation fell
into a positive feedback loop because the stimulus response contained a gamma component. As a
result, we altered the protocol to have a timeout after a certain number of stimuli occurred in

quick succession.

Spikes are synchronized with gamma band LFP

Before performing the experiments, we first confirmed the synchronization of spikes with
gamma band LFP to further substantiate our hypothesis of using gamma as a proxy for
population spiking activity. Figure 2.2A shows an example of a spike-triggered average of raw
and gamma band LFP, filtered offline with a zero-phase filter to ensure there is no time delay
between the raw signal and gamma band LFP. The spike is clearly seen in the raw LFP,
demonstrating proper spike sorting. The averaged gamma band has a trough at the time of
spiking but does not sustain oscillatory activity, with the activity quickly diminishing after a

couple cycles.

We additionally tested how stimulation would be triggered by assessing threshold crossings on
prestimulus recordings of online filtered gamma band LFP. The threshold was designated to be
the average minus two times the standard deviation of gamma band LFP. Figure 2.2B shows the
threshold-triggered average of gamma, which again shows little oscillatory activity beyond the

detected trough. The triggered average of raw LFP also shows a clear periodic gamma
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component, though it occurs much earlier compared to the filtered LFP due to the delay

introduced by online filtering.

As the oscillatory activity seen in threshold-triggered averaging could be due to the “blurring” of
individual cycles captured by the threshold, we additionally assessed the intervals between the
thresholds, an analog to the interstimulus interval (IS1) when not delivering any stimulation. The
distribution showed a high peak at 15 to 20 ms (Figure 2.2C). In accordance with the possible
periodic activity seen in the threshold-triggered averages, this suggests there may be continuous
oscillatory activity triggering stimulation. As filtering the signal introduces a delay, overt
oscillatory activity is necessary to adjust the phase on which stimulation was delivered offline

(Zanos et al., 2018).

To better assess whether the stimulation is triggered from overt oscillatory activity or by sudden
large increases in gamma, we calculated how often the stimuli occur consecutively within the
gamma period. If a trigger occured within 1/50 seconds of the previous trigger, we considered it
a “consecutive stimulation” possibly reflecting oscillatory activity. Figure 2.2D shows the
histogram of the number of consecutive stimuli that would occur within a 10-minute period.
There are rarely more than 3 stimuli that occur consecutively, suggesting that though there may

be periodic activity it is often very short, consisting of fewer than 3 consecutive cycles.

Stimulation results in a strong gamma component

To determine the characteristics of the signal triggering stimulation, we plotted the stimulus-
triggered averages of raw and online filtered gamma band LFPs for each conditioning category,
shown in Figure 2.3. The stimulus-triggered averages were calculated by only considering
stimuli that occurred more than 100 ms after the previous stimulus to limit the contamination by

the stimulus responses.
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The gamma component is clearly visible in the averaged raw LFPs in both the positive and
negative slope experiments, whereas there is no clear gamma in control experiments with open
loop stimulation (Figure 2.3A). All experiment conditions present a notch around 100 ms, which
may be an artifact of the 100 ms limit on the considered stimuli. The stimulus responses are large

in amplitude and last up to 100 ms following stimulus onset.

The stimulus-triggered averages of the online filtered gamma band LFP shows the large gamma
peak immediately preceding the stimulus onset (Figure 2.3B). However, an even larger gamma
component is present immediately following stimulation lasting for up to 100 ms. This gamma
component is probably driven by the stimulus artifact, as a ringing impulse response produced by
the band-pass filter. Although the exponential decay of the amplitude is typical of the ringing
artifacts, the duration suggests that the gamma component following stimulation may be in part

due to the filtered stimulus response seen in the raw LFP.

Stimulation results in positive feedback

Although the previous analysis suggested the lack of consecutive stimuli when assessed over
data with no stimulus, we noticed large chains of stimuli within our initial experiments. As the
stimulus-triggered averages suggested a large gamma component following stimulation, plotting
the raw and gamma band LFP with respect to delivered stimuli, as shown in Figure 2.4A,
showed the presence of a positive feedback loop. As a result, each stimulus led to a subsequent
stimulus, only terminating when the stimulus response happened to be weak. Even a timeout of
50 ms following each stimulus was not sufficient to prevent this feedback loop, which required at

least a 100 ms timeout (Figure 2.4B).
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Experiments thus were performed with a 100 ms timeout following stimuli. However, to ensure
we were capturing most of the increased gamma, we allowed for up to 3 consecutive stimuli

before the timeout was applied.

Filter design
Although the previous section showed synchrony of spikes with gamma band LFP, real-time
filtering of signals can result in a potentially significant time delay, as shown in Figure 2.2B and

Figure 2.3. As a result, we analyzed the properties of our filter used to extract gamma band LFP.

We chose infinite impulse response (IIR) filters over finite impulse response (FIR) filters as IIR
filters can produce the same fidelity of frequency band isolation with a lower order, resulting in
faster computation and low memory consumption. Within 1R filters we chose the Butterworth
filter. The Butterworth filter has a flat passband, limiting distortions in the gamma band.
Although it does not have as steep a roll-off as its counterparts, a shallower roll-off results in less

group delay during real-time filtering.

The Ripple system allows for the use of a custom filter using second order sections. To apply our
filter, we converted the transfer function of a 3™ order bandpass Butterworth filter into second
order sections using a built-in MATLAB function (tf2sos). Figure 2.5 shows the frequency
response of the implemented filter, as well as the group delay, or the time delay between the
filtered and raw signals. Though the frequency response clearly captures mid-gamma, the group
delay is relatively large, with a maximum of up to 35 milliseconds. The group delay is also not
flat in the passband, with peaks at the cut-off frequencies, suggesting possible “smearing” of the

frequency components.
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We assessed possible solutions in one of two ways: 1. using a different system that allows for

more flexible filter design, and 2. using a lower filter order.

The Tucker-Davis Technologies RZ2 Bioamp Processor allows us to define multiple filter
stages. A low pass filter followed by a high pass filter may be beneficial for minimizing group
delay compared to a single bandpass filter. Using 6™ order low and high pass filters to match the
3" order bandpass filter, Figure 2.5 shows that the frequency response is very similar, but the
group delay does indeed decrease with lower peaks at the cut-off frequencies. We repeated the
procedure but with a 2" order bandpass and 4" order low and high pass filters (Figure 2.5B).
The group delays decreased by more than 10 ms on average whereas the frequency response was
not heavily affected, suggesting a lower order is more appropriate for real-time triggering from

filtered signals.

Finally, we tested the frequency response and the group delay of a Bessel filter — an analog filter
specifically designed to have minimal and flat group delay — to compare with the previous two
implementations. The frequency response of the Bessel filter is less desirable as the passband is
not flat and instead peaks at the center frequency; however, the group delay is negligible and flat
throughout the passband (Figure 2.5). Although we could not test an experimental setup with the
Bessel filter as it requires specialized hardware, the tradeoff between the frequency response and

group delay may be desirable for future real-time triggering from a filtered LFP band.

Processing delays

The Ripple Neuro system allows for interfacing with MATLAB through Xippmex. Although this
allows for flexible programming for various conditioning paradigms, it adds an additional delay
after detection due to software processing. Our system loads the LFP data, determines whether it

has crossed the threshold, and delivers stimulation if the timeout has not been engaged.
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The distribution of the processing delays for each stimulus across all experiments is shown in
Figure 2.6. Although the median delay was 5 ms, there were rare occasions in which the delay
was as long as 50 ms. Although the magnitude of the delay is significantly smaller than the delay
introduced by the filter, there was high variability with a standard deviation of 5.8 ms. As a
result, the processing delays would prevent the stimulation from being delivered consistently at

appropriate parts of the gamma band LFP.

Control experiments

We performed control experiments in Monkey | with random stimulation to determine if the
CCEPs change before and after conditioning simply due to stimulation itself. We additionally
assessed changes in responses of non-stimulated channels within these control experiments.
Although the changes in CCEPs as measured with both peak-to-peak (pk-pk) and root-mean
squared (RMS) were not statistically significant from zero, there were surprisingly large changes
in baseline CCEPs due to stimulation, showing up to 50% change in magnitude (Figure 2.7). The
standard deviation of changes in CCEP magnitude for pk-pk and RMS were 13.6% and 9.6%

respectively, showing a wide distribution of changes even under control conditions.
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Discussion

This chapter outlines the challenges and pitfalls of performing gamma-triggered stimulation for
stimulus induced plasticity that can be extended to any LFP band triggered stimulation paradigm.
There were three main limiting factors: positive feedback loops of stimulation, filter delays, and

the changes to baseline CCEP magnitude.

Feedback loop

Our experiment showed that the stimulation results in a large component in the evoked response
in the raw LFP following stimulus onset and a prolonged gamma component in the filtered LFP,
both lasting for up to 100 ms. The gamma component may be due largely to ringing from the
stimulus artifact, but its duration suggests that the evoked potential may contribute at least in

part.

Although in our experiments we allowed for several subsequent stimuli before imposing a
timeout in case there were multiple gamma cycles that are spontaneously occurring, this
feedback loop brings into question what signals we were triggering from. If the gamma
component does indeed reflect the gamma component of the stimulus response, it may represent
the population spiking response. As our initial goal was to trigger from gamma band LFP as a
proxy for population activity, perhaps allowing the feedback loop to continue may not be

detrimental to the experimental design.

However, stimulus responses may be significantly different from spontaneous population
activity. Intracortical stimulation activates a random cluster of fibers resulting in the activation of
horizontal projections to both excitatory and inhibitory networks (Butovas & Schwarz, 2003;

Logothetis et al., 2010; Yun et al., 2022). Such artificial activation of the cortical circuitry via
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stimulation of simultaneous inputs may be different from spontaneous activity driving behavior,

potentially leading to different changes due to stimulation.

Additional experiments are necessary to determine whether the gamma component following
stimulation is a physiological response and if there are differences when triggering from them

compared to spontaneous increases in gamma band LFP.

Filter design

Although we chose the best possible filter for real-time signal processing, it still had its
limitations. The 3™ order bandpass Butterworth filter resulted in more than 30 ms of group delay,
which is more than a full cycle of mid gamma, and more than two full cycles of higher
frequencies. Using two separate filters, a low and a high pass filter, with lower order results in
much better delays, but still had a maximum of about 20 ms, which is still more than a full cycle

of mid gamma.

A Bessel filter would be ideal in limiting group delay while having a less flat passband as a
tradeoff. However, Bessel filters are analog and require hardware implementations, and the
conversion to a digital domain with transformations destroys the low, constant group delay
(Proakis & Manolakis, 2006). Thus, specialized hardware specifically designed to filter LFP

signals with lowest group delay would be ideal for real-time triggering from LFP bands.

Finally, though we focused on IIR filters due to their faster computation speed, an FIR filter
implementation may have shorter group delay to offset the longer computation. However,
additional investigation is required to better understand the feasibility of proper LFP band

triggered stimulation.
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Changes in CCEP magnitude

Finally, our control experiments in which stimulation was delivered open loop, as well as CCEPs
in channels that did not receive any stimulation, changed after conditioning. The distribution of
changes in CCEP magnitude was roughly normally distributed around 0 when calculated with
either peak-to-peak or root-mean squared but had a high standard deviation. In addition, there

were rare occasions with large changes of up to 50%.

These results bring into question the degree to which CCEPs — the averaged LFP response
recorded at the postsynaptic site to stimulation delivered to the presynaptic site — accurately
reflect synaptic connectivity. The presence of CCEPs does ensure the presence of synaptic
connections, but their magnitude may be subject to significant sources of variance. A better
understanding of CCEPs and its various peaks and troughs, or the use of a different, more stable

measure of connectivity may be required to better understand the effects of stimulation.

Conclusions

In conclusion, there are various factors that limited our approach to gamma-triggered
stimulation. Though our hypothesis that triggering from gamma band LFP will be a proxy to
triggering from population activity, thus potentially leading to stronger and more robust STDP,
still stands, there are various hurdles that must be overcome to properly implement gamma-

triggered stimulation in vivo.
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Figures
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Figure 2.1 Experimental design

A. If the gamma band signal from Nrec crossed the threshold, stimulation was delivered to
Nstim. Whether the stimulation was delivered at the negative slope (shown in figure), or positive
slope was randomly determined each day. Control experiments were conducted in which
stimulation was delivered open loop. B. CCEPs from Nrec to Nstim were measured before and
after conditioning as a measure of connectivity. The dashed line shows the time of stimulation.
Channels other than Nstim often generated CCEPs as well, which were used as control
recordings.
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Figure 2.2 Gamma reflects spiking activity
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A. Spike-triggered averages of raw LFP (black) and gamma band LFP (red). Raw LFP clearly
shows the detected spike (left). A close-up of the triggered averages (right, inset) shows that
spikes occurred at the trough of gamma band LFP, but there are at most 2 additional cycles. B.
Threshold triggered raw LFP (black) and gamma band LFP (red). C. Distribution of intervals
between thresholds, or interstimulus intervals (I1SIs), when not delivering any stimulation. The
peak is at 15 to 20 ms. D. Number of consecutive stimuli occurring within 1/30 seconds (largest
period of gamma). This further confirms that stimulation is not typically driven by oscillatory
activity as they usually consist of fewer than three consecutive stimuli,

65



A 100 \
|
0l *‘“_“me: /\f\-} Ve ——

1

|
|
?_i -100 F Pos |
Neg I
Cont f
-200 r }
\
_300 | ‘ | 1 |
-200 -100 0 100 200 300
B 40 r \
\
|
20 ‘
|
R \f\{ M\ e
20 f | |
\
_40 | ‘ 1
-200 -100 0 100 200 300

Time since stim (ms)

Figure 2.3 Stimulus-triggered averages show responses in gamma band LFP

Stimulus-triggered averages of A. raw broadband LFP and B. gamma band LFP across positive
slope, negative slope, and open-loop control experiments (Pos, Neg, and Cont respectively). The

gamma components triggering stimulation are present in the raw LFP average. The stimulus
response is large and lasts for up to 100 ms in the raw LFP. There is a large gamma component
immediately following stimulation that also lasts for up to 100 ms.
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Figure 2.4 Stimulation generates responses in gamma frequency range

A. Example of stimulation from a single-pulse experiment with a timeout of 50 milliseconds
following each stimulus with respect to raw LFP (top) and gamma band LFP (bottom). Vertical
dashed red lines show stimulation timing. Even with the timeout, the generated response had a
high gamma component resulting in a feedback loop. B. Probability distribution of ISIs when
using a 50 ms (left) or 100 ms (right) timeout after each stimulus. 50 ms is not enough to prevent
the feedback loop as stimuli occur almost immediately following the timeout. The 100 ms
timeout does effectively prevent the feedback loop.
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Figure 2.5 Filter properties

Frequency response (top) and group delay (bottom) of a bandpass Butterworth filter, low-pass
then high-pass Butterworth filters, and a bandpass Bessel filter. A. 3™ order implementation as

used in the experiments. A 3" order bandpass filter translates to 6™ order low-pass and high-pass
filters. Note the high group delay of the bandpass Butterworth filter with comparable frequency

responses in the pass band. B. Properties of 2" order implementation. Note the significantly
decreased group delay.

68



04r

Probability
o
[

-D
M
T

017

0 5 10 15 20 25 30 35 40 45 50
Delay (ms)

Figure 2.6 MATLAB delays

Distribution of delays caused by MATLAB processing of over 200000 individually triggered
stimuli across all experiments. Most delays were less than 25 ms (over 98% of the time) but on
rare occasions the delays were as high as 50 ms. Median: 5 ms; mean: 8.7 ms; standard

deviation: 5.8 ms.
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Figure 2.7 Control experiments

Changes in CCEP magnitude in control experiments. Control measurements were obtained from
Monkey I, both by replaying the stimulus pattern from a previous experiment and assessing non-
stimulated channels. Control results were not statistically significant from 0 using peak-to-peak
(left) or root-mean squared (right) (Wilcoxon signed rank test, p=0.68 and 0.26 respectively), but
often had large fluctuations of up to a 50% change.
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Chapter 3. Responses of cortical neurons to intracortical microstimulation in
awake primates

Abstract

Intracortical microstimulation (ICMS) is commonly used in many experimental and clinical
paradigms; however, its effects on the activation of neurons are still not completely understood.
To document the responses of cortical neurons in awake non-human primates to stimulation, we
recorded single-unit activity while delivering single-pulse stimulation via Utah arrays implanted
in primary motor cortex of three macaque monkeys. Stimuli between 5-50 pA delivered to single
channels reliably evoked spikes in neurons recorded throughout the array with delays of up to 12
milliseconds. ICMS pulses also induced a period of inhibition lasting up to 150 ms that typically
followed the initial excitatory response. Higher current amplitudes led to a greater probability of
evoking a spike and extended the duration of inhibition. The likelihood of evoking a spike in a
neuron was dependent on the spontaneous firing rate as well as the delay between its most recent
spike time and stimulus onset. Tonic repetitive stimulation between 2 and 20 Hz often modulated
both the probability of evoking spikes and the duration of inhibition; high-frequency stimulation
was more likely to change both responses. On a trial-by-trial basis, whether a stimulus evoked a
spike did not affect the subsequent inhibitory response; however, their changes over time were
often positively or negatively correlated. Our results document the complex dynamics of cortical
neural responses to electrical stimulation that need to be considered when utilizing ICMS for

scientific and clinical applications.
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Introduction

Intracortical microstimulation (ICMS) is widely used for interfacing with the brain in both basic
and clinical research, from inducing plasticity to employing sensory neuroprostheses in various
animal models (Flesher et al., 2016; Hartmann et al., 2016; Jackson & Fetz, 2011; Lebedev &
Nicolelis, 2017). The applicability of ICMS arises from the fact that it has the highest spatial and
temporal specificity of all clinically applicable cortical stimulation techniques (Sejnowski et al.,
2014). However, the circuit mechanisms that drive the responses of neurons following ICMS,
and the ways in which other factors such as timing and stimulation frequency affect the stimulus

responses are not fully understood.

ICMS was originally thought to activate neural elements around the electrode tip. Regions closer
to the tip would have higher activation in a sphere with an isotropic gradient, and the volume
would grow with increasing current amplitude (Ranck, 1975; Stoney et al., 1968; Tehovnik et al.,
2006). However, evidence shows that ICMS typically excites axons near the electrode tip that
transsynaptically excite neurons up to several millimeters away (Gustafsson & Jankowska, 1976;
Hao et al., 2016; Histed et al., 2009; Lesser et al., 2008; Logothetis et al., 2010; Mcintyre &
Grill, 2000). Additionally, the effects of ICMS are not limited to excitation, and includes a long-
lasting inhibitory response that is commonly attributed to GABAergic synapses (Berman et al.,

1991; Butovas & Schwarz, 2003; Hao et al., 2016).

Single neuron responses to ICMS are dynamic and can be modulated with repeated stimulation.
The changes, in part, also depend on stimulus frequency. In particular, the excitation of neurons
generally decreases over time and becomes more localized with higher frequencies (Dadarlat et
al., 2019; Michelson et al., 2019). However, the reported frequency ranges and timescales are

variable, and the driving processes remain unclear. The changes over time are often attributed to
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short-term synaptic plasticity or intrinsic plasticity of neurons which both depend on the
frequency and pattern of stimulation (Abbott & Regehr, 2004; Citri & Malenka, 2008; Zucker &

Regehr, 2002).

Altogether, these studies demonstrate that the effects of ICMS are not restricted to regions
proximal to the electrode tip, and that responses consist of interplay between excitation and
inhibition (Borchers et al., 2012; Griffin et al., 2011; Logothetis et al., 2010). Despite our
increasing understanding of how ICMS activates cortical circuits, several significant questions
remain. How does the background neuronal activity, including firing rate and previous spike
time impact the stimulus response? How do the responses change over time as a function of both
the frequency of stimulation and proximity to stimulation site? Is the inhibitory response coupled

to the excitatory response, or are they independently activated?

We addressed the questions above by delivering ICMS and examining responses of single
neurons in primary motor cortex (M1) of three macaque monkeys with chronically implanted
Utah arrays. Single-pulse ICMS was delivered to one channel for up to 20 minutes while the
spikes of single neurons were simultaneously recorded from all other electrode channels. We
tracked the probability of evoking spikes as well as the duration of the evoked inhibition and
varied both the sites and frequency of the stimulation between sessions. Our results expand upon
previous findings by characterizing the dependencies of the neuronal responses to background
neuronal activity, distance, and stimulation frequency, and exploring the interactions between the

excitatory and inhibitory responses.
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Methods and Materials

Experimental Design

Implants and surgery

Experiments were conducted with 3 male pigtail macaques (Macaca nemestrina; Monkeys S, Kr
and J). Monkey Kr will be referred to as Monkey K within this chapter. All three animals were
implanted with 96-channel Utah microelectrode arrays in the hand region of M1. They also
received halos to facilitate overnight recording of neuronal activity. Refer to “General Methods”

for full details on implants and surgical procedures.

Electrophysiology

Stimulation and recording of single unit activity were conducted with one of three systems: 1)
Neurochip3 (custom bidirectional brain-computer interface developed in our laboratory (Shupe
et al., 2021), 32 channels, 20 kHz sampling rate), 2) Neural Interface Processor (Ripple Neuro,
96 channels, 30 kHz sampling rate), or 3) RZ2 BioAmp Processor, PZ5 NeuroDigitizer
Amplifier, and 1Z2 Electrical Stimulator (Tucker-Davis Technologies, 96 channels, 25 kHz

sampling rate).

Experimental Setup

The monkeys were trained to calmly sit in a primate chair while periodically receiving an apple
smoothie reward without performing a task (Figure 1). Each session included a prestimulus
epoch lasting between 5 and 10 minutes and a stimulus epoch lasting between 5 and 20 minutes.
During the stimulus epoch we delivered tonic or Poisson distributed single pulse stimulation
(cathodal, biphasic, 200us phase width) to a single channel at rates between 1-20 Hz. For testing

the effects of current amplitude, a range of 2-50 pA was used. Current amplitude was fixed at 15
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MA for all other experiments and analyses. The stimulation frequency was fixed during the

stimulus epoch for each session.

Data analysis

Evoked spike acquisition

Spikes were sorted using two time-amplitude windows, initially online and subsequently
confirmed offline. Stimulus artifacts lasted around 1.1-1.6 ms. Spikes were frequently detected
immediately following the artifact (Figure 3.2A). The timing of evoked spikes was found by
calculating the peristimulus time histogram (PSTH, 0.5 ms bin widths) of spikes in the window
from -20 to 20 ms from the time of stimulation (Figure 3.2B). To isolate the evoked spikes from
the spontaneous activity, we defined upper and lower thresholds in the PSTH as the histogram
mean plus or minus 2 times the standard deviation from -20 to -2 ms. We then found the largest
peak in the PSTH from 1 to 15 ms after stimulation that was larger than the upper threshold and
tracked adjacent bins in both directions until we reached the lower threshold on both sides. All
spikes occurring within this window were denoted as stimulus-evoked spikes (Figure 3.2C). If no
peak was greater than the threshold the spike was not considered to have been evoked by
stimulation. The probability of evoked spikes was calculated as the number of evoked spikes
divided by the number of total stimuli. For any analysis over time, the evoked spike probability

was calculated for stimuli within overlapping 30 second bins with 1 second steps.

We tracked a total of 148 distinct neurons across all experiments. Because of changes in signal
fidelity due to electrode drift, we were not able to record all neurons across all sessions.
Experiments characterizing the base stimulus responses used unique pairs of stimulated site and
recorded spike (n=420). Experiments assessing changes over time used unique trios of stimulated

site, stimulation frequency, and recorded spike (n=585).
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Inhibitory response acquisition

The inhibitory response was measured using the PSTH in previous studies (Butovas & Schwarz,
2003; Hao et al., 2016). While evoked spike timing can easily be determined with the PSTH due
to their high probability and narrow time window, the inhibitory response depends on a broad
window with sparse activity, particularly for units with low firing rate. As a result, a large
number of stimuli is required to reliably detect inhibition in the PSTH. Therefore, rather than
using the PSTH, we measured the duration of inhibition by removing all evoked spikes and
calculating the time between the onset of stimulation and the next spontaneous spike (Figure
3.2D). Inhibition was deemed to be stronger when the delay from stimulation onset to the next
spontaneous spike was longer, giving us a measure directly comparable to the PSTH but with
much higher temporal resolution. We discarded any stimuli for which the subsequent stimuli
occurred before the next spontaneous spike. For any analysis over time, we used the median

inhibition duration of stimuli within overlapping 30 second bins with 1 second steps.

Evoked spike probability dependencies

To calculate the spontaneous firing rate for each unit over time, we disregarded the times from
each stimulus onset to the next spontaneous spike. This effectively removed the stimulus
response from the firing rate calculation, providing us with an independent measure of

spontaneous activity.

The autocorrelation histograms for the 17 units in which we characterized the evoked spike
probability as a function of the time delay between their previous spike times and stimulation
onsets were calculated from their respective prestimulus epochs. The histograms were binned

between 0 to 50 ms in non-overlapping 1 ms bins.
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The dependencies of evoked spike probabilities on the timing of stimulation were calculated by
first measuring the delays between each stimulus and the preceding spike. We separated this into
two groups corresponding to whether the preceding spike was spontaneous or evoked. Stimuli
that did not have a spike following the previous stimulus were discarded from the analysis. To
account for the transmission delay from the stimulated site to the evoked spike, we added the
average evoked spike latency for each unit to the delays. We then calculated the probability of
evoking a spike for stimuli with delays from 0 to 50 ms with 1 ms time bins, then applied a
moving average with a 5 ms window. Since the average spike latencies were added to each
delay, time bins that were less than the average evoked spike latency were not included in

correlation calculations.

Changes over time

Pairwise correlations and their statistical significance between firing rate, evoked spike
probability, and inhibition duration over time were calculated using the Pearson correlation
coefficient r:

. 2 =) —y)
V2 — 02Xy — y)?

Equation 3.1

where X is the mean of the x-variable, and y is the mean of the y-variable. Firing rate was
calculated by removing all times between each stimulus onset to the first spontaneous spike (the
inhibitory period) to remove any confounding affects between firing rate and the inhibitory

response.

Linear and exponential fits were performed on binned evoked spike probabilities and inhibition

durations to determine changes over time due to repetitive stimulation:
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Linear y=axt+b Equation 3.2

Exponential y=a+bx*x(1-c) Equation 3.3

where y is either the evoked spike probability or inhibition duration, t is time and a, b, and c are
the fitted variables. Changes were denoted to occur if the analysis of variance (ANOVA) F-
statistic resulted in p<0.05. The sign of the linear fit slope (a in Equation 2) or the sign of the
exponent base (b in Equation 3) of the exponential fit determined whether the changes were
classified as increasing or decreasing. Neuron-stimulation site pairs with less than 3% average
probability of evoking spikes were disregarded for analyses over time due to their inconsistency.
The changes over time in spikes and inhibition were designated to be correlated if their

correlation had a p-value less than 0.05.

Statistical analysis

Two-sided Wilcoxon signed-rank test (signrank, MATLAB) was used to compare between
groups due to the nonparametric nature of the data. Two-sided Wilcoxon rank-sum (ranksum,
MATLAB) tests were used for paired data. Fisher’s exact test (fishertest, MATLAB) or two-way
analysis of variance (ANOVA) (anova2, MATLAB) was used to compare categorical data. The
Pearson correlation was used for all correlation tests. The Kolmogorov-Smirnov test was used to
compare distributions. P-values for significance and tests used are reported in individual

analyses.
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Results

Evoked spikes and inhibitory response

We found that ICMS elicited a brief excitatory response followed by a longer inhibition.
Electrodes on the Utah array typically showed evoked spikes occurring 1.5 to 10 ms after single-
pulse stimulation. The inhibition typically followed the excitatory response and was observed as
the suppression of firing in the PSTH for 5 - 100 ms, although in some instances it lasted up to
200 ms. We also observed that stimulus-evoked inhibition could occur in the absence of the

excitatory response.

To ensure that stimulation arriving during inhibition was not affecting the stimulus response, we
delivered trains of two or three pulses with each subsequent pulse timed to occur during the
inhibitory response of the previous stimulus. Single, double, and triple pulse stimuli were
delivered to a single channel, randomly interleaved at 2 Hz. Our results across 5 different
sessions show that stimuli delivered during the inhibitory response were able to reliably evoke
spikes comparable to when stimuli was delivered at other times, as previously reported (Butovas
& Schwarz, 2003) (Figure 3.3, left). Furthermore, each stimulus pulse “reset” the inhibitory
response such that the duration of inhibition was the same following each pulse train (Figure 3.3,

right).

Effects of distance from stimulation site and stimulus amplitude

Evoked spikes occurred with greater probability and less variable latencies for units close to the
stimulus electrode than for more distant units. The probability of evoking a spike in electrodes
<1 mm from the stimulus site was significantly greater than for further sites (p=1.3e-14). In
addition, closer sites on average had evoked spikes that occurred at shorter, and less variable

latencies (p=8.5e-29), suggesting the presence of mono- and polysynaptic activation (Figure
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3.4A). The duration of inhibition had a similar trend: recording sites <1 mm from the stimulus
site tended to show stronger inhibition compared to further sites (p=0.003) (Figure 3.4B). The
probability of evoking spikes and the duration of inhibition increased sigmoidally with the
stimulus amplitude for all responsive units (Figure 3.5). The sigmoid curves were always steep: a
change of 10 to 20 pA in stimulus intensity generated the difference between 5% and 95% of the

maximum value for both evoked spike probability and inhibition duration.

Covarying evoked spikes

If stimulus evoked spikes are activated by cortical circuitry, there must be covarying responses
between different spikes. Thus, we determined whether pairs of units were likely to have the
same responses for individual stimuli. Figure 3.6A shows the Pearson correlation coefficient
between pairs of units plotted against distance from one another. There are clearly pairs with
significant correlations, though the correlations are usually weak with the vast majority of
correlations having a correlation coefficient less than 0.2. Pairs of units closer together have a
significantly higher chance to be correlated, as they are likely modulated by similar circuitry

(Figure 3.6A, right).

The presence of covarying pairs even at large distances (>3 mm) led us to analyze whether there
was a population wide response driven by an underlying cortical state. For each session, we first
collected the total number of evoked spikes generated by each stimulus. Next, we randomly
shuffled which stimulus evoked a spike for every evoked spike. We then recalculated the total
number of evoked spikes produced by each stimulus. If there is a consistent population response
due to an underlying cortical state, the number of evoked spikes generated by each stimulus

without shuffling should be significantly higher than the number of evoked spikes after shuffling.
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However, we found that the two distributions are not significantly different to one another in any

session (Figure 3.6B).

Spontaneous activity affects stimulus responses

In addition to stimulation current and separation of the recording and stimulation sites, we found
two other dependencies that affect the response. One is the spontaneous firing rate of the
recorded units. Both the evoked spike probability and inhibition duration had statistically
significant correlations with spontaneous firing rate over time (Figure 3.7). Table 1 documents
the number of units with uncorrelated, positively correlated, or negatively correlated evoked
spike probability and inhibition duration with spontaneous firing rate. A slight majority of units
tested (300/585, 51%) had evoked spike probabilities that were positively correlated with firing
rate and inhibition duration that were negatively correlated with firing rate. We additionally
performed a 2-way ANOVA to determine whether the two relationships were dependent on one
another but found no significant relationship (p=0.11). Units with positively correlated evoked
spike probabilities and spontaneous firing rate were typically farther from the stimulated site
than units with a negatively correlated relationship (Figure 3.7B left, C left). In contrast, units
with positively correlated inhibition duration and spontaneous firing rate were typically closer to

the stimulated site (Figure 3.7B right, C right).

The second dependency was the timing of stimuli relative to the most recent spike. We analyzed
17 units (2 from monkey S, 3 from monkey K, and 12 from monkey J). In 14 of the 17 units (2
from monkey S, 3 from monkey K, and 9 from monkey J), the probability of evoking a spike
varied as a function of the time between the onset of stimulation and the most recent spontaneous
spike. For these 14 units the probability was significantly positively correlated with the unit’s

autocorrelogram in the absence of stimulation (Figure 3.8, left and middle). The probability
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distributions were the same even if the most recent spike was evoked by stimulation rather than

being spontaneous. The inhibitory response did not depend on the timing of pre-stimulus spikes.

In 3 of the 17 tested units the probability of evoking a spike did not depend on the timing
between the previous spike and stimulus onset. In all 3 of these units the probability of evoking a
spike was consistently high (Figure 3.8, right), which suggests that the stimulation amplitude was

large enough to evoke spikes regardless of other properties.

Repetitive stimulation changes stimulus response over time

Repetitive microsimulation has been shown to modulate the responses of units to ICMS
(Dadarlat et al., 2019; Michelson et al., 2019; Zucker & Regehr, 2002). We documented the
effects of repetitive ICMS over the stimulus period ranging from 5 to 20 minutes on the evoked
spike probability and the duration of inhibition by delivering stimuli at 2, 5, 10, or 20 Hz. The
probability of evoking a spike often increased or decreased over time, following a linear or

exponential trend over the course of the session (Figure 3.9A).

The evoked spike probability was significantly more likely to change with higher frequencies of
stimulation (Figure 3.9B left, C left). Of the changes, high frequencies (20 Hz) were likely to
cause decreases in evoke spike probability compared to lower frequencies. Changes in inhibition
duration over time were also more likely to occur at higher frequencies, and high frequencies

were more likely to cause increases in inhibition duration. (Figure 3.9B right, C right)

The changes also depended on the distance from the recording site to the stimulated site (Figure
3.10A). The probability of evoking spikes and inhibition duration were significantly more likely

to change the closer the units were to the stimulated site (Figure 3.10B, left). The specific change
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in evoked spike probability did not have a dependence on distance, but inhibition duration was

more likely to decrease in sites further from the stimulated site (Figure 3.10B, right).

Finally, in 72/585 (12%) of units, we also observed changes over time in the latency of the
evoked spikes (Figure 3.11A). Latency changes typically occurred in units that were recorded on
electrodes closer to the stimulation site, more commonly occurred with high frequency
stimulation, and was more likely to increase over time (Figure 3.11B). Of the units with changes
in their evoked spike latency, 249/447 (56%) units had increasing latencies and 198/447 (44%)
had decreasing latencies. Distance from the stimulated site also played a role, with units closer to

stimulation more likely to have changes in their evoked spike latency over time (Figure 3.11C).

Relationship between evoked spikes and inhibition

Since evoked spikes and inhibition often both exhibited changes over time, we sought to
determine whether they were directly related on a trial-by-trial basis. Individual stimuli in each
experiment were divided into two categories: those that evoked spikes and those that did not. For
the unit in Figure 3.12A the PSTHSs of the two classifications of stimuli are very similar except
for the evoked spike peak. We found no statistical pairwise difference between the inhibition
induced by stimuli that evoked spikes compared to the stimuli that did not evoke spikes (585

units, Figure 3.12B).

Although whether a stimulus evokes a spike does not affect the inhibitory response, the
mechanisms underlying the changes over time could nevertheless be related. We analyzed the
correlation between the probability of evoking a spike and duration of inhibition over time to
determine whether they were positively or negatively correlated. Correlations with p<0.05 were
considered significant, and all other instances were denoted to be uncorrelated. Of the 585 units

tested, 30% (173 units) had positively correlated changes in the probability of evoking spikes
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and the duration of inhibition, 47% (273 units) had negatively correlated changes, and 23% (135
units) were uncorrelated. Units with positively correlated evoked spike probabilities and

inhibition duration tended to be closer to the stimulated site (Figure 3.12C and D).

Spike type does not correlate with stimulus response properties

To determine whether the cell type of the recorded units influenced their responses to ICMS, we
used the spike width, calculated as the time between the minimum value of the waveform to the
maximum value, to classify each neuron as fast-spiking (FS) or regular-spiking (RS) (Connors &

Gutnick, 1990; McCormick et al., 1985).

Figure 3.13A shows an example of the two different spike waveforms, and Figure 3.13B shows
the distribution of their spike widths. We separated the units into two groups based on their
defined spike width shown at the dotted line in Figure 3.13B. Around 10% of all units fell to the
left of the line and were denoted to be FS; the rest were denoted to be RS. We found that the
putative cell type did not correlate with the distribution of distances from the stimulated site,
whether a spike could be evoked, the probability of evoking a spike, the duration of inhibition, or
how any measure changed over time (Figure 3.13C-G). Thus, all results reported herein are

independent of the type of neuron recorded.
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Discussion

Comparisons to previous studies

ICMS has been shown to predominantly activate neurons transsynaptically (Butovas & Schwarz,
2003; Hussin et al., 2015; Klink et al., 2017). We observed in our study that spike latencies
fluctuated more than would occur with antidromic activation, and stimuli that were delivered
within 1 millisecond after a spike were still able to evoke spikes. Since antidromic activation
would result in collision and an absence of a spike at such short latencies, this suggests that the
recorded units were predominantly activated orthodromically. Also consistent with previous
experiments, we saw evoked spikes in units recorded up to 4.5 mm away from the stimulation
site, which suggests that ICMS activates a distributed population rather than only a concentrated
sphere of neurons around the electrode tip (Butovas & Schwarz, 2003; Hao et al., 2016; Histed et

al., 2009).

Although the excitatory response was directly measurable in our experiments, the subsequent
inhibitory response manifested as a lack of spikes. Butovas et al. concluded that a similar
inhibitory response to ICMS was likely caused by GABAGg receptors, which they confirmed with
a follow-up study with pharmacological blocks (Butovas et al., 2006; Butovas & Schwarz,
2003). GABAergic inhibition would also explain the similarity in the sigmoidal curves of evoked
spikes and inhibition with stimulus amplitude in our experiments — if more excitatory neurons
are excited by the higher intensity stimulation, more inhibitory neurons will be activated via
feedforward and feedback circuits, thereby increasing the amount of inhibition (Figure 3.14). A
lack of relationship between inhibition and distance to stimulation site as well as the presence of
inhibition in units without evoked spikes is likely due to the high connectivity of interneurons

compared to principal cells (Isaacson & Scanziani, 2011; Matsumura et al., 1996; Rudy et al.,
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2013; Tremblay et al., 2016). Interestingly, Hao et al. found that inhibition decreased as a
function of distance, which we did not find (Hao et al., 2016). Potential reasons for this

discrepancy could be the differences in how we measured inhibition and the stimulus amplitude.

However, we found that inhibition typically lasted between 5-100 ms and rarely over 100 ms,
which is significantly shorter than the average time constants of GABAGg inhibitory postsynaptic
potentials of 150-200 ms (Bettler et al., 2004; Connors et al., 1988). Therefore, GABAAa
mediated inhibition is a more likely candidate to explain our results; previous studies have shown
that GABAA is involved in recurrent polysynaptic inhibition, which we are likely activating via
ICMS (Silberberg & Markram, 2007; Zhu et al., 2011). The different animal models and

recorded cortical region in these studies may account for these discrepancies.

ICMS activates long horizontal fibers to both feedforward inhibitory networks and the recorded
excitatory neurons (Figure 3.14). These afferent fibers have stronger excitatory connections to
the inhibitory interneurons than the principal cells, particularly in layer 2/3, which may explain
why we sometimes observe an inhibitory response without any excitatory response (Adesnik &
Scanziani, 2010; Cruikshank et al., 2007; Helmstaedter et al., 2008). This, coupled with the fact
that inhibitory neurons often target somatic or perisomatic compartments (Isaacson & Scanziani,
2011; Rudy et al., 2013; Tremblay et al., 2016), suggests that the observed inhibition may be
initially activated via feedforward circuitry, and is subsequently followed by the excitatory
response. The excited principal cells may then activate feedback circuitry that contributes to the

inhibitory response (Figure 3.14).

Stimulus response depends on network activity and intrinsic membrane properties
Previous research has shown that stimulus responses depend on network activity both in vitro

(Kumar et al., 2016; Weihberger et al., 2013) and in vivo (Kara et al., 2002). Our findings were
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consistent with these results; the probability of evoking a spike was often positively correlated
with spontaneous firing rate, whereas the duration of inhibition was often negatively correlated

with firing rate.

English et al. demonstrated that the transmission probability for postsynaptic spikes of inhibitory
neurons in the hippocampus in vivo is a function of the timing between the previous postsynaptic
spike and presynaptic spike (English et al., 2017). Moreover, that study found that this
dependency was independent of whether the previous postsynaptic spike was spontaneous or
evoked, which suggested that intrinsic properties of the postsynaptic membrane were responsible
for the dependence. Our results extend these outcomes by demonstrating that the timing of the
previous spike affects not only the transmission probability for spontaneous presynaptic spikes,
but also the stimulus-evoked spikes in cortical neurons. Furthermore, we found that the
probability distributions for evoking a spike as a function of the timing between the previous
spike time and stimulation onset and the spike train autocorrelation were often significantly
positively correlated, which further reinforces the notion that this dependency reflects the

intrinsic properties of the recorded units.

Altogether, our results reveal that the stimulus response has at least two dependencies other than
stimulus amplitude and distance from stimulus site: the intrinsic membrane properties of the
recorded neurons and the activity of the network. However, a sufficiently large stimulus current

may saturate the responses and overcome these dependencies.

Repetitive stimulation modulates stimulus responses
Michelson et al. showed that the number of neurons activated by electrical stimulation
diminished over time with higher frequencies measured with calcium imaging in a 407 um x 407

um window, which was attributed to a diminishing region of activation (Michelson et al., 2019).
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Their study showed that changes began at regions distal from the stimulated site when delivering
stimuli with frequencies greater than 10 Hz. These results are consistent with our study across
the larger spatial field (4x4 mm) of the Utah array, as evoked spikes were more likely to be
diminished with higher frequency of stimulation at distances closer to the stimulated site. A large
difference we observed was the timecourse of the changes; Michelson et al. reported the changes
occurred within seconds and plateaued whereas we observed changes occurring for up to 20
minutes. Additionally, we also observed that in some units the probability of evoking a spike
increased over time even at longer distances and higher frequencies, which cannot be fully

explained by a diminishing region of activation.

Although we did not explicitly measure the duration of changes induced by repetitive
stimulation, we observed that they typically lasted less than 2 minutes. Due to the short-lived
nature of the induced changes, various mechanisms of short-term synaptic plasticity such as
vesicle depletion and facilitation by calcium influx (Citri & Malenka, 2008; Zucker & Regehr,
2002) may best explain our results. Evidence suggests that different forms of short-term
plasticity exist for synaptic connections between different cell-types (Blackman et al., 2013;
Losonczy et al., 2002). Beyond these differences, previous in vitro work by Markram showed
that synaptic connections between pyramidal neurons of the same morphological class and
interneurons had similar facilitating and depressing characteristics, but with different time

courses (Markram et al., 1998).

Together, these results may explain why the frequency-dependent changes that we measured
were different for each unit. Although we did not discern any differences between regular and
fast spiking neurons for any measure, there are limitations in such cell type classifications with

extracellular recordings. Furthermore, we also observed changes in the latency of evoked spikes
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due to repetitive stimulation, which has previously been shown to occur in the presence of short-
term plasticity (Boudkkazi et al., 2007). The latencies typically changed more often with higher
frequency stimulation in spikes closer to the stimulated site, similar to the evoked spike
probability and inhibitory response changes. Future studies with specific differentiation between
cell and synapse types may shed more light on whether cell-type specific differences account for

the variability across spikes.

Excitation and inhibition are independently activated but modulated together within an
interconnected network

The balance between excitation and inhibition within the cortex is a much-studied topic and is
highly relevant to neural computation. Though the examined network size, location, and synaptic
connections vary greatly, the strong consensus is that excitation and inhibition are generally
comodulated (Chen, 2004; Haider, 2006; Isaacson & Scanziani, 2011; Rubin et al., 2017;
Turrigiano, 2012; Xue et al., 2014). Whether a stimulus evoked a spike on a trial-by-trial basis
did not affect the subsequent inhibitory response, but we found that the probability of evoking a
spike and the duration of inhibition were frequently positively or negatively correlated over time.
Units close to the stimulated site typically had positively correlated evoked spike probability and
inhibition duration, both of which were negatively correlated with firing rate. Units far from the
stimulation channel, however, had positively correlated evoked spike probabilities and firing

rates, which were both negatively correlated with inhibition duration.

The effect of distance can be explained by the fact that sites closer to stimulation are more likely
to be activated by ICMS (Butovas & Schwarz, 2003; Hao et al., 2016). Due to the feedforward
and feedback inhibitory circuitry, if the total excitation increased or decreased due to short-term

plasticity, the inhibition should change in a positively correlated manner. Sites far from
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stimulation, however, are not activated as comprehensively and are thus less likely to be
susceptible to short-term plasticity. Similarly, the negative correlations in evoked spike
probability and inhibition at these far sites are likely due to network dynamics, whereas the
positive correlations in closer sites are likely due changes in short-term plasticity caused by

direct activation via ICMS.
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Tables and Figures

Table 3.1 Evoked spike probability and inhibition duration correlations with spontaneous

firing rate.

The numbers show number of units that fall within that category. Note the high number of units
that have a positive correlation between evoked spike probability and spontaneous firing rate and

a negative correlation with inhibition duration and spontaneous firing rate (red).

Inhibition duration and spontaneous firing rate
Uncorrelated Posmv_e Negatl\_/e Total
Correlation Correlation

Uncorrelated 10 18 37 65
Evoked spike | Positive
probability Correlation 86 " 300 463
and
spgntaneous Negatlvg 12 13 39 57
firing rate Correlation

Total 108 108 369 585
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Figure 3.1 Experimental design

Macaques calmly sat in a chair receiving apple smoothie reward through the experiment.
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Cathodic, 200us phase width, single-pulse ICMS was delivered to one channel of the Utah array

in primary motor cortex while unit responses were recorded across the array. Each session

consisted of a prestimulus and stimulus epoch.
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Figure 3.2 Detection of evoked spikes and inhibition

A. Example of filtered data trace. The inset shows a stimulus followed by an evoked spike after
3.5 ms. B. Example PSTH (top) and corresponding raster plot (bottom). C. Defining evoked
spikes. A PSTH with 0.5 ms bins was generated. Peaks after the time of stimulation greater than
the upper threshold (mean+2 standard deviations of -20 to -2ms in the PSTH) down to the lower
threshold (mean-2 standard deviations) were called evoked spikes. D. Defining inhibition. Rather
than using the PSTH, the inhibition duration was calculated for each stimulus by taking the time
from stimulus onset to the next spontaneous spike.
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Figure 3.3 Stimulation during inhibition

Two PSTH examples with 1 ms bins of double- and triple-pulse stimulation in which subsequent
pulses arrive during the inhibitory response of the previous pulse (left). Spikes were readily
evoked even when stimulating during the inhibitory response. Aligning the PSTHSs to the final
stimulus pulse (right) shows that the inhibition restarts at each stimulus pulse. Each condition
consisted of 1500 stimuli.
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Figure 3.4 Effect of distance from stimulus site on evoked spike probability

A. Evoked spike probability with respect to distance from the stimulated site. B. inhibition
duration with respect to distance from the stimulated site. C. Histogram of evoked spike timings
split into sites close (<1mm, n=121) to the stimulated site and all other sites (n=299). The line
shows the cubic interpolated moving average over 3 bins.
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Figure 3.5 Effect of stimulus amplitude on evoked spike probability and inhibition duration
A. An example raster plot of a spike over different stimulus current amplitudes delivered for five

minutes each at 2 Hz. Blue dots represent evoked spikes and the red line shows the median of the
inhibition duration binned every 30 seconds with 1 second steps. B. An example evoked spike

probability as a function of amplitude and c) inhibition duration as a function of stimulus
amplitude. The dashed lines are fitted sigmoidal curves using least-squares regression.
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Figure 3.6 Covarying evoked spikes

A. Pearson correlation coefficient between pairs of units on whether individual stimuli evoked a
spike or not plotted against the distance between the units (n=585). B. Pairs of units closer to
each other had a higher chance of having a significant correlation (T: significantly different from
the last two points; #: significantly different from the last 4 points; 1: significantly different from
the last 3 points; p<0.05, ANOVA). C. An example of distributions of stimuli that evoked a
specific number of evoked spikes using the true data (Real) and when the evoked spikes were
shuffled (Shuffled). The two distributions were not statistically significant from one another
(p=0.11, Kolmogorov-Smirnov test).
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Figure 3.7 Probability of evoking a spike and inhibition duration are related to
spontaneous firing rate

A. An example of a neuron with positively correlated firing rate (black) and evoked spike
probability (blue) over 10 minutes. The rate and probabilities are averaged over 30 second bins
with 1 second steps. B. Scatter plot of the Pearson correlation coefficient (p) between the
spontaneous firing rate and the probability of evoking spikes (left) or the inhibition duration
(right) against the distance of the recorded spike from the stimulated site (n=420). C. The same
unit had a negatively correlated firing rate (black) and inhibition duration (blue). The inhibition
duration is also averaged over 30 second bins with 1 second steps. C. Distance from the
stimulated site for units with uncorrelated, positively correlated, and negatively correlated

evoked spike probabilities (left) or inhibition duration (right) with firing rate. Labeled p-values
are from the Wilcoxon rank-sum test.
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Figure 3.8 Probability of evoking a spike is dependent on the timing of stimulus

Three examples of spike autocorrelations (Auto Cor), and probability of a stimulus evoking a
spike relative to timing from the most recent spontaneous (Spont) and evoked (Evoked) spike.
Top and middle show two different autocorrelation waveforms with correlated evoked spike
probability. They are not aligned in the bottom example; this typically occurs when the
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probability of evoking a spike is high. All traces show a moving average using 5 ms bins with a 1

ms step size. Rs is the correlation coefficient between Auto Cor and Spont, Re the correlation
coefficient between Auto Cor and Evoked, and ps and pe are the corresponding p-values of

correlation.
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Figure 3.9 Repetitive stimulation changes evoked spike probability and inhibition duration

A. Left: Changes in evoked spikes across the array during a session with 10 Hz repetitive
stimulation. A random unit was chosen for each electrode to demonstrate the lack of spatial
organization of changes in responses. Right: Examples of changes in the probability of evoking
spikes increasing or decreasing over time. B. Pearson correlation coefficients of evoked spike
probability and inhibition duration plotted against stimulation frequency (n=585). Note that
experiments delivered tonic stimulation at 2, 5, 10, or 20 Hz; a jitter was added to the frequencies
of each point to better visualize the data. C. The percentage of spikes that had significant
(p<0.05) changes over time for each stimulation frequency for both evoked spike probability and
inhibition (left) as well as the ratio of decreases to increases (right). The dashed line of the right
plot shows a threshold — if the value is higher (>1) the changes induced are more likely to be
decreasing whereas if the value is lower (<1) the changes are more likely to be increasing.
Numbers above points denote significance (1: significant from 2 Hz, 2: significant from 5 Hz, 3:

significant from 10 Hz; p<0.05, ANOVA).
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Figure 3.10 Changes in evoked spike probability and inhibition duration with repetitive
stimulation with respect to distance

A. Pearson correlation coefficients of evoked spike probability and inhibition duration plotted
against distance of the recorded spike from the stimulated site (n=585). Note that experiments
delivered tonic stimulation at 2, 5, 10, or 20 Hz; a jitter was added to the frequencies of each
point to better visualize the data. B. The percentage of spikes that had significant (p<0.05)
changes over time for each bin of distance (0.25 mm around each point) for both evoked spike
probability and inhibition (left) as well as the ratio of decreases to increases (right). We did not
include data points from channels greater than 2.75 mm from the stimulated site to this figure
due to the lack of samples. Numbers above points denote significance (3: significant from 1.5
mm, 4: significant from 2 mm, 5: significant from 2.5 mm; p<0.05, ANOVA).
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Figure 3.11 Changes in evoked spike latency with repetitive stimulation

A. An example of evoked spike latency changing over time. B. Scatter plot of Pearson
correlation of the evoked spike latency over time with respect to stimulation frequency (left)
(n=585). Percentage of evoked spike latencies with a significant change over time (middle), and
the ratio of decreases to increases (right). Numbers above points denote significance (3:
significant from 10 Hz, 4: significant from 20 Hz; p<0.05, ANOVA). C. Scatter plot of Pearson
correlation of the evoked spike latency over time with respect to distance from the stimulated site
(left). Percentage of evoked spike latencies with a significant change over time (middle), and the
ratio of decreases to increases (right). Numbers above points denote significance (2: significant
from 1 mm, 5: significant from 2.5 mm; p<0.05, ANOVA).
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Figure 3.12 Relationship between evoked spikes and inhibition
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A. Example PSTH with 1 ms bins following stimuli that evoked spikes and those that did not
demonstrating similar inhibitory response. Each condition consisted of 1500 stimuli. Smoothed
(2 ms wide gaussian moving window) PSTH of the two different stimulation classifications.
Note the inhibition is extremely similar for both. B. A comparison of the inhibition strength in
the two different classifications for 470 units. There was no statistically significant pairwise
difference between the two groups. C. Scatter plot of the Pearson correlation coefficient between
evoked spike probability and inhibition duration against distance of the recorded spike from the
stimulated site. D. Comparisons of distance from the stimulus site of units with uncorrelated,
positively correlated, and negatively correlated evoked spike probability and inhibition duration.

The labeled p-value is from the Wilcoxon rank-sum test.
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Figure 3.13 Comparisons between regular spiking and fast spiking neurons

A. Example of regular spiking (RS) and fast spiking (FS) neuron waveforms. B. Distribution of
the widths of spike waveforms (trough to peak time). Vertical dotted line indicates the
classification boundary (0.35 ms) — fast spiking neurons fall to the left and regular spiking to the
right. C. Spike width distribution of all recorded spikes and spikes that were evoked by stimuli.
D. Distance from the stimulated site of evoked spikes grouped by spike width. E. Evoked spike
probability distribution (left) and inhibition duration distribution (right) of RS and FS neurons. F.
Spike width distributions of evoked spike probability change vs no change over time (left) and
inhibition duration change vs no change over time (right). G. Spike width distributions of evoked
spike probability decrease vs increase over time (left) and inhibition duration decrease vs
increase over time (right).
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Figure 3.14 Stimulation response circuitry

Schematic of ICMS activated circuitry that generates excitatory and inhibitory responses through
feedforward and feedback mechanisms. Stimulation activates axons projecting to the recording
site. Sites closer to the stimulated site have more complete activation compared to sites further
from the stimulated site. Possible direct connections from the stimulated site to the far site would
also be sparsely activated.
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Chapter 4. Paired stimulation for spike-timing dependent plasticity quantified with
single neuron responses in primate motor cortex

Abstract

Spike-timing dependent plasticity (STDP) has been extensively studied in vitro and in vivo.
Previous studies have demonstrated stimulus induced targeted STDP, but they usually required
long conditioning periods and the induced changes were not consistent between different channel
pairs. We hypothesized there were two reasons contributing to the difficulties in inducing STDP:
1. the measure of connectivity is poorly understood, and 2. the timing of stimulation is static or
has low temporal specificity. To test our hypotheses, we applied paired stimulation to the
primary motor cortex of awake primates. Single unit responses to stimulation were used as
measures of connectivity, and we applied inter-stimulus intervals (ISIs) from £0.1 to £50 ms
with sub-millisecond intervals. The excitatory single unit response resulted in very consistent
changes after conditioning that was dependent on the ISI. Negative ISIs resulted in depression
similar to classic STDP, but positive ISl also often resulted in depression. Normalizing the ISls
to the timing of the excitatory response revealed that potentiation only occurred if the second
stimulus arrived before the response. Stimuli occurring around the time of the response often
resulted in depression as strong as negative I1SIs. We additionally tracked the changes in cortico-
cortical evoked potentials (CCEPs), a commonly used measure of connectivity in plasticity
experiments. CCEP changes showed a similar but more variable dependence on ISI. These
results show that the classic STDP curve may be more difficult to replicate in vivo due to
interactions between excitatory and inhibitory circuitry, and that CCEPs may not be the ideal

measure of changes in strength of connectivity.
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Introduction

Since the proposal of Hebbian plasticity (Hebb, 1949), neuroplasticity has been studied
extensively. Seminal in vitro studies expanded upon Hebb’s theory by showing that the specific
timing of the pre- and postsynaptic cell activation is crucial for the changes in the synapse, called
spike-timing dependent plasticity (STDP); if the postsynaptic cell is activated after the
presynaptic cell the synapse is strengthened, and if the postsynaptic cell is activated before the
presynaptic cell the synapse is weakened (Bi & Poo, 1998; Markram et al., 1997). Subsequent in
vivo studies delivered activity-dependent stimulation, in which the postsynaptic site is stimulated
immediately following spontaneous activity in the presynaptic site, to increase synaptic strength
between cortical or cortico-spinal sites in both rodents and non-human primates (Jackson et al.,

2006; McPherson et al., 2015; Nishimura et al., 2013; Rebesco et al., 2010).

Another method of investigating STDP is with paired stimulation, in which both the pre- and
postsynaptic sites are directly activated via individual stimuli with a delay called the inter-
stimulus interval (I1SI). An advantage of paired stimulation is that it can be used to activate the
postsynaptic site before the presynaptic site and artificially weaken synapses, a paradigm that is
not possible with activity-dependent stimulation. Paired stimulation can also be delivered open
loop, and does not require any recording, providing potentially simpler clinical applications.
Inducing STDP with paired electrical stimulation has also been demonstrated in vivo in both
rodents and non-human primates; however, the induced changes were often inconsistent across
tested channels (Rebesco & Miller, 2011b; Seeman et al., 2017; Werk et al., 2006). Previous
studies also used a limited number of ISIs and required up to 72 hours of continuous stimulation

consisting of at least tens of thousands of paired stimuli to produce measurable, lasting changes.
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We hypothesized that two factors may be limiting our understanding of applying paired
stimulation in vivo. First, electrical stimulation in the context of paradigms for inducing plasticity
is typically considered to be excitatory, but several studies have shown that stimulus response
consists of a short-term excitatory response immediately followed by a long-term inhibitory
response that is often strong enough to completely silence the cell for up to hundreds of
milliseconds (Butovas & Schwarz, 2003; Logothetis et al., 2010; Yun et al., 2022). Electrical
stimulation activates a bundle of fibers that project to the recorded site that excites the recorded
neuron but also activates the surrounding inhibitory circuitry resulting in GABAergic inhibition
(Butovas et al., 2006). As the dynamics of single unit responses change at sub-millisecond
intervals, a more comprehensive set of 1SIs with higher specificity may be necessary to fully

explore paired stimulation in vivo.

Second, plasticity studies in vivo typically use macroscopic metrics as a measure of connectivity
between two cortical sites, such as motor evoked potentials, directional tuning, coherence, or
cortico-cortical evoked potentials (CCEPs) (Jackson et al., 2006; Seeman et al., 2017; Yazdan-
Shahmorad et al., 2018). CCEPs are generated by delivering a stimulus to the presynaptic site
and calculating the stimulus triggered averages of the local field potential response at the
postsynaptic site. Studies usually quantify the response into a single value using the peak-to-peak
amplitude or the root-mean square, with a larger value signifying a stronger connection.
However, CCEPs are complex and multiphasic, and the underlying sources of various phases and
amplitudes of the response are still unclear (Boyer et al., 2018; Keller et al., 2014; Prime et al.,
2020). Thus, a more direct measure of connectivity may clarify the changes induced by paired

stimulation and their underlying mechanisms.
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This study aims to better understand the application of paired electrical stimulation in vivo for
the induction of STDP. We tested ISIs within a range of 0.1 to £50 ms at sub-millisecond
intervals between pairs of channels up to 1.2 mm apart with the Utah array in primate motor
cortex. We used the probability of a single-pulse stimulus in the presynaptic site evoking a spike
in the postsynaptic site as a measure of connectivity strength. CCEPs were measured
concurrently to compare the results between different connectivity metrics. In addition, we
investigated changes in strength of the inhibitory response and evaluated all changes over a

period of 10 minutes after conditioning to elucidate the underlying mechanisms.
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Materials and Methods

Experimental design

Implants and surgical procedures

Two pigtail macaque monkeys (Macaca nemestrina), J and L, were unilaterally implanted with
the Utah array (Blackrock Microsystems, Salt Lake City, UT) in the hand region of primary
motor cortex (M1). Refer to “General Methods” for full details on implants and surgical

procedures.

Experiment timeline

The two stimulated sites — “Pre” and “Post” sites — were determined by choosing a pair of
channels in which stimulating the Pre site reliably evoked spikes in the Post site during a 1-
minute preliminary recording. Each experiment consisted of 3 epochs: 1) pre-test — 10 minutes of
test stimulation delivered to the Pre site, 2) conditioning — 10 minutes of paired stimulation, and
3) post-test — 10 minutes of test stimulation delivered to the Pre site (Figure 4.1). In addition, 5
minutes of baseline recording with no stimulation was collected both immediately before and
after each experiment. As the stimulation could have long-lasting effects, conditioning between
each channel pair was limited to once per day. Animals were trained to calmly sit in a primate

chair throughout the duration of each experiment.

Cortical stimulation

All stimuli delivered were single-ended, single pulse with 200 ps phase width. Test stimuli were
delivered at 5 Hz, Poisson distributed and paired stimulation during Conditioning were delivered
at 10 Hz, Poisson distributed. These frequencies have been shown not to heavily affect the
stimulus responses over time (Yun et al., 2022). The interstimulus interval (ISI) between the

paired stimuli was randomly determined each day. All stimuli used an amplitude of 15 pA as
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previous studies showed it to be sufficient to reliably activate the stimulated site and generate
responses in sites up to 4 mm away (Butovas & Schwarz, 2003; Hao et al., 2016; Yun et al.,
2022). The stimulus intensity was kept the same across all sessions rather than adjusted to the
stimulus response to limit current spread. We chose channel pairs in which stimulating one site
evoked spikes in the other within 5 ms to ensure the presence of monosynaptic projections. The

distance between channel pairs was between 400 and 1200 um (up to 3 channels apart).

Data analysis

Recording and spike sorting

We used the Neural Interface Processor (Ripple Neuro, Salt Lake City, UT) for both recording
and stimulation. All 96 channels of the Utah array were recorded at 30 kHz throughout every
experiment. Stimulus artifacts typically lasted 1-1.5 ms, and each stimulus pulse triggered a fast
settle of 0.8 ms to minimize the stimulus artifact without affecting the stimulus evoked spike.
The signals were bandpass filtered between 1 and 2 kHz for spike sorting to further minimize the

artifact.

Spikes were sorted offline using custom MATLAB code through two-window discrimination; a
window of -0.5 to 1.5 ms each time the signal crossed a negative threshold were collected, then
two time-amplitude windows were manually selected to detect the peak and trough of the spike
waveform. The investigator sorting the spikes were blind to the stimulus condition to ensure

objective evaluation.

Stimulus evoked spikes and inhibitory response duration

Detailed methods of detecting stimulus evoked spikes and calculating the inhibitory response

duration can be found in Yun et al. 2022. In brief, stimulus evoked spikes were found by
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calculating the peristimulus time histogram (PSTH) of each spike. To isolate the evoked spikes
from the spontaneous activity, we defined upper and lower thresholds in the PSTH as the
histogram mean plus or minus 2 times the standard deviation from -20 to -2 ms. We then found
the largest peak in the PSTH from 1 to 15 ms after stimulation that was larger than the upper
threshold and tracked adjacent bins in both directions until we reached the lower threshold on
both sides. All spikes occurring within this window were denoted as stimulus-evoked spikes. If
no peak was greater than the threshold the spike was not considered to have been evoked by
stimulation. The average latency of evoked spikes was calculated as the median delay of evoked

spikes from stimulation onset.

We measured the duration of inhibition by removing all evoked spikes and calculating the time
between the onset of stimulation and the next spontaneous spike. Inhibition was deemed to be
stronger when the delay from stimulation onset to the next spontaneous spike was longer. We
discarded any stimuli for which the subsequent stimuli occurred before the next spontaneous

spike.

Cortico-cortical evoked potential calculation

One method of calculating the magnitude of CCEPs is the peak-to-peak amplitude (Seeman et
al., 2017; Zanos et al., 2018). However, as CCEPs can vary in timing and waveform the root
mean square (RMS) for the area under the curve is sometimes used as a more consistent
substitute measure of CCEP magnitude (Dionisio et al., 2019; Enatsu et al., 2013). However, as
the changes were much more variable when using RMS or the area under the curve
(Supplementary Figure 4.1), comparisons with single unit responses and the changes of measures

over time used the peak-to-peak amplitude.
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To obtain the peak-to-peak amplitude, stimulus-triggered averages of raw LFPs were calculated
from 10 ms before to 50 ms after stimulus onset. The amplitude was then calculated by
subtracting the largest trough from the largest peak in a window of 1.5 to 50 ms after stimulation.
To obtain the RMS magnitude we calculated the RMS over stimulus triggered averages of raw

LFPs from 1.5 to 50 ms after stimulus onset:

Equation 4.1

where x is the signal and N is the number of samples. The area under the curve was calculated as

the sum of the rectified average response in a window of 1.5 to 50 ms after stimulation.

Stimulus artifacts were removed from all CCEP illustrations presented here by blanking out O to
1.5 ms from stimulation. If the calculated magnitude was less than 4 standard deviations of the
signal from -10 ms to 0 ms of stimulus onset it was assumed there was no CCEP at the recorded
site. CCEPs were not present in all channel pairs as they require raw local field potentials (LFPs)

which are more susceptible to stimulus artifact compared to detection of single units.

Statistical analyses

Changes in stimulus response were calculated as the percent difference between the responses
during the Pre- and Post-test epochs. Fisher’s exact test was used to compare the probability of
evoking a spike before and after conditioning. Wilcoxon rank-sum test was used to compare
changes in inhibition duration due to the nonparametric nature of the distributions. Student’s t-
test was used to compare changes in CCEPs. Statistical tests used and p-values for significance

are reported in individual analyses.
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Results

We delivered paired stimulation between pairs of sites in the motor cortex of two monkeys: 86
conditioning experiments and 35 control experiments: 37 conditioning experiments and 11
control experiments with 26 unique channel pairs in Monkey J, and 49 conditioning experiments
and 24 control experiments with 14 unique channel pairs in Monkey L. We attempted to test the
same channel pair with as many different experimental conditions as possible, but single units

were often not stable for extended periods of time.

Stimulus responses

Single-pulse intracortical electrical stimulation reliably evoked spikes followed by a long
inhibitory response (Figure 4.2A). We calculated the probability of evoked spikes by finding the
peak of the excitatory response and the duration of inhibition by finding the delay of the spike
following each stimulus that is not an evoked spike (Stimulus evoked spikes and inhibitory
response duration in Methods and Materials). Channel pairs were chosen such that the evoked
spike arrived within 5 ms to ensure the presence of monosynaptic projections, and the inhibitory
response lasted between 10 and 100 ms (Figure 4.2B). As the stimulus intensity was kept
consistently low across all sessions to limit current spread, there was a wide distribution of initial

evoked probabilities (Figure 4.2B).

We also simultaneously measured cortico-cortical evoked potentials (CCEPs) (Figure 4.2C). The
responses typically had a narrow trough with the minimum value between 3 and 5 ms followed
by a wider peak with the maximum value between 5 and 20 ms, similar to those seen in previous
intracortical studies (Seeman et al., 2017; Zanos et al., 2018). The entire response typically lasted
about 50 ms after stimulation. To ensure that evoked spikes did not contribute to the CCEPs, we

calculated the CCEPs triggered from stimuli that evoked spikes or stimuli that did not evoke
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spikes (Figure 4.2C, left). There was no significant difference between the two CCEPs across all

experiments, showing that they are independent measures (Figure 4.2C, right).

Stimulus-evoked spikes reflect STDP-like changes

Paired stimulation caused significant changes in the probability of evoking spikes before and
after conditioning depending on the ISI (Figure 4.3A). Paired stimulation in which the Pre site
was stimulated following the Post site (negative ISIs) resulted in a consistent decrease in the
evoked spike probability. This depressive state typically occurred within a 20 ms time window
and exponentially decayed with larger ISls, similar to what is seen in classic spike-timing

dependent plasticity (STDP) (Bi & Poo, 1998; Markram et al., 1998).

When the Pre site was stimulated before the Post site (positive ISI) with a very short ISI, there
was typically potentiation, again similar to classic STDP effects. However, with ISIs > 1 ms
there was high variability in the induced changes. All potentiation occurred with ISIs less than 3
ms, and ISIs of 3-20 ms typically resulted in depression almost as strong as negative ISls,

contradicting classic STDP. ISls greater than +20 ms had little to no change.

To better understand the timing of the effects of paired stimulation, we additionally analyzed the
changes by normalizing the ISI to the average latency of evoked spikes following test stimuli
(Figure 4.3B). Positive ISl results became more consistent: ISIs less than the evoked spike
latency resulted in a greater change of an increase in evoked spike probability but reversing as it
got closer to the evoked spike latency. 1SIs less than 0.5 of the evoked spike timing consistently
led to potentiation, whereas ISIs immediately before and after the evoked spike delay led to
depression. Plotting results for the same channel pairs tested at different 1SIs show that the trend

holds true; the different ISIs seem to drive the changes rather than the variability between
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channel pairs (Figure 4.3C). All data showing changes in responses are plotted against

normalized ISI from this point forward.

We additionally analyzed whether there were consistent changes in baseline firing rate of the
spikes before and after conditioning, as changes in excitability have been shown to affect both
the probability of evoking a spike and the inhibitory response (Yun et al., 2022). However, there
were no consistent changes in firing rate before and after conditioning, allowing us to directly

compare the measures between the pre- and post-test epochs (Figure 4.4).

Finally, we also assessed whether the initial probabilities affected the highly variable changes
observed at positive normalized ISIs between zero and 1 (second pulse delivered within the
evoked spike latency). A strong initial response may be more difficult to increase due to
saturation of activation, whereas a low initial response may be easier to increase. The initial
probability of evoking a spike had a weak but significant negative correlation with the changes
induced by conditioning, which may explain the high variability seen in that region of ISls

(Figure 4.5A).

Inhibitory responses

We tracked the changes in the inhibitory response duration of single units following stimulation
to elucidate whether the stimulation evoked changes in the inhibitory circuitry. The term
“inhibitory” as used here refers to the silencing of the neuron following the stimulus-evoked
excitatory response that is likely driven by local inhibitory circuitry. Figure 4.6 shows the
percent change in the median inhibitory response after conditioning relative to normalized ISI.
The changes were not as large or consistent as the changes in the probability of evoked spikes,
and the high variability makes interpretation of the effects of 1SI difficult. However, the

magnitude of the changes loosely followed classic STDP, with smaller 1SIs typically resulting in
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larger deviations, suggesting that conditioning was affecting the inhibitory response, and

subsequently the local inhibitory circuitry.

CCEPs

We also tracked CCEPs before and after conditioning to compare the two measures of
connectivity. Not every channel pair produced CCEPs as CCEPs are calculated with averaged
LFP traces which are more variable, especially with the proximity of channel pairs used in our
experiments. The changes reflected in CCEPs were not as consistent as with evoked spikes
relative to the ISIs of the paired stimulation (Figure 4.7). The negative stimulation condition and
the positive stimulation condition that arrived before evoked spikes had similar trends as with
evoked spikes but the positive stimulation that arrived after evoked spikes had much higher
variation. A large number of changes across the entire ISI spectrum deviated from the classic

STDP curve.

We additionally plotted the changes in CCEPs as measured with root-mean squared or the area
under the curve, as CCEPs are often complex and multiphasic (Supplementary Figure 4.1).
However, the changes in these two measures were extremely variable especially in experiments
with small ISls. In addition, peak-to-peak is the most commonly used metric of CCEPs when
used for connectivity analysis. As a result, all following analyses are performed with CCEPs as

measured with peak-to-peak.

Comparisons between measures

We tested whether there was a direct relationship between the changes in evoked spike
probability and inhibition for all 1SIs but found no significant correlation (Figure 4.8). However,
changes caused by different ISIs may be due to different mechanisms. As a result, we defined

four distinct groups — 1) negative ISI greater than -20 ms, 2) positive ISI less than 10 ms with
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potentiation, 3) positive ISI less than 20 ms with depression, 4) all other ISIs (Figure 4.9A). We
observed no significant correlation between the three measures in each of the four groups

(Supplementary Figure 4.2).

Nevertheless, the measures may have a nonlinear relationship; the same magnitude of change in
inhibition duration in one channel pair may manifest differently in another channel pair.
Therefore, we simplified the comparisons by grouping the changes in each region rather than
looking for a direct correlation. Figure 4.9C shows that the inhibition duration typically
increased when evoked spike probability decreased, but only with positive ISls. CCEPs, on the
other hand, were likely to increase with positive ISIs, but not in sessions with decreased evoked
spike probability (Figure 4.9C). These results suggest that the changes induced by conditioning

are reflected in each measure and that the underlying mechanisms may be affecting one another.

Persistence during the pre- and post-test epochs

We additionally determined whether the measures have baseline fluctuations over time during
the pre-test epoch, and whether the changes we induced are consistent across the duration of the
10-minute post-test epoch. Figure 4.10 shows the aggregate z-scored changes in each measure
over time, with significance from the first 10 seconds of the epoch denoted in red above. Evoked
spike probabilities and inhibition duration were incredibly stable throughout the pre-test epoch,
whereas the CCEP magnitude diminished slightly over time on average, though individual traces
showed there are instances in which the magnitude increases over time. During the post-test
epoch, the evoked spike probability had a slight but significant decrease over time and the
inhibition duration had a slight but significant increase over time. The CCEP magnitude average

seemed to be decreasing, but there was no statistical significance due to its variability.
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However, as before, the changes that we observed during the post-test epoch may be specific to a
range of ISls. Using the four regions of ISIs previously defined, we further separated the changes
in the measures over time (Figure 4.11). In sessions with negative ISIs (Figure 4.11, column 1)
the inhibition duration change had a slight increase over time. This trend was reflected in the
evoked spike probability as well but was not statistically significant. CCEP magnitude decreased
over time on average but was highly variable and was not significant. In sessions with positive
ISIs with increases in evoked spike probability (Figure 4.11, column 2) there was no consistent
significant change over time in any measure. In sessions with positive ISIs with decreases in
evoked spike probability (Figure 4.11, column 3) the evoked spike probably was initially low for
the first 60 seconds that gradually increased to steady state over the course of the 10-minute
epoch. This consistent trend was not reflected in any other measure. Finally, large positive ISls

(Figure 4.11, column 4) showed a decrease in CCEP magnitude over time.

To assess whether the changes in the measures we initially observed were simply due to the
averaging of short-term effects, we plotted the previous scatter plots using the first minute of the
post-test period and again with the last minute of the post-test period (Figure 4.12). Changes in
evoked spike probability were similar to the composite results when using the first minute, but
the depression in positive ISIs was exaggerated. The depression was still present when only
considering the last minute but was slightly diminished. The increase in probability of evoked
spikes at positive ISIs showed a similar trend, being stronger during the first minute compared to
the last minute. Interestingly, large positive ISIs resulted depression during the first minute that

switched into being generally potentiation during the last minute.

Changes in inhibition duration were more variable during the first minute. The only noticeable

consistent change was the decrease during negative ISIs, which were mostly be contained within
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smaller ISIs. Changes in CCEPs generally had high magnitudes during the first minute that
decreased by the last minute. This may be related to the overall decrease we see in CCEP

magnitude over time even during the pre-test epoch before any conditioning.

Control experiments

We performed experiments with six different control conditions: 1) Long delay — ISI of greater
than £100 ms, 2) Random stimulation — conditioning stimuli delivered randomly rather than time
locked between the Pre and Post sites, 3) Subthreshold stimulation — 5 pA during conditioning
shown to not evoked spikes, 4) No conditioning — no stimulation during conditioning, 5) Pre
stimulation only — stimuli delivered only to the Pre site during conditioning, and 6) Post

stimulation only — stimuli delivered only to the Post site during conditioning (Figure 4.13).

Changes in evoked spike probability and inhibition duration were all below 20% under any
control condition. Evoked spike probability did not have a consistent change under any control
condition, but inhibition duration typically decreased during Long delay experiments. CCEPs
showed much larger changes of up to over 40%, and typically increased during Long delay

experiments.

We also analyzed whether there were changes in any measure during the post-test epoch for each
control condition (Supplementary Figure 4.3). Although there was no statistically significant
change over time in any condition, CCEP magnitudes typically decreased over time during Long

delay and Random stimulation experiments.
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Discussion

Summary of findings

Paired electrical stimulation in the primate motor cortex induced changes in connectivity
between two sites. The probability of evoking spikes in the postsynaptic site when stimulating
the presynaptic site deviated from classic STDP; positive ISIs less than 20 ms often resulted in
depression. We observed that potentiation only occurred when the stimulus delivered to the Post
site arrived before the evoked spike latency. The duration of the inhibitory response following
the stimulus evoked spikes also did not reflect classic STDP, but typically increased when
evoked spike probability decreased during positive I1SIs. CCEPs also did not reflect classic
STDP, resulting in some depression in positive I1SI experiments, and typically increased when
the evoked spike probability increased as well as with large positive ISIs. Direct comparisons

between all three measures did not show any significant correlations.

Analyses of the measures over time showed that both evoked spike probability and inhibition
duration were consistent during the pre-test epoch, but CCEPs decreased over time. Further
analysis of the post-test epoch showed that evoked spike probabilities increased over time in
positive ISIs that induced depression, inhibition duration increased over time in negative ISlIs,
and CCEPs decreased over time in large positive 1SIs. Most control conditions showed that there
were no large consistent changes in all measures, but inhibition duration decreased and CCEP

magnitude increased during experiments with a long delay between the paired stimuli.

Paired stimulation in vivo and single unit responses
Although delivering electrical stimulation to a cortical site activates excitatory fibers projecting
to a neighboring site, it also activates fibers projecting to interneurons in the local circuitry that

subsequently inhibit the recorded principal cells (Butovas et al., 2006; Logothetis et al., 2010;
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Yun et al., 2022). Thus, improper delay of stimulation delivered to the Post site may enhance the

inhibitory activity rather than the firing of the spike (Figure 4.14).

Our findings support this hypothesis as facilitation is only present when the stimulation of the
Post site occurs before the evoked spike latency. In addition, the inhibition duration typically
lengthens in positive ISI experiments that resulted in fewer stimulus evoked spikes, which
further suggests the inhibitory circuitry becomes stronger or more active. The variability in the
changes is both likely due to the initial evoked spike probability as well as the fact that inhibitory
activity may be occurring as soon as the excitatory response due to their high connectivity and
large number of horizontal projections in layer 2/3 (Adesnik & Scanziani, 2010; Isaacson &

Scanziani, 2011).

The lack of symmetry in the distribution of changes in evoked spike probabilities is likely due to
the specificity of the measure — we are measuring single unit responses in the Post-site and
stimulating the Pre-site — resulting in non-specific changes when using negative ISls. Following
STDP, negative I1SIs would result in excitatory projections from the Pre-site to the Post-site
being weakened and projections from the Post-site to the Pre-site being strengthened. However,
there is variability in the magnitude of changes in specific synapses and no guarantee of uniform
changes on the synapses to and from the recorded stimulus evoked spike, which may explain the

variability present in the strength of depression in negative I1SI conditions.

Our findings do not contradict STDP as the changes are likely STDP mediated. The magnitude
and direction of change was heavily dependent on the 1SI and lasted for at least 10 minutes.
Instead, the results suggest that stimulus induced plasticity in vivo is much more complex than
previously thought, and the interactions within and between local circuitry must be taken into

account.
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Additionally, analysis of evoked spike probability and inhibition duration over time showed that
the measures fluctuated over the 10-minute post-test epoch, especially in experiments that saw a
decrease in the probability with evoked spikes with positive 1SIs. As the curves seem to return to
equilibrium, one theory could be homeostatic plasticity, but synaptic scaling typically occurs
over the timescale of hours or days (Turrigiano, 2008, 2012). Another explanation could be that
there are lingering effects of neurotransmitters receptors which can take time to return to
baseline. However, the time constants of post-synaptic current of both glutamate and GABA
receptors are within 100’s of milliseconds, whereas the changes over time we observed lasted for
10’s of seconds (Bettler et al., 2004; Thomson & Destexhe, 1999). The timescale does match
short-term plasticity (Zucker & Regehr, 2002); however, short-term plasticity is typically
induced by open loop stimulation, and as such we should observe the same changes over time
regardless of the 1SI as well as in control experiments. Thus, we may be observing some other

form of regulating plasticity.

Comparison with CCEPs

CCEPs had similar changes as evoked spike probability, but with much higher variability.
Although CCEPs are directly indicative of neural responses, they are a measure of population
activity which may detract from the changes induced by the conditioning (Keller et al., 2014;
Prime et al., 2020; Vincent et al., 2017). This is confirmed in our study in which CCEPs are
independent of the stimulus evoked spikes, as they are a result of greater spatial integration. We
additionally observed more variable changes in CCEPs due to conditioning relative to the ISl,
similar to a previous experiment studying paired stimulations with CCEPs in which a limited

number of channel pairs could be induced with STDP (Seeman et al., 2017).
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Intracortical CCEPs, especially when used as a measure of connectivity, are most commonly
measured using the peak-to-peak amplitude under the assumption that it reflects synchronized
firing of spikes — more spikes firing as a result of stimulation result in a larger amplitude CCEP
(Seeman et al., 2017; Zanos et al., 2018). However, this interpretation of CCEPs suggests that
proper timing of stimulation to arrive at or before the trough should reliably induce potentiation,
which was not observed in our study. Instead, CCEPs may be reflective of excitatory responses
in conjunction with inhibitory responses and possibly involve complex spatiotemporal
summation (Keller et al., 2014; Vincent et al., 2017). Different measures suggested from
previous literature, such as root-mean squared and area under the curve, did not provide more

consistent results (Prime et al., 2020).

Additionally, we observed that CCEPs typically decrease over time during the pre-test epoch
before any conditioning has been applied, also observed in previous studies when using low
frequency (<20 Hz) stimulation (Goldring et al., 1961; Vincent et al., 2016, 2017). This may
explain the findings in a previous study using CCEPs to assess the effects of paired stimulation
which showed a global increase in CCEPs following conditioning (Seeman et al., 2017). The
decrease in CCEP amplitude has been attributed to distortions from a saturated amplifier, which
is not applicable in our study as the shape of the CCEP does not change over time, or to a
desynchronization of cortical networks (Vincent et al., 2016). However, during the post-test
epoch we also observed large increases over time, and control experiments also did not provide
consistent CCEPs. Additional studies are necessary to fully understand why CCEPs change

drastically over time.

Although CCEPs may be a useful metric for assessing the presence of connectivity, they may not

be a simple metric for measuring the strength of and changes in connectivity. There is a need to
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better understand the neural mechanisms of invoking CCEPs, and the implications behind the
latencies and amplitudes of troughs and peaks, especially with how variable CCEPs are between

different stimulus intensities and depth of recording.

Implications to in vivo plasticity paradigms

Plasticity paradigms in vivo often require high amplitudes or continuous conditioning for long
periods of time for changes in connectivity (Jackson et al., 2006; Rebesco & Miller, 2011b;
Seeman et al., 2017; Yazdan-Shahmorad et al., 2018). However, our experiment showed
consistent changes with just 10 minutes of low amplitude paired stimulation. This is likely
attributed to two reasons: the measure we were using is very specific and allowed us to assess
smaller changes, and the delay of our stimulation was very exact relative to the stimulus
response. Assessing the connectivity with finer details and tailoring stimulation paradigms to the
responses may allow for more effective stimulation paradigms that can be reasonable in a clinical

setting.

However, even within the cortex there could be discrepancies in stimulus responses and induced
plasticity in different cortical regions or even cortical layers. Our study was in the motor cortex,
which is notorious for its high interconnectivity, and in layer 2/3 which has more inhibitory
horizontal projections. Studies exploring changes in connectivity in different layers, especially
layer 5 with its large pyramidal cells, or different cortical regions, like the visual system and its

unidirectional information flow, can confirm whether our findings are generalizable.

Conclusions
We applied paired stimulation to the motor cortex of awake primates using a finer temporal
gradient of ISls than tested before. 10 minutes of conditioning generated consistent changes in

the responses of single units dependent on the ISI. Contrary to classic STDP, very short, positive
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ISIs resulted in depression, likely due to potentiation in the local inhibitory circuitry, suggesting
that the dynamics of plasticity in vivo may have a much finer timescale than previously thought
due to the interconnected nature of excitatory and inhibitory circuitry. CCEPs showed similar but
much more variable results compared to single unit responses, indicating that they may not be
the ideal measure for changes in connectivity strength. Better understanding underlying
dynamics of stimulus responses and connectivity metrics could lead to more effective plasticity

paradigms.
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Figures
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Figure 4.1 Experimental design

Each experiment consisted of three epochs — pre-test, conditioning, and post-test. During the test
epochs stimuli were delivered to the presynaptic site and responses captured at the postsynaptic

site. Conditioning consisted of paired stimulation between the pre- and postsynaptic sites at a

chosen delay, At.
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Figure 4.2 Stimulus responses

A) Example PSTH of a spike showing the stimulus evoked spikes (black arrow) occurring
quickly after stimulus onset (dashed line) and the strong inhibitory response lasting 10s of
milliseconds following the evoked spikes (red arrow). The dashed red line shows the average
inhibition duration. B) Distributions of preconditioning evoked spike percent, mean spike
latency, and inhibition duration. C) Example CCEP trace. Example CCEPs showing similarity
between CCEPs of stimuli that evoked spikes and those that didn’t (left). The same holds for all
spikes throughout the experiment (right) showing the independence of the two measures.
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Figure 4.3 Changes in evoked spike probability with respect to ISI

Changes in evoked spike probabilities plotted against A) raw ISI and B) ISI normalized to spike
latency. Filled in data points are statistically significant from 0 (Fisher’s exact test, p<0.05). C.
Changes in evoked spike probabilities of two pairs of presynaptic site and postsynaptic spike at
different ISlIs.
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Figure 4.4 Firing rate did not affect evoked spike probabilities

Pre FR Post FR

The firing rate of the spikes during the Pre- and Post-test epochs (left). The diagonal line shows

y=X. There was no significant difference in firing rate between the epochs as shown in the

boxplot on the right (p=0.79, Wilcoxon signed-rank test). The blue x shows outliers.
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Figure 4.5 Evoked spike changes relative to initial evoked rate

A. Percent change in evoked spike probability with respect to raw evoked probability during the
pre-test epoch for all sessions in which 0 < normalized ISI < 1. The dashed red line shows the
linear regression (Pearson correlation, rho=-0.45, p=0.01). B. Percent change in inhibition
duration with respect to inhibition duration during the pre-test epoch. The dashed line shows the
linear regression (Pearson correlation, rho=-0.22, p=0.24).
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Figure 4.6 Changes in inhibition duration with respect to ISI

Raw ISI B. Normalized ISI. Filled in data points are statistically significant from 0 (Fisher’s
exact test, p<0.05).
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Figure 4.7 Changes in CCEP magnitude with respect to ISI
CCEP changes relative to normalized ISI. Filled in data points are statistically significant from 0

(2 sample t-test, p<0.05).
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Figure 4.8 Correlation between evoked spikes, inhibition duration, and CCEP changes

There is no significant pairwise correlation between changes in evoked spike probabilities,
inhibition duration, and CCEP amplitudes (Pearson correlation, rho=-0.13, p= 0.47; rho=0.11,

p=0.57; rh0=0.18, p=0.37).
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Figure 4.9 Comparisons in different ranges of ISIs

A. Four different regions of ISI: negative ISI, positive ES changes with ISI from 0 to 4, negative
ES changes with ISI from 0 to 4, and 1S1>4. Scatter plot of evoked spike probability change,
inhibition duration change, and CCEP magnitude change shown with the 4 regions. B.
Distributions of inhibition duration (left) and CCEP magnitude (right) changes in each region of
ISI. (*: p<0.05, **: p<0.01, Wilcoxon sign rank test) (0.004, 0.003,0.03 in order from left to
right)
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Figure 4.10 Measures over time

Average z-scored evoked spike probability (top), inhibition duration (middle), and CCEP
magnitude (bottom) over time during the pre- and post-test epochs (left and right, respectively)
using 10 second bins. Grey traces show individual sessions, black traces show the average, and
the horizontal red bars show statistically significant difference from the first 10 seconds (p<0.05,
Repeated measures ANOVA, Bonferroni correction post-hoc,).
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Figure 4.11 Measures over time during the post-test epoch by different regions of I1Sls

Average z-scored evoked spike probability (top), inhibition duration (middle), and CCEP
magnitude (bottom) over time during the post-test epochs for four different groups of normalized
ISIs. Grey traces show individual sessions, black traces show the average, and the horizontal red
bars show statistically significant difference from the first 10 seconds (p<0.05, Repeated
measures ANOVA, Bonferroni correction post-hoc).
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Figure 4.12 Changes in each measure during the first and last minute of the post-test epoch

Changes in evoked spike probability (top), inhibition duration (middle) and CCEP amplitude
(bottom) with respect to normalized ISIs during the first (left) and last (middle) minute of the
post-test epoch. The right column shows the difference between the last and first minute.
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Figure 4.13 Control experiments

Percent change in evoked spike probability, inhibition duration, and CCEP magnitudes during
different control experiment conditions: 1. Long delay, 2. Random stimulation, 3. Subthreshold
stimulation, 4. No conditioning, 5. Pre-stimulation only, 6. Post-stimulation only. (*: p<0.05, *x*:
p<0.01, Wilcoxon sign rank test) (p=0.014 and 0.008).
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Figure 4.14 Mechanism underlying changes induced by paired stimulation in vivo

\
!

Stimulation at the Pre site activates excitatory horizontal fibers, activating the recorded principal
neurons and the local feedforward and feedback inhibitory circuitry. Paired stimulation
strengthens the projections to the principal cells if the stimulation to the Post site arrives before
the evoked spike latency, whereas it strengthens the feedforward inhibitory pathway if the
stimulation arrives after the evoked spike.
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Chapter 5. Local field potentials and single unit dynamics in motor cortex of
unconstrained macaques during different behavioral states

Abstract

Different sleep states have been shown to be vital for a variety of brain function, including
learning, memory, and skill consolidation. However, our understanding of neural dynamics
during sleep and the role of prominent LFP frequency bands remain incomplete. To discern
changes between different behavioral states we collected multichannel LFP and spike data in
primary motor cortex of unconstrained macaques for up to 24 hours using the Neurochip3. Each
8 second bin of time was classified into awake and moving (Move), awake and at rest (Rest),
REM sleep (REM), or non-REM sleep (NREM) by using dimensionality reduction and
clustering on the average spectral density and the acceleration of the head. LFP power showed
high delta during NREM, high theta during REM, and high beta when the animal was awake.
Cross-frequency phase-amplitude coupling typically showed higher coupling for deeper sleep
between all pairs of frequency bands except for high delta-high gamma and theta-high gamma
coupling during Move, and high theta-beta coupling during REM. Sorted single units showed
decreased firing rate with deeper sleep, though with higher “bursty” patterns during NREM
compared to other states. Spike-LFP synchrony showed high delta synchrony during Move, and
higher coupling with all other frequency bands during NREM. These results altogether are
consistent with previous findings showing reactivation of cortical circuitry activated during the

day, which may be driven by the delta band LFP.
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Introduction

The discovery of rapid-eye movement (REM) sleep by Aserinski and Kleitman showed the
presence of active brain processes during sleep, which catalyzed studies on different sleep stages
(Aserinsky & Kleitman, 1953). Findings have shown REM sleep to play a role in regulating the
autonomous nervous system activity and to be linked with spatial and emotional memory
consolidation (Boyce et al., 2016; Rechtschaffen, 1998; Siegel, 2005). Similarly, non-REM
(NREM) sleep has been shown to be tied to skill consolidation and memory formation

(Ramanathan et al., 2015; Siclari & Tononi, 2017).

Studies have furthered our understanding of different sleep stages by exploring the dynamics of
local field potential (LFP) frequency band power and single-unit spiking characteristics in both
the cortex and various deep brain structures during sleep. Slow waves and delta frequency band
are typically present across the brain during NREM sleep, and high theta power in the
hippocampus is present during REM sleep (Rechtschaffen & Kales, 1968; Silber et al., 2007).
Single units show changes in firing rate as well as firing patterns during sleep, due to changes in
connectivity and excitability, potentially reflecting reactivations of relevant cortical circuit
patterns to solidify learning and memory (Arbune et al., 2020; Ramanathan et al., 2015; Tononi
& Cirelli, 2014; Xu et al., 2019). Several other features of cortical activity, such as k-complexes
and sleep spindles during NREM sleep, have also been identified to be associated with different

stages of sleep (Fernandez & Lithi, 2020; Huber et al., 2004; Ulrich, 2016).

Additional findings have shown that certain plasticity mechanisms, such as long-term
potentiation/depression and synaptic tagging and capture, occur exclusively during sleep (E. Y.
Kim et al., 2005; Vecsey et al., 2018). Subsequent research has applied this knowledge by

enhancing slow waves prevalent during NREM sleep (Bellesi et al., 2014; Marshall et al., 2006)
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or delivering stimulation locked to delta (Rembado et al., 2017) to augment learning and
memory. However, despite our expanding tools and techniques to take advantage of sleep

mechanisms, the neural dynamics underlying sleep remain unclear.

Various measures of local field potential (LFP) coupling and spike-LFP synchrony have been
commonly used to elucidate mechanisms of neural dynamics. Cross-frequency phase-amplitude
coupling of different LFP frequency bands, thought to reflect communication between brain
circuitry, has been shown to be modulated by task performance, cognitive engagement, and
memory formation in various brain regions (Canolty & Knight, 2010; Jensen & Colgin, 2007).
Single units are strongly synchronized to specific phases of LFP frequency bands, notably to beta
and gamma cycles in the motor cortex, suggesting beta to be a resting rhythm during movement
execution and gamma to reflect local population activity (Buzsaki et al., 2012; Buzsaki & Wang,
2012; Engel & Fries, 2010; Murthy & Fetz, 1996a, 1996b). These two analyses have given us
significant insight into neural signaling and the role of both spikes and LFPs in brain function,
but there has yet to be a comprehensive analysis of cross-frequency coupling and spike-LFP

synchrony for specific cortical sites during sleep and wake.

This study analyzes LFP and single unit dynamics in the macaque motor cortex during different
behavioral states to better understand the mechanisms operating during different sleep stages as
well as the roles of various LFP frequency bands. We first used the power spectral density of
LFPs to distinguish between four major behavioral states shown to be relevant to plasticity and
learning in the motor cortex: 1. awake and moving (Move), 2. awake and at rest (Rest), 3. rapid-
eye movement (REM) sleep, and 4. non-REM (NREM) sleep. We tracked single-unit activity
concurrently with LFP recordings and focused on 6 different frequency bands commonly

observed in the cortex — delta, theta, alpha, beta, low gamma, and high gamma. Finally, we
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assessed state-dependent changes in cross-frequency coupling between pairs of the frequency

bands as well as spike-LFP synchrony with each frequency band.
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Materials and Methods

Experimental design

Implants and surgical procedures

The experiments were conducted on two male Macaca nemestrina monkeys, Monkeys J and Kr.
Monkey Kr is referred to as Monkey K in this section. Both animals were implanted with the
Utah microelectrode array in the arm region of M1 as well as the halo implant to allow for
overnight recordings of neuronal data. Monkey J additionally received electrooculography
(EOG) electrodes on both orbits. Refer to “General Methods” for full details on implants and

surgical procedures.

Electrophysiology

All data was collected with the head-mounted Neurochip3 (Shupe et al., 2021) while the
monkeys were freely behaving in their home cage (Figure 5.1A). The Neurochip3 is a battery
powered bidirectional brain-computer interface capable of saving data to an SD card, allowing
for wireless recording and stimulation for up to 24 hours. 16 channels of the Utah array, or 14
channels of the array and 2 channels of the EOG, were recorded at 20 kHz sampling rate with a
bandwidth of 0.1 Hz to 5 kHz (Figure 5.1B). The cortical channels were chosen each day with a
preliminary recording to capture the largest single units present in the array. Most experiments

recorded a different set of channels due to the spikes changing over time.

The Neurochip3 also has an onboard 3-axis accelerometer that was simultaneously recorded at
100 samples per second. Recording sessions lasted between 19 and 24 hours. The animal rooms
had the lights off during the night for 12 hours between 6pm and 6am. We collected data from a

total of 16 sessions from Monkey K and 10 sessions from Monkey J.
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Data analysis

Classifying sleep states

All analyses were performed using custom MATLAB (Mathworks) and Python code. The power
spectral density (PSD) of cortical local field potentials (LFPs) as well as the onboard
accelerometer data from the Neurochip3 were used to classify different sleep states (Figure
5.1B). Data was down sampled to 1 kHz before performing Welch’s PSD estimate between 0
and 50 Hz for each 8 second time-bin. We then converted the PSD into power and found the
average power across all channels for each time-bin. The average power was further normalized
by subtracting by the minimum value and dividing by the integral to ensure relative power at

different frequencies played a larger role than the absolute power.

We then used the normalized average power as inputs to train a stacked sparse autoencoder for
dimensionality reduction, similar to the architecture described in Tsinalis et al. 2016 (Tsinalis et
al., 2016). The encoder was composed of 3 layers of 256, 128, and 64 units each, with batch
normalization and ReL.U activation function. The final hidden layer containing the reduced
representation of the data had 32 nodes. The autoencoder was trained with minibatch sizes of 64
for 300 epochs. The loss was calculated with mean squared error with L1 regularization
(regularization weight A = 1e~>) using the Adam optimizer (learning rate « = 1e~3, decay rate
for first moment 5; = 0.9, decay rate for second moment 5, = 0.999, constant ¢ = 1e~8). The

autoencoder was implemented in Python using the PyTorch package (Paszke et al., 2019).

Accelerometer data was included by performing the root sum of squares across all three axes.
We then found the variance of the values within each time bin and applied a logarithmic scale to

better compress the data. Finally, the standard deviation was normalized to that of the encoded
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dimension with the largest variance. The processed accelerometer data was included as an

additional dimension in the lower dimensional representation (i.e. 33" dimension).

To classify the data, we used k-means clustering with an assumption of 4 centroids. Data points
of the lower dimensional representation within the 90™ percentile of pairwise Euclidean distance
were initially used for finding the centroids of clusters to avoid the influence of outliers. Each

data point was assigned to the centroid with the shortest Euclidean distance.

After clustering, each group of records was assigned to one of four states — 1) awake and moving
(Move) 2) awake and at rest (Rest), 3) rapid-eye movement (REM) sleep, 4) non-REM (NREM)
sleep — by assessing the average accelerometer value and average normalized PSD for each
cluster. First, the cluster with highest average acceleration was assigned to be Move, then the
cluster with highest average delta power (0.5 to 4 Hz) was assigned be NREM, then the cluster
with higher average beta power (15 to 30 Hz) was assigned to be Rest, and the remaining cluster

was assigned to be REM.

To include a temporal aspect and smooth any outliers we performed a majority filter on the
classification. For each time-bin, the majority state across 2 time-bins before to 2 time-bins after
(216 seconds) was considered to be the current state. Ties were resolved by keeping the original

classification, or by random choice if the original classification was not part of the tie.

Validation of classification

Two EOG electrodes (one dorsal and one lateral) were simultaneously recorded from with the
Neurochip3 in experiments with Monkey J. EOG signals were extracted by subtracting the lateral
electrode signal from the dorsal electrode signal and then applying a band-pass filter between 1

and 20 Hz with a zero-phase second-order Butterworth filter. We performed in-booth
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experiments with flashes of lights guiding the monkey’s gaze to ensure we were properly

capturing eye movements.

As the Neurochip3 is mounted to the monkey’s heads, we performed overnight recordings with
the Microsoft Kinect in conjunction to ensure there were no large discrepancies between the on-
board accelerometer and whole-body movements (Libey & Fetz, 2017). Movements with the
Kinect was calculated as the absolute difference between each frame of the infrared depth-
finding camera and the previous frame. We captured frames as quickly as possible with the

processing overhead, around 30 frames per second.

Further validation was performed with k-fold cross-validation with k=20. Each dataset was split
into 20 random groups; classification was performed on 19 of the 20 groups, and the final group
was classified using the centroids from the classification k-means. The training error was
calculated as the difference in classification within the 19 groups used for training the
classification, and the test error as the difference in classification within the final group used to
test the classification. Cross-validation was bootstrapped 50 times for each session to minimize

variability that can potentially be introduced by the random sampling.

Coherence

Refer to “Coherence measurements” in “General Methods.”

Cross-frequency phase-amplitude coupling

To calculate cross-frequency phase-amplitude coupling we used mean vector length (MVL)
(Canolty et al., 2006) (Figure 5.1C). The LFP was first filtered into 2 frequency bands of interest
within the 6 frequency bands of interest — 1) delta (0.5-4 Hz), 2) theta (4-8 Hz), 3) alpha (8-12

Hz), 4) beta (15-30 Hz), 5) low gamma (30-70 Hz), and 5) high gamma (70-120 Hz) — using a
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zero-phase second-order Butterworth filter. We then calculated the analytic signal, H, of each

band using the Hilbert transform:

H(x(t —1Pf+oox(r)d Equation 5.1
(x())—n T quation 5.

—00

where P is Cauchy principal value. The phase of the complex valued analytic signal is the
instantaneous phase at time t, and the magnitude of the analytic signal is the instantaneous

amplitude. The mean vector was then calculated by:
1 .
MVL = |EZ T exp (i¢>)| Equation 5.2
n

where r is the instantaneous magnitude of the higher frequency band and ¢ is the instantaneous
phase of the lower frequency band. ¢ ranges from 0 to 2z radians where 0 is the peak and  the
trough of oscillations. This calculation creates a vector for each sample in time with the phase
and amplitude of the lower and higher frequency bands, respectively. The magnitude of the
average of those vectors, or MVL, measures the strength of synchrony — zero indicates a uniform
distribution in which the vectors “cancel” each other, and higher values indicate the degree of

synchrony.

However, MVL is highly affected by the amplitude and does not have a normalized maximum
value, which makes interpretation of individual values and comparisons of MVL measurements
across different time points difficult. Thus, we additionally calculated the maximum possible
MVL for each state. Instead of using the phase and amplitude that occurs at the same time
sample in Equation 2, we paired the highest amplitudes with the most commonly occurring

phases. Thus, the largest vectors were all in similar directions providing the maximum possible
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length of the mean vector. We then normalized the MVL by dividing by the maximum possible

MVL to assess differences in synchrony between behavioral states.

Spike sorting

Spikes were sorted offline using two-window discrimination. The cortical recording was
bandpass filtered between 1000 and 2000 Hz with a first-order Butterworth filter. Then a
negative threshold and two time-delayed windows were manually chosen to capture the trough
and the peak of the spike waveform. All traces crossing the threshold and passing through the

two windows was denoted as a spike.

As the fidelity of spikes may change over such a long period of recording, we additionally
compared the shapes of the first 1000 detected spikes with the last 1000 detected spikes using the

coefficient of determination (CoD):

2 (Sfirst (t) — Slast (t))z

z Equation 5.3
Z(Sfirst(t) - SfLT‘St)

CoD =1-

where s¢;s¢ is a waveform of one of the first spikes, s, is a waveform of one of the last spikes,

and 5y, is the average of the waveform.

We performed pairwise CoD on all first and last 1000 instances of each spike and compared
them to the pairwise CoD between the first 1000 instances of the spike and the last 1000
instances of a different, randomly chosen spike. If the distribution of the CoD comparing the
same spike was significantly higher than the distribution between the spike and another spike it
was considered to be consistent overnight. Additionally, to ensure we were not capturing
multiple neurons with a similar waveform, we manually assessed the autocorrelograms for each

spike to ensure the presence of a refractory period and proper distribution of inter-spike intervals.
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Phase-locking value

We calculated the phase-locking value (PLV) to assess the strength of synchronization of spike
timing to phases of oscillations in specific frequency bands from LFPs recorded on the same
channel (Figure 5.1D). First, the LFP was filtered into a frequency band of interest. The
instantaneous phase of the lower frequency band was calculated as described above. We then

calculated the PLV:
1 .
PLV = - |Z exp (i¢)| Equation 5.4
n

where ¢ is the instantaneous phase at spike times. The PLV effectively converts each phase into
a unitary vector and finds the average of all the vectors. The magnitude of the resulting vector
determines the synchrony of the phases. A value of zero, similar to MVL, indicates a uniform
distribution, or no synchrony. A value of one indicates that all phases are equal, or perfect

synchrony.
The average phase of spike timing was found using the circular mean:
average phase = arg (Z exp (iqb)) Equation 5.5
n
where arg is the argument of a complex number, or the angle between the positive real axis and

the complex number in the complex plane.

Statistical analysis

We used Friedman’s test to compare values between the four states due to the non-parametric
nature of the distribution and because we were sampling the same spikes and LFPs across each
state. Tukey's honest significance test was used post hoc to determine significant pairwise

differences.
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Results

Classifying sleep states

Although there have been various approaches automating sleep state classification by taking
advantage of the sequential nature of the states as suggested by the American Academy of Sleep
Medicine (AASM) classification (Craik et al., 2019; Silber et al., 2007; Supratak et al., 2017),
studies have shown that including information from neighboring epochs does not necessarily
improve classification (Sekkal et al., 2022; Tsinalis et al., 2016). Most deep learning methods
also rely on supervised learning, but, due to the high inter-scorer variability in manual
classification that these models rely on (Himanen & Hasan, 2000; Younes et al., 2016), we chose
an unsupervised method instead. As a result, we used dimensionality reduction for feature
extraction and subsequent clustering. Autoencoders were chosen as the method for
dimensionality reduction due to its nonlinearity potentially extracting more salient features
compared to linear methods. Though denoising autoencoders are often used for feature extraction
to ensure the network does not learn to replicate the noise, our input data inherently contained
noise due to the recording device being mounted on a freely behaving animal as well as the short
time window of 8 seconds for our power spectral density calculations. As a result, we used a

stacked sparse autoencoder for dimensionality reduction.

Sleep states were classified using the power spectral density of local field potentials (LFPs) of
successive 8-second time-bins as the input to an autoencoder for dimensionality reduction then
using k-means clustering with the lower dimensional representation as well as the accelerometer
data that was concurrently collected through the Neurochip3 (Figure 5.2A, Classifying sleep
states in Methods and materials). We assumed 4 clusters — awake and moving (Move), awake

and at rest (Rest), REM sleep (REM) and non-REM sleep (NREM). Each cluster was assigned to
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the state depending on the average accelerometer value and features in the average power

spectral density (PSD).

Figure 5.2B shows an example of the classification over a 21-hour period and the corresponding
spectral power. During lights-off we found consistent REM cycles in between NREM epochs
occurring every 30 minutes to 2 hours, which became longer and more frequent closer to the
morning, consistent with previous findings (Aserinsky & Kleitman, 1953; Hsieh et al., 2008;
Kripke et al., 1968). NREM was absent when the lights were on in the animal room, but we often
found brief periods of REM sleep concurrent with changes in the PSD, which we attributed to
naps (Figure 5.2B, arrow) (Dijk et al., 1987; Moses et al., 1975). We also often found short
periods of Rest or sometimes even Move during the night which were attributed to brief

awakenings, typical in an average night of sleep.

Averaging the spectral power during each sleep state shows high delta power during NREM
sleep, high theta power during REM sleep, and high beta power when the animal was awake,
consistent with previous findings (Figure 5.2C) (Xu et al., 2019). Additionally, raw LFP traces
during the states show high-frequency activity during Move, faster oscillatory activity during
Rest in the beta range, slower oscillatory activity during REM sleep in the theta and alpha range,
and clear K-complexes and sleep spindles along with low frequency activity around delta during

NREM sleep (Figure 5.2D).

Confirming sleep state classification

As our classification scheme was unsupervised, we simultaneously recorded electrooculography

(EOG) signals to validate the identified sleep states (Figure 5.3A). Eye movements detected with
the EOG were clearly associated with identified sleep states; EOG variance was very high when

the animal was awake, very low during NREM sleep, and elevated during REM sleep (Figure
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5.3B). This relationship was present even during very brief windows of detected awakening

during the night and naps during the day, indicating high accuracy of state classification.

The accelerometer used for classification was on the Neurochip3 which was mounted on the
animals’ head. To confirm the accuracy of detected movements, we additionally recorded the
monkeys’ movements overnight with a Microsoft Kinect. Compared to the movement values
extracted with the Kinect, the accelerometer values were smaller when the animal was awake but
larger when the animal was asleep (Figure 5.3C). This is likely due to body movements that are
independent of the head (i.e., isolated limb movements) not being as accurately recorded in the
accelerometer. On the other hand, when the animal is laying down at night most movements
involve the head. However, these differences were minor, and the two signals were comparable

throughout the recording duration.

Finally, we also performed k-fold cross-validation to verify that our classification method was
consistent and robust. We used k=20 and carried out 50 repetitions per session and found the
average test and training error to be less than 4%, or around 40 total minutes (Figure 5.3D). The
similar but low test and training errors suggest the classification method had low variance (i.e.
not overfit) and high consistency. As a result, the classification was deemed sufficient for the

aims of this study.

Changes in LFP dynamics

The average spectral power per state for each animal is shown in Figure 5.4A. Delta power was
high during NREM sleep due to the presence of slow waves. There was a beta peak during the
wake states, though the specific frequency range differed between the animals: 25-30 Hz for
Monkey K and 15-20 Hz for Monkey J. REM sleep showed slightly higher theta and alpha

power compared to the wake states. However, the differences in power between each state were

154



not as large as expected, which may be due to different sites being recorded for different
recording sessions resulting in a broader average. Although all sites were within the motor cortex
and within a 4 mm wide square window, there may still be large differences in LFP spectral

power across different days, especially during different behavioral states.

Average pairwise coherence per state for each animal is shown in Figure 5.4B. The features were
very similar to those show in the power, but the differences were magnified, likely due to
coherence showing synchrony between pairs of channels and amplifying active oscillatory
signaling over baseline spectral density. In addition to the large delta peak during NREM, there
was a much clearer difference between REM and the wake states, including a more distinct beta

peak.

Cross-frequency phase-amplitude coupling

The phase of lower frequency bands has been observed to be coupled with the amplitude of
higher frequency bands, thought to reflect coordination between brain networks (Canolty &
Knight, 2010; Jensen & Colgin, 2007). We explored the coupling between every pair of low
frequency band phase to high frequency band amplitude to determine whether there were state-
dependent changes. We first plotted the average z-scored spectral power of higher frequencies at
different phases of each frequency band (Figure 5.5). There was clear coupling between different

phases and frequencies, the strength and specific phase of which changed depending on the state.

To quantify the degree of coupling we calculated the normalized mean vector length (nMVL).
Figure 5.6 shows the distribution of nMVL for each pair of frequency bands during each state.
There were large state-dependent fluctuations in nMVL distributions, most notably during

NREM. There was significantly stronger coupling between delta and theta phases and low and

high gamma amplitudes (delta/theta-gamma) during NREM. Interestingly, delta/theta-high
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gamma coupling was also elevated during Move. In contrast, delta/theta-alpha and delta-beta

couplings were significantly lower during NREM.

Other large differences include significantly higher theta-beta coupling during REM and higher
alpha-high gamma coupling during Move. Additionally, beta and low gamma phase to higher

frequency coupling is higher during sleep states than awake states.

To further characterize the coupling, we explored the distribution of the mean vectors to
determine whether the phases aligned with the highest amplitudes were consistent. Figure 5.7
shows the distribution of mean vector phases for each pair of frequency bands during each state.
There was very high consistency in phases during NREM across most pairs of frequency bands.
Theta-beta coupling was very consistent during REM, further validating the high nMVL
distribution. Beta and low gamma phase to higher frequency coupling was consistent in the

phase of coupling, typically between & and 51 /4.

Spike sorting

Spikes were manually sorted using two-window discrimination (Figure 5.8A). As spike
waveform shape and magnitude can fluctuate over time due to electrode drift, we calculated the
coefficient of determination (CoD) for all pairs of the first and last 1000 instances of each spike
to ensure we tracked the same spike throughout the recording duration (Figure 5.8B). A higher
distribution of CoD between the first and last 1000 instances of the same spike compared to the
CoD between different spikes confirmed the consistency of the spike waveform. We tracked a
total of 193 spikes (121 in Monkey K, 92 in Monkey J) that satisfied our conditions across all

Sessions.

156



The firing rates of spikes overnight were strongly and consistently modulated by different
identified sleep states, especially during REM cycles during the night, further demonstrating the
accuracy of the classification method (Figure 5.8C). Firing rates were consistently lower with

deeper sleep.

Additionally, spikes were designated to be regular firing or fast firing depending on the location
of the inter-spike interval distribution peak during Move (Figure 5.8D). If the peak occurred
before 10 ms the spike was designated to be fast spiking (FS), otherwise it was designated to be
regular spiking (RS) (84 FS spikes, 109 RS spikes). Assessing the differences in firing rates
depending on state showed that both RS and FS spike rates significantly decrease with deeper

sleep (Figure 5.8E).

Changes in spiking dynamics

To determine how spiking patterns changed between different sleep states we analyzed changes
in the average ISI distributions of RS and FS spikes. The raw ISI distributions showed an overall
decrease on most ISIs with deeper sleep, reflecting the diminished firing rate, but also a slight

change in the timing of the distribution, especially for RS spikes (Figure 5.9A).

To quantify the differences, we calculated the difference in ISI distributions from Move (Figure
5.9B, top). FS spikes had a consistent decrease in shorter latency ISIs with deeper sleep, but RS
spikes showed a large increase in short latency ISls at around 5 ms (arrow). To determine if there
were any changes in larger ISIs, we plotted the distributions against frequency (Figure 5.9B,
bottom). Both FS and RS spikes showed a peak between 7 and 10 Hz during NREM and a peak

between 20 and 25 Hz during Rest and REM.
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We also assessed how spiking activity of one spike affects other spikes by plotting the peri-event
time histogram (PETH) based on changes in individual spike firing rates. For each spike, we
found times when the firing rate was over 3 times the standard deviation from the average and
calculated the PETH for each other spike in the recording from -1 to 1 second around the
increased firing rate. Figure 5.9C shows the average PETH of each channel pair for each state.
There was consistently high spiking activity immediately following the increase of any spike’s
firing rate, as expected from the co-modulation of firing rates seen overnight. However, the peak
of activity was significantly higher during Move and NREM, being almost identical between the
two states, and the lowest during REM. The widths of the peaks were between 150 and 200 ms

and was comparable between all states.

Spike field relationships

Spikes have been shown to be synchronized to various frequency bands, particularly in the motor
cortex (Buzsaki et al., 2012; Murthy & Fetz, 1996b). We first analyzed the phase-amplitude
distribution normalized by amplitude of each LFP band during spike timings (Figure 5.10).
There was clear synchrony with spikes during NREM sleep with all LFP bands, though at
varying phases. During NREM spikes typically occurred at the negative phase of delta, beta, and
gamma activity, and at intermediate phases for theta (/2) and alpha (37 /4). The synchrony was
particularly apparent during high amplitudes, suggesting spikes are synchronized to active
frequency band activity rather than epiphenomena arising from periodicity of spike firing
patterns. During both awake states and REM sleep spikes were synchronized to the trough of
beta and gamma frequencies, though less than during NREM sleep. Spikes during Move were
also potentially synchronized to the delta band. All other combinations did not show apparent

coordination between LFP band phase and spike timing.
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To quantify the strength of these relationships, we calculated the phase-locking value (PLV) for
each spike during each state for all LFP bands. Figure 5.11 shows the RS spikes’ distribution of
locked phases as well as the PLV for each frequency band during each state. Spikes were more
synchronized to delta during both Move and NREM, validated by the consistency in the locked
phases (around /2 and +m, respectively). For every other frequency band, there was stronger
synchrony during deeper sleep states, though the differences were often not statistically
significant. The phases were extremely consistent for beta and higher frequency bands, but

variable for lower frequency bands during states with lower PLVs.

Figure 5.12 shows the FS spikes’ distribution of locked phases and the PLV for each frequency
band during each state. One large difference from RS spikes was the synchronization with delta
during Move, which was not significantly larger compared to Rest or REM. Otherwise, there was
a much stronger relationship between increase in PLV and deeper sleep states, being statistically
significant for each frequency band. In addition, the phase of synchrony to the low and high

gamma bands was earlier in the phase for FS spikes compared to RS spikes.
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Discussion

State classification

Although a guideline to standardize sleep staging was published after the discovery of sleep
stages (Rechtschaffen & Kales, 1968), staging has remained an inconsistent and often arduous
task. Criticisms of and modifications to the guideline (Himanen & Hasan, 2000; Silber et al.,
2007) as well as various automated methods (Hamida & Ahmed, 2013; Penzel & Conradt, 2000;
Sun et al., 2020) have been developed, but each approach differs in the set of defined states and
the type and amount of data required. In addition, studies on sleep typically use
electroencephalogram (EEG) LFP recordings, which are distinctly different from intracortical
LFPs due to their lower spatial specificity and the complex frequency and phase filtering of bone
and tissue, especially at higher frequencies (Buzsaki et al., 2012; Michel et al., 2004; Sejnowski
et al., 2014). Beyond these difficulties, manual scoring is also compromised by high inter-scorer

variability (Himanen & Hasan, 2000; Younes et al., 2016).

As a result, we developed our own classification methodology to distinguish between different
sleep states. The process was relatively simple, utilizing basic dimensionality reduction and
clustering on processed LFP PSDs and accelerometer values, but was remarkably consistent. We
used several metrics to confirm the method — EOG recordings, concurrent recordings with the
Kinect to track movement, k-fold cross validation, and changes in spike rates; they all indicated
accurate and robust classification. One explanation may be that sleep states can vary between
different regions of the brain (Mascetti, 2016; Siclari & Tononi, 2017). Our focus on a small
region (4x4 mm) of the motor cortex and the high spatial specificity of intracortical LFPs may
have produced more robust results compared to those based on EEG recordings from across the

brain.
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Our method could potentially be improved by using a dimensionality reduction method with
higher complexity, such as a deep neural network (Malafeev et al., 2018), different clustering
methods, such as hierarchical clustering (Gerla et al., 2019), and by including the EOG
recordings or other biophysical measurements as additional dimensions of data (Khalighi et al.,
2013). However, developing a flawless classification method was not within scope of the study

and thus the method presented was deemed to be sufficiently accurate and of practical use.

LFP and spike dynamics during different sleep states

The average PSD of LFPs during each state displayed features similar to those reported
previously (Rechtschaffen & Kales, 1968; Silber et al., 2007; Xu et al., 2019). We found high
delta power during NREM sleep, as delta is elevated across the brain during all stages of NREM.
Beta power was high during Move and Rest, as we were recording from the primary motor
cortex, and beta oscillations are highly relevant in motor control (Engel & Fries, 2010; Khanna
& Carmena, 2017). Finally, we found high theta power during REM sleep. The role of theta band
in the cortex is still obscure, but theta in the hippocampus is also consistently high during REM
(Boyce et al., 2016). We found similar features in the pairwise magnitude-squared coherence. As
coherence shows synchrony between two signals, it effectively emphasizes coordinating activity

from the baseline PSD.

We also observed decreased spiking activity with deeper sleep, similar to a previous study (Xu et
al., 2019). In addition, the firing patterns of spikes changed due to sleep state — RS neurons had
increased high frequency activity during NREM compared to Move, and all neurons had an
increase low frequency activity during Rest, REM, and NREM compared to Move. The increase
in beta frequency activity of neurons during REM and Rest can be explained by the fact that beta

is seen as a “resting” rhythm in the primary motor cortex (Engel & Fries, 2010). RS neurons are
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likely to be excitatory pyramidal cells and FS neurons are likely to be inhibitory interneurons
(McCormick et al., 1985), which may explain the higher “bursty” firing pattern of RS neurons
during NREM sleep, potentially due to reactivation of cortical circuitry activated during the day.
This is further substantiated by the PETH of spikes to increases in firing rate showing similarly

high coordination between spikes during Move and NREM compared to Rest or REM.

Cross-frequency coupling and spike-LFP synchrony

Cross frequency coupling shows that the higher frequency band modulates with the lower
frequency band. Such synchrony reflects coordination of local networks operating on shorter
time scales to distributed circuits synchronized at longer time scales; this could potentially play a
role in neural computation of attention, learning, and memory (Canolty & Knight, 2010; Jensen
& Colgin, 2007). Various measures have been proposed to quantify phase-amplitude coupling;
compared to other proposed measures the MVL introduced by Canolty et al. (2006) has been
shown to be accurate, the most sensitive to modulations in coupling strengths, and ideal for high
quality signals over a long recording epochs (Canolty et al., 2006; Hillsemann et al., 2019;

Onslow et al., 2011; Tort et al., 2010).

Spike-LFP synchrony provides another measure of synchrony between the single neurons and
the composite synaptic activity of the local population (Buzsaki et al., 2012; Murthy & Fetz,
1996b; Okun et al., 2010). The magnitude indicates the strength of synchrony whereas the phase

can provide insights into the timing of the spikes relative to the local population.

Most instances of cross-frequency phase-amplitude coupling and spike-LFP synchrony were
stronger for deeper sleep states. This may be due to asynchronous activity during Move being

driven by functional local circuitry (i.e. generating movement) whereas activity during resting
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and sleep states are more attuned to baseline macroscopic rhythmic activity, potentially driven by

homeostatic plasticity (Tononi & Cirelli, 2014).

Delta and high gamma

One noticeable deviation from deeper sleep resulting in stronger synchrony was delta phase to
high gamma amplitude (delta-high gamma) coupling, which was significantly higher during
Move compared to Rest or REM. Delta oscillations may arise in the thalamus or the cortex and
are elevated during NREM. Delta has also been linked to various perceptual, sensorimotor, and
cognitive operations, potentially suppressing activity not necessary to the task at hand (Giintekin
& Basar, 2016; Harmony, 2013). In contrast, high gamma band LFP is representative of local
spiking activity, often strongly correlated with action potentials, and can also reflect neuronal

synchrony (Ray et al., 2008; Ray & Maunsell, 2011).

Evidence suggests the strength of delta-high gamma coupling is modulated by dopamine in both
the prefrontal cortex and the cortico-basal ganglia network (Andino-Pavlovsky et al., 2017;
Guintekin & Basar, 2016). Delta-high gamma coupling has also previously been shown to be
present during sleep in both the hippocampus and the neocortex (Clemens et al., 2009; Takeuchi
et al., 2015), but the underlying mechanisms are still unclear. Andino-Pavlovsky et al. (2017)
showed high delta-high gamma coupling during slow wave sleep in the rodent prefrontal cortex,
and Takeuchi et al. (2015) showed strong delta-high gamma coupling during REM and several
NREM substages in the primate hippocampus (Andino-Pavlovsky et al., 2017; Takeuchi et al.,
2015). However, neither study pursued the state-dependent comparisons, and their broad
definition of gamma (>25 Hz) makes independent interpretation difficult. Specific comparisons

of delta-high gamma coupling during different sleep states have not been reported.
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Spike synchrony to delta band sheds additional light on the delta-high gamma relationship. In
our study, only RS neurons showed higher delta-high gamma coupling during Move, and the
phase of synchrony was consistently at the falling edge of the wave (Figure 5.11). During NREM
both RS and FS spikes were synchronized to delta, but the phase of synchrony was immediately
after the trough of the wave. These results suggest delta as a coordinating signal that reactivates
cortical circuitry during sleep for consolidation (Gulati et al., 2017; Ramanathan et al., 2015; Xu
et al., 2019); spiking activity during the day occurs before delta is the most depolarized,
potentially driving delta activity, and delta during NREM has the highest depolarization right
before spiking activity, which may reactivate the neural circuitry. Such coordination is also

reflected in the cross-frequency coupling observed in our study.

Theta in the motor cortex and REM sleep

Theta oscillations have often been observed during REM sleep, and have also been shown to
coordinate hippocampal place cell activity during active exploration (Buzsaki & Moser, 2013;
Cantero et al., 2003). In the cortex, modulation of theta has been most prominently seen with
theta burst stimulation (TBS) — bursts of gamma frequency stimulation delivered at theta
intervals, typically with TMS over the motor region. TBS has been shown to increase the
excitability of the motor system, observed through increased motor evoked potentials, potentially
by mimicking the coupling of theta and gamma oscillations (Cardenas-Morales et al., 2010;
Huang et al., 2005; Suppa et al., 2016). Additional evidence shows that strengthening theta-high
gamma coupling with transcranial alternating current stimulation (tACS) increases motor
learning (Akkad et al., 2021). In agreement with these previous findings, our results show much

higher theta-high gamma coupling during Move.
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Theta has also been shown to be coupled to low gamma. A wealth of recent cross-frequency
coupling literature has reported theta-low gamma coupling in both hippocampus and the
neocortex, showing modulations dependent on task performance, cognitive engagement, and
memory formation (Buzsaki & Wang, 2012; Canolty et al., 2006; Lisman & Jensen, 2013).
Although stronger theta-low gamma coupling has also been observed during REM sleep, it was
absent in human studies, potentially due to hippocampal theta oscillations in humans being
slower than those in rodents (Cantero et al., 2003; Clemens et al., 2009; Jacobs, 2014). Similar to
the human studies, we did not find significant theta-low gamma coupling during REM, but we

also did not find significant delta-low gamma coupling.

Instead, we found very high theta-beta coupling during REM sleep. Theta-beta coupling is not a
common topic of study; there is some evidence that suggests it plays a role in working memory
and decision making, but the literature is sparse and focuses on the frontal lobe (Axmacher et al.,
2010; M. X. Cohen et al., 2009; Liang et al., 2021). In our results, the maximum beta amplitude
occurs right before the peak of theta (Figure 5.7), which leads to minimum beta occurring right
after the trough of theta. If beta is a regulating, inhibitory rhythm in the motor cortex, perhaps
theta is increasing the excitability of the cortex by minimizing beta, and thus inhibition. This
may lead to more effective memory consolidation often seen during REM sleep, relevant to

motor skill learning. However, more research is needed to confirm these conclusions.

Concluding Comments

We analyzed spike and LFP activity in the primate motor cortex during different behavioral
states to better understand the role of sleep and various LFP frequency bands. We observed an
increase in burst firing and high coordination between spikes during NREM, consistent with

previous findings suggesting reactivations of cortical circuity during NREM. High cross-
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frequency phase-amplitude coupling between delta and high gamma when the animal is awake
and moving and during non-REM sleep, as well as spike-field synchrony with delta band LFP,
suggest that delta may encode and subsequently drive these reactivations. Modulations in theta to
low gamma phase-amplitude coupling, commonly observed in rodents, was not observed, similar
to previous human studies. Instead, we observed high theta to beta coupling during REM,
potentially driving motor learning by increasing the excitability of the cortex. We also observed
high theta to high gamma coupling during Move, potentially reflecting coordination with

hippocampal place cells.
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Figure 5.1 Experimental design

A. All data was gathered using the Neurochip3 on freely behaving macaques for up to 24 hours.
B. We collected 16 channels of data at 20 kHz and obtained the spectral density of every 8-
second bin to classify behavioral states. C. We then calculated the cross-frequency phase-
amplitude coupling of every frequency band pair. The example shows the instantaneous
amplitude (red) of high gamma filtered LFP (black, bottom) increasing at the trough of beta
(black, top). D. We additionally sorted single units and found the synchrony of spikes to LFP
bands. The example shows spikes (red) synchronized with the trough of beta filtered LFP.
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Figure 5.2 Behavioral state classification

A. Diagram of classification process. LFP and accelerometer signals are used to train an
autoencoder for dimensionality reduction and subsequent k-means clustering to determine
different sleep states. B. Example of classification and spectra over 22 hours of continuous
recording. Brief periods of REM sleep were observed during the day, attributed to naps (arrow).
C. Averaged spectra across each state for the session shown in (B). There is high delta power
during NREM, theta power during REM, and beta power during Move and Rest states. D.
Example traces of raw LFP during each state. Spindles (black arrow) and k-complexes (red
arrow) were observed during NREM sleep.
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Figure 5.3 Confirmation of behavioral state classification

A. An example of filtered differential EOG signals and corresponding eye movements. B.
Standard deviation of EOG signals overnight with respect to classified states. Note the increase
in large eye movements during REM and waking. C. An example of the normalized variance of
accelerometer data and the normalized variance of the Kinect data with respect to classified
states. D. Test and training errors with k-fold cross-validation in percent (left) and total minutes
(right).
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Figure 5.4 LFP dynamics during each state

A. Average spectral power in each state for each animal across all experiments. Shaded regions
show standard error. B. Average pairwise coherence in each state for each animal across all
experiments. Shaded regions show standard error.
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Figure 5.5 Cross-frequency phase-power distributions

Distribution of lower frequency band phase and higher frequency band power during each state.
The power is z-scored for each frequency.
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Normalized MVL distributions for each lower frequency band phase and higher frequency band
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range and the white dots show median values. The numbers above each group denote
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Figure 5.7 Mean vector phase distributions

The distribution of phases of mean vectors for each lower frequency band phase and higher
frequency band amplitude pair during each state. The phase of the mean vector shows the phase
at which the amplitude of the higher frequency band is the greatest.
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Figure 5.8 Spike sorting

A. An example of a sorted spike. The grey traces show a random sample of 1000 spikes, the
black line is the average, the horizontal dashed red line shows the threshold, and the blue vertical
lines show the two windows. B. An example of comparisons of the pairwise coefficient of
determination (CoD) between the first and last 1000 instances of the same spike and the first and
last 1000 instances of two different spikes. C. Firing rates binned every 60 seconds of four
neurons overnight with classified sleep states. The changes in firing rate very closely match the
changes in state. D. Histogram of the peak of the ISI distribution of each spike. Spikes with
peaks earlier than 10 ms were denoted to be fast spiking (FS) and all others denoted to be regular
spiking (RS). E. Percent difference of firing rate in each state from the average overall firing rate
for each spike type. Each state is statistically significantly different from each other state
(Friedman’s test, p<0.05).
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Figure 5.9 Changes in spiking patterns

A. Average ISI distributions of identified fast spiking and regular spiking neurons during each
state. B. Difference of ISI distributions from Move plotted against time (top) and frequency
(bottom). Note the peak around 5 ms during NREM for regular spiking neurons and the peaks
around 7-10 Hz during NREM sleep and the peaks at around 20 and 25 Hz for REM and Rest
respectively (arrows) for both neuron types. All three peaks were significantly different from 0
(Wilcoxon signed-rank test, p<0.05). C. Average normalized PETH triggered from an increase in
firing rate of one spike. Each PETH trace was normalized by subtracting the mean value and
then dividing by the standard deviation.
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Figure 5.10 Phase distributions of LFPs at spike times
Phase distributions normalized for each amplitude during each sleep state for each LFP band.
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Distributions of locked phase (left) and PLVs (right) of regular spiking neurons during each
sleep state for each LFP band. The numbers above each group denote significance compared to
another state (Friedman’s test, p<0.05).
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Figure 5.12 Locked phase and phase locking value distributions for fast spiking neurons

Distributions of locked phase (left) and PLVs (right) of fast spiking neurons during each sleep
state for each LFP band. The numbers above each group denote significance compared to
another state (Friedman’s test, p<0.05).
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Conclusions and future directions

This dissertation outlines the experiments performed to better understand mechanisms of
intracortical microstimulation and its uses in stimulus-induced targeted plasticity. | explored how
stimulation activates individual neurons and what we can infer from those activations in Chapter
3. The dependence of the effects of stimulation on different phases of movement were studied in
Chapter 1, and the groundwork to explore the changes during different stages of sleep were
established in Chapter 5. Finally, the relevance of specific stimulus timing was demonstrated in
Chapters 2 and 4. These studies illustrate the significance of better understanding responses to
ICMS and delivering stimulation at specific timings. Potential future experiments to further these
experiments and help elucidate underlying mechanisms or improve our understanding of

stimulus induced plasticity are outlined below.

i. Coincident activation of a postsynaptic site via stimulation of two presynaptic sites for
induction of multi-site STDPS

Chapter 4 established a paired stimulation paradigm for STDP. These results can lead to an
experiment in which stimulation is delivered to two presynaptic sites that project to the same
postsynaptic site, illustrated in Figure i.1. Given two sites, Prel and Pre2, such that stimulating
the sites generates a spike in a third site, Post, at latencies of ES1 and ES2, we can design a
paired stimulation paradigm in which Prel then Pre2 are stimulated at a delay of ES2-ES1. This
would result in the activation of Post from Prel and Pre2 to arrive concurrently. If the facilitation
we observed in Chapter 4 was indeed due to the specific timing relative to the evoked spike
latency, such coincident activation should strengthen the connections from both Prel and Pre2 to

Post.
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| was able to perform three preliminary experimental sessions. The experimental design was
similar to Chapter 4 except the paired stimulation was delivered to two presynaptic sites with a
delay such that the Post spike evoked by stimulation delivered to Prel arrived simultaneously as
the Post spike evoked by stimulation delivered to Pre2. During the pre- and post-test epochs |
randomly alternated between Prel and Pre2 for each test stimulus. One experiment resulted in
strengthening of both connections, one resulted in strengthening of one connection, and the final
experiment resulted in no changes. In all three experiments, the probability of evoking the Post
spike during the conditioning epoch was significantly higher compared to stimulating just Prel

or Pre2.

The variability may be due to the dependence of the synaptic changes on the initial evoked spike
probability, as was demonstrated in Chapter 4. It can also be explained by the co-activation
potentially strengthening projections to the inhibitory circuitry resulting in weaker potentiation.
Altering the ISI such that the activations do not coincide with one another, and reassessing
changes will shed light on the underlying mechanisms. Additional experiments with optogenetics
will also determine how the changes may be affected by specific cell and synapse types and

whether our interpretation of results from Chapter 4 was accurate.

This study can subsequently allow for strengthening of connections to a site that does not receive
any stimulation, potentially enabling potentiation to difficult-to-implant locations such as the
spinal cord or deeper brain structures. It may also lead to predicting changes in synaptic strength
due to multi-channel stimulation, paving the way for designing complex stimulation paradigms

to induce targeted changes on network level connectivity.
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ii. Behavioral state dependent stimulus responses and plasticity

Chapter 5 laid the groundwork for assessing different behavioral states using spectral properties
of intracortical LFP. Although the focus was on assessing changes in neural dynamics, the initial
purpose was to assess the differences in efficacy of plasticity paradigms applied at various
behavioral states. As mentioned in Chapter 5, there is already ample evidence that REM and
NREM sleep are critical for solidification of plasticity; as mentioned in Chapter 1, stimulation
delivered during active movement may be more effective than stimulation delivered at rest.
However, stimulus induced STDP has not been explicitly compared between different behavioral

states.

To assess changes in cortical connectivity, stimulation is typically delivered to the presynaptic
site and a response measured at the postsynaptic site. To determine whether these baseline
responses can change between states, we conducted preliminary experiments by delivering
single-pulse stimulation every 10 seconds. We used the same method as in Chapter 5 for
classifying between different behavioral states, but 2 seconds following each stimulus were
blanked to prevent the stimulus response from contaminating the power spectral density. We
collected 22 spike responses, 14 of which were fast spiking and 8 of which were regular spiking.
The results showed that the single unit response to stimulation did not have a consistent change
depending on the state, and that the subsequent inhibition increased with deeper sleep regardless

of the spike type (Figure ii.1).

However, Chapter 3 showed that both the excitatory and inhibitory responses are linearly
correlated with the spontaneous firing rate, and Chapter 5 showed differences in both firing rate
and firing patterns of spikes between different behavioral states. Thus, we normalized the

excitatory response by dividing by the firing rate and normalized the inhibitory response by
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dividing by the inverse of the firing rate (i.e. multiplying by the firing rate). However, the results
remained the same, with the excitatory response showing no consistent change between states
and the inhibitory response increasing with deeper sleep. This suggests that the behavioral state
is irrelevant to the excitatory response of neurons to stimulation, and that inhibitory neurons are
much more excitable during deeper sleep that isn’t fully accounted for by the decrease in
excitation. These results support the previous findings of active inhibition during sleep (Brown et
al., 2012; Timofeev et al., 2001), but more data and further analyses are required to confirm

these conclusions and understand why excitatory responses do not change.

Once the baseline stimulus responses are fully analyzed, we can then track plasticity overnight.
There are two approaches for doing so: 1) deliver stimulation only during specific behavioral
states and compare their efficacies or 2) track how the effects of a plasticity paradigm delivered

during the day change overnight through different behavioral states.

The first approach requires a modification of the Neurochip3 to allow for real-time assessment of
behavioral state. The autoencoder and distance calculations for k-means only requires linear
operations so it may be possible to add this functionality to the FPGA. The state classification for
the recorded electrode set would be classified beforehand and the weights and k-means centroids
uploaded to the Neurochip3 before the experimental session. | would expect plasticity to be
much more readily induced during REM and NREM sleep due to their roles in learning and
memory consolidation. However, the active inhibition present during sleep may prevent external

stimuli from readily altering the synaptic strength.

The second approach can be implemented much easier, and simply requires continuously
recording overnight after applying the stimulation paradigms of Chapter 4. For newly

strengthened connections | would expect the relationship to become amplified during sleep
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following the theory of reactivation of cortical circuitry. These studies will elucidate the impact
of brain state on plasticity and shed light on the role of different behavioral states on cortical

circuitry, possibly leading to more efficacious plasticity paradigms.
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Figures

Conditioning Paradigm Post Conditioning

1. Stimulatior\
ES2-ES1
Delay
2. Stimulatior\

Figure i.1 Stimulating two presynaptic sites to strengthen connections to a postsynaptic site

3. Evoked Spike

Given two sites, Prel and Pre2, such that stimulating the sites generates a spike in a third site,
Post, at latencies of ES1 and ES2 we can design a paired stimulation paradigm in which Prel
then Pre2 are stimulated at a delay of ES2-ES1. This would result in the activation of Post from
Prel and Pre2 to arrive concurrently, potentially strengthening the connections from Prel and
Pre2 to post.
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Figure ii.1 Stimulus responses during different behavioral states

Examples of responses during different behavioral states showing increases during Move (left),
no changes between states (middle), and increases during NREM (right). The change in
responses is inconsistent between individual spikes.
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Supplementary materials

Chapter 1.
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Supplementary Figure 1.1 Implant diagrams

(A) Locations of electrodes for each monkey. Electrode locations reflect positions inferred by
stereotactic coordinates (3mm spaced grids) at time of implant. (B) Diagrams of the custom-
made epidural and dual electrodes.
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Supplementary Figure 1.2 Distribution of CS timings

Timing of CS relative to RT for each experiment. The total experiment counts are: 38 in CSprep,
55 in CSmove, and 23 in CSreIax.
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Supplementary Figure 1.3 Stimulus induced movement and calculating RT

Example of stimulus induced movement (“Twitch’), median accelerometer trace, and threshold
for RT calculation. The threshold is 1/6 of the peak median acceleration as it was determined to
the lowest possible threshold while not detecting the stimulus induced twitch as voluntary
movement.
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Supplementary Figure 1.4 Amplitude in Contralateral CS experiments

Instantaneous LFP band amplitude of the stimulated hemisphere for each epoch and stimulus
timing during Contralateral CS experiments. Contralateral and ipsilateral refers to limb
movement relative to the stimulated hemisphere.
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Supplementary Figure 1.5 Amplitude in Ipsilateral CS experiments

Instantaneous LFP band amplitude of the stimulated hemisphere for each epoch and stimulus
timing during Ipsilateral CS experiments. Contralateral and ipsilateral refers to limb movement
relative to the stimulated hemisphere.

190



r1ag
|ed31e|15d]
e199
[RJR1R|EILOD
eydyy
|esyepisd]

()
Q
> =
T8
3 Y
[17]
-
o

008&-

[©13UDD)

o0s

{sw) | Y o} 2Ae[a1 awy

000l
yrods aug

00¢-

{sW) | Y o) 2Ale(al awy
00%

0001

008-

EMOLUSD

(sW) 1¥ 01 sAnBRI AW
0058

0001

00¢&-

XQ]BJSJ

(sw) 1Y o) sAeaI awy
008

000l
i
i

o )
=& n

Supplementary Figure 1.6 Coherence in Contralateral CS experiments

Interhemispheric coherence for each epoch and stimulus timing during Contralateral CS
experiments. Contralateral and ipsilateral refers to limb movement relative to the stimulated
hemisphere.
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Supplementary Figure 1.7 Coherence in Ipsilateral CS experiments

Interhemispheric coherence for each epoch and stimulus timing during Ipsilateral CS
experiments. Contralateral and ipsilateral refers to limb movement relative to the stimulated
hemisphere.
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Supplementary Figure 1.8 Changes in alpha coherence compared to changes in RT

Scatter plot showing the changes in alpha coherence plotted against the changes in RT for all
experiment conditions and trial types with statistically significant changes in alpha. There is no
statistically significant correlation between the two measures.
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Supplementary Figure 1.9 Granger causality

Average pairwise Granger causality between all 32 channels of Monkey U during left and right
trials of the Pre epoch and their significance across all conditioning experiments. 16 channels
were in the left hemisphere (L channels) and 16 in the right hemisphere (R channels). Note the
high causality and significance within hemispheres but sparse directionality between
hemispheres.
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Chapter 4.
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Supplementary Figure 4.1 Different CCEP measures

Changes in CCEPs before and after conditioning calculated using root-mean squared (left) or
area under the curve (right) with respect to normalized ISls.
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Supplementary Figure 4.2 Correlations for each region of ISl

Scatter plots and best fit lines of each ISI region for every pair of measures. There is no
statistically significant correlation between any measure in any region.
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Supplementary Figure 4.3 Controls over time

Individual session traces (grey) and averages (black) of z-scored evoked spike probability (top),
inhibition duration (middle), and CCEP amplitude (bottom) during the 10-minute post-test epoch
for each control condition. There is no statistical significance between the first 10 seconds to the
rest of the epoch in any measure (repeated measures ANOVA, p<0.05).
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