Engaging Multiple Mechanisms of Plasticity to Promote Functional Recovery after Stroke

Karam Khateeb

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2025

Reading Committee:
Azadeh Yazdan-Shahmorad, Chair
Steve Perlmutter

Andre Berndt

Program Authorized to Offer Degree:

Bioengineering



© Copyright 2025

Karam Khateeb



University of Washington

Abstract

Engaging Multiple Mechanisms of Plasticity to Promote Functional Recovery after Stroke

Karam Khateeb

Chair of the Supervisory Committee:
Azadeh Yazdan-Shahmorad
Department of Bioengineering

The human brain is responsible for executing a vast range of functions such as movement,
somatosensation, visual processing, and cognition. These and other abilities depend critically on a
delicate balance between the stability and adaptability of neuronal connections. Neural injuries
such as stroke disrupt these connections and oftenresultin serious debilitating effects on the brain’s
ability to perform critical functions. A major challenge in developing effective rehabilitative
treatments for stroke is the absence of a unifying framework for investigating multiple physiological
processes in preclinical animal models. In this dissertation, | describe a framework by which we can
study various aspects of cortical physiology in non-human primates (NHPs), a clinically relevant
animal model, under healthy and stroke conditions (Chapter 2). Although neurons possess a diverse
repertoire of plasticity mechanisms to modify and stabilize their connections, stimulation-based
stroke therapies have largely focused on Hebbian forms of plasticity. Other mechanisms remain
underexplored despite their potential relevance for recovery. | present two approaches to engage
homeostatic and Hebbian plasticity mechanisms to induce targeted changes in functional
connectivity in NHPs and rodents (Chapters 3 and 4). The combination of these tools and approaches
can drive the development of effective rehabilitative stroke treatments to restore the loss of critical

functions such as mobility, somatosensation, and visual processing.
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Chapter 1: Introduction

Background and Motivation

The human brain is a complex, dense, labyrinthine ecosystem. It is highly dynamic, a source of
stability, and a point of fragility. Our personalities, memories, emotions, and skills are encoded by
the trillions of connections between the billions of neurons within our brains. When this dynamic
ecosystem is perturbed (e.g. by an injury), it is able to adapt and accommodate its structure in an
attempt to maintain its ability to execute the multitude of its functions. However, the complexity of
the brain often means that such perturbations can expose its fragility, leading to debilitating

outcomes. One such perturbation is neural injury due to stroke.

The Need for Additional Post-Stroke Interventions

Strokes result from disruptions in cerebral blood flow. Ischemic strokes account for approximately
85% of stroke incidences and are caused by thromboembolic occlusions in the cerebral vasculature
(Feigin et al., 2021; Virani et al., 2021). This leads to the death of downstream neurons and brain
tissue that rely on the occluded blood supply for survival. In one study, approximately 77.4% of
ischemic stroke patients reported weakness of the upper limbs (Lawrence et al., 2001). Other
common ailments include impaired consciousness (44.7%), impaired cognition (43.9%), dysphagia
(difficulty swallowing, 44.7%), and urinary incontinence (48.2%) (Lawrence et al., 2001). Others have
also shown that up to 60% of stroke survivors develop significant cognitive impairments within their
first year after stroke (Douiri et al., 2013; Guo et al., 2024; El Husseini et al., 2023; Jacquin et al., 2014;
Lo et al., 2019). As a result, stroke is a leading cause of long-term disability among adults globally

(Donkor, 2018; Feigin et al., 2021; Katan and Luft, 2018; Virani et al., 2021).

One effective method to treat ischemic stroke is to pharmacologically restore blood flow to the
affected regions, namely through the use of recombinant tissue plasminogen activator (rtPA) (Clark
et al., 2000). Typically, this type of treatment is limited to the first few hours after stroke and can
significantly improve patient outcomes (Prabhakaran et al., 2015). However, due to the short
treatment window, only about 10-30% of ischemic stroke patients receive rtPA treatment, although
this percentage is steadily rising (Adeoye et al., 2011; Koge et al., 2023). Moreover, most patients
receiving reperfusion treatments still require additional long-term care and rehabilitative therapy

(Cramer, 2018; Hacke et al., 2008; Li et al., 2023). Thus, there is a strong need for additional



interventions that can complement existing rehabilitative treatments to help restore patients’ lost

abilities, functions, and sense of self.

Stimulation-based approaches have the potential to enhance functional recovery after stroke. One
high-profile Phase Il clinical trial investigated the use of epidural electrical stimulation of the motor
cortex administered concurrently with rehabilitation (Levy et al., 2016). This combined approach
aimed to enhance plasticity and promote functional recovery in stroke patients. Although this
strategy was successful in a subset of patients, there was no significant difference in overall
improvement between the investigational and control groups after four weeks of treatment. This
outcome was unexpected given the successes of earlier preclinical and clinical trials (Levy et al.,
2016). The failure to meet the primary endpoint has prompted researchers in the field to reexamine
the limitations of stimulation-based approaches. One notable limitation of these clinical trials was
the predominant reliance on rodent models in the preclinical stage, rather than on non-human
primates (NHPs), which offer greater clinical relevance due to their closer anatomical and functional
similarity to humans. Another weakness was the lack of efficacy with which the stimulation protocols
were able to engage plasticity mechanisms to promote recovery (Levy et al., 2016). This dissertation
aims to develop and investigate strategies for engaging diverse plasticity mechanisms to promote
functional recovery following neural injury using both rodent and NHP animal models. To achieve

this, it is important that we have an understanding of a few key plasticity mechanisms.

Mechanisms of Plasticity

The brain’s highly dynamic and plastic disposition can be a natural gateway towards driving
functional recovery after stroke. In as early as the 4" century BCE, Aristotle described the mind as a
being shaped by experience (McKeon et al., 1967). Remarkably, in 1890, the philosopher William
James described the idea of neural plasticity as we know it today in The Principles of Philosophy. In
this treatise, he described, “Plasticity... means the possession of a structure weak enough to yield to
an influence, but strong enough not to yield all at once” (James, 1890). Through this, he argued that
our habits and experiences can influence the shape and structure of the brain. This foundational
insight paved the way for the work of psychologist Donald Hebb, a seminal figure in the field of neural

plasticity.

Hebbian and Spike Timing-Dependent Plasticity
Donald Hebb cemented the concept of experience-dependent plasticity in The Organization of

Behavior, in which he postulated that synaptic strengths could increase through repeated co-



activation of both presynaptic and postsynaptic neurons (Hebb, 1949). The Hebbian model of
plasticity has since guided many of our approaches to stimulation-based stroke therapies
(Edwardson et al., 2013). Early empirical evidence of Hebbian plasticity was demonstrated by Bliss
and Lemo in 1973. In urethane-anesthetized rabbits, they delivered high-frequency electrical
stimulation to the perforant path, which provides input into the dentate gyrus of the hippocampus.
By measuring field potentials in the granule cell layer of the dentate gyrus, they observed an input-
specific persistent increase in synaptic strength (potentiation) (Bliss and Lemo, 1973). In ex vivo rat
cortical slice preparations, Markram et al. demonstrated that postsynaptic neuronal firing within a
brief time window after presynaptic neuronal firing resulted in the potentiation of that synapse.
However, if the postsynaptic neuron fired before the presynaptic neuron, then the synapse would
weaken in strength (depression) (Markram et al., 1997). They then demonstrated that blocking N-
methyl-D-aspartate receptors (NMDARSs) in the postsynaptic neuron prevented this potentiation
(Markram et al., 1997). They attributed this spike-timing-dependent potentiation as being reliant on
back-propagating action potentials (bAPs) and NMDAR activation. Specifically, they suggested that
bAPs facilitate the removal of Mg?* ions that block NMDARs in a voltage-dependent manner, leading
to Ca?" influx and subsequent potentiation. Soon afterwards, Bi and Poo demonstrated a similar
phenomenon in cultured hippocampal neurons and further elucidated the effect of timing and order
of spiking on potentiation and depression (Bi and Poo, 1998). Thus, the term “spike timing-dependent
plasticity” (STDP) was established (Song and Abbott, 2001). In the classical STDP curve (Figure 1),
long-term potentiation (LTP) occurs when the firing of a presynaptic neuron repetitively and causally
contributes to the firing of a postsynaptic neuron within about 20 ms. Conversely, when the
postsynaptic neuron fires prior to the presynaptic neuron, this noncausal relationship results in long-
term depression (LTD) (Feldman, 2012). Although a multitude of alternative STDP rules have since
been elucidated, some of which are synapse-specific and context-dependent (Egger et al., 1999;
Feldman, 2012; Fino et al., 2005, 2007; Lu et al., 2007; Sjostrom and Hausser, 2006; Tzounopoulos
et al., 2004), the canonical STDP relationship has remained a foundational model for stimulation-

based stroke treatment strategies (Edwardson et al., 2013).
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Figure 1. Classical spike timing-dependent plasticity curve. Repeated causal firing of a presynaptic neuron
onto a postsynaptic neuron (positive delay) leads to long-term potentiation (LTP). Conversely, repeated
noncausal firing in which the postsynaptic neuron fires prior to the presynaptic neuron leads to long-term
depression (LTD).

Homeostatic Metaplasticity
One challenge posed by the Hebbian framework of plasticity is explaining how neural circuits

maintain stability despite ongoing activity-dependent changes. For example, during Hebbian
synaptic strengthening, a strong synapse increases the likelihood of postsynaptic neuronal firing
after presynaptic firing. This then would lead to further strengthening, increased correlated activity
and more synaptic strengthening. In weaker synapses, noncausal activation of pre- and post-
synaptic neurons can lead to the elimination of synapses. Alternatively, the strengthening of one
synapse and subsequentincreased postsynaptic activation can lead to increased correlated activity
with all presynaptic inputs regardless of initial strength. These positive feedback loops left
unhindered can therefore lead to loss of input diversity and reduced adaptability (Turrigiano, 2012).
Consequently, the need for additional plasticity rules to homeostatically maintain network stability
has since become apparent (Abbott and Nelson, 2000; Katz and Miledi, 1968; Miller and MacKay,
1994).

A leading theory of homeostatic plasticity, supported by in vivo observations across multiple sensory
systems, proposes that the threshold for inducing plasticity is determined by a neuron's prior activity
(Bear et al., 1987; Bienenstock et al., 1982; Cooper and Bear, 2012; Guo et al., 2012; Hardingham et
al., 2008; Kirkwood et al., 1996). This metaplasticity (other terms include BCM and sliding threshold)



model dictates that periods of high activity increase the activity threshold needed to achieve LTP
induction. Meanwhile, periods of low activity decrease the activity threshold for LTP induction. In this

manner, neuronal firing rates can be maintained within physiologically plausible limits (Figure 2).

Long-Term Metaplasticity

Potentiation

e, 6 8 Activity Level

Synaptic Modification

Long-Term
Depression

Figure 2. Classical representation of the metaplastic relationship between activity levels and
modification threshold. The threshold for LTP induction (6u) is a function of previous activity levels. When
neurons experience periods of low activity, the modification threshold is shifted leftwards (6u.) such that lower
activity levels are needed to potentiate synapses. When neurons experience periods of high activity levels, the
modification threshold is shifted rightwards (6u.) such that greater activity levels are needed to achieve
potentiation.

Sensory deprivation studies have been crucial for the elucidation of metaplasticity mechanisms. In
early studies, rearing rats in the dark decreased the LTP induction threshold measured in visual
cortex of ex vivo slice preparations (Kirkwood et al., 1995, 1996). This modification of the induction
threshold is bidirectionally coordinated by altering the levels of NMDARs containing GIUN2B subunits
(Barria and Malinow, 2005; Gambirill et al., 2011; Philpot et al., 2001, 2003; Quinlan et al., 1999).
GluN2B subunits allow for slower NMDAR kinetics that are more optimal coincidence detection
compared to GluN2A subunits (Rumbaugh and Vicini, 1999) and improved binding affinity to
calmodulin-dependent protein kinase Il (Barria and Malinow, 2005), which is crucial for LTP. Thus,
reduced LTP induction thresholds corresponded with increased GluN2B-containing NMDARs, while
increased thresholds corresponded with a decrease in GluN2B-containing NMDARs (Lee and

Kirkwood, 2019; Quinlan et al., 1999).



Homeostatic Inhibition and Disinhibition
Metaplasticity and other forms of homeostatic plasticity have traditionally been regarded as

mechanisms that unfold over timescales longer than those associated with Hebbian plasticity in vivo
(Turrigiano and Nelson, 2000). This difference in timescales can theoretically lead to runaway
dynamics during Hebbian plasticity at shorter timescales (Zenke and Gerstner, 2017; Zenke et al.,
2017). Thus, the modulation of excitation and inhibition (E/I) ratio within cortical microcircuits has
been hypothesized to rapidly regulate Hebbian dynamics. In mouse visual cortex, it was found that
excitatory neurons receive inhibitory inputs proportional to the extent of their excitation in an activity-
dependent manner (Xue et al., 2014). Whisker deprivation in rats induced a rapid increase in the E/I
ratio in the somatosensory cortex through reduced inhibition (disinhibition), serving to maintain
stable firing rates (Li et al., 2014). Deprivation-induced disinhibition in somatosensory cortex was
also found to facilitate spike timing-dependent LTP (Gambino and Holtmaat, 2012). Importantly for
stimulation-based therapies, Hebbian-informed facilitatory stimulation in NHPs was

counterbalanced by a rapid onset of inhibition (Andrei et al., 2023).

Stroke and Plasticity

The brain undergoes a slew of structural and functional connectivity changes after stroke. During
spontaneous recovery, widespread redundant connectivity can play a significant role in
compensating for any lost functions. In regions surrounding the stroke necrotic core, blood flow is
typically reduced in what is known as the penumbra. Within the penumbra, the discrepancy between
metabolic demand and supply of surviving neurons renders them vulnerable to apoptotic and
necrotic cell death, and the subsequent expansion of the necrotic core in the absence of intervention
by reperfusion therapies (Dirnagl et al., 1999). However, these surrounding regions which are likely
to contain connections redundant to the those of the necrotic core, can also become sites of
competitive cortical remapping in an activity-dependent manner (Berger et al., 2007; Brown et al.,
2009; Ferezou et al., 2007; Murphy and Corbett, 2009; Nudo et al., 1996; Smits et al., 1991; Winship
and Murphy, 2008; Zeiger et al., 2021). For large stroke sizes, however, more distantly related regions
must be engaged to facilitate functional recovery (Biernaskie et al., 2005; Frost et al., 2003; Takatsuru
et al., 2009). These redundant networks that are crucial for functional recovery can therefore form
the substrates over which we can engage mechanisms of plasticity to promote functional recovery

following stroke.



Dissertation Overview
The aim of this dissertation is to introduce three methodologies that can lay the groundwork for
effectively engaging plasticity mechanisms in a targeted manner to drive functional recovery after

neural injuries such as stroke.

In Chapter 2, | describe a multifaceted toolbox for studying cortical physiology in NHPs in healthy
and ischemically lesioned brains. With this toolbox, we can simultaneously monitor large-scale
neurophysiological and vascular dynamics in vivo before, during, and after focal ischemic lesioning.
The toolbox also allows for the testing of electrical stimulation paradigms that can be used to

investigate stimulation-induced plasticity approaches.

Chapter 3 describes an approach in NHPs to incorporate homeostatic metaplasticity and Hebbian
plasticity principles to drive changes in functional connectivity. | show that homeostatically priming
the network prior to Hebbian-informed paired electrical stimulation facilitated targeted and network-
wide functional connectivity changes in posterior parietal cortex. As a result, these changes became
less reliant on the underlying network. | also show that homeostatic priming prior to Hebbian-
informed stimulation altered information flow between stimulation sites and their neighboring
regions. Importantly, the setup used in this study utilizes tools described Chapter 2, paving the way

for testing this approach in the context of ischemically lesioned cortex.

In Chapter 4, | explore how artificially induced network disinhibition can aid in the facilitation of
Hebbian changes in functional connectivity. In anesthetized rats, | showed that simultaneous
network disinhibition and Hebbian-informed paired electrical stimulation can drive both targeted
and network-wide changes in functional connectivity in primary somatosensory cortex. These
Hebbian functional connectivity changes were associated with increases in excitability across the

network.

This thesis provides a paradigm for the development of stimulation-based interventions that promote
post-stroke functional recovery through targeted engagement of neural plasticity mechanisms. By
gaining physiological access to large regions of neocortical structures in clinically relevant animal
models such as NHPs, we can explore and assess a wide variety of creative approaches towards this
aim. Moreover, | demonstrate that the integration of multiple plasticity mechanisms in stimulation-
based approaches can enhance our ability to modulate functional connectivity in neocortical

circuits. Through an iterative process, the approaches presented here can be combined and refined



to establish novel treatment methods to promote functional recovery in patients suffering from

prevalent neurological disorders such as stroke.



Chapter 2: A versatile toolbox for studying cortical

physiology in primates

Published as: Khateeb K, Bloch J, Zhou J, Rahimi M, Griggs DJ, Kharazia VN, Le MN, Wang RK, and
Yazdan-Shahmorad A. (2022). A versatile toolbox for studying cortical physiology in primates. Cell
Reports Methods. 2, 100183.

Summary

Lesioning and neurophysiological studies have facilitated the elucidation of cortical functions and
mechanisms of functional recovery following injury. Clinical translation of such studies is contingent
on their employment in non-human primates (NHPs), yet tools for monitoring and modulating
cortical physiology are incompatible with conventional lesioning techniques. To address these
challenges, we developed a toolbox validated in seven macaques. We introduce the
photothrombotic method for inducing focal cortical lesions, a quantitative model for designing
experiment-specific lesion profiles, and optical coherence tomography angiography (OCTA) for large-
scale (~5 cm? monitoring of vascular dynamics. We integrate these tools with our
electrocorticographic array for large-scale monitoring of neural dynamics and testing stimulation-
based interventions. Advantageously, this versatile toolbox can be incorporated into established
chronic cranial windows. By combining optical and electrophysiological techniques in NHP cortex,
we can enhance our understanding of cortical functions, investigate functional recovery
mechanisms, integrate physiological and behavioral findings, and develop neurorehabilitative

treatments.

Motivation

The primate neocortex encodes for complex functions and behaviors, the physiology of which are yet
to be fully understood. Such an understanding in both healthy and diseased states can be crucial for
the development of effective neurorehabilitative strategies. However, there is a lack of a
comprehensive and adaptable set of tools that enables the study of multiple physiological
phenomena in healthy and injured brains. Therefore, we developed a toolbox with the capability to
induce targeted cortical lesions, monitor dynamics of underlying cortical microvasculature, and
record and stimulate neural activity. With this toolbox we can enhance our understanding of cortical
functions, investigate functional recovery mechanismes, test stimulation-based interventions, and

integrate physiological and behavioral findings.



Introduction

The primate neocortex is responsible for a variety of complex tasks and behaviors, including long-
term memory storage, sensory processing, and movement. Historically, both lesioning and
neurophysiological studies have been critical for elucidating functions of specific cortical regions
(Ferrier, 1876) such as somatosensory (Borich et al., 2015; Brinkman et al., 1985; Gerlai et al., 2000),
visual (Humphrey, 1974; Wurtz and Goldberg, 1972), auditory (Heffner and Heffner, 1986), and
posterior parietal (Murphy et al., 2016; Vallar et al., 1994) cortices. Recently, such strategies have
also been employed to investigate mechanisms of plasticity and recovery following injury (Friel et al.,
2007; Guo et al., 2021; Harrison et al., 2013; Kaeser et al., 2010; Khanna et al., 2021; Liu and Rouiller,
1999; Nudo and Milliken, 1996; Nudo et al., 1996; Padberg et al., 2010; Pons et al., 1988; Xerri et al.,
1998). The study of these phenomena in non-human primate (NHP) models with strong evolutional
and physiological relevance to the human cortex is critical for understanding fundamentals of
cortical physiology and designing novel clinical treatments for cortical injury. This was particularly
highlighted following the lack of success of clinical trials for novel stroke therapies in recent decades.
One major contributing factor to this lack of success has been attributed to a heavy reliance on
rodent studies and a lack of pre-clinical studies in NHPs (Kotak et al., 2005; Levy et al., 2016). Thus,
there is a strong need to expand the tools available for studying NHP cortical physiology for clinical

translation.

Typical strategies for investigating in vivo NHP cortical physiology include either monitoring or
perturbing the native cortical activity then correlating neural activity with behavior. Neural activity is
frequently monitored through electrical recording, or calcium imaging, while perturbations include
lesioning, electrical stimulation, or optogenetic manipulation (Acker et al., 2016; Tremblay et al.,
2020). Previously, we developed a large-scale interface enabling optogenetic nheuromodulation in
concert with simultaneous electrical recording (Ledochowitsch et al., 2015; Yazdan-Shahmorad et
al., 2015, 2016, 2018c, 2018a, 2018b). However, to the best of our knowledge, there is no single
unifying paradigm through which the full spectrum of strategies can be combined for the unhindered
investigation of cortical physiology in NHPs. Conventional lesioning techniques lack compatibility
with tools for monitoring and modulating cortical physiology and lack flexibility in controlling lesion
location and extent. Here, we adapt and integrate in NHPs a versatile focal ischemic lesioning
technique with large-scale monitoring of cortical vascular dynamics, and electrophysiological

recording and stimulation. The mutual compatibility of the integrated tools within this versatile



toolbox enables for the inclusion or exclusion of any of the tools depending on experimental needs.
Importantly, with large-scale stable optical access, this toolbox can be combined with established
chronic cranial windows for optical stimulation and imaging techniques such as optogenetics and

calcium imaging, respectively.

Commonly utilized NHP cortical lesioning techniques are challenging to employ. One method of
lesioning cortex in NHPs is through middle cerebral artery occlusion (Maeda et al., 2005; Virley et al.,
2004). Because middle cerebral artery occlusion is used to mimic ischemic stroke as observed in the
clinic, the resulting lesions are broad and are constrained only to regions downstream of the middle
cerebral artery. Moreover, obtaining access to the middle cerebral artery for occlusion requires
complex surgical intervention regardless of the occlusion technique. Similarly, common focal
cortical lesioning techniques such as endothelin-1 (Dai et al.,, 2017; Teo and Bourne, 2014),
electrocoagulation (Nudo et al., 2003; Xerri et al., 1998), ibotenic acid (Kaeser et al., 2010; Liu and
Rouiller, 1999), cooling (Brinkman et al., 1985), and aspiration (Heffner and Heffner, 1986; Padberg
et al., 2010; Pons et al., 1988) also involve technically challenging surgical procedures that are
susceptible to variability across animals. Importantly, these techniques lack compatibility with tools

for monitoring cortical physiological dynamics during lesion formation and recovery.

When conducting lesion studies in NHPs, it is critical that lesions are validated in vivo for studies
involving long-term post-lesion behavioral and physiological assessment. Current lesion validation
methods primarily consist of behavioral assessment and post-mortem histological analysis (Kaeser
et al., 2010; Liu and Rouiller, 1999; Murata et al., 2008). Methods of in vivo lesion validation, in
addition to behavioral assessment, include magnetic resonance imaging (MRI) (Le Friec et al., 2020),
orvisual assessment of tissue blanching due to devascularization (Nudo and Milliken, 1996; Nudo et
al., 1996; Xerri et al., 1998). While MRI validation can provide both anatomical and physiological
assessment of lesion induction, it exhibits poor spatial and temporal resolution (Baran and Wang,
2016). Moreover, visual assessment can result in unreliable estimation of lesion boundaries (Xerri et
al., 1998). The reliance on behavioral and post-mortem histological analysis alone is deficient of
direct anatomical and physiological lesion validation during the lifetime of the animal. Ideally, lesion
validation would be accomplished reliably, and in a manner that allows for monitoring of anatomical

and physiological changes over the course of recovery.

In addition to these techniques, the investigation of cortical neurophysiological dynamics can play

an important role in enhancing our understanding of cortical physiology and in developing



neurorehabilitative strategies. The monitoring of neurophysiological dynamics in neuroscience is
often accomplished through electrical stimulation and recording of neural activity. For example,
intracortical microstimulation of primary motor cortex following a lesion has been crucial for
elucidating the remapping of cortical somatotopic representations (Nudo and Milliken, 1996; Nudo
et al., 1996). In other cortical regions, electrophysiological recordings have also been used to
monitor neural activity following lesion induction (Padberg et al., 2010; Schmid et al., 2009). The
incompatibility of the lesioning methods used in these studies with recording and stimulation
techniques, however, prevents the monitoring of neural activity simultaneously during lesion
formation. Ideally, neural activity would be recorded before, during, and after lesion formation, while

stimulation-based interventions could be tested after lesioning.

In this study, we addressed the technical shortcomings of studying cortical physiology in NHPs. We
successfully demonstrate the combination of a photochemical lesion induction technique with a
controlled spatial profile, an in vivo lesion validation method with high spatial resolution, and the
ability to simultaneously monitor the underlying neural activity and blood flow as lesions form at a
large scale (~5 cm?). The utility of implementing these techniques in NHPs is expanded by the
capability to simultaneously monitor neural activity and test stimulation-based interventions.
Moreover, the sizes of focal lesions induced with our toolbox are comparable to previously reported
focal lesions capable of eliciting behavioral deficits (Murata et al., 2008; Padberg et al., 2010).
Importantly, the tools presented here are compatible with previously established interfaces offering
large-scale access for optical and electrical stimulation as well as imaging (Chen et al., 2002; Griggs
etal., 2021b; Macknik et al., 2019; Trautmann et al., 2021; Yazdan-Shahmorad et al., 2016), providing
unparalleled access to the primate cortex. Although not demonstrated here, the tools described in
this study can easily be adapted for use in smaller model organisms, expanding their utility beyond
research groups with access to macaques. Through this integrative approach, the large-scale
monitoring of cortical network activity and reorganization concurrently with vascular dynamics
expands the questions and interventions we can explore, profoundly impacting the development of

neurorehabilitative therapies.

Results
To address the challenges of studying cortical physiology in NHPs, we developed a toolbox that
allows for targeted focal lesioning, large-scale imaging of cortical blood flow, and large-scale

electrophysiological recording and stimulation. Our toolbox is comprised of the photothrombotic



technique for inducing focal ischemic lesions, optical coherence tomography angiography (OCTA)
imaging for in vivo lesion validation, histological validation, a computational model for designing
lesion profiles, and electrocorticographic (ECoG) recording during lesion formation. We
implemented the photothrombotic technique (Figure 1) in 7 adult macaques (monkeys A-G) and
validated the disruption of cortical blood flow in vivo using OCTA imaging as described in the STAR
Methods. Lesions were induced by illuminating through an opaque apertured mask (Figure 1A) in a
25 mm diameter cranial window with an uncollimated white light source following intravenous
infusion of the photoactive dye Rose Bengal (Figure 1B). Photoactivation of Rose Bengal in the
cerebral vasculature results in the release of reactive oxygen species, subsequent endothelial cell
damage, platelet activation, and vascular occlusion due to the formation of thrombi. We tested the
effects of a range of aperture diameters (0.5 to 2 mm) and illumination intensities (0.1 to 18.6 mW)
on lesion size. To test these variables, we used an opaque mask with multiple apertures of various
diameters dispersed throughout the cranial window (Supplementary Figure 1). A single uncollimated
white light source was used to illuminate through the mask apertures such that the light intensity
was highest through centrally located apertures. Through this approach we were able to test a variety
of illumination parameters while reducing the number of animal subjects, time under anesthesia,

and the number of light sources to practical levels.
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Figure 1. Schematic of photothrombotic technique application to induce focal cortical ischemic lesions.
(A) Following a 25 mm diameter circular craniotomy, a thin, transparent artificial dura was placed over the
exposed cortical surface. Next, an apertured mask was placed on top of the artificial dura. Scale baris 5 mm.

(B) Coronal schematic of light illumination through the apertured mask following intravenous Rose Bengal
infusion.

Validation of Neuronal Cell Loss by Histology and Immunohistochemistry

Approximately 4 hours after the end of illumination, animals were perfused with 4%
paraformaldehyde (PFA) and the brains were extracted. Prior to histological staining of coronal slices,
we observed bright pink areas corresponding with the illuminated regions (Figure 2A), suggesting that

the formation of thrombi occluded the vasculature, entrapping the pink-colored Rose Bengal even



after perfusion. We then stained coronal sections of the brains for Nissl bodies (Figure 2B,C). In
illuminated regions, we observed areas characterized by well-defined borders that lacked Nissl
staining, demonstrating cell loss in those regions (Figure 2B,C). We identified these areas as lesions.
To test for neuronal cell loss, we performed NeuN staining and observed similarly defined borders in
the illuminated regions (Supplementary Figure 2). Depending on aperture sizes and illumination
intensities, lesion depths extended through all cortical layers. To gain perspective of the relative
locations and sizes of the lesions, we reconstructed the lesions in three-dimensional space using
the coronal Nissl-stained sections (Figure 2D-H). With this method, we measured lesion volumes
ranging between 1.7 mm? and 35.4 mm?®. We observed 22 histologically detected lesions out of 30
illuminated areas across monkeys B-E. Notably, high intensity illumination through centrally located
apertures more consistently resulted in histologically detected lesions (lesion volumes ranging from

10.1 mm?®to 31.2 mm?, median of 19.6 mm?®) compared to lower intensity illumination in peripheral

apertures (volumes 0 mm?®to 35.4 mm?, median of 2.9 mm?3).




Figure 2. Histological lesion validation and reconstruction. (A) Unstained coronal section from monkey A.
Pink regions corresponding with illuminated regions highlighted in boxes | and Il indicate the presence of Rose
Bengal entrapped in the cortical microvasculature. Scale bar is 5 mm. (B,C) Coronal Nissl-stained slice
adjacent to the slice shown in panel (A), showing cell loss in the region encapsulated in box | (B) and Il (C) and
indicated by the black arrows. Scale bars are 1 mm. (D,E) Reconstruction of induced lesions in 3D space was
done by first co-registering coronal Nissl-stained slices (D), followed by identification of lesion boundaries (E).
(F-H), 3D reconstruction of lesions in monkey C from three different angles.

Optical Coherence Tomography Angiography for Large-Scale Blood Flow
Imaging and In Vivo Lesion Validation

The extent of optical access afforded by our toolbox enables for the application of large-scale
imaging techniques such as OCTA imaging. OCTA is a non-invasive angiographic technique that is
capable of imaging functional vascular networks within tissue beds in vivo. OCTA has been
demonstrated to detect inflammatory conditions in skin (Deegan and Wang, 2019; Deegan et al.,
2018a), eyes (Kashani et al., 2017), and brain (Li et al., 2018; Park et al., 2018). While post-mortem
histological analysis is the predominant method of measuring focal lesion size, we introduce OCTA
as an in vivo tool to image blood flow in the cortical microvasculature, validate lesion induction, and

measure ischemic lesion sizes.

OCTA imaging 3 hours after illumination revealed clear localized disruptions in cortical blood flow
compared to baseline images in the illuminated regions (Figure 3, Supplementary Figure 3), as
evidenced by a lack of functional blood vessels in regions interrogated by the photothrombotic

illumination. Thus, we demonstrated the ability to validate lesion induction in vivo through OCTA

imaging.
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Figure 3. Optical coherence tomography angiography (OCTA) validation of lesion induction. (A) Surface of
sensorimotor cortex through an artificial dura in monkey C. (B) OCTA imaging of the rectangular area prior to
lesion induction. Scale baris 5 mm. (C) Illumination of a cortical region of interest indicated by the yellow circle
following intravenous Rose Bengal infusion. (D) OCTA imaging 3 hours post-photothrombosis.

We then compared OCTA and histological lesion validation modalities (Figure 4A-C). Not all
illuminated regions resulted in lesions detected through both modalities. Across monkeys B through

E, we illuminated 30 regions to induce photothrombosis. 26 of the illuminated regions were imaged



within the OCTA field of view (FOV), of which 16 lesions were detected through OCTA imaging. 15 of
the 16 OCTA-detected lesions were later confirmed histologically with one lesion undetected
histologically. Similar to histology, illumination through centrally located apertures corresponding
with higher light intensities more consistently resulted in lesions detected with OCTA compared to
peripheral apertures with lower light intensities. Additionally, 8 of the 10 imaged regions in which no
lesions were detected in OCTA images corresponded with regions occupied by large blood vessels.
Of those 8 regions, only 3 resulted in lesions detected through histology (3.7 to 17.6 mm?). Of the 22
histologically detected lesions, 15 were detected through OCTA. Histologically detected lesions
within the OCTA FOV that were not detected in OCTA images (4 lesions) were likely a result of
illumination of large vessels (3 lesions), or the lesion may have been too small to be detected via
OCTA imaging (1 lesion, 2.83 mm?®). Notably, OCTA detection of lesions was unsuccessful in all
instances in which the illuminated region coincided with large blood vessels, regardless of
histological detection (Supplementary Figure 4). Because of the inconsistencies of large vessel
illumination due to differences in optical and biological properties, we excluded data corresponding

with large vessel illumination from further analysis.

We then quantitatively assessed OCTA-measured lesion diameters as in vivo proxy measurements
of histologically measured lesion diameters (Figure 4B). We observed a positive linear relationship
between OCTA-measured lesion diameters and histologically measured lesion diameters, with a
Pearson’s correlation coefficient of 0.90 (p = 3.9e-7; Figure 4B). We then assessed the correlation
between histologically measured lesion depths and OCTA-measured lesion diameters (Figure 4C).
We observed a positively correlated linear relationship between histological lesion depth and OCTA-
measured lesion diameter with a Pearson’s correlation coefficient of 0.70 (p = 0.0011; Figure 4C).
Interestingly, we also observed a significant positive correlation between both histologically
measured lesion depths and diameters (r = 0.81; p = 5.3e-6; Supplementary Figure 4). Importantly,
our results demonstrate that OCTA-measured lesion diameter is highly correlated to histologically

measured diameters.
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Figure 4. Comparison of OCTA and histological lesion validation and effect of ilumination parameters.
(A) Schematic demonstrating the OCTA-measured lesion diameters (green circles) in the illuminated regions
(aperture diameter represented by yellow circles) of both hemispheres for monkeys B-E. The shading of the
yellow circles indicates illumination intensity. The histologically measured lesion diameters are also shown
(pink circles), with the shading indicating lesion depth. Scale bar is 10 mm. (B) OCTA-measured and



histologically measured lesion diameters were highly correlated (r = 0.90, p = 3.94e-7). (C) OCTA-measured
lesion diameters also correlated with histologically measured lesion depth (r=0.70, p=0.0011). (D) Combined
effect of aperture diameter and illumination intensity on histologically measured lesion depth. The width of the
square markers denotes histologically measured lesion depth. Scale bar is 2 mm. (E) Combined effect of
aperture diameter and light intensity on OCTA-measured lesion diameter. Circular marker diameters represent
OCTA-measured lesion diameter. Scale bar is 5 mm. (F) Combined effect of aperture diameter and light
intensity on histologically measured lesion diameter, where the diameter of the circular markers represents
histologically measured lesion diameter. Scale bar is 5 mm. (G) Partial correlation coefficients (r) between
illumination parameters (aperture diameter and log-transformed light intensity) and histologically measured
lesion depth and diameter, and OCTA-measured lesion diameter along with their respective p-values.

[lumination Parameters Determine Lesion Size

To determine the degree to which the illumination aperture diameter and intensity modulated the
resulting lesion depth and diameter, we calculated the partial correlations between the illumination
variables and each lesion metric (lesion depth and diameter). The partial correlations for log-
transformed light intensity were 0.46 (p = 0.037) for histologically measured lesion depth, 0.84 (p =
2.2e-6) for histologically measured lesion diameter, and 0.86 (p = 7.8e-6) for OCTA-measured lesion
diameter (Figure 4G). The partial correlations for aperture diameter were 0.46 (p = 0.038) for
histologically measured lesion depth, 0.46 (p = 0.037) for histologically measured lesion diameter,
and 0.63 (p = 0.0066) for OCTA-measured lesion diameter (Figure 4G). These results indicate that the
light intensity and the aperture diameter are both significant determinants of the lesion size and

shape.

Prediction of Lesion Size by Simulation of Light Propagation through Cortical
Tissue

The utility of this lesioning tool can be expanded by the development of a model informed by the
results of this study to predict the sizes of lesions induced by illumination parameters tested here
and beyond. We incorporated both light intensity and aperture diameter into a biophysically inspired
model to jointly predict both lesion diameter and depth. Photothrombotic lesions arise due to
thrombi formation and subsequent cell death mediated by the topography of the underlying
microvasculature. As such, we developed a two-stage modeling process in which we simulated
photons penetrating brain tissue (Figure 5A) to generate a profile of the spatial fluence distribution
(Figure 5B) and transformed fluence contours to recreate the lesion shapes observed through
histology (Figure 5C,D, see STAR Methods for details). Using this method, we identified the best
optical properties as a gray matter absorption coefficient of 0.395 mm™”, gray matter scattering

coefficient of 53.6 mm™, white matter absorption coefficient of 0.09 mm™, white matter scattering



coefficient of 54.066 mm™, and a spatial fluence distribution threshold for lesion induction of 19.9

pW/mm?.

From identified best-matching light simulations, we quantified the degree to which they predict
lesion shapes and sizes. We observed that while the simulation results qualitatively align with the
lesion profiles, the light simulation alone was not adequate for explaining the observed lesions. By
using the maximal depth and average diameter of individual fluence threshold contours of the
simulation as predictions of their corresponding lesion profiles, we observed that the contours
resulted in an r-squared value of -0.04 for lesion depth and 0.32 for diameter. These results indicate
that the extent of induced photothrombotic ischemic lesions in vivo is not simply a function of the
fluence profile in the cortex but is likely also governed by biological factors such as vascular

topography.

We therefore incorporated a scaling process to transform the light intensity contours to the biological
lesion profiles observed through histology (Figure 5C,D). The depth did not scale linearly well,
however, as the best linear scaling of depthyielded an r-squared value of 0.13 (Supplementary Figure
5). From examining the residuals, we observed that square root transforming the depth before linear
scaling would yield a more accurate prediction (Supplementary Figure 5). Indeed, by square root
transforming the depth and scaling by a factor of 1.6969 we obtained an r-squared value of 0.41
(Figure 5E). We observed that the diameters from the simulation scaled linearly to match the
diameters observed from histology, with a scaling factor of 0.726 yielding an r-squared value of 0.82
(Figure 5F). Interestingly, although our model was developed based on histologically derived lesion
contours, the resulting model-derived lesion diameters were also highly predictive of OCTA-
measured lesion diameters with an r-squared value of 0.60 (Figure 5G). Thus, our quantitative model

can accurately predict lesion shape, diameter, and depth.
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Figure 5. Prediction of lesion size by simulation of light propagation through cortical tissue. (A) Schematic
of simulated cortical volume with our experimental setup. An uncollimated light beam passes through an
aperture and a transparent artificial dura (0.5 mm thick), into gray and white matter of a virtual cortical medium.
Gray matter thickness is 2.5 mm. (B) A contour is identified from the light profile matching the light intensity
threshold (19.9 yW/mm?) most closely matching the lesions. Scale baris 100 pm. (C) The light intensity contour
is scaled to generate a biological lesion contour. Scaling factors were obtained through regression on our
dataset of simulated lesion dimensions and corresponding histologically measured lesions. (D) Predicted
lesion contour overlayed on a coronal Nissl-stained slice of a corresponding lesion from monkey B. Scale bar
is 50 um. (E-G) Simulated lesions accurately predict histologically measured lesion depths (0.41 r-squared) (E)
diameters (0.82 r-squared) (F), and OCTA-measured diameters (0.60 r-squared) (G).

Large-Scale Neurophysiological Recording Before, During, and After Lesion
Formation

A valuable tool for studying neurophysiological dynamics following cortical lesioning in vivo is the
ability to record neural activity. In monkeys D and E we used a semi-transparent 32-electrode ECoG
array to record neural activity in sensorimotor cortex during the formation of a lesion (Figure 6A). The
transparency of the ECoG array allowed for the induction of a lesion by illuminating through the array.
For monkeys D and E, only a single region in the center of the cranial window was illuminated with a
1.5 mm diameter aperture to induce photothrombosis unilaterally. Similarly, the transparency also

enabled imaging of the underlying cortical microvasculature by OCTA to confirm the presence of the



lesion (Figure 6A,B). We recorded baseline local field potentials (LFPs) for 30 minutes, followed by 30

minutes during the illumination period, and for up to three hours following illumination.

To measure the effect of lesioning on neural activity levels, we analyzed the changes in gamma band
(30-59 Hz) signal power from LFPs recorded during the formation of the lesions. The analysis of
gamma band signals is demonstrated here as a relevant example frequency band of interest and as
an indicator of local activity levels (Buzsaki and Wang, 2012). Among other roles, gamma activity also
exhibits a conserved association with attention and movement in sensorimotor cortex across
species, evidence of which includes NHP and human ECoG studies (Aoki et al.; Bouyer et al., 1981;
MacKay and Mendoncc g, 1995). The average gamma power was calculated over the course of 30
minutes of baseline activity, and between 2.5 to 3 hours after the illumination period (Figure 6C). We
calculated the change in power across the array and identified regions with statistically significant
reductions in gamma power as corresponding to the lesioned areas (left-tailed paired t-test, family-
wise error rate < 0.001). As expected, channels near the illuminated region exhibited significant
decreases in gamma power in both monkeys D and E compared to more distant regions (one-way
ANOVA, monkey D: p = 5.2e-9; monkey E: p = 1.0e-5; Figure 6C,D). Notably, we demonstrated the
capability to monitor neurophysiological dynamics during lesion formation. Here, the reduction in
gamma power was observed early during the illumination period across all channels, after which
distant channels returned to baseline levels while channels near the illuminated region remained

suppressed (Figure 6E).
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Figure 6. Large-scale electrocorticographic (ECoG) recording of neural activity before, during, and after
photothrombotic lesion induction. (A), The transparency of the array enabled OCTA imaging through the
array. An example shown here where the area denoted by the green square was imaged in monkey D. Scale bar
is 3 mm in the right panel and 2 mm in the left panel. (B), Baseline and 3 hours post-photothrombosis OCTA
images demonstrating lesion induction. The lesioned area is indicated by the white arrow. The imaged areas
shown are denoted by the orange rectangle in (A). Scale bar is 2 mm. (C) Gamma band power (30-59 Hz) was
calculated from 30 minutes of ECoG recording before and 2.5 hours post-photothrombosis for each channel
across the array. The change in power was then calculated for each channel. Channels with statistically
significant reductions in gamma power were identified (in pink, paired left-tailed t-test, family-wise error rate <
0.001). Yellow circle indicates the location and extent of the aperture for photothrombotic lesion induction. (D)
The average change in power for the lesioned group versus the non-lesioned group (error bars denote +
standard error of the mean, SEM; one-way ANOVA, monkey D: p = 5.2e-9, monkey E: p = 1.0e-5). (E) Example
of neural recording (gamma power) in monkey D through our ECoG array as the lesions were induced.
Ilumination period is shown in yellow. The traces are color-coded according to (D) to show the difference
between the lesioned and non-lesioned areas.

Electrical Stimulation Enables Modulation of Perilesional Neural Activity
The ability to stimulate neural activity in the same paradigm that allows for cortical lesioning is

critical for the development of stimulation-based interventions. Similar to monkeys D and E,



monkeys F and G underwent unilateral photothrombotic lesioning through a 1.5 mm diameter
aperture with ECoG recording of activity. We then stimulated through a single perilesional channelin
the ECoG array one hour following illumination for a duration of about one hour, after which we
continued recording for approximately one hour. Stimulation occurred in six 10-minute blocks
separated by 2-minute recording blocks (Figure 7A). To monitor network dynamics following
photothrombotic lesioning and during stimulation, we calculated the change in power with respect
to baseline in high gamma (60-150 Hz) and theta (4-7 Hz) bands. Here, high gamma and theta bands
are used to demonstrate a range of potential frequency bands of interest. Similar to gamma band,
high gamma signals are thought to reflect local circuit activity and are associated with movement in
sensorimotor cortex (Aoki et al.; Bouyer et al.,, 1981; Buzsaki and Wang, 2012; MacKay and
Mendoncc g, 1995). We observed an overall decrease in high gamma power across the array
throughout stimulation in monkeys F and G. This contrasts with what we observed in non-stimulated
monkeys D and E, in which some channels were increasing in high gamma power at equivalent time
points (Figure 7B-D). In both stimulated and unstimulated animals, we observed an overall decrease
in theta power across the array (Figure 7B-D). Importantly, we demonstrated the ability to electrically
stimulate neural activity in the context of our toolbox along with the ability to monitor subsequent

effects on network neural dynamics.
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Figure 7. Electrical stimulation enables modulation of peri-lesional neural activity. (A) Stimulation
protocol used in this study about one hour after illumination period. Six 10-minute blocks of stimulation were
interspaced with 2 min of recording blocks. (B,C) Heat maps of change in high gamma band (B) and theta band
(C) power across the ECoG array following blocks of stimulation with respect to baseline for monkeys E (no
stimulation) and monkey G (stimulation). Yellow circle indicates the illuminated area and the stimulated
channel is indicated by the green node. (D) Average time course of high gamma and theta band power for
monkeys D-G. The yellow shaded area indicates the illumination period, while the green shaded areas indicate
stimulation blocks for monkeys F and G. Power is normalized to baseline, and the mean power + 2 x SEM is
shown for each animal.

Discussion

The presented toolbox offers significant advantages for investigating critical questions regarding
cortical physiology. Here, we demonstrate the photothrombotic technique for inducing focal
ischemic lesions in NHP cortex. The extent of subsequent neuronal cell loss was later confirmed
histologically. Moreover, we developed a quantitative model for predicting photothrombotic lesion
sizes based on illumination parameters. Through this model, lesions can be designed in accordance

with experimental needs. We also present OCTA imaging as a tool for observing vascular dynamics



and validating lesion induction in vivo. Additionally, our ECoG array allows for the investigation of
neural dynamics before, during, and after lesion formation. Critical for developing therapeutic
interventions, we also establish the ability to test stimulation-based strategies with our ECoG array.
Although not demonstrated here, the toolbox allows for experimentation at clinically relevant time

scales when employed in NHPs in contrast to rodent studies.

The photothrombotic technique allows for the induction of targeted focal ischemic lesions in any
corticalregion of interest. The spatial control of photothrombotic lesion induction is an improvement
over other commonly employed models such as middle cerebral artery occlusion models (Sommer,
2017). In addition, the ability to induce consistent smaller, targeted lesions can allow for the
induction of lesions to impact specific cortical functions without risking serious injury or mortality
compared to middle cerebral artery occlusion (Wu et al., 2016). This capability has been validated in
rodents as the photothrombotic technique has enabled the study of local cortical remapping in
sensorimotor cortex (Harrison et al., 2013). Larger lesions can also be induced with areas as large as
the applied cranial window. Moreover, middle cerebral artery occlusion (Maeda et al., 2005),
electrocoagulation (Friel et al., 2007; Nudo et al., 1996; Xerri et al., 1998), and aspiration methods
(Padberg et al., 2010) of cortical lesioning require complex surgical intervention and are performed
in an invasive manner. In contrast, photothrombotic lesioning only requires optical access to cortex.
With the aid of our predictive computational model, lesions can be designed based on experimental
needs. However, as is typical with optical techniques, photothrombotic lesion induction with
minimal invasiveness is limited to optically accessible regions. To access subcortical areas, more

invasive approaches can be used, such as the use of penetrating optical fibers.

Here, we demonstrated the use of OCTA to image large-scale cortical vascular dynamics and to
validate the presence of lesions in vivo prior to post-mortem histological analysis. The ability to
validate lesion induction in vivo is critical for long-term NHP studies. We observed strong correlations
between OCTA-measured lesion diameters and histologically measured lesion sizes, positioning
OCTA as a promising method for reliably measuring lesion sizes in vivo without animal sacrifice.
Unlike MRI, OCTA imaging enables monitoring of vascular dynamics with greater spatial resolution
and without the need for contrast agents, though with limited depth penetration. Moreover, the
optical access afforded by our toolbox allows for the use of other optical lesion validation methods,

including laser doppler flowmetry (Jiang et al., 2006).



Not all illuminated regions resulted in lesions detected via OCTA imaging or histology. This may be
due to the coincidence of those regions with large blood vessels, in which light penetration through
smooth muscle and endothelial cell layers and large lumen diameters prevented the complete
occlusion of the vessel. Conversely, successful occlusion of a large vessel may induce a larger lesion
than expected due to the greater extent of downstream or upstream regions. For example,
illumination of a larger vessel resulted in the widest lesion observed across our experiments despite
the small aperture of 0.5 mm (Figure 4A, monkey C left hemisphere, Supplementary Figure 4).
Therefore, illumination of large vessels should be avoided to ensure successful and predictable
lesion induction. Moreover, there was one instance in which a lesion was observed via OCTA imaging
but was undetected through histology (Figure 4A, monkey B left hemisphere). This may be due to the
superficial nature of the lesion such that it was difficult to detect histologically. In addition, the small
size of the lesion may have enabled collateral blood flow to mitigate damage, a phenomenon which
has been previously reported in rodent parietal cortex following photothrombotic lesioning of surface

vasculature (Schaffer et al., 2006).

We demonstrated the ability to monitor underlying neurophysiological dynamics with the ECoG array
before and during the development of a lesion for up to three hours. The combination of OCTA
imaging and the semi-transparent ECoG array allows for the induction and validation of
photothrombotic lesions, the identification of electrodes corresponding with ischemic areas, and
the investigation of network physiology and dynamics. Additionally, OCTA imaging and ECoG
recording can be used to investigate neurovascular coupling at higher spatial and temporal
resolution than functional MRI (fMRI). However, unlike fMRI which allows for online monitoring of
neurovascular coupling, OCTA imaging requires post hoc offline analysis. The successful
implementation of photothrombotic lesioning and OCTA imaging here, permitted by the
transparency of the array, provides evidence for the ability to incorporate other optical techniques
such as optogenetics and calcium imaging. Simultaneous ECoG recording and optical coherence
tomography in combination with optogenetic stimulation has been previously accomplished in mice
(Chin-Hao Chen et al., 2020). The advantageous combination of both techniques is further
augmented here by the addition of neurophysiological techniques. We also demonstrated the ability
to test electrical stimulation-based interventions as presented here and in a previous publication
(Griggs et al., 2021a), in extension of prior post-lesion stimulation studies (Nudo and Milliken, 1996;
Nudo et al., 1996). While we demonstrated the use of this toolbox during acute lesioning, these same

tools can be implemented for long-term studies in combination with a chronically implanted cranial



window such as our previously published optogenetic interface (Griggs et al., 2019; Khateeb et al.,
2019a; Ojemann et al., 2020; Yazdan-Shahmorad et al., 2015, 2016), which exhibits the same spatial
scale. In such studies, new lesions can be created or later enlarged without the need for additional
surgical intervention, as would be required with the commonly employed electrocoagulation and

cortical aspiration methods of focal cortical lesioning.

We also developed a computational model to predict the shape and scale of photothrombotic
lesions. Our regression results and Monte Carlo simulation-based results together allow for planning
of precise lesions with a variety of illumination parameters, informed by previous literature and
validated against our experimental results. Importantly, through our grid search, we identified the
optimal optical properties of cortical tissue to accurately predict lesion sizes. It is important to note,
in our experiments we did not vary illumination time across different lesions, with an illumination
time based on previous photothrombotic studies (Gulati et al., 2015). Therefore, our computational
model was constructed based on lesions induced with consistent illumination times. However, our
model may be modified in future studies to predict lesions induced with different illumination times
to account for differences in total energy that would be delivered to induce Rose Bengal
photoactivation. There are also notable assumptions which are applied to our model. First, we
assume a consistent gray matter depth at 2.5 mm, whereas in reality, the depth of gray matter is
variable across cerebral cortex, which can affect lesion depth predictions. Moreover, the final step
of our model involves scaling the profiles from probability maps to better reconstruct the profiles of
our histologically detected lesions. This was done to account for the topography of the cortical
vasculature (Figure 5B-D). The depth-wise upscaling of our model contours is likely due to the
perpendicular orientation of penetrating arterioles and venules relative to the cortical surface (Gould
et al., 2017). The diameter-wise downscaling can be ascribed to the redistribution of blood flow in
vessels downstream of an occluded vessel to preserve perfusion in these downstream regions

(Schaffer et al., 2006), thus potentially reducing the extent of ischemic damage.

Together, these tools can be used to answer critical questions in nheuroscience and drive studies of
cortical physiology and related disorders such as stroke and traumatic brain injury. Importantly, our
toolbox enables the perturbation of the brain and simultaneous monitoring of physiological
dynamics over time. The combination of the presented tools can be used to evaluate vascular
dynamics, neural dynamics, and neurovascular coupling in the context of either cortical lesioning,

stimulation, or both. Like any toolbox, the mutual compatibility of the tools allows for the exclusion



or inclusion of any of the tools described here, depending on the research questions. One main
advantage of this toolbox lies in the adaptability and mutual compatibility of this family of tools with
each other and other conventional tools in the field. Although our toolbox is demonstrated here in an
acute setting, the same tools are capable of implementation in chronic experiments. Previous
studies have demonstrated the long-term safety and efficacy of optical windows utilizing an artificial
dura for optogenetics, calcium imaging, and other optical tools across various cortical regions
(Bollimunta etal.,2021; Chen et al., 2002; Ju et al., 2018; Trautmann et al., 2021; Yazdan-Shahmorad
etal., 2016, 2018a). The increasingly widespread use of these optical interfaces makes the presented
tools easily integrable with established cranial windows. Such a capability would allow for the
monitoring of the behavioral and physiological effects of lesioning and subsequent recovery over
time, in combination with testing stimulation-based interventions. Furthermore, the compatibility of
our toolbox with optical tools such as optogenetics can enable the comparison of temporary and
permanent cortical lesioning techniques. The tools described here can also be adapted for use in
smaller organisms such as marmosets and rodents, expanding the utility of this toolbox beyond
research groups with access to large NHP animal models. Importantly, long-term studies employing
our toolbox can address key questions regarding cortical functions and drive the development of
future rehabilitative therapies for stroke, traumatic brain injury, and other relevant neurological

disorders.

Limitations of Study

While the presented tools offer great advantages for investigating physiological dynamics in the
context of a cortical lesion, there are limitations that can be addressed in later studies. As discussed
earlier, the reliance on optical access for lesion induction limits potential regions of interest to
superficial brain structures such as cerebral cortex without compromising neural tissue with
penetrating optical probes. Additionally, while we developed a model to accurately predict lesion
sizes and shapes based on illumination parameters, variations in the induced lesions are likely a
result of differences in local optical properties in addition to vascular topographies. Moreover, the
ECoG array presented here exhibits limited spatial resolution with 32 opaque electrodes across an
area of approximately 314 mm? and an electrode pitch on the order of millimeters. With an array with
more electrodes in a more compact arrangement, greater spatial resolution can be achieved.
Additionally, while the medium in which the electrodes are embedded is transparent, the electrodes

themselves are opaque, which can occlude optical penetration of cortical tissue for OCTA imaging



and photothrombotic lesion induction. Such a concern can be addressed through the use of
transparent indium tin oxide electrodes (Ledochowitsch et al., 2015). While our current ECoG array
limits use to LFP recordings, smaller electrodes would allow for the recording of multi-unit activity as
has been previously demonstrated (Khodagholy et al., 2015). Furthermore, the potential to induce
chronic post-lesion behavioral effects is not addressed in this study. However, the successes of
previous macaque studies (Murata et al., 2008; Padberg et al., 2010) with focal lesions of sizes similar
to those reported here provide encouraging evidence of the potential to induce behavioral deficits
with the photothrombotic technique. For example, focal lesioning of digit representations in
macaque primary motor cortex resulted in impairment of dexterity during grasping tasks. Monkeys

thatreceived no post-lesion training moderately recovered after several months (Murata et al., 2008).

Methods

Experimental Model and Subject Details

All experiments were performed in accordance with the Guide for the Care and Use of Laboratory
Animals and exceeded the minimum requirements recommended by the Institute of Laboratory
Animal Resources and the Association and Accreditation of Laboratory Animal Care International.
All animal procedures were approved by the University of Washington Institutional Animal Care and
Use Committee. The animals in this study (monkey A: Macaca mulatta, 18.45 kg, 14 years, male;
monkey B: Macaca mulatta, 10.75 kg, 16 years, male; monkey C: Macaca mulatta, 10.3 kg, 16 years,
female; monkey D: Macaca nemestrina, 12.8 kg, 14 years, female; monkey E: Macaca nemestrina,
13.10 kg, 14 years, female; monkey F: Macaca nemestrina, 13.8 kg, 14 years, female; monkey G:
Macaca nemestrina, 14.6 kg, 7 years, male) were obtained through the Washington National Primate
Research Center (WaNPRC), which is accredited by the American Association for Assessment of
Laboratory Care (AAALAC). Animals were housed and maintained in accordance with the guidelines
set by the Guide for Care and Use of Laboratory Animals (National Research Council Committee,
2011). Monkeys were fed twice daily with a nutritionally balanced diet of monkey biscuits. The
monkeys also participated in the WaNPRC Environmental Enhancement Plan and were provided
enrichment items daily. The research in this study was also conducted in accordance with the
American Society of Primatologists Principles for the Ethical Treatment of Nonhuman Primates.
Animals were housed indoors on a 12-hr light cycle where most monkeys were housed in two-tiered
stainless-steel cages in compliance with Animal Welfare Act USDA standards for NHPs based on

animal weight. All animal cages were equipped with perches.



Method Details

Surgical Procedure and Photothrombotic Technique
Three adult Macaca mulatta (monkeys A, B, and C) were anesthetized with isoflurane and placed in

a stereotaxic frame. Throughout the procedure we used standard aseptic technique, and the
animals’ body temperature, heart rate, electrocardiographic responses, oxygen saturation, and CO,
end-tidal pressure were monitored. A sagittal or coronalincision was made to expose underlying soft
tissue in the right hemisphere of monkey A and bilaterally in monkeys B and C. After removing the
soft tissue to reveal the skull, a 25 mm diameter craniotomy targeting the sensorimotor cortex was
made based on the macaque brain atlas (Paxinos et al., 2009) with a center 17.5 mm from the midline
and 11.55 mm from the interaural line using a trephine in the right hemisphere of monkey A and
bilaterally in monkeys B and C. To allow for optical access to the cortical surface, we performed a
durotomy to excise the opaque native dura and replaced it with a transparent silicone artificial dura
(10:1 Shin-Etsu KE1300-T and CAT-1300) of 0.5 mm thickness and 25 mm diameter. More detailed
information on artificial dura fabrication can be found in our previous publications (Griggs et al.,
2019; Yazdan-Shahmorad et al., 2016). We acquired baseline OCTA images of the exposed cortical
surface through the artificial dura as described later in a later section. Light exposure was limited
across the cortical surface by placing on the artificial dura an opaque silicone mask with circular
apertures with diameters of 0.5, 1.0, and 2.0 mm distributed across the mask (Figure 1A). We then
intravenously injected 20 mg/kg of Rose Bengal solution (40 mg/mL concentration) through the
saphenous vein over the course of 5 minutes and began illumination through the mask with a cold
white light source for 30 minutes (Figure 1B). To prevent further light exposure following illumination,
the cranial window was optically shielded until OCTA images were acquired 3 hours post-
illumination. Following post-illumination OCTA imaging, we perfused the animal with 6 L of 4%
paraformaldehyde then extracted and immersed the brain in 4% paraformaldehyde solution for 24—

48 hours at 4 °C.

Electrocorticographic Recording, Stimulation, and Power Analysis

Electrocorticographic Recording

Four adult Macaca nemestrina (monkeys D, E, F, and G) underwent a surgical procedure similar to
that of monkeys A, B, and C. Briefly, bilateral craniotomies and durotomies were performed targeting
the sensorimotor cortex following sedation and stereotaxic positioning. After baseline OCTA images
were acquired through the transparent silicone artificial dura (monkeys D-E), the artificial dura was

removed and replaced with a semi-transparent ECoG array of 32 electrodes (Figure 4A).



Approximately 30 minutes prior to the beginning of baseline recording, animals were transitioned
from isoflurane to urethane anesthesia to enable for recording of neural activity. To correlate
electrode location with lesion location, OCTA images were acquired prior to photothrombosis
through the array for monkey D (Figure 4A). We placed an opague mask similar to that of monkeys A
through C but with a single aperture located in the center with a diameter of 1.5 mm on the
ipsilesional hemisphere (monkeys D, F, and G: left hemisphere; monkey E: right hemisphere). In the
contralesional hemisphere we placed a mask without any apertures. A skull screw located anterior
and medial to the ipsilesional cranial window was used as a ground for ECoG recordings. Prior to
Rose Bengal infusion and illumination as described previously, baseline ECoG recordings were
collected bilaterally for 30 minutes. We also recorded LFPs during illumination and for 3 hours
followingillumination. We then acquired OCTA images in both hemispheres (monkeys D-E), perfused

the animals, and stored the extracted brain as described previously.

Electrocorticographic Stimulation
One hour following illumination, we stimulated perilesionally through one channel for a duration of

about one hour in monkeys F and G. Stimulation (60 pA, 5 biphasic pulses per burst at 1 kHz, 450 ps
pulse width, 50 ps interphase interval, 5 Hz burst frequency) occurred in six ten-minute blocks
interspaced with 2-minute recording blocks. Post-stimulation recording was then continued for

another 30-60 minutes.

Power Analysis
LFPs were recorded at a rate of 30 kHz and downsampled to 1 kHz in MATLAB for power analysis.

Signals were notch filtered at 60, 120, 180, and 240 Hz, and were bandpass filtered to isolate theta
(4-7 Hz), gamma (30-59 Hz), and high gamma (60-150 Hz) bands. After filtering, artifacts were
removed from the signal by normalizing the discrete time series of each signal, and samples with an
amplitude exceeding 25 standard deviations were identified and excluded from analysis. Similarly,
channels with power spectral densities that did not exhibit the expected 1/f curve were also
excluded from analysis. Thus, one channel was excluded from analysis in monkey D, three channels
were excluded from analysis for monkey E, and 11 channels were excluded from analysis for monkey
F. No channels were excluded for monkey G. The signal power for each frequency band was
calculated for each electrode over the course of the baseline and the final 30 minutes of post-
illumination recording periods. Signal power was calculated by squaring the filtered signal and
dividing by the elapsed time. Change in sighal power was calculated by subtracting mean baseline

power from the mean post-illumination power. To isolate channels with decreasing power, we



performed a left-tailed paired t-test between the 30 minutes of baseline power and the final 30
minutes of post-illumination power calculated at 60 s intervals (family-wise error rate < 0.001 to
account for multiple comparisons). Thus, we categorized channels in a lesioned group (decreasing
power), and a non-lesioned group (failed to show a decrease in power). A one-way ANOVA was used
to compare average change in power of channels across the two groups at a significance level of
0.05. The time-varying signal power across all recording periods was calculated in 10 s intervals and
smoothed (smoothing factor of 0.4-0.5). To observe the effects of electrical stimulation over time,
the power time-course for each individual channel was normalized to baseline mean and standard

deviation.

Histology and Immunohistochemistry
After 24-48 hours of post-fixation in 4% paraformaldehyde brains of all animals were dissected into

a single 25 mm thick coronal block containing the region of interest using a custom matrix and stored
in 30% sucrose in PBS solution at 4 °C for a minimum of one week. The block was then frozen and
sectioned into 50 pm coronal sections using a cryostat (Microm, Thermo Fisher) or a sliding
microtome (Leica). Cut sections were stored in PBS solution with 0.02% sodium azide at 4 °C. To
evaluate the extent of ischemic damage to the neuronal population we first performed Nissl staining
on mounted serial coronal sections with a rostrocaudal separation of approximately 0.45 mm using
Cresyl Violet (monkeys A and B) or Thionin acetate (monkeys C, D, and E). Due to inadequate storage
conditions resulting in loss of tissue, not all putative lesions were confirmed histologically for monkey
A. Therefore, data from monkey A was excluded from the rest of our analysis. To additionally confirm
the neuronal cell loss in the illuminated regions, we immunostained adjacent sections for a selective
neuronal marker NeuN. Sections were further trimmed to include the mediodorsal part of the
hemisphere with putative lesion sites; these were first incubated in 50% alcohol for 20 min to
permeabilize, then rinsed in PBS and incubated in 10% normal donkey serum in PBS containing 0.1%
triton-X100 at 4 °C for 1-2 hours, and then incubated with a mouse anti-NeuN primary antibody
(1:500, Millipore Sigma; MAB377, RRID: AB_2298772) at 4 °C for 48 hours. Sections were then rinsed
in PBS, incubated in 2% normal donkey serum followed by the secondary donkey anti-mouse
antibody conjugated to AlexaFluor 488 (1:300, Millipore) for 4-6 hours at room temperature. Sections
were rinsed and mounted using VectaShield mounting media (Vector) containing DAPI and imaged

using Nikon 6D widefield automated microscope system (Nikon imaging Center at UCSF).



Lesion Reconstruction and Size Measurement
All Nissl-stained slices for monkeys B through E were imaged and co-registered in MATLAB (MATLAB

R2020a, MathWorks) without resizing. The registered images were then edited in Adobe Photoshop
to enhance boundaries between infarct and non-infarcted regions, after which each slice was
smoothed with an edge-preserving filter, binarized, and underwent edge-detection to identify slice
boundaries with and without the infarcted regions in MATLAB (Figure 2D,E). Lesion boundaries were
obtained by subtracting boundaries with the lesions from boundaries that excluded the lesions.
These boundaries were then visualized as surfaces in three-dimensional space with linear
interpolation of the approximately 0.45 mm rostrocaudal separation between slices. The average
diameter and maximum depth from representative coronal slices of each lesion were then

calculated based on image resolution.

Optical Coherence Tomography Angiography Imaging
For in vivo validation of disrupted blood flow in cortical vasculature, we acquired OCTA images for

monkeys B through E. OCTA was acquired from a custom-built prototype OCT system, using a
200 kHz vertical cavity surface-emitting swept source (SL1310V1-10048, Thorlabs Inc., Newton, NJ)
with a central wavelength of 1310 nm, and a sweeping bandwidth of 100 nm, giving an axial resolution
of ~8 uym in tissue (~11 pm in air). The prototype was similar to the device reported in a previous
publication (Deegan et al., 2018b, 2021; Xu et al., 2017). Briefly, the imaging probe was a hand-held
piece in which a paired X-Y galvo scanner and sample optics assembly were housed. To facilitate
scanning, a monitoring screen was integrated with the hand-held probe where the OCT and OCTA
cross-sectionalimages are displayed in real time to aid the operator during imaging. In this study, the
probe was mounted on an articulated arm to maintain a consistent distance between the objective
lens and the imaging target. A 5X objective lens within the hand-held probe focused the 1310 nm light
source into a beam spot on the brain surface with an incident power of 5 mW, similar to that of a
common laser pointer. Alongside the imaging light was a visible laser beam, which was used to guide
OCTA imaging, which also provided an opportunity to position and orientate the beam spot over the
same tissue region for each scan session, producing reliable and repeatable scans over different

time points.

OCTA was performed in repeated raster-scan. The scanning beam was directed into the cortical
tissue through a transparent silicone artificial dura, prior to photothrombosis and 3 hours post-
illumination with a lateral FOV of approximately 9 mm x 9 mm. At each position on the raster scan,

one full A-scan approximately 8 mm deep (1408-sampling-pixel) was acquired. Each B-frame



contained 1000 A-line scans and was repeated 8 times, then moved to the next B-frame. This process
was repeated to form a volume of 1408 x 1000 A-lines x 8 repeat x 1000 B-frames. The optimal
resolution in the axial direction (into the tissue) was 5.5 pm and the lateral resolution was 24 pm. The
volume scan was repeated at different regions within the cranial window, then processed to form a
3D OCTA data set. For visualization, the 3D OCTA was color-coded with the depth associated with

each vesselinto a 2D-en-face (top-down) projection.

The 2D-en-face projections at different regions were then stitched together to form a larger FOV as in
Figure 3 using the Hugin software (Hugin-2019.2.0). Stitched OCTA images were then aligned with
images of the cortical surface via control point registration in MATLAB. To estimate the diameters of
the lesions, images were first smoothed with a Gaussian filter and binarized. Lesion boundaries of
each detected lesion were fitted with ellipses and the major and minor axis lengths were recorded.
The major axis lengths were then defined as OCTA-measured lesion diameters. Illuminated regions

outside the FOV excluded from analysis.

Light Intensity Measurements
Due to the uncollimated nature of the illuminating light beam, the power density of the light through

each aperture was assumed to differ based on the location and diameter of each aperture. We
measured the light intensity (535 nm) through each aperture (10-20 times) and through the mask

without any apertures using a photodetector (Thorlabs PM100D Power Meter and S121C Sensor).

Lesion Size and lllumination Parameter Analysis
The relationship between OCTA-measured lesion diameter and histologically measured lesion

diameter was assessed by fitting an ordinary least squares linear regression in MATLAB (fitlm
function). Similarly, the relationships between OCTA-measured diameter and histological lesion
depth, as well as histological depth and diameter were analyzed by ordinary least squares
regression. We also computed the partial correlation coefficients between the illumination
parameters (aperture diameter and log-transformed light intensity) and each lesion size metric
(OCTA-measured diameter, histological diameter, and histological depth) separately in MATLAB
(partialcorri function). We computed partial correlation instead of Pearson’s correlation to separate
the individual contributions of the illumination variables. We log-transformed the light intensity
values before calculating the correlations in accordance with the Beer-Lambert law (Bouguer, 1729),

which relates optical path length to the logarithm of light intensity.



Light Simulation
Our computational model of light penetration and subsequent lesion in the brain consisted of a

Monte Carlo simulation of photons propagating through brain tissue, extraction of a light intensity
contour, and scaling of the contour. A virtual volume was constructed which mimicked the
experimental setup and had the relevant optical properties of brain tissue. Photons were virtually
propagated through this volume to obtain a probability distribution of photon fluence, or light energy
passing through a given area. Optical parameters were informed by published literature regarding
primate cortical optical properties and then refined to maximally match our experimental results
obtained through histology. The Monte Carlo simulations were designed using the Monte Carlo
eXtreme (MCX) software (Fang and Boas, 2009) and run on discrete graphics cards (Nvidia GTX 1080Ti
and Nvidia GTX 2060).

The virtual volume consisted of a light source and mask, an artificial dura, and gray and white matter
(Figure 5A). The entire volume was 8 mm x 8 mm x 5.6 mm (width x width x height), with voxel
resolution of 0.01 mm?. We specified the light source as a disk parallel to the surface of the brain with
collimated light exiting the side of the disk facing the brain, and then passing through a thin highly
scattering disk which uncollimated the light. We set the diameters of both disks to be equal to the
aperture diameter of the mask of the corresponding in vivo experiment. We specified the volume
peripheral to the disks as a highly absorbing and highly scattering medium to mimic the opacity of
the non-aperture part of the mask (Supplementary Table 1). The diameter used in our simulations
were 0.5 mm, 1 mm, 1.5 mm, and 2 mm, corresponding with the apertures tested in our in vivo
experiments. After specifying the volumes, we ran simulations of 1 million photons through the
volume. The simulations yielded voxel-wise fluence values, or values of radiant energy received per

unit area. The fluence results were imported into MATLAB and analyzed with custom code.

Research on the optical properties of gray matter is often contradictory, and values of index of
refraction, anisotropy coefficient, and absorption and scattering coefficients vary by orders of
magnitude in published research. We defined a grid search boundary of optical properties by using
the values reported in previous literature (Gottschalk, 1992; Yaroslavsky et al., 2002) as upper and
lower bounds of the properties. As the absorption spectrum for Rose Bengal peaks at 559 nm, we
used the optical properties reported for this wavelength by interpolating from nearest reported
wavelengths. The range of the grid was [0.03, 0.76] mm™ for gray matter absorption, [9.9, 53.6] mm”

for gray matter scattering, [0.09, 0.36] mm™ for white matter absorption, and [41.9, 78.4] mm™ for



white matter scattering. For anisotropy coefficients the two publications reported similar values,
therefore we averaged the values between the publications to obtain an anisotropy coefficient of 0.92
for gray matter and 0.8 for white matter. The refractive index was set as 1.36 for gray matter and 1.38
for white matter (Yaroslavsky et al., 2002). From the optical property ranges we constructed a 5 x 5 x
4 x 4 size grid with 5 values for the gray matter absorption and scattering coefficients and 4 values for
the white matter absorption and scattering coefficients. For each of the 400 combinations of
parameters, four simulations were run, corresponding with the four aperture sizes tested in our
experiments. Each simulation yielded a volumetric fluence distribution. We further obtained

representative 2D central slices to compare with histologically obtained lesions.

For each photon intensity distribution corresponding to an optical property combination, we
identified the light intensity threshold which yielded contours most closely matching those obtained
from central slices of lesions obtained from histology. By treating the maximum depth and average
width of an individual contour as the prediction of maximum depth and average width of the
corresponding lesion, we quantified the predictive power of the simulation. Denote by SSR; the
residual sum of squares of prediction of maximum depth of a lesion, SST, the total sum of squares
of maximum depth of a lesion, SSR,, the residual sum of squares of prediction of average width of a
lesion, and SST,, the total sum of squares of average width of a lesion. The objective function used to

find the best light intensity threshold was:

SSR4?

SSRy,2 (1)
min(——s + .
thresh “SST g )

SST,,?

This is equivalent to maximizing the (squared or unsquared) Euclidean norm of the r-squared values
of depth and width predictions less 1. Denote by rf the r-squared value of the simulation-based
prediction of maximum depth of a lesion, and rMZ, the r-squared value of the simulation-based

prediction of average width of a lesion. Then the equation above can be rewritten as:

max ((rg = 1)* + (55 — ). )

We solved this objective function individually for each optical property combination using Bayesian
optimization. We then identified the simulation yielding the minimum value of this objective function
as that most closely matching our histology data and used the results of that simulation for all later

parts of the analysis. The optical properties of this best simulation were gray matter absorption



coefficient of 0.395 mm™, gray matter scattering coefficient of 53.6 mm™, white matter absorption
coefficient of 0.09 mm™, white matter scattering coefficient of 54.066 mm™, and a light intensity

threshold for lesion induction of 19.9 pW/mm?.

We then identified a transformation to accurately scale the profiles of the light simulation contours
to that of the lesions obtained from histology (Figure 5C,D). We opted to do this by independently
scaling the width and depth of the contours. Our first approach was to fit a univariate linear
regression from the simulation depths and widths to the lesion depths and widths, respectively. In
this linear regression we did not allow an intercept term. Based on the results of our linear
regressions, we further evaluated the need for non-linear transformations. Once these scaling
factors were set, we treated them as the final stage of our modeling platform, whereby light intensity
contours from the Monte Carlo would be stretched and shrunk accordingly to transform from the

light profile to the lesion profile.
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Supplementary Figure 1. Schematic of illumination using a multi-apertured mask used for monkeys A, B,
and C. Related to Figure 1. (A) A cranial window through an artificial dura with projected areas of illumination
shown in yellow. (B) Multi-apertured mask is placed on top of the artificial dura. (C) Coronal schematic of
illumination through the apertured mask. This setup enables testing different illumination intensities and
aperture diameters.




Supplementary Figure 2. Validation of neuronal cell loss with NeuN staining. Related to Figure 2. (A) Nissl
staining demonstrating cell loss indicated by the black arrow in a representative coronal slice from monkey C.
(B) NeuN staining of an adjacent slice demonstrating neuronal cell loss in the same lesion indicated by the
white arrow. Scale bars are 1 mm.
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Supplementary Figure 3. Optical coherence tomography angiography (OCTA) imaging was used to
validate lesion induction in vivo. Related to Figure 3. Stitched baseline and post-photothrombosis OCTA
images are shown for both hemispheres of monkeys B and C, with vasculature color indicating cortical depth.
In the left column, yellow circles indicate the illuminated regions for photothrombosis, with the diameters
corresponding with the aperture diameters. Shading of the yellow circles in the left column indicate relative
intensity of illumination. Baseline OCTA images are shown in the middle column. In the right column, dark
regions indicated by white arrows in OCTA images taken 3 hours after photothrombosis indicate successful
lesion induction due to the occlusion of the illuminated microvasculature. Scale baris 1 cm.
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Supplementary Figure 4. OCTA predictions of histologically measured lesion size with large vessel values
included. Related to Figure 4. (A) Correlation between OCTA- and histologically measured lesion diameters (r
=0.70, p = 7.8e-5). (B) Correlation between OCTA-measured lesion diameters and histologically measured
lesion depths (r = 0.69, p = 8.3e-5). (C,D) Correlation between histologically measured lesion diameters and
depths with large vessel values included (C, r = 0.82, p = 2.4e-8), and excluded (D, r=0.81, p = 5.3e-6).
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Supplementary Figure 5. Transformation of simulated depths in second stage of modeling
photothrombotic lesions. Related to Figure 5. (A) Histological depths vs linearly transformed simulated



depths. (B) Residuals of histological depths vs linearly transformed simulated depths plotted against fitted

values from (A).

g n (index of  Thickness
o, (mm™)  p_(mm7)  (anisotropy) refraction)  (mm)
Scattering disk 0 100 0.86 1.44 0.1
Mask (opaque) 1000 1000 1 1.3 0.1
Artificial dura 0.01 0.01 0.86 1.43 0.5
Gray matter 0.395 53.6 0.91 1.36 25
White matter 0.09 54.066 0.8 1.38 25

Supplementary Table 1. Table of optical properties and thicknesses of virtual media used in the Monte

Carlo simulation. Related to Figure 5.



Chapter 3: Homeostatic priming facilitates Hebbian-based
network functional connectivity change in non-human
primate cortex

Karam Khateeb, Felix Schwock, Noah Stanis, Jasmine Zhou, Tiphaine Belloir, Azadeh Yazdan-
Shahmorad

Abstract

The ability to alter the connections between the neurons in our brains is fundamental for our survival.
When injuries or disorders of the nervous system result in disrupted connectivity, one clinical
approach is to restructure neural connectivity to restore any lost behaviors or functions of the
nervous system. The most common strategies utilize principles of Hebbian plasticity, wherein the
coactivation of neurons results in a strengthening of the connections between them. Hebbian-based
approaches, however, suffer from a lack of efficacy in vivo. Homeostatic metaplasticity is a
mechanism by which the recent activity of neurons determines their likelihood to strengthen or
weaken their connections. Metaplasticity mechanisms constantly operate in tandem with Hebbian
plasticity mechanisms and are often overlooked in developing plasticity-based treatments. We
hypothesized that homeostatic priming of cortical neurons by suppressing neuronal activity will lead
to greater strengthening of connectivity when followed by Hebbian-informed paired stimulation
compared to paired stimulation alone. We tested this in posterior parietal cortex of two macaques
by repeatedly suppressing neural activity optogenetically for a period of 10 minutes then conducted
a Hebbian-informed paired electrical stimulation protocol between two cortical sites. Homeostatic
priming prior to Hebbian-informed paired stimulation resulted in an increase in functional
connectivity between stimulation pairs and across the network. Functional connectivity changes
also became less predictable and less reliant on the underlying network. Finally, graphical diffusion
autoregressive (GDAR) flow analysis showed that paired stimulation alone facilitated a preferential
increase in information flow around each stimulation site in the direction of the opposing paired
stimulation site. Homeostatic priming prior to stimulation promoted orientation-independent
changes in information flow between stimulation sites and neighboring regions, representing a
potential mechanism by which overall network functional connectivity changes can occur. Together,
these results demonstrate the potential for integrating homeostatic metaplasticity and Hebbian
plasticity principles in designing stimulation-based therapies that aim to rewire cortical circuitry for

neurorehabilitative applications.



Introduction

Neurological disorders such as stroke, traumatic brain injury, and epilepsy often result in the
disruption of neural connections that can cause serious cognitive and behavioral deficits.
Fortunately, neurons possess the remarkable ability to alter their connectivity, a process that is
crucial for human development and survival and is thought to underly memory formation and
learning. We explored an approach towards treating neurological disorders such as stroke that
utilizes these innate mechanisms of synaptic plasticity to reinforce existing connections to drive

functional recovery (Cramer, 2018; Edwardson et al., 2013; Grefkes and Ward, 2014).

The predominant mechanism of synaptic plasticity targeted in neural rewiring strategies is Hebbian
plasticity, which hypothesizes that repeated coincidental activity between two neurons results in
their strengthened connectivity (Hebb, 1949). One mechanism of Hebbian plasticity, first
demonstrated in vitro and ex vivo (Bi and Poo, 1998; Markram et al., 1997), is spike timing-dependent
plasticity (STDP). According to the now canonical STDP principles, repeated firing of a presynaptic
neuron that is immediately followed by the firing of a postsynaptic neuron will strengthen the
synapses between them (long-term potentiation, LTP) (Bi and Poo, 1998; Feldman, 2012). One
advantage of STDP-based approaches is the ability to direct plastic connectivity changes through
paired stimulation of two neurons or groups of neurons. Groundbreaking work in NHPs demonstrated
the validity of STDP principles in vivo through activity-dependent and paired neural stimulation,
highlighting the potential for clinical translation (Edwardson et al., 2013, 2014; Jackson et al., 2006;
Lucas and Fetz, 2013; Seeman et al., 2017; Yazdan-Shahmorad et al., 2018a). However, there remain
significant flaws with these approaches that have contributed to their limited efficacy (Bloch et al.,
2019; Feldman, 2012; Seeman et al., 2017; Ting et al., 2020). Namely, paired stimulation paradigms
fail to consider other factors shaping synaptic plasticity in vivo (Feldman, 2012). Recent studies have
demonstrated that the underlying network holds greater influence on functional connectivity change
compared to stimulation protocols (Bloch et al., 2022, 2019). The role of the spike-timing aspect of
plasticity is only a small part among a multitude of other important factors (Bloch et al., 2022, 2019;

Feldman, 2012).

One feature often overlooked in STDP-based approaches is the homeostatic tendency of neurons to
maintain consistent levels of activity by altering synaptic strengths and modifying the threshold for
LTP induction. This is unlike Hebbian plasticity, in which correlated activity results in LTP, leading to

further correlated activity and subsequent LTP. Additionally, increased synaptic potentiation and



postsynaptic excitatory drive facilitates potentiation of other previously weaker synapses,
obfuscating the input specificity of synaptic inputs encoded by the diversity of synaptic strengths.
Such positive feedback loops can therefore lead to circuit instability (Turrigiano and Nelson, 2000).
Consequently, both Hebbian and homeostatic plasticity mechanisms are continuously ongoing
processes in cortical circuits. Therefore, in developing Hebbian-based stimulation therapies for the
treatment of neurological disorders, homeostatic plasticity mechanisms must also be considered to
improve treatment efficacy. In this study, we explored one strategy with which both Hebbian and
homeostatic plasticity mechanisms may be reconciled and leveraged to improve the efficacy of
stimulation-based therapies. One proposed mechanism of homeostatic plasticity is the sliding
threshold mechanism, also termed homeostatic metaplasticity (Bear et al., 1987; Bienenstock et al.,
1982; Cooper and Bear, 2012; Lee and Kirkwood, 2019). According to this hypothesis, recent
neuronal activity levels alter the threshold for LTP induction. Neurons with decreased activity exhibit
a decreased threshold for LTP induction, while neurons with increased activity have an increased
threshold for LTP induction. This model of homeostatic plasticity has been previously demonstrated
ex vivo in pharmacological inhibition studies and in vivo in studies where sensory deprivation results
in upscaling of synaptic weights (Kirkwood et al., 1995, 1996; Kotak et al., 2005; O’Brien et al., 1998).
However, not all sensory deprivation studies have been successful at demonstrating reduced
thresholds for LTP following neuronalinhibition (Lee and Kirkwood, 2019; Whitt et al., 2014). Different
sensory deprivation techniques in vivo yield different results likely due to differences in the
mechanisms of sensory deprivation and their efficacy of neuronal inhibition (Lee and Kirkwood,
2019; Whitt et al., 2014). Thus, whether attempts to engage metaplastic mechanisms in vivo or in a
clinical setting can be effective has been uncertain. In this study, we set out to explore whether
homeostatic priming periods of pan-neuronal inhibition can aid in the facilitation of Hebbian

functional connectivity change in the clinically relevant NHP animal model.

A series of investigations in motor cortex provide evidence of homeostatic metaplasticity expression
in humans, some even demonstrating promising effects of homeostatic priming on motor learning
and excitability (Edwardson et al., 2013; lyer et al., 2003; Karabanov et al., 2015; Lang et al., 2004;
Miller et al., 2007; Potter-Nerger et al., 2009; Siebner et al., 2004). However, the demonstration of
effective stimulation-induced corticocortical connectivity change has yet to be convincing in human
studies (Doeltgen and Ridding, 2011; Fricke et al., 2011). Due to the technological limitations of
research in humans, the methods used in these studies (i.e., repetitive transcranial magnetic

stimulation, transcranial direct current stimulation, median nerve stimulation) lack the



spatiotemporal specificity of neuronal manipulation and recording needed to effectively assess such
an approach. Specifically, while these approaches have demonstrated the success of homeostatic
priming in raising excitability in corticospinal circuits, such efficacy in corticocortical connections
has remained elusive (Doeltgen and Ridding, 2011; Fricke et al., 2011; Karabanov et al., 2015; Lang
et al., 2004; Siebner et al., 2004). With recent developments in large-scale optogenetic neural
interfaces in NHPs, we were able to investigate the simultaneous engagement of metaplastic and
Hebbian mechanisms at the level of local corticocortical circuits. We hypothesized that homeostatic
priming via neuronal inhibition preceding periods of Hebbian-inspired paired stimulation would
correspond with greater functional connectivity changes compared to non-primed paired

stimulation periods.

Results

We investigated the effects of periods of pan-neuronal optogenetic-mediated inhibition on
succeeding periods of Hebbian-informed paired electrical stimulation in the posterior parietal
cortex. We utilized an optogenetic interface previously developed and implanted in posterior parietal
cortex of two adult male rhesus macaques (monkey H, age 10; monkey L, age 10-11) (Griggs et al.,
2024). The interface consisted of a chronically implanted semi-transparent 32-channel
electrocorticographic (ECoG) array that spans a 25 mm diameter cranial window (Figure 1A).
Previously, the animals were injected with AAV8-hSyn-Jaws-GFP to pan-neuronally express the red-
shifted inhibitory opsin Jaws. Epifluorescence imaging of the GFP tag within the cranial window
allowed for validation of expression and the identification of expressing regions (Figure 1A). The
animals were head-fixed in a primate chair throughout data collection. Within each experimental
block, the initial 10 min period consisted of spontaneous recordings of surface local field potentials
(LFPs) obtained through the ECoG array. The second 10 min period was characterized by a sham
priming period or a priming period in which red light was pulsed through a micro-LED array for 900
ms pulses at a 50% duty cycle. The following 10 min period consisted of Hebbian-informed paired
electrical stimulation of two randomly selected cortical sites within expressing regions at 5 Hz burst
frequency with a 10 ms delay between stimulation sites. We also tested blocks with sham
stimulation during this period. The final 10 min period of each block entailed recording spontaneous
surface LFPs for later comparisons with the initial baseline period (Figure 1B). Overall, four

experimental conditions were tested across both animals: unconditioned (30 blocks), priming only



(44 blocks), paired stimulation only (35 blocks), and a combined priming and paired stimulation

condition (48 blocks).

[lumination during priming periods resulted in increased evoked responses
network-wide

To assess opsin functionality during each experimental block containing a priming period, we
analyzed the evoked responses as a result of illumination. Illumination throughout the cranial
window resulted in photo-induced artifacts that were also visible in saline testing. We used principal
component analysis (PCA) to obtain principal components associated with photo-induced artifacts
obtained from saline testing. After projecting our in vivo data onto these saline-obtained bases, we
reconstructed the neural signal without photo-induced artifacts (Figure 1C). To obtain the evoked
response after each 900 ms pulse, we calculated the average of broadband power during the pulse
and divided it by the average broadband power for the 500 ms prior to illumination. Consistent with
previous reports, we observed increases in overall broadband power especially in higher frequency
bands (Figure 1D) (Griggs et al., 2024). Similar to previous observations, we attributed this increase
in power to the silencing of more superficial cortical layers which are known to consist of a
significantly higher proportion of inhibitory neurons. Previous studies have demonstrated that
inhibitory stimulation in neocortical layers 2/3 can result in increased activity in deeper layers, which
reflect high frequency oscillations recorded in LFP signals (Pierce et al., 2025; Yazdan-Shahmorad et
al., 2011, 2013). Across the network, we observed that the calculated evoked responses were greater
than sham evoked responses obtained from the baseline period preceding the priming period of each
block (paired sample t-test, p = 4.3099e-05), suggesting that optical illumination during the priming

period resulted in network-wide inhibitory effects (Figure 1E).
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Figure 1. Experimental design and opsin expression validation. A) Cranial window in monkey L with
implanted 32-electrode electrocorticographic (ECoG) array (left panel) and epifluorescence imaging
demonstrating underlying pan-neuronal expression of Jaws-GFP (right panel). Throughout the experiment,
monkeys were head-fixed while placed in front of a monitor. B) Schematic of recording blocks for each
experimental condition. Each of the four periods within each block are 10 min in length. C) Example LFP traces
without illumination, during illumination with illumination artifacts, and during illumination with the
illumination artifacts removed. Vertical scale bar is 250 pV, horizontal scale bar is 500 ms. D) Example
spectrogram before, during and after illumination of the same LFP trace shown in (C). Power values within each
frequency are normalized to the 500 ms prior to illumination and the log base 10 of those values are shown in
the spectrogram. The pink bar indicates the illumination time which lasted 900 ms. E) Mean network evoked
responses calculated as the ratio of the broadband spectrogram values during and before illumination (p =
4.3099e-05, paired sample t-test).

Homeostatic priming prior to Hebbian-informed stimulation facilitates
targeted and network-wide functional connectivity increases

Previous work has demonstrated the capability for Hebbian-informed paired stimulation to induce

changes in functional connectivity across an entire recorded network (Bloch et al., 2022, 2019;



Rebesco and Miller, 2011; Rebesco et al., 2010; Seeman et al., 2017; Yazdan-Shahmorad et al.,
2018a). To assess the local changes in functional connectivity, we calculated high gamma band (60-
150 Hz) multivariate Granger causality (GC) across all possible pairs of electrodes across the ECoG
array during the baseline and post-stimulation periods of each experimental block (Figure 2A-B). We
hypothesized that the GC from the first stimulation site to the second stimulation site would increase
for blocks in which a priming period preceded Hebbian-informed paired electrical stimulation.
Indeed, we found that GC significantly increased in blocks conditioned with priming and paired
electrical stimulation (one-sample t-test, p = 0.047) (Figure 2C). This was not the case in the
unconditioned control blocks and blocks conditioned with either a priming period or paired
stimulation period alone (one-sample t-tests; unconditioned: p = 0.124; stimulation only condition:
p =0.645; priming only condition: p =0.277). From the second stimulation site to the first stimulation
site, however, we did not observe any significant changes in GC in any of the conditions (one-sample
t-test; unconditioned: p = 0.0537; stimulation only: p = 0.192; priming only: p = 0.522; priming with
stimulation: p =0.072; Figure 2C).

We next assessed the effect of priming the network prior to Hebbian-informed stimulation on
functional connectivity changes throughout the entire recorded network (Figure 2B,D). We found that
blocks conditioned with a priming period prior to Hebbian-informed stimulation exhibited
significantly greater increases in GC across all connections in the recorded network compared with
control conditions (one-sample t-tests for comparisons within each group; one-way ANOVA and two-
sample t-tests for across group comparisons with Bonferroni corrections for multiple comparisons;
Figure 2D). Unexpectedly, we found that in the unconditioned blocks, the overall network GC
decreased significantly (one-sample t-test; p = 8.92e-29). We also observed significant decreases in
GC in both singly conditioned blocks (one-sample t-test; stimulation only: p =9.13e-4; priming only:
p = 9.76e-08). The decreases in GC under these two conditions were significantly smaller in
magnitude compared to the decreases observed in the unconditioned blocks (two-sample t-tests
with Bonferroni corrections for multiple comparisons; unconditioned-stimulation only: p = 2.077e-
10; unconditioned-priming only: p = 3.13e-14). These data suggest that the relative increases
observed in the singly conditioned blocks may compound in the doubly conditioned blocks to
facilitate greater increases in functional connectivity across the network. Together, these results
align with our initial hypothesis that the pre-stimulation network state can be homeostatically primed

to facilitate both targeted and network-wide changes in functional connectivity.
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Figure 2. Local and network-wide changes in GC. A) Example node and edge plots depicting the change in
GC from the baseline to the post-stimulation period for each experimental condition. Each node represents an
electrode in the ECoG array. Upward pointing triangular nodes depict the first stimulation site within that block.
Downward pointing triangles denote the second stimulation site for the shown block. The color of each edge
represents the change in GC from baseline to the post-stimulation period. B) Average changes in GC across all
blocks for each experimental condition. C) GC changes between both stimulation sites. Solid bars represent
GC changes from the first stimulation site to the second stimulation site for each condition. Dashed bars
represent GC change from the second stimulation site to the first stimulation site. D) Network-wide GC
changes for each condition. In both (C) and (D), one-sampled t-tests were used to detect significant changes



in GC within each condition (§ denotes p < 0.05, 888 denotes p < 0.001) and one-way ANOVA followed by
pairwise two-sample t-tests with Bonferroni corrections for multiple comparisons to compare across groups
(*** indicates p <0.001).

Functional connectivity change becomes less predictable and less reliant on
the underlying network

Previous stimulation studies have demonstrated the strong importance of the underlying network in
determining post-stimulation changes in functional connectivity (Bloch et al., 2022, 2019). In fact,
features of the underlying network played a bigger role in influencing functional connectivity change
compared to stimulation protocols, including Hebbian-informed paired optogenetic stimulation in
NHP sensorimotor cortex (Bloch et al., 2022). Here, we similarly assessed the role of both network
and protocol features in determining functional connectivity change as a result of each experimental
condition by running 50 iterations of arandom forest model consisting of 100 decision trees. Protocol
features included: the animal subject, the experimental condition, order of the block, distance
between electrodes of each connection, distances between stimulation sites, distances between
electrodes of a given connection and the stimulation sites, illumination-evoked response ratios at
each site of a given connection, illumination-evoked response ratios at each of the stimulation sites,
and the extent of illumination throughout the cranial window. Network features included: the
baseline GC of each connection, the baseline GC of the sites within a connection with respect to the
stimulation sites, the baseline GC of the sites with respect to the rest of the network, and the baseline
GC of the stimulation with the rest of the network. For subsequent cross validation, 30% of the data
were randomly held out during each run. Feature importance was determined based on the loss in
prediction accuracy after randomly permuting each feature then scaling the scores from 0 to 1, where
a score of 1 was assigned to the most important and 0 to the least important of the considered

features.

On average, the random forest model accounted for approximately 60.4% of the variance of the held-
out test set with a 95% confidence interval (Cl) from 59.6% to 61.1%. Among the protocol features,
the distance between sites and the distance between stimulation sites were the most important
predictors of GC change (Figure 3A). Consistent with previous findings, network features played a
more significant role in determining GC change across all conditions in comparison with protocol
features overall. The most important network feature across all conditions was the pair baseline GC.
Notably, the importance of the pair baseline GC for blocks conditioned with both priming and

stimulation was the lowest (95% CI: 0.44 = 0.024) compared to the other conditions (unconditioned



95% CI: 0.88 + 0.033; stimulation only 95% CI: 1.0 = 0.025; priming only 95% CI: 0.67 + 0.025; Figure
3A). Within the unconditioned blocks, the mean baseline GC from the network to any given pair of
sites was also a significant predictor of GC change for that pair of sites (95% CI: 0.71 + 0.049). We
also assessed the prediction accuracy of the random forest model for each of the experimental
conditions. The most predictable of the four experimental groups was the unconditioned group with
an R? value of 0.73 = 0.0096 (95% ClI; Figure 3B). The singly conditioned groups were nearly equally
predictable with R? values of 0.55 = 0.015 (stimulation only condition 95% ClI; Figure 3C) and 0.54
0.014 (priming only condition 95% CI; Figure 3D). The combination of both priming and stimulation
was the least predictable of the conditions with an R? value of 0.48 = 0.019 (Figure 3E). These results
indicate that while the underlying network remained a more prominent determinant of functional
connectivity change compared to the stimulation protocol, the combination of priming and
stimulation may have reduced the influence of the underlying network on functional connectivity
change. This reduced network influence corresponded with reduced predictability of functional
connectivity change when homeostatically priming the network prior to Hebbian-informed paired

stimulation.
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Figure 3. Random forest modeling to predict functional connectivity change. A) Heat map of mean feature
importance scores for each experimental condition. Feature importance is scaled from 0 to 1, where 1 is the
most important of the assessed features and 0 is the least important. (B-E) Model-predicted GC changes
compared to calculated GC change from held out test sets from example random forest model runs for each
experimental condition. R? values are reported as 95% confidence intervals across all 50 random forest trials.

Solid diagonal lines representy = x.



Homeostatic priming prior to Hebbian-informed paired stimulation non-
preferentially distributes stimulation site communication

Functional connectivity and communication are two highly interdependent yet unidentical features
of neural circuits. While metrics such as GC provide valuable insight into the functional connectivity
between neural regions, they do not directly address the extent of actual neural communication.
Here, we explored the degree to which neural communication is altered as a result of each
experimental condition throughout the recorded network. We employed graphical diffusion
autoregressive (GDAR) modeling of the signals (see Methods for model details) recorded during each

of the conditions to infer changes in information flow (Schwock et al., 2024).

We calculated the change in GDAR flow magnitude from the baseline to the post-stimulation period
of each block. Across all unconditioned blocks and blocks conditioned with only a priming period,
we observed no discernible patterns of information flow change (Figure 4A-B). For blocks that
contained a period of paired electrical stimulation, however, we observed a substantial proportion
of blocks exhibiting stark changes in flow magnitude around both stimulation sites (Figure 4A-B). This
was confirmed by conducting PCA on the changes in GDAR flow magnitudes and re-constructing
those flow changes using the first principal component to visualize dominant flow fields throughout
the recorded network (Figure 4B). We found that blocks conditioned with stimulation only and
priming prior to stimulation displayed significantly greater changes in GDAR flow around the
stimulation sites compared to unconditioned and priming only conditioned blocks (one-way ANOVA
followed by pairwise two-sample t-tests across groups with Bonferroni corrections for multiple
comparisons; family-wise error rate of 0.05; Figure 4C). Additionally, blocks conditioned with only a
stimulation period displayed slightly greater flow magnitude change compared to doubly
conditioned blocks (p = 0.021; two-sample t-test with Bonferroni corrections for multiple

comparisons; Figure 4C).

We further investigated how the orientation of each connection with respect to the opposing paired
stimulation site may contribute to whether the flow of any given stimulation site’s connection
increases or decreases. For example, we expected to see increases in flow magnitude for
connections oriented in the direction of the opposing paired stimulation site. Conversely, for
connections oriented away from the opposing paired stimulation site, we expected to observe
decreases in flow magnitude. Thus, we hypothesized that information flow alighed with the axis of

the paired stimulation sites would increase in blocks conditioned with a stimulation period.



Surprisingly, this was the case for blocks conditioned with only a stimulation period, but not for
blocks conditioned with both priming and stimulation periods (Figure 4D). Within the stimulation
only condition, connections oriented towards the opposing paired stimulation site exhibited a
significantly greater change in flow compared to those oriented away from the opposing paired
stimulation site (p = 1.6e-5; two-sample t-test with Bonferroni correction for multiple comparisons).
For blocks conditioned with both priming and stimulation, connections oriented towards the
opposing paired stimulation site did not significantly differ from those oriented away (p = 0.075; two-
sample t-test with Bonferroni correction for multiple comparisons). These results indicate that
paired electrical stimulation increased the amount of information flow between the stimulation sites
and adjacent regions. Paired electrical stimulation was more effective at orienting information flow
between the two stimulation sites. In contrast, priming prior to paired stimulation non-preferentially

elicited changes in flow across all orientations around the stimulation sites.
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Figure 4. Evaluation of changes in information flow with respect to the stimulation sites. A) Node and edge
maps from example blocks from each of the four conditions demonstrating the change in GDAR flow across
the array. Each node represents an electrode in the array, while edges and their color represent the change in
information flow between the nodes. B) PCA reconstruction of the changes in GDAR flow magnitude to highlight
dominant flow fields. In both (A) and (B), upward pointing triangles indicate the first stimulation site, while
downward pointing triangles indicate the second stimulation site. C) Absolute value of the GDAR flow
magnitude for stimulation site connections across all conditions. D) Split violin plots showing GDAR flow
magnitude changes for stimulation site connections oriented toward (left halves) and away (right halves) from
the opposing paired stimulation site. Horizontal lines within each distribution indicate the median change in
GDAR flow. For (C) and (D), comparisons across groups are one-way ANOVA followed by pairwise two-sample
t-tests with Bonferroni corrections for multiple comparisons. For (D), comparisons between towards and away



distributions were performed within each group via two-sample t-tests with Bonferroni corrections for multiple
comparisons. In (C) and (D), * indicates p <0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

Discussion

In this study, we tested whether short-term homeostatic priming through pan-neuronal inhibition
immediately prior to a Hebbian-informed paired stimulation period could achieve greater functional
connectivity increases than paired stimulation alone. We hypothesized that the inhibition of pan-
neuronal activity could initiate homeostatic metaplastic mechanisms to facilitate stimulation-
induced Hebbian corticocortical functional connectivity change. We tested this hypothesis using
four experimental conditions, in which blocks were either unconditioned, conditioned with either a
priming period or a paired stimulation period, or both (Figure 1B). We observed that illumination
throughout the cranial window during priming periods induced greater evoked responses measured
through surface ECoG recordings compared to baseline controls (Figure 1C-E). Blocks conditioned
with combined priming and stimulation periods exhibited significant increases in GC from the first to
the second stimulation site, but not in the reverse direction or in any of the other control conditions
(Figure 2C). We also observed that doubly conditioned blocks had greater increases in network
functional connectivity compared to singly conditioned and unconditioned blocks (Figure 2D). We
then demonstrated through random forest analysis a reduced influence of the underlying network on
subsequent functional connectivity change in doubly conditioned blocks (Figure 3A). We also found
functional connectivity change to be less predictable when blocks were conditioned with both
priming and stimulation periods (Figure 3E). Additionally, paired electrical stimulation was sufficient
to drive changes in information flow between stimulation sites and their neighboring regions (Figure
4C). While stimulation alone facilitated increased information flow oriented towards opposing paired
stimulation sites, priming prior to stimulation yielded information flow changes agnostic of

orientation (Figure 4D).

Spectral effects of the homeostatic priming period

Consistent with previous results, we showed that illumination-induced activation of the inhibitory
opsin Jaws triggered increased broadband and high frequency band signal power as measured
through surface ECoG recordings (Griggs et al., 2024). This power increase was likely due to the
higher proportion of inhibitory neurons in layer 2/3 which project down to deeper cortical layers
(Kooijmans et al., 2020; Meyer et al., 2011). Because layer 2/3 is closer in proximity to the light source,
the inhibition of these superficial layers can result in increased layer 5 activity. In our spectrograms,

we observed increases in higher frequency power during illumination (Figure 1D), aligning with



previous observations that activity in deeper layers strongly accounts for higher frequency ECoG
signals (Baratham et al., 2022; Griggs et al., 2024; Thio and Grill, 2023; Yazdan-Shahmorad et al.,
2013).

Timing of the homeostatic priming period

The timing of the priming periods is a critical determinant of the efficacy of the approach explored
here. Here, we only tested 10 min priming periods. Homeostatic metaplasticity mechanisms have
been shown to operate on timescales of minutes to days (Abraham, 2008; Christie and Abraham,
1992; Clarkson et al., 2010; Huang et al., 1992; Yee et al., 2017; Zenke and Gerstner, 2017). In human
studies, non-invasive homeostatic priming periods have been tested with 10 minute (lyer et al., 2003;
Mdaller et al., 2007; Siebner et al., 2004; Todd et al., 2009) and even 5 minute periods (Fricke et al.,
2011). For this study, we elected to maintain priming periods to the shortest time scale at which
homeostatic changes have been observed experimentally to maximize the number of experimental
blocks recorded. The results of this study can lead to further exploration of longer and more
sustained priming periods (e.g. through chemogenetic-based approaches) which may lead to more
robust changes in functional connectivity. In vivo, metaplastic mechanisms have frequently been
reported in sensory deprivation studies, primarily in the visual cortex, but also in auditory and
somatosensory cortex (Lee and Kirkwood, 2019; Whitt et al., 2014). In such studies, the deprivation
of sensory inputs can lead to overall reduction in activity of excitatory and inhibitory neurons within
the sensory cortices (Feldman, 2009; Foeller et al., 2005; Hensch, 2005; Levelt and Hubener, 2012).
We aimed to mirror these effects by utilizing the pan-neuronal human synapsin promoter to drive
expression of the inhibitory opsin Jaws and did not limit expression solely to excitatory neurons. This
simultaneous reduction in inhibitory activity can also aid in raising the excitability of excitatory

neurons, particularly in layers 2/3 and 5.

We suggest that the homeostatic priming periods in this study promoted a downward shift in
modification threshold for subsequent LTP induction. The interrogation of threshold shifts is typically
accomplished through a combination of pharmacological, molecular, and single cell-level
electrophysiology (Bridi et al., 2018; Lee and Kirkwood, 2019; Whitt et al., 2014). While we are limited
in our ability to incorporate these approaches in large animals such as NHPs, it is critical for the
question of threshold shifts to be explored more thoroughly in future studies. Moreover, it is possible
that rather than shifting the LTP modification thresholds of layer 2/3 neurons, the priming periods in

this study increased the excitability of excitatory neurons in layer 5. This increase in excitability as



discussed above and as evident in the illumination-evoked responses (Figure 1D-E) may have
facilitated increased connectivity through layer 5 corticocortical connectivity. This would be
supported by the increased high gamma band changes in GC that we observed in doubly conditioned
blocks (Figures 2C-D). However, local corticocortical connections are thought to predominantly
occur through layer 2/3 projections rather than through layer 5, which typically engage with more
distant regions or within their individual cortical columns (Douglas and Martin, 2004; Thomson and
Lamy, 2007). Thus, we hypothesize that the priming periods within this study facilitated in the
downward shift in LTP modification threshold to help drive Hebbian functional connectivity change

through layer 2/3 corticocortical connections.

Translational correlates

The interactions between homeostatic and Hebbian plasticity mechanisms have been heavily
discussed in literature (Bridi et al., 2018; Turrigiano and Nelson, 2000; Vitureira and Goda, 2013).
Hebbian-informed stimulation paradigms have been the primary target approach for inducing
corticocortical connectivity changes (Bloch et al., 2022, 2019; Jackson et al., 2006; Lucas and Fetz,
2013; Seeman et al., 2017; Yazdan-Shahmorad et al., 2018a). Other groups have explored ways to
implement homeostatic priming periods prior to Hebbian-based stimulation to facilitate or depress
excitability along the corticospinal pathway using a combination non-invasive cortical stimulation
techniques. In such studies, inhibitory stimulation prior to excitatory stimulation facilitated “LTP-like”
increases in cortical excitability; conversely, excitatory stimulation prior to inhibitory stimulation
facilitated “LTD-like” decreases in cortical excitability (Fricke et al., 2011; lyer et al., 2003; Karabanov
etal., 2015; Lang et al., 2004; Muller et al., 2007; Nitsche et al., 2007; Siebner et al., 2004; Takeuchi
and Izumi, 2015; Todd et al., 2009). These studies focused exclusively on primary motor cortex
excitability, wherein cortical excitability was measured by motor-evoked potentials. In contrast,
similar approaches to reproduce these effects for intracortical connections did not yield the same
results (Doeltgen and Ridding, 2011; Fricke et al., 2011). Karabanov and colleagues have suggested
that this lack of reproducibility in intracortical circuits may be due to a smaller effect size within the
complexly wired neocortex that would be difficult to detect through motor evoked potentials
(Karabanov et al., 2015). Our reliance on spontaneous LFPs obtained through ECoG recordings in this
study has allowed us to detect the hypothesized homeostatic priming effects in corticocortical
connections. Moreover, previous studies have been mainly restricted to motor circuits with a few

studies in somatosensory and visual cortex (Bliem et al., 2008; Gatica Tossi et al., 2013). It has since



remained uncertain whether these findings generalize to other cortical areas. In the present study,
we provide evidence that this effect also manifests in the PPC, thereby extending its applicability

beyond motor regions.

We demonstrated that a brief homeostatic priming period of activity suppression prior to Hebbian-
informed paired electrical stimulation in NHP PPC helped promote subsequent Hebbian changes in
both local and network corticocortical functional connectivity. We accomplished this by combining
optogenetic inhibition with ECoG recording and stimulation. This work was enabled by our large-
scale optogenetic interface. Through the spatial specificity of our interface, we were able to test
multiple different stimulation sites across 157 blocks within a 25 mm diameter cranial window. Along
with the temporal resolution of our ECoG recordings, we were able to detect changes in functional
connectivity within the complex milieu of the in vivo NHP PPC, an achievement that is elusive in
human studies that rely solely on non-invasive techniques. The previous successes in human studies
using similar approaches, however, offer compelling support for the potential clinical translatability
of this integrated strategy. It is vital that we continue to explore these approaches in a variety of
neocortical regions, such as PPC, which is often associated with hemispatial neglect after stroke
(Vandenberghe and Gillebert, 2009; Whitlock, 2017). Naturally, it is also crucial that these
approaches are explored in diseased contexts, such as stroke. In particular, the exploration of these
approaches in clinically relevant animal models such as NHPs has become increasingly more
feasible with recent developments that allow for the integration of large-scale optical and
neurophysiological tools (Griggs et al., 2022, 2024; Khateeb et al., 2020, 2022; Stanis et al., 2023;
Yazdan-Shahmorad et al., 2016). Further exploration of this integrated metaplastic-Hebbian
approach could lead to the development of effective treatments to restore the capabilities of lost or

damaged neocortical regions in patients suffering from stroke and other neural injuries.

Methods

Two adult male rhesus macaques (monkey H, age 10; monkey L, age 10-11) were used in this study.
Water was available to the animals ad libitum in their home cage with no special feeding restrictions.
All procedures were performed under the approval of the University of Washington’s Office of Animal
Welfare and Institutional Animal Care and Use Committee and were compliant with the Guide for the

Care and Use of Laboratory Animals.



Optogenetic Neural Interface

In this study, we utilized an optogenetic neural interface previously developed in our lab (Griggs et
al., 2021a, 2019, 2022, 2024). Briefly, the interface consisted of a 25 mm diameter cranial window
encapsulated with a custom titanium chamber providing access to the left posterior parietal cortex
of both monkeys H and L. The exposed cortical regions were injected with AAV8-hSyn-Jaws-GFP (5.4
x 10" viral particles/mL; University of North Carolina Vector Core) to pan-neuronally express the
inhibitory opsin Jaws via convection enhanced delivery, a method our lab has previously
demonstrated to achieve high levels of large-scale opsin expression in NHPs (Griggs et al., 2024;
Khateeb et al., 2019a; Yazdan-Shahmorad et al., 2016). Jaws activation in the NHP frontal eye field
has previously been shown to induce behavioral deficits in NHPs (Acker et al., 2016). Optogenetic
expression was confirmed weeks later via epifluorescence imaging of the GFP tag and persisted for
at least two years after injection (Figure 1A). In monkey H, data was collected approximately 22
months afterviralinjection. In monkey L, data was collected 18 months after injection, then 6 months
after a subsequent injection procedure. The interface also consisted of a semi-transparent ECoG
array with the capability to record LFPs and electrically stimulate the underlying areas (Figure 1A).
Opsin expression and function were also verified by light-evoked responses measured by LFP signal
power during Jaws activation under 632 nm light illumination (Figure 1C-E). Jaws-mediated
inactivation in these animals has also been verified behaviorally in a center-out-reach task by our lab

in previous studies (Griggs et al., 2024).

Experimental Block Structure

To test whether homeostatic priming prior to Hebbian-informed paired stimulation impacts any
changes in stimulation-induced functional connectivity, each recording block consisted of the
following periods: 10 minutes of recording baseline neural activity, 10 minutes of Jaws-mediated
pan-neuronal inhibition (homeostatic priming period), 10 minutes of Hebbian-informed paired
stimulation, and 10 minutes of recording post-stimulation neural activity (Figure 1B). In short, one
experimental block consisted of a baseline, priming, stimulation, and a post-stimulation period. In
total, we recorded 48 such blocks. We also recorded control blocks with a sham priming period
(stimulation only condition; 35 blocks), a sham paired stimulation period (priming only condition; 44
blocks), and a combined sham priming and sham stimulation period (unconditioned; 30 blocks).

Each day of experimentation consisted of up to 7 blocks of recordings. Throughout each session,



animals were head-fixed in a primate chair while watching television programs and received a

random amount of juice reward at random intervals to maintain alertness and engagement.

Electrocorticographic Recording

ECoG signal recording and stimulation was conducted using a 32-channel ECoG array as described
previously (Griggs et al., 2021a, 2024). In brief, the ECoG array (Ripple Neuro) consisted of 32
platinum electrode contacts with a 500 pum diameter and a 2 mm pitch embedded in a medical grade
transparent insulating polymer. For stable chronic recordings, the flexible array was embedded in an
artificial dura (Griggs et al., 2019). The array was then connected to a Ripple Neuro Grapevine Nomad
device to acquire LFP signals at a sampling rate of 1 kHz. Signals were high-pass filtered above 0.1
Hz and comb-filtered at 60, 120, and 180 Hz to remove line noise. Prior to each recording session,
electrode impedance measurements were obtained to exclude electrodes with abnormally high

impedance (greater than 1 MQ) from subsequent analysis.

[lumination for Jaws-Mediated Optogenetic Inhibition

During the priming period, 632 nm light pulses were delivered for 900 ms through a4 x4 or 3 x 5
miniature LED array spanning the cranial window, followed by a 900 ms off period. Light pulses were
delivered for the entirety of the homeostatic priming period and were controlled through custom
MATLAB code in communication with the Ripple Neuro Grapevine Nomad device. In 5 of the recorded
blocks, illumination was delivered through all 16 LEDs of the 4 x 4 LED array. In the remaining blocks,
illumination was delivered through only two LEDs overlying the targeted electrical stimulation sites
via the 3 x 5 LED array. In each case, the illumination power density per individual LED was set to at
least 1 mMW/mm? as measured by a power meter (Thorlabs PM100D Power Meter and S121C Sensor)

to ensure sufficient illumination of the underlying regions.

Hebbian-Informed Paired Electrical Stimulation

During the Hebbian-informed paired electrical stimulation period, two channels within the opsin-
expressing regions were selected for each block. The stimulation pair was altered between
consecutive blocks. Stimulation was delivered through the two selected channels with a 5 Hz burst
frequency of 1 kHz biphasic pulses and a current amplitude of 5 pA. Each individual pulse was
comprised of a 200 ps cathodic phase, a 33.3 ys interphase interval, followed by a 200 ps anodic
phase. In accordance with canonical Hebbian spike-timing-dependent plasticity principles,

stimulation trains between each pair of stimulation channels were offset by 10 ms.



Signal Pre-Processing

The LFP signals were analyzed in MATLAB (MathWorks, 2024b). We plotted the power spectral
densities to identify and exclude channels with poor connections and recording quality. Channels
with power spectral densities that did not exhibit the canonical 1/frequency” curve were excluded
from further analysis. To identify signal artifacts, we bandpass filtered the signals to obtain low
gamma band signals (30-59 Hz). We then applied a threshold-based artifact detection and rejection
algorithm to extract any movement artifacts from the signals. Briefly, the signal from each channel
was normalized over time. Samples that exceeded 10 times the standard deviation of the signal were
identified and excluded from analysis. Additionally, samples before and after the threshold was
crossed that extended 10 times the length of the amount of time beyond the threshold were also

excluded.

Evoked Response Testing

To evaluate the inhibitory effects of illumination on neural activity within the cranial window, we
measured the evoked responses of each pulse recorded across the array during the homeostatic
priming periods as described previously (Griggs et al., 2024). First, photo-induced artifacts were
removed by recording photo-induced artifacts in saline and extracting the first three principal
components via PCA. We then isolated in vivo recordings from each 900 ms pulse, including 500 ms
before, and 900 ms after each pulse. The isolated in vivo pulse data was then projected onto the
saline-based artifact models and the resulting estimated photo-induced artifact was regressed out

of the in vivo recordings via linear regression (Figure 1C).

We generated multi-tapered spectrograms with 50 ms non-overlapping windows, five tapers, and
128-sample length fast Fourier transform between 1-200 Hz. The spectrograms were then
normalized to the mean and standard deviation of the 500 ms period prior to each pulse within each
frequency bin. The evoked response values were obtained by calculating the average broadband ratio
of normalized power to the pre-stimulation period. The same procedure is also applied to data
recorded within the baseline period with sham illumination periods to obtain evoked response ratios
without illumination. A two-sample t-test was then performed to compare evoked responses during
illumination and sham illumination across all channels and blocks that had a priming period (Figure
1E). Finally, the normalized power values were converted to decibels by taking the log base 10 of the

power ratio and multiplying that value by 10 (Figure 1D).



Granger Causality Analysis

Signals from each block were divided into the four periods within a block (baseline, priming,
stimulation, and post-stimulation). We calculated the multivariate Granger causality (GC) with a
model order of 20 (determined empirically via the Akaike information Criterion) in 10-second sliding
windows with a window overlap twice the model order (Barnett and Seth, 2014). Within each 10-
second window, if an artifact had been previously identified within that window, then the GC value
was not calculated. For each connection within each period within each block, the average GC value
of all 10-second windows was calculated as the final GC value for that connection and period. To
assess changes in local network functional connectivity we focused our analysis on high gamma
band activity (60-150 Hz), although other frequency bands were also assessed (delta: 1-3 Hz; theta
4-7 Hz; alpha 8-11 Hz; beta 12-29 Hz; low gamma 30-59 Hz). The average GC values for each period
were averaged across blocks within the same experimental condition and a paired sample t-test was
used to assess the changes GC between the post-stimulation and baseline periods with Bonferroni
corrections for multiple comparisons (family-wise error rate of 0.05). To map the changes in GC
across the array, we first calculated the change in GC by subtracting baseline GC values from the
post-stimulation GC values. Next, we averaged the GC values for each connection in both directions
to obtain a single value for each connection that could be mapped onto 2-dimensional node and
edge plots for visualization (Figure 2A-B). To assess the change in GC across the entire network for
each experimental condition, the change in GC was averaged across all connections and blocks and
compared to zero via a one-sample t-test with post-hoc Bonferroni corrections for multiple
comparisons (family-wise error rate of 0.05). Similarly, the change in GC values was compared
across groups via two-sample t-tests with Bonferroni corrections for multiple comparisons (family-
wise error rate of 0.05; Figure 2D). The same approach was taken to assess the changes in GC

between stimulated channels (Figure 2C).

Random Forest Analysis

We implemented random forest analysis to predict high gamma GC change across each connection
from all blocks and conditions to assess which features may play a role in determining GC change.
Among the features, we included features which we can control and features that are inherent in the
underlying network and termed these protocol and network features, respectively. Protocol features
included the animal (H or L), experimental condition, block order throughout the day, pair distance,

distance between stimulation channels, mean distance of the pair to the first stimulation site, mean



distance of the pair to the second stimulation site, mean evoked response ratio of the pair, evoked
response ratio of the first stimulation site, evoked response ratio of the second stimulation site, and
whether the LED array illumination was targeted or across the entire cranial window. Network
features included the baseline GC of the pair, baseline GC of the first stimulation site to the second
stimulation site, baseline GC of the second stimulation site to the first stimulation site, the mean
baseline GC of the pair to the rest of the network, the mean baseline GC from the network to the pair,
the mean baseline GC from the first stimulation site to the rest of the network, the mean baseline GC
from the network to the first stimulation site, the mean baseline GC from the second stimulation site
to the rest of the network, and the mean baseline GC from the network to the second stimulation

site.

To avoid the bias of utilizing the same baseline GC values that are used in calculating GC change for
the random forest prediction, we classified every other 10-second window used to calculate the
mean baseline GC for each connection as either a “feature” or “response” GC value. The mean of
each of the feature and response GC values was obtained and used either as a feature or as a part of
the GC change calculation used in the random forest model. We ran the random forest model in 50
iterations to account for biases of random permutations. Prior to implementing each random forest
iteration, 30% of the data were randomly held out for later cross validation. Each iteration was trained
using the fitrensemble function in MATLAB with 100 learning cycles. The mean R-squared value of all
iterations was then calculated for the entire model and for each experimental condition individually.
Next, the importance of each feature was assessed using the permutationlmportance function in
MATLAB, which computed importance by randomly permuting each feature and calculated the loss
in prediction accuracy as a result. The importance score for each feature was then recorded as the
difference between the average permuted error and the baseline error. We averaged and scaled the
importance scores for each feature within each experimental condition across all random forest
iterations between 0 and 1 by subtracting the minimum of allimportance scores from each score and

dividing by the maximum score.

Graphical Diffusion Autoregressive Flow Analysis

We assessed how information flow was altered after each experimental condition. We previously
developed a GDAR model to estimate the extent of information flow at each recording site with its
nearest neighboring sites (Schwock et al., 2024). In brief, the time series signal at each i* recording

site, s;[t], was modeled as a function of a combination of its previous time points through a memory



term, m;, and the edge weights with adjacent neighbors, w;. The flow between two adjacent nodes
could thus be estimated as the product of the corresponding edge weight and the potential gradient
(e.g. s1[t] — s,[t]). To include entire recorded network with N number of channels and E number of

edges, the recorded potential at each node at each time t could be estimated as:

s[t] = (M — BWBT)s[t — 1],
where M = diag(m) e RV*N contained the memory terms at each node; W = diag(w) e REXE
contained the edge weights for each edge; B € RV*£ described the topology of the recorded sites and
contained values of 0, 1, and -1 to denote nodes containing edges and the arbitrary direction of the
each edge. The values in M and W were obtained through linear regression. Since the potential

gradient could then be calculated by BT s[t — 1], The flow at each time t could then be estimated as:

flt] = WBTs[t — 1].

When scaled up to the K" model order, the potential estimate could be regarded as:

slt] = Ek=1(My — BW,BT)s[t — k],

and the flow could be calculated as:

flt] = Xk Wi BT s[t — k].
We computed GDAR flow time series based on a model order of 10 and calculated the average GDAR
flow values across all adjacent electrodes for each baseline and post-stimulation period for each of
the conditions. The change in GDAR flow was obtained by subtracting the mean baseline values from
the mean post-stimulation values. To assess the changes in GDAR flow with respect to the
stimulation sites, we pooled all GDAR flow change values associated with each stimulation site
within each experimental condition. The absolute value of the GDAR flow change relative to each
stimulation site was compared across experimental conditions through one-way ANOVA followed by
pairwise two-sample t-tests with Bonferroni corrections for multiple comparisons. Edges associated
with each stimulation site were classified as either oriented towards or away from the opposing
stimulation site by obtaining the dot product of the position vector between both stimulation sites
and between the stimulation site and its adjacent nodes. If the dot product was negative, then that
edge was classified as being oriented away from the opposing stimulation site, while a positive dot
product classified the edge as being oriented towards the opposing stimulation site. Dot products of
zero were classified as being oriented away from the opposing stimulation site. One-way ANOVA

tests followed by pairwise two-sample t-tests with Bonferroni corrections for multiple comparisons



were conducted to compare similarly oriented GDAR flow changes across experimental conditions.
Pairwise two-sample t-tests with Bonferroni corrections for multiple comparisons were also
conducted to compare GDAR flow changes across both orientations within each group. For all

pairwise two-sample t-tests with Bonferroni corrections for multiple comparisons, the family-wise

error rate was held at 0.05.



Chapter 4: Disinhibition facilitates Hebbian-based
functional connectivity change in rat primary
somatosensory cortex
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Abstract

Neurons adapt their connectivity in response to experience, a process known as synaptic plasticity
that is central to learning and memory. Many have hypothesized that these plasticity mechanisms
canbe engineered torestore any lost functions or behaviors as aresult of neuralinjury such as stroke.
Hebbian and homeostatic plasticity are two key classes of mechanisms by which the nervous system
regulates and adapts synaptic strength. While most stimulation-based treatment strategies have
attempted to engage Hebbian plasticity mechanisms, few attempts have been made to
simultaneously engage mechanisms of homeostatic plasticity. Hebbian principles dictate that
repeated coincidental neuronal activity results in the strengthening of neural connections.
Homeostatic plasticity mechanisms, however, work to maintain consistent levels of communication
between neurons, and are often considered as oppositional to Hebbian plasticity mechanisms. One
way in which homeostatic plasticity mechanisms can mitigate Hebbian plasticity is by altering the
amount of excitation and inhibition within the network. We hypothesized that chemogenetic-
mediated reduction of inhibitory activity during Hebbian-informed paired stimulation could achieve
greater strengthening of neural connections compared to Hebbian-informed paired stimulation
alone. In rat primary somatosensory cortex, we found that simultaneous disinhibition and Hebbian-
informed stimulation significantly increased functional connectivity between targeted regions. This
treatment also increased functional connectivity across the entire recorded network. Additionally,
simultaneous disinhibition and Hebbian-informed paired stimulation significantly increased
network excitability. The results of this study highlight the potential for stimulation-based
approaches that simultaneously engage disinhibitory and Hebbian mechanisms of plasticity to more

effectively rewire cortical circuitry towards treating neurological disorders.

Introduction
Our memories and behaviors are encoded in the trillions of synapses connecting the neurons in our

brains. The plastic nature of these synapses, the ability to strengthen and weaken connections,



enables us to acquire new skills and information, and is essential for our development and survival.
Neurological disorders such as stroke often result in aberrant neural connectivity that causes
debilitating deficits in cognition and behavior. One approach to treating these disorders is to harness
the brain’s natural mechanisms of plasticity to restore lost function following injury (Cramer, 2018;
Edwardson et al., 2013; Grefkes and Ward, 2014). Hebbian and homeostatic plasticity represent two
fundamental mechanisms underlying neural plasticity (Turrigiano, 2012; Turrigiano and Nelson,
2000; Vitureira and Goda, 2013). According to Hebbian principles, repeated coincidental firing of a
postsynaptic and a presynaptic neuron results in a strengthening of connections between the two
neurons (Hebb, 1949) (long-term potentiation, LTP). However, this could initiate a positive feedback
loop that can lead to circuit instability. For example, correlated activity resulting in LTP can lead to
further correlated activity and subsequent LTP in a continuous loop (Turrigiano and Nelson, 2000).
Thus, homeostatic plasticity is hypothesized to stabilize neural circuits by maintaining consistent
levels of activity at physiologically relevant levels across short and long timescales. In developing
plasticity-based treatments for neurological disorders, Hebbian plasticity mechanisms are often
employed, in which LTP can be induced in a targeted manner by stimulating postsynaptic neurons
shortly after presynaptic neurons (Bi and Poo, 1998; Edwardson et al., 2013; Jackson et al., 2006;
Nishimura et al., 2013; Seeman et al., 2017). However, the limited efficacy of stimulation paradigms
to induce corticocortical LTP in vivo (Bloch et al.,, 2022, 2019; Seeman et al., 2017; Yazdan-
Shahmorad et al., 2018a) suggests that, among other factors, homeostatic plasticity mechanisms
may play a critical role in affecting outcomes of stimulation-induced LTP (Feldman, 2012; Ting et al.,
2020). For example, studies suggest that homeostatic mechanisms regulate LTP by modifying

excitatory/inhibitory (E/I) ratio (Peters et al., 2017; Wilmes et al., 2016).

In this homeostatic paradigm, increased neuronal activity that results from strengthened excitatory
synapses may also lead to strengthened inhibitory synapses (Andrei et al., 2023; Rannals and Kapur,
2011; Turrigiano and Nelson, 2000). These changes can occur by increasing postsynaptic receptor
numbers and brain-derived neurotrophic factor secretion to restore network E/I ratio in opposition to
changes in neural activity (Feldman, 2002; Turrigiano, 2012; Turrigiano and Nelson, 2000; Turrigiano
et al., 1998). Additionally, it has been shown that in response to increased activity of excitatory
neurons (for example, as a result of stimulation), excitatory inputs onto inhibitory neurons and
inhibitory inputs onto excitatory neurons are both strengthened to maintain network E/I ratio (Andrei
et al., 2023; Chang et al., 2011; Rannals and Kapur, 2011; Rutherford et al., 1998; Whitt et al., 2014).

In fact, it has been demonstrated that this strengthening of inhibitory synapses can regulate the



potentiation of excitatory synapses by eliminating back-propagating action potentials (Wilmes et al.,
2016), which are crucial for coincidence detection during Hebbian plasticity (Bi and Poo, 1998;
Feldman, 2012; Markram et al., 1997). Therefore, reduction of inhibitory inputs onto excitatory
neurons during learning could increase their excitability and tune synaptic plasticity towards
potentiation. In rat primary somatosensory cortex (S1), spontaneous disinhibition of excitatory
neurons has been shown to occurin layer 2/3 (L2/3) following whisker deprivation to maintain spiking
rates (Li et al., 2014) and promote plasticity (Gambino and Holtmaat, 2012). In primary motor cortex
(M1), an ex vivo rat slice preparation study demonstrated that corticocortical stimulation-induced
LTP could only be induced when stimulation was combined with local pharmacological blocking of
inhibitory synapse neurotransmission (Hess and Donoghue, 1994). In a separate study in which mice
were trained to perform a lever press task, longitudinal structural two-photon imaging revealed
decreases in inhibitory synaptic inputs onto excitatory neurons (Chen et al., 2015). Interestingly,
these decreases only occurred at synapses with inhibitory neurons of the somatostatin subtype
(Chen et al., 2015). Moreover, disruption of this naturally induced disinhibition by optogenetic
activation or deactivation of somatostatin inhibitory neurons during natural motor learning resulted
in destabilization and hyperstabilization of dendritic spines, respectively (Chen et al., 2015).
Importantly, both manipulations of somatostatin inhibitory neuronal activity resulted in impaired
motor learning (Chen et al., 2015). In another study, disinhibition of excitatory neurons during rotarod
motor learning by vasoactive intestinal peptide-expressing neurons was also shown to play a critical
role in motor learning (Donato et al., 2013). Therefore, disinhibition of excitatory neurons during
stimulation-induced plasticity may be critical for increasing the efficacy of LTP induction in vivo,
mimicking natural cortical circuit-wide mechanisms of learning. However, studies demonstrate that
disinhibition is a delicately tuned process (Dobrzanski et al., 2022; Peters et al., 2017). For example,
the reduction of inhibition must be approached cautiously, to avoid the induction of seizure-like

activity (Goldenberg et al., 2023).

In this study, we suppressed the activity of inhibitory neurons during Hebbian-informed paired
electrical stimulation in rat S1. We examined whether disinhibition during paired whisker stimulation
could strengthen functional connectivity between stimulation sites. The rat S1 forms an ideal testbed
for this approach. Studies have shown that cortical columns within rat S1 are highly interconnected
through horizontal corticocortical projections via L2/3 excitatory neurons (Adesnik and Scanziani,
2010; Feldmeyer, 2012). Many studies have also demonstrated the capability to induce plastic
changes within S1 of adult rodents (Cheng et al., 2014, 2021; Dobrzanski et al., 2022; Feldman, 2000;



Han et al., 2015; Jacob et al., 2007; Li et al., 2014). We therefore hypothesized that chemogenetic-
mediated disinhibition of S1 during Hebbian-informed paired electrical stimulation could induce
greater strengthening of functional connectivity compared to disinhibition or paired electrical
stimulation alone. We demonstrated that chemogenetic suppression of inhibitory neurons in S1
increased overall network excitability. We then found that disinhibition combined with paired
electrical stimulation yielded a significant increase in functional connectivity between stimulation
sites. Stimulation-induced functional connectivity changes were also significantly increased across
the network compared to disinhibition or paired stimulation alone. Additionally, the combination of
paired stimulation and disinhibition in S1 greatly increased network excitability. These results
suggest that stimulation-based approaches to rewire cortical circuitry can be more robust when

engaging multiple mechanisms of plasticity.

Results

We tested the effects of disinhibition during Hebbian-informed paired electrical stimulation on
functional connectivity changes in rat S1 (Figure 1A-B). A total of 23 adult Sprague Dawley rats (11
male and 12 female) were divided among four treatment groups: untreated, disinhibition only, paired
stimulation only, or combined disinhibition and paired stimulation. Rats were injected with AAV1-
hDIx-hM4Di-P2A-dTomato (Dimidschstein et al., 2016) in S1 to express the inhibitory DREADD
(designer receptor exclusively activated by designer drugs), hM4Di, in inhibitory neurons (Figure 1A).
Approximately, 4 to 5 weeks later, rats were implanted with a 32-channel micro-
electrocorticographic (UECoG) array to record and stimulate cortical activity (Vargo et al., 2025).
Under urethane anesthesia, we recorded 10 minutes of spontaneous baseline surface local field
potentials (LFPs). Next, animals were injected intraperitoneally (IP) with 0.5 mg/kg
deschloroclozapine dihydrochloride (DCZ) to activate the expressing hM4Di receptors in S1
inhibitory neurons, thus initiating the disinhibition period (Nagai et al., 2020). DCZ was chosen for its
minimal off-target effects in vivo, offering a more selective alternative to traditional chemogenetic
compounds like clozapine-N-oxide (Nagai et al., 2020). Animals in the untreated or stimulation only
treatment groups were instead administered with an equivalent volume of saline. Within the
disinhibition period, animals received six 10 min blocks of Hebbian-informed paired electrical
stimulation or sham stimulation, depending on their treatment group. Untreated and disinhibition
only treatment groups received sham stimulation. These six stimulation blocks were interspersed

with 5 min blocks of LFP recordings to allow for the measurement of neurophysiological changes over



time. Finally, a 10 min post-stimulation period was recorded for subsequent comparisons with the

baseline period to assess changes in functional connectivity (Figure 1C).
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Figure 1. Schematic of experimental design. A) Surgical procedures schematic. Animals were injected in four
different locations with a viral vector to express the inhibitory DREADD in inhibitory neurons via the hDlx
enhancer in S1. Approximately four to five weeks later, a 32-channel hECoG array was implanted in a 5 mm
diameter cranial window overlying S1 regions expressing the viral construct (shown in red). B) Conceptual
schematic of hypothesized mechanism of action. Inhibitory neurons expressing hM4Di were activated by IP
DCZ injection. We hypothesized that this disinhibition of L2/3 excitatory neurons would facilitate functional
connectivity change after Hebbian-informed paired stimulation. C) Timeline of each recording session. An
initial 10 min baseline period was recorded, followed by a disinhibition/stimulation period. Animals were either
injected with 0.5 mg/kg DCZ or saline. During this period, animals received six 10 min blocks of Hebbian-
informed paired stimulation or sham stimulation. Stimulation blocks were interspersed with 5 min blocks of
recordings to track changes over time. A final 10 min period of post-stimulation activity was also recorded.

Inhibitory DREADD expression in inhibitory neurons in primary somatosensory
cortex

We first assessed whether the construct was expressed in inhibitory neurons and within L2/3 of S1.
We co-stained free-floating coronal slices to visualize the dTomato fluorescent marker expression,
along with parvalbumin (PV) and DAPI (4',6-diamidino-2-phenylindole, nuclear stain). As expected,
we observed strong dTomato expression throughout cortex in the injected region (Figure 2A) that was
not present in the contralateral hemisphere. Strong dTomato expression was observed within L2/3,

confirming that injection locations and depth yielded the expected localization (Figure 2A). Co-



staining for PV markers also demonstrated that construct expression coincided with PV
interneurons. However, not all cells that expressed PV also expressed dTomato. Likewise, not all
dTomato-positive cells were positive for PV. PV interneurons are only one subclass of inhibitory
interneurons within neocortex, and co-staining for additional interneuronal subtypes can further
confirm the extent to which the construct was expressed within each interneuron subtype.
Conversely, co-staining against excitatory neuronal markers could confirm a lack of expression in
excitatory neurons. These results confirm that the construct was expressed within inhibitory

neurons.

Designer drug administration increases cortical excitability

We set out to measure the effect of DCZ administration on network excitability. We plotted multi-
tapered spectrograms of signals obtained from animals injected with saline and DCZ to assess the
effect of DCZ injection on the spectral nature of the pECoG signals. In saline-injected animals from
the untreated group, we found that the spectral features were unaltered after saline injection and
remained relatively uniform throughout the entirety of the 115 minutes of recording (Figure 2B). In
contrast, we observed a stark increase in lower frequency power from signhals recorded in DCZ-
treated animals within minutes after IP DCZ injection (Figure 2B). This increase in low frequency

power persisted throughout the remainder of the recordings.

One method of evaluating changes in structured network excitability is by analyzing phase-amplitude
coupling (PAC). Throughout cortex, slower theta oscillations (4-7 Hz) are thought to be responsible
for globally modulating excitability of local networks. In particular, peaks in excitability are known to
correspond with the troughs of theta oscillations within local circuits (Buzsaki and Draguhn, 2004;
Buzsaki and Wang, 2012; Canolty and Knight, 2010; Chrobak and Buzsaki, 1998; Lin et al., 2006). We
therefore analyzed PAC throughout the network to assess how lower frequency oscillations
modulated local activity as represented by higher frequency oscillations (Figure 2C). In animals
injected with DCZ, we observed a significant increase in theta phase modulation index (Ml) of both
beta (10-30 Hz; two-sample t-tests with Bonferroni corrections for multiple comparisons; saline-
baseline: p =0.008, DCZ-baseline: p = 2.62e-4; DCZ-saline: p = 4.31e-16) and low gamma (30-60 Hz;
saline: p = 0.045; DCZ: p = 4.40e-5; DCZ-saline: p = 7.74e-17) band amplitudes (Figure 2C-E). These
differences were also reflected in comodulograms, which visualize Ml values across all analyzed

phase and amplitude frequencies (Figure 2C-D).



We also assessed the phase preferences for amplitude modulation of each treatment group during
the baseline period and after saline or DCZ injection. In DCZ-injected animals, for which we
anticipated greater excitability, we expected to observe phase preferences more closely alighed with
the troughs of theta phases near £180°. Animals injected with DCZ exhibited a strong preference for
coupling to occur near troughs of theta oscillations in both beta and low gamma bands (Figure 2F).
For theta-beta coupling, the mean preferred phases during baseline were -17.60° (99.9% confidence
interval (Cl): -25.99° to -9.21°) in saline and -2.41° (99.9% CI: -17.04° to 12.21°) in DCZ-injected
animals (Figure 2F). After saline injections, the mean preferred phase was relatively unshifted (mean:
-17.47°, 99.9% CI: -19.40° to -13.54°). After DCZ injection, the mean preferred phase significantly
shifted towards the troughs (mean: -150.43°, 99.9% CI: -156.32° to -144.54°). For theta-low gamma
coupling, the preferred mean phases at baseline were -5.26° (99.9% CI: -11.69° to 1.18°) in saline
and -8.32° (99.9% CI: -20.22° to 3.59°) in DCZ-injected animals. The mean phase preference was
relatively unshifted in saline-injected animals (mean: -2.10°,99.9% CI: -5.32° to 1.13°). As expected,
the mean phase preference was shifted significantly towards theta troughs in DCZ-injected animals
(mean:-143.27°,99.9% Cl: -149.91° t0 -136.63°). Thus, not only did we observe a significantincrease
in PAC after DCZ injection, the phases during which there was increased coupling shifted towards

the troughs, indicating an increase in structured excitability.
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Figure 2. Construct expression and validation of function. A) Immunohistochemistry (IHC) staining
confirming expression of dTomato in inhibitory neurons. Scale bar is 500 pm. B) Example spectrograms
comparing the spectral effects of saline and DCZ injection in two different animals. In the right spectrogram,
saline was injected IP after ten minutes of recording. In the left panel, DCZ was injected IP. C) Average
comodulograms during baseline (left panels) and after injection of saline (top right) and DCZ (bottom right).
Plotted comodulograms are averaged across all channels within each treatment group. Top two
comodulograms are the average of all channels and animals in the untreated group. Bottom two
comodulograms are the average of all channels and animals in the disinhibition only group. D) Change in Ml
across all phase and amplitude frequencies plotted as a comodulogram. Top comodulogram is from saline-
injected (untreated) animals, bottom comodulogram is from DCZ-injected animals (disinhibition only
treatment group). The statistical differences for the frequency windows are assessed in (E). E) Mean Ml values
for theta-beta and theta-low gamma coupling for the frequency windows highlighted in (D). Two-sample t-tests
were conducted with Bonferroni corrections for multiple comparisons (*: p < 0.05; **: p <0.01; ***: p < 0.001).
F) Polar histograms showing the distributions of the preferred phases for PAC. Top row shows the distributions
for theta-beta PAC in saline (left) and DCZ-injected (right) animals. Bottom row shows the distributions for
theta-low gamma PAC. Solid and dashed lines denote the mean and 99.9% confidence intervals of the
preferred phases.

Disinhibition facilitates stimulation-induced Hebbian functional connectivity
change

We calculated high gamma (60-150 Hz) multivariate Granger causality (GC) to investigate changes in
functional connectivity of the regions underlying the yECoG array. We analyzed high gamma band
signals due to their known representation of localized activity (Buzsaki and Wang, 2012). High
gamma GC was calculated across all possible pairs of electrodes during the baseline and post-
stimulation periods of each animal (Figure 3A-B). We hypothesized that GC from the first stimulation
site to the second stimulation site would increase in animals treated with both disinhibition and
Hebbian-informed paired electrical stimulation. Indeed, we found that animals in this treatment
group exhibited a significant increase in GC from the first stimulation site to the second stimulation
site (Figure 3C; paired sample t-test; p = 0.037). This was not the case for the GC change from the
second to the first stimulation site (p = 0.76). Similarly, the GC between stimulation sites did not

change significantly in the other treatment groups.

We also considered how GC changed across the entirety of the network. We found that GC increased
significantly across all electrode pairs in animals that received Hebbian-informed paired stimulation
after DCZ injection (Figure 3D; one-sample t-tests for comparisons within each treatment group;
one-way ANOVA and two-sample t-tests for comparisons across groups with Bonferroni corrections
for multiple comparisons). As expected, there was no significant change in GC across the network in
untreated animals (p = 0.96). We also observed significant decreases in network GC in animals in the

disinhibition only (p = 1.28e-9) and stimulation only (p = 9.45e-5) treatment groups. Together, these



results support our hypothesis that disinhibition during Hebbian-informed paired stimulation can

facilitate Hebbian functional connectivity changes between targeted sites and across the network.
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Figure 3. Changes in GC across the network and between stimulation sites. A) Example node and edge
maps from each treatment group showing the changes in GC between the baseline and post-stimulation
periods. The color of each edge represents the change in GC for that connection. GC change values are plotted
as the average of GC changes in both directions. Upward pointing triangles represent the first stimulation site;
downward pointing triangles represent the second stimulation site. B) Average node and edge maps for each
treatment group. C) GC changes between stimulation sites in each treatment group. Solid bars represent GC
changes from the first stimulation site to the second stimulation site. Dashed bars represent GC changes from
the second stimulation site to the first stimulation site. D) Network-wide GC changes in each treatment group.
In (C) and (D), one-sample t-tests were conducted to assess changes in GC within each treatment group (8
denotes p < 0.05, 888 denotes p < 0.001), and one-way ANOVA followed by pairwise two-sample t-tests with
Bonferroni corrections for multiple comparisons were conducted to compare across groups (* denotes p <
0.05, *** denotes p < 0.001).



Hebbian-informed stimulation during disinhibition increases structured
network excitability

Previously, we demonstrated that disinhibition by injecting DCZ IP increases structured network
excitability as evidenced by increased theta-beta and theta-low gamma PAC (Figure 2C-E). These
increases in PAC corresponded with an increase in gamma activity preference for the troughs of the
slower theta oscillations (Figure 2F). We next investigated the effects of each treatment on network
excitability during and beyond the stimulation periods (Figure 4). In comparison with other treatment
groups, the combined disinhibition and paired stimulation treatment group exhibited PAC that was
orders of magnitude greater (Figure 4A-B). This was consistent for delta (0-3 Hz) phase and theta
phase modulation of beta and low gamma amplitudes. For the untreated, disinhibition only, and
stimulation only treatment groups, delta phase modulation was not significantly increased after DCZ
injection and into the post-stimulation period. When assessing theta phase modulation, the
disinhibition only treatment group exhibited a sharp increase in modulation of beta and low gamma
amplitudes then gradually decreased over time. In contrast, paired stimulation during disinhibition
caused theta phase modulation to remain sharply increased over time and through the post-
stimulation period (Figure 4B). In the stimulation only treatment group, PAC increased slightly and
only after four stimulation blocks. Animals in the untreated group exhibited minimal fluctuations in

PAC over time.

Next, we investigated the PAC phase preferences during the baseline and post-stimulation periods
to probe whether the increases in PAC corresponded with increased network excitability. As
expected, theta phase preference remained unshifted from the baseline to the post-stimulation
period in untreated animals during theta-beta and theta-low gamma PAC (Figure 4C-D). Paired
stimulation alone minimally shifted theta phase preference during beta (baseline 99.9% ClI: -25.46°
to -14.10°; post-stimulation 99.9% ClI: -0.90° to 14.20°) and low gamma (baseline 99.9% ClI: -6.40° to
6.62°; post-stimulation 99.9% CI: 6.93° to 18.17°) amplitude modulation. In contrast, disinhibition
and disinhibition with paired stimulation yielded stark reversals in phase preferences. Disinhibition
alone shifted the mean phase preference from -2.41° (-17.04° to 12.21° 99.9% CI) during theta-beta
baseline PAC to -172.62° (-192.88° to -152.37 99.9% CI) during the post-stimulation period. During
theta-low gamma coupling, disinhibition shifted the mean phase preference from -8.32° (-20.22° to
3.59°99.9% CIl) during baseline to -153.8° (-170.69° to -136.91° 99.9% CI) during the post-stimulation

period. Similarly, mean theta phase preference for beta amplitude modulation was shifted from



32.22° (11.69° to 52.75° 99.9% CI) during baseline to 163.43° (135.79° to 191.07° 99.9% CI) during
the post-stimulation period in animals that received paired stimulation after DCZ injection. In the
same group of animals, the mean theta phase preference for low gamma amplitude modulation
shifted from 17.05° (5.98° to 28.12° 99.9% CI) during baseline to 142.73° (116.02° to 169.44° 99.9%
Cl) during the post-stimulation period. Together, these results demonstrate that Hebbian-informed
paired stimulation during disinhibition significantly increased PAC and structured network

excitability compared to disinhibition alone, stimulation alone, or no treatment.
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Figure 4. Hebbian-informed paired stimulation during disinhibition increases structured network
excitability. A) Comodulograms showing the average change in MI for each phase and amplitude frequency
across all four treatment groups. The log of the change in Ml values are plotted to account for the multiple
orders of magnitude difference in Ml between the combined disinhibition and paired stimulation treatment
group and the control treatment groups. Dashed boxes highlight the delta-beta, delta-low gamma, theta-beta,
and theta-low gamma frequency windows over which there are the greatest changes in Ml. B) Mean Ml index
for each treatment group within each of the highlighted frequency windows from (A). Plots are showing the
mean and standard error of the Ml on a log scale over time. Vertical dashed lines represent the point at which
DCZ or saline was injected and the end of the stimulation period. C-D) Distributions of the phase preferences
for theta-beta (C) and theta-low gamma (D) PAC during the baseline and post-stimulation periods. Solid lines



represent the mean theta phase preference for modulation and the dashed lines represent the limits of the
99.9% confidence intervals.

Discussion

In this study, we tested the effect of disinhibition during Hebbian-informed stimulation on
stimulation-induced corticocortical changes in functional connectivity. We hypothesized that a
degree of suppression of inhibitory activity could aid in the facilitation of stimulation-induced
Hebbian functional connectivity change. We expressed the inhibitory DREADD, hM4Di, in inhibitory
neurons. Drug-mediated activation of hM4Di resulted in an increase in network excitability within
minutes of administration (Figure 2B-F, Figure 4), consistent with previously reported DCZ
pharmacokinetics (Nagai et al., 2020). When applying Hebbian-informed paired stimulation, we
observed a significant increase in functional connectivity from the first stimulation site to the second
stimulation site (Figure 3C), as would be predicted by canonical Hebbian STDP principles (Bi and
Poo, 1998; Feldman, 2012; Markram et al., 1997). The functional connectivity in the reverse direction,
however, did not change significantly (Figure 3C). During paired electrical stimulation, the canonical
STDP hypothesis proposes a decrease in connectivity from the second stimulation site to the first
stimulation site (Bi and Poo, 1998; Feldman, 2012; Markram et al., 1997). In the case of this study, it
is likely that the increased excitability throughout the network played a role in counteracting any LTD-
like changes in functional connectivity. Network functional connectivity also increased as result of
combined disinhibition and Hebbian-informed paired stimulation (Figure 3D). In contrast, network
disinhibition alone and stimulation alone elicited decreases in network functional connectivity. This
suggests that both perturbations, while facilitatory in nature, must be combined to drive Hebbian
functional connectivity changes. We also showed that the combination of disinhibition and paired
stimulation increased network PAC and excitability to a far greater degree than disinhibition alone

(Figure 4).

Targeted changes in functional connectivity

The canonical Hebbian STDP principles would predict that repeated causal co-activation of neurons
would result in an increase in functional connectivity from the “pre-synaptic” to “post-synaptic”
neurons (Bi and Poo, 1998; Feldman, 2000, 2012; Markram et al., 1997). Stimulation-based attempts
at inducing such corticocortical Hebbian functional connectivity changes have had limited success
(Bloch et al., 2019; Seeman et al.,, 2017). In one non-human primate study, paired electrical
stimulation was capable of inducing STDP-like changes in functional connectivity (Seeman et al.,

2017). However, only two out of 15 pairs of stimulation sites exhibited such a relationship. This study



and others contribute to a body of evidence that suggest spike timing alone should not be the sole
consideration for stimulation-induced functional connectivity change (Bloch et al., 2022, 2019;
Feldman, 2012; Yazdan-Shahmorad et al., 2018a). Here, we demonstrated one such additional factor
that should be considered when attempting targeted stimulation-induced corticocortical functional
connectivity changes. Inhibitory inputs onto excitatory neurons are known to play a major role in
mediating LTP (Andrei et al., 2023; Li et al., 2014; Rannals and Kapur, 2011; Vogels et al., 2011).
Conceptually, increased inhibitory inputs onto excitatory neurons during periods increased activity
stabilizes excitatory neuron firing rates and can counteract the coincidence detection mechanisms
that are crucial for LTP (Rannals and Kapur, 2011; Vogels et al., 2011; Wilmes et al., 2016). Recently,
Andrei and colleagues demonstrated that rapid homeostatic responses of inhibitory neuron
plasticity in response to repeated optogenetic stimulation of excitatory neurons in macaque visual
cortex to compensate for increased activity of excitatory neurons (Andrei et al., 2023). In L2/3 of
rodent S1, rapid disinhibition during whisker deprivation increased L2/3 excitability and maintained
whisker-evoked spiking activity (Li et al., 2014). We demonstrated that this concept of disinhibition

can be applied towards facilitating targeted stimulation-induced functional connectivity change.

Stimulation-induced changes in network functional connectivity

Many studies have shown that electrical stimulation-induced functional connectivity changes can
extend beyond the targeted sites of stimulation across rodent, non-human primate, and human
studies (Bloch et al., 2022, 2019; Huang et al., 2019; Keller et al., 2018; Rebesco and Miller, 2011;
Rebesco et al., 2010; Seeman et al., 2017; Yazdan-Shahmorad et al., 2018a). These changes have
frequently been attributed to increases in excitability in the underlying cortical regions. Electrical
stimulation of the cortex generates electric fields that can influence widespread cortical regions,
both directly through volume conduction and indirectly via activation of structurally connected
pathways (Komarov et al., 2019; Mclntyre and Grill, 1999; Wongsarnpigoon and Grill, 2008). Thus, the
widespread connectivity changes observed in previous stimulation studies were attributed to
increased excitability propagating through neural tissue. In our study, however, Hebbian-informed
stimulation alone did not increase functional connectivity throughout the network (Figure 3D), nor
did it increase excitability in a sustained manner (Figure 4). In fact, paired stimulation alone
decreased network functional connectivity. We attributed this to inhibitory (Andrei et al., 2023;
Rannals and Kapur, 2011; Vogels et al., 2011; Wilmes et al., 2016) and metaplastic (Bienenstock et

al., 1982; Turrigiano and Nelson, 2000) homeostatic responses to sustained increased activation.



Notably, the degree of disinhibition achieved by DCZ injection alone was not sufficient to achieve
broad increases in functional connectivity. It is important to note that we did not test for potential off-
target effects of DCZ injection alone in animals injected with a viral vector lacking hM4Di. The large
increase in excitability due to simultaneous disinhibition and paired stimulation suggests that
increased excitability must be beyond that of chemogenetic or stimulation-induced excitability alone
to increase network functional connectivity. We suggest that the combination of increased
excitability and Hebbian-informed stimulation was necessary to increase network functional

connectivity.

One potential reason for the decrease in network functional connectivity when we only treated
animals with paired stimulation is that our experiments were conducted under urethane anesthesia,
whereas earlier studies (Bloch et al., 2022, 2019; Rebesco and Miller, 2011; Rebesco et al., 2010;
Seeman et al.,, 2017; Yazdan-Shahmorad et al.,, 2018a) involved awake animals. Urethane
anesthesia, while preserving some intrinsic oscillatory dynamics, may alter cortical excitability
through enhanced inhibition and reduced neuromodulatory tone (Clement et al., 2008; Hara and
Harris, 2002; Sceniak and Maclver, 2006). The extension of our approach to the non-anesthetized

state may therefore yield stronger functional connectivity changes.

Granger causality as a functional connectivity metric

We opted to utilize high gamma band GC as a metric of functional connectivity across the recorded
cortical regions. However, there are a plethora of alternative functional connectivity metrics that
could have been used in this study, namely coherence and corticocortical-evoked potentials
(CCEPs). A comparison of different approaches of inferring functional connectivity has been
thoroughly discussed elsewhere (Bastos and Schoffelen, 2016; Hebbink et al., 2019). GC as a
functional connectivity metric enables for the inference of directed connectivity from spontaneously
recorded signals, in which the connectivity from a region A to a region B is not necessarily the same
as from B to A. This approach allowed us to disambiguate connectivity changes originating from the
first stimulation site to the second, and those in the reverse direction. Such a distinction is not
possible when utilizing common non-directed metrics such as coherence (Bastos and Schoffelen,
2016). Moreover, GC allows for the consideration of signals from all electrodes and mitigates the

confounding effects of common inputs that could result in the overestimation of weak connections.

CCEPs, wherein the response to stimulation is measured across recording sites, have been utilized

extensively to estimate functional connectivity in rodents, non-human primates (NHPs), and humans



(Gronlier et al., 2021; Hebbink et al., 2019; Huang et al., 2019; Keller et al., 2018; Levinson et al.,
2024; Seeman et al., 2017; Tavildar et al., 2019). CCEPs and sensory-evoked potentials could provide
a more direct measure of functional connectivity that maintains directional specificity. In the rat
barrel cortex within S1, for example, whisker-evoked responses measured in non-corresponding
barrel fields could be a useful measure of connectivity between barrel fields. Such active
stimulation-based methods of measuring functional connectivity could prove useful when testing
similar approaches in future studies. One concern of employing active stimulation-based
techniques is the potential for stimulation to alter network connectivity. As an alternative, however,
GC allows for continuous measurement of connectivity without requiring external stimulation,

making it ideal for studies with large numbers of electrodes.

Potential for translation

The approach tested here requires additional validation in other cortical regions and species prior to
implementation in human studies. To our knowledge, no such approach has been tested in a pre-
clinical or clinical setting. Great caution should be taken when reducing GABAergic activity,
specifically to minimize the risk of epileptiform activity. Chemogenetic disinhibition has recently
been used as a model for studying epilepsy in mice (Goldenberg et al., 2023). Throughout our study,
we did not observe any such epileptiform activity. This may be due to the dosage used, the
administration of DCZ under anesthesia, or the localized hM4Di expression. Alternatively, non-
invasive methods of broadly increasing excitability may be effective alternatives, such as transcranial
magnetic stimulation. However, such an approach would not directly address the rapid homeostatic
responses of inhibitory neurons and may counteract or exacerbate these responses. Thus, there is
value in exploring alternative approaches of cautious disinhibition, through localized or mild

pharmacological administration.

In this proof-of-concept study, we demonstrated that the chemogenetic reduction of inhibitory
activity during Hebbian-informed stimulation can induce both targeted and network-wide increases
in functional connectivity. By integrating insights from both homeostatic and Hebbian plasticity
mechanisms, we achieved more pronounced and widespread changes in functional connectivity.
The approach presented here highlights the value of considering multiple mechanisms of plasticity
in stimulation-based approaches aimed at rewiring cortical circuitry. Continued exploration of this
approach can advance the development of targeted stimulation-based interventions for functional

recovery after neurological insults such as stroke.



Methods

Animal Subjects

All animal procedures were approved by the University of Washington Institutional Animal Care and
Use Committee and the Office of Animal Welfare. A total of 23 adult Sprague Dawley rats (males:
=300 g; females: = 250 g) were used for this study (11 male and 12 female), each of which were pre-
assigned to one of four treatment groups such that roughly equal numbers of male and females were
used for each treatment group. Treatment groups included: untreated (2 male, 3 female),
disinhibition only (3 male, 3 female), paired stimulation only (3 male, 3 female), or disinhibition with
paired stimulation (3 male, 3 female). Animals were housed with ad libitum access to food and water

and on a 12-hour light/dark cycle.

Viral Vector Delivery

To achieve targeted inhibition of inhibitory neurons, we injected AAV1-hDIx-hM4Di-P2A-NLS-
dTomato into S1 of adult Sprague Dawley rats. The viral vector used encodes for the expression of
hM4Di driven by the hDIlx enhancer element and has been previously used in NHPs (Dimidschstein
etal., 2016). Animals were subcutaneously administered with slow-release Buprenorphine (1 mg/kg)
1-2 hours prior to surgery. All surgical procedures were conducted using standard sterile aseptic
technique. Throughout each surgical procedure, vitals such as respiratory rate, temperature, heart
rate, and oxygen saturation levels were continuously monitored to aid in the maintenance of
appropriate anesthetic depth. Rats were anesthetized under 5% isoflurane and placed in a
stereotaxic frame. Dexamethasone (0.5 mg/kg) was administered subcutaneously, and bupivacaine
(2 mg/kg) and lidocaine (2 mg/kg) were administered subcutaneously local to the incision site.
Throughout the procedure, animals were also administered with 1 mL/100 g of body weight of saline
every 1-2 hours to maintain hydration levels. Under 1-2.5% isoflurane, an incision approximately 2
cm in length along the midline was made to expose the underlying skull. Four 0.5 mm diameter burr
holes in the right hemisphere were made at approximately the following stereotaxic coordinates to
target S1 based on stereotaxic coordinates from the rat brain atlas (Paxinos and Watson, 2007)
(relative to Bregma): 4.2 mm posterior, 5.3 mm lateral; 2.8 mm posterior, 5.3 mm lateral; 2.8 mm
posterior, 4.2 mm lateral; 4.2 mm posterior, 4.2 mm lateral. An injection 1 pL of viral vector (2.3 x 10"
vg/mL) in each burr hole was made at a depth of 1.2 mm at a rate of 0.1 pL/min followed by a 5 min

wait period prior to needle extraction to avoid reflux of the virus. Approximately 30 minutes prior to



the end of procedure, rats were injected with 1 mg/kg meloxicam. The incision was then sutured, and

the animals were allowed to recover. Sutures were removed 7-14 days later.

Micro-Electrocorticographic Array Implantation

Approximately 4 to 5 weeks after viral injection, rats were initially anesthetized under 5% isoflurane,
placed in a stereotaxic frame and maintained at 2.5% isoflurane. The animals were then gradually
transitioned to urethane anesthesia to enable recording of neural activity during the procedure. To
transition, rats were administered 0.65 g/kg urethane (diluted 0.3 g/mL in saline) IP 10 minutes after
initial isoflurane anesthetization and isoflurane was reduced to 2%. After 20-30 minutes, two 0.325
g/kg urethane were administered IP 10 minutes apart. Over the course of approximately one hour,
isoflurane was gradually reduced from 2% to 0.5-0.75%. A dose of 0.65% urethane was administered
IP 1 hr after the previous urethane dose. Additional 0.325 g/kg doses of urethane were administered
as needed to maintain proper anesthetic depth throughout the remainder of the procedure. Animals
were treated with 0.5 mg/kg dexamethasone subcutaneously approximately 1 hr prior to the initial
incision. Saline (1 mL/100 g) was also administered subcutaneously every 1-2 hours to maintain

animal hydration throughout the procedure.

The animal was placed in a stereotaxic frame and the skull exposed as before with a 2 cm incision
along the midline. We then drilled a 5 mm diameter circular craniotomy with the center at
approximately 3.5 mm posterior and 4.75 mm lateral to bregma in the left hemisphere. Next, a 32-
channel pECoG array (Vargo et al., 2025) was placed on the exposed cortical surface. The array was
secured by a custom 3D printed tray secured to the skull with two skull screws. One of the skull
screws was placed a few millimeters posterior to lambda and was also used as a ground screw for

recordings.

Signal Acquisition and Experimental Structure

After array implantation, isoflurane was reduced to 0% and animal anesthetic depth was solely
maintained with additional 0.325 g/kg urethane doses if needed. The yECoG array was connected to
the Ripple Neuro Grapevine Scout to acquire LFPs at a sampling frequency of 1 kHz. Electrode
impedances were collected before and after data acquisition to exclude electrodes with high
impedance (> 1 MQ) from subsequent analysis. At least 1 hr after the elimination of isoflurane, signal
acquisition was initiated. Each recording session began with 10 minutes of spontaneous baseline
LFPs. Next, animals were injected with 0.5 mg/kg DCZ dihydrochloride (diluted 0.13 mg/mL in saline).

We selected DCZ because it offers significant pharmacokinetic advantages over CNO, including



superior brain penetrance, rapid onset, high DREADD selectivity, and minimal off-target effects due
to the absence of metabolic conversion into active compounds such as clozapine (Nagai et al.,
2020). An equivalent volume of saline was administered IP for untreated or stimulation only
treatment groups. Immediately afterwards, we recorded alternating blocks of 5 minutes of
spontaneous activity and 10 minutes of Hebbian-informed paired electrical stimulation. Six blocks
of Hebbian-informed paired stimulation were tested during this period and ended with another 5 min
block of spontaneous activity (Figure 1C). Interleaving the paired stimulation blocks with blocks of
spontaneous activity allowed us to record and analyze neurophysiological changes before and after
each stimulation block. Afterwards, a final period of 10 minutes of spontaneous activity was

recorded.

One pair of electrodes was selected for Hebbian-informed paired electrical stimulation for all 6
stimulation blocks for each animal. The electrode pair was selected such that both electrodes
exhibited impedance values less than 1 MQ. The two selected electrodes delivered 5 pA stimulation
with 5 Hz burst frequency, 5 pulses per burst, and 1 kHz pulse frequency. In accordance with STDP
principles, stimulation from each electrode was offset by 10 ms. Animals that were pre-assigned in
the disinhibition only treatment group or the untreated group were given sham stimulation as
controls. Signal acquisition and electrical stimulation was controlled by a custom MATLAB script
(MathWorks, 2023) that interfaced with the Ripple Neuro Grapevine Scout and the Trellis acquisition

software.

Immunohistochemistry

After post-stimulation neural activity and electrode impedances were recorded, animals were
euthanized with Euthasol or 1.5 g/kg urethane and transcardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (PFA) in 1x PBS. The brains were extracted and placed
in 4% PFA for approximately 24 hours at 4 °C then stored in 30% sucrose in PBS at 4 °C. The brains
were then frozen and sliced on a sliding microtome (Leica) into 30 um coronal slices, after which the
slices were stored in 0.02% sodium azide in 1x PBS solution at 4 °C. To validate the expression of the
construct in S1, free-floating slices were firstincubated in blocking buffer (5% normal donkey serum,
0.3% Triton X-100, and 0.2% bovine serum albumin in PBS) for 1 hr at room temperature. The slices
were then incubated in primary antibody solution (1:5000 mouse anti-PV, Swant 235; 1:500 rabbit
anti-RFP, Rockland 600-401-379) diluted in blocking buffer for 24 hours at 4 °C. Slices were washed

five times for 5 minutes in PBS at room temperature then incubated at room temperature for 2 hours



in secondary antibody solution (1:500 donkey anti-mouse alexa-fluor 488, Invitrogen #A-21202 ;
1:500 donkey anti-rabbit #A-10042) in blocking buffer with 2 pL of 300 nm 4'6-diamidino-2-
phenylindole (DAPI). After 5 additional washes for 5 minutes in PBS, slices were incubated in 1:1
PBS:glycerol solution for 10 minutes at room temperature. Stained slices were then mounted onto
glass slides in DABCO mounting medium (1,4-Diazabicyclo[2.2.2]octane, Sigma #D2522; 9:1

glycerol:PBS). Finally, slides were imaged on a Leica DM5500 B widefield fluorescent microscope.

Signal Pre-Processing

Signals were processed and analyzed in MATLAB (Mathworks, 2024b). We first applied a threshold-
based artifact detection method to identify and reject LFP samples that were beyond physiologically
plausible levels. We did this by bandpass filtering the signals to the low gamma band (30-59 Hz) and
normalized the LFP signals over time. Data points exceeding ten standard deviations from the mean
were removed from analysis. To account for potential surrounding artifacts, we also excluded data
occurring before and after the threshold crossing for a period ten times longer than the duration of
the threshold violation. Next, we plotted the power spectral densities of the signals from each
electrode to exclude channels which may have had poor connections from subsequent analysis.
Typically, these channels did not exhibit the canonical 1/frequency” curve. We also plotted multi-
tapered spectrograms (10 s windows with 2 s overlap, 5 tapers) using the mtspecgramc function from

the Chronux toolbox (Vargo et al., 2025).

Functional Connectivity Analysis

We assessed changes in functional connectivity between regions underlying each electrode through
high gamma band (60-150 Hz) GC. The multivariate GC during each period (baseline, post-
injection/stimulation, and post-stimulation) was calculated in 10-second sliding windows with
overlap between windows that was twice the model order of 15. The model order was determined
empirically via the Akaike information criterion. Windows that had any previously identified signal
artifacts were excluded from analysis. The final GC value for a given electrode pair and direction was
calculated as the average GC value of all 10-second windows (excluding windows with artifacts). GC
values were not calculated during the 10 min stimulation blocks but were calculated during the 5 min
periods before and after each stimulation block. Changes in GC were calculated by subtracting the
baseline GC values from the post-stimulation GC values. To assess overall network changes in GC,
the GC change values from each connection were combined across animals. We conducted one-

sample t-tests to assess changes in GC within each treatment group and one-way ANOVA followed



two-sample t-tests to compare changes across treatment groups with Bonferroni corrections for
multiple comparisons (family-wise error rate of 0.05). We utilized the same approach to assess
changes in GC between stimulation pairs. The changes in GC were mapped in node and edge plots
by averaging the GC values in either direction. The average GC value was then represented by the
color of the edge in the node and edge plot. For example, to visualize the change in GC between
electrode A and electrode B, we calculated the average of the GC change from electrode A to B and

electrode B to A.

Phase-Amplitude Coupling Analysis

To assess changes in excitability throughout the recorded network, we conducted phase-amplitude
coupling analysis based on the approach developed by Tort et. al. (2010). First, Hilbert transforms
were calculated to obtain time series of amplitudes and phases of each signal. The Hilbert phase of
the signals was obtained from 0 to 20 Hz in 1 Hz steps. The Hilbert amplitude envelope of the signals
was obtained for frequencies of 0 to 150 Hz in 5 Hz increments. Within each phase frequency, the
phases are divided into 18 bins between 0 and 2m, within which the mean amplitude for each
amplitude frequency was calculated and placed. The mean amplitudes were then normalized by the
sum of all binned mean amplitudes. Next, the Shannon entropy of the normalized amplitude
probability distribution was calculated. The Kullback-Liebler divergence was calculated to compare
the distribution against a uniform distribution to obtain the modulation index (Ml) (Tort et al., 2010).
The Ml was calculated for every combination of phase and amplitude frequencies from the signals of
each channel. To compare MI values across saline and DCZ-injected groups, the average MI value
within relevant frequency windows was calculated during the baseline and across the 7 inter-
stimulation blocks. Two-sample t-tests were performed to compare across groups and periods with
Bonferroni corrections for multiple comparisons. The phase preferences were obtained from the
angle of complex vector mean constructed from the Hilbert amplitude envelopes and phases.
Finally, the mean preferred phase and 99.9% confidence intervals were calculated using the Circular

Statistics Toolbox (Berens, 2009).



Chapter 5: Future Directions and Challenges

The objective of this thesis is to provide a starting point for the development of stimulation-based
strategies that engage multiple mechanisms of plasticity to treat dysfunctions arising from neural
injuries such as stroke. Towards this aim, | first presented a toolkit that can allow us to induce
reproducible and targeted focal ischemic lesions in cortex, monitor and modulate cortical activity,
and examine vascular dynamics in a clinically relevant animal model, non-human primates (NHPs)
(Khateeb et al., 2019b, 2022). | then explored two approaches towards leveraging homeostatic and
Hebbian plasticity mechanisms in both NHPs and rats. In both instances, | showed that the
combined consideration of homeostatic and Hebbian plasticity mechanisms facilitated targeted and
network-wide functional connectivity changes. The next major step is to apply the approaches of the
previous two chapters and other similar approaches in the context of ischemically lesioned cortex
and assess their effect on functional recovery. There are several key challenges that need to be

addressed in order to successfully translate these approaches to treat ischemic stroke.

The first major challenge is to identify relevant connections to target in the diseased state. It is
important to differentiate that the approaches presented in this dissertation likely do not induce new
connections but rather alter pre-existing connection strengths. In animal studies, we have the
capability to identify pre-existing relevant and highly connected regions before inducing an ischemic
lesion (Smits et al., 1991; Wang et al., 2022; Zeiger et al., 2021), after which those relevant
connections can be targeted. In clinical settings, however, we do not have the advantage of being
able to identify the relevant connections prior to stroke onset. One approach is to utilize our existing
understanding of connectivity throughout the brain to target broadly connected regions. A limitation
of such an approach is that the reliance on assumed stereotyped connections may not be directly
applicable to each individual patient. Another potential strategy is to employ techniques such as
diffusion tensor imaging to map the structural connectivity within the brains of patients to identify
target regions (Christidi et al., 2022). In this manner, known existing connections can be targeted in

a personalized manner.

Once the relevant connections are identified in the diseased state, the ability to target them in a
specific and isolated manner remains a critical hurdle. In this dissertation, stimulation-induced
functional connectivity changes occurred not only between the targeted regions, but also broadly
across the network. Similar observations have been consistently observed in a multitude of studies

(Bloch et al., 2022, 2019; Rebesco and Miller, 2011; Rebesco et al., 2010; Seeman et al., 2017;



Yazdan-Shahmorad et al., 2018a). Whether these broad network functional connectivity changes are
beneficial in the diseased state remains to be seen. If such changes are found to be
counterproductive towards functional recovery, more precise targeting methods can be explored. In
exploratory animal studies, strategies that can isolate individual and even monosynaptic
connections can be utilized to target specific relevant connections (Callaway and Luo, 2015; Jin et
al., 2024). However, current iterations of these approaches present their own challenges by relying
on cytotoxic rabies viral vectors (Chatterjee et al., 2018; Wickersham et al., 2007). Alternative
retrograde AAV-based labeling strategies can therefore be co-opted to achieve similar levels of

specificity.

Translating the approaches described here, as well as future strategies, into clinical settings remains
a significant challenge. One potential non-invasive and targeted strategy could involve the systemic
administration of AAVs that could then be delivered to specific regions of the brain through focused-
ultrasound blood-brain barrier opening (Alonso et al., 2013; Li et al., 2024; Szablowski et al., 2018).
This would allow for the delivery of chemogenetic constructs that could then be used to either
homeostatically prime or cautiously disinhibit relevant local circuits. However, while there is
increasing evidence that AAV-based therapies can be safe in humans (Maurya et al., 2022), the safety
of chemogenetic constructs and ligands is yet to be fully investigated (Song et al., 2022).
Alternatively, one viable path toward clinical translation is to transfer the use of invasive approaches
into non-invasive methodologies. For example, electrocorticographic (ECoG) recordings can be
replaced by electroencephalographic (EEG) recordings. Electrical stimulation can by emulated by
transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS).
Moreover, different non-invasive stimulation parameters can have opposing effects on neural
activity. Anodal tDCS and high frequency TMS (=5 Hz) can depolarize neurons and increase their
excitability. Cathodal tDCS and low frequency TMS (1 Hz) can hyperpolarize and reduce neuronal
excitability (Chen et al., 1997; Karabanov et al., 2015; Nitsche et al., 2008; Takano et al., 2004). Thus,
the effects of homeostatic priming as tested in Chapter 3 can be mimicked through cathodal tDCS
or low frequency TMS. Similarly, the effects of disinhibition as tested in Chapter 4 may be mimicked
through methods that increase excitability, such as high frequency TMS. A disadvantage of existing
non-invasive approaches, however, is the loss of spatial and temporal specificity that might
otherwise be needed to target specific neural connections. Consequently, the efficacy of these

approaches when adapted to non-invasive methodologies is uncertain.



Finally, as discussed in Chapter 1, the processes that govern synaptic plasticity can depend on the
synapse type and the overlying context (Egger et al., 1999; Feldman, 2012; Fino et al., 2005, 2007; Lu
et al., 2007; Sjostrom and Hausser, 2006; Tzounopoulos et al., 2004). Thus, depending on the
neuronal composition of the target regions, different stimulation protocols may yield different
results. The current approach in the field is to assume broad generalizability of generic synaptic
plasticity “rules” such as STDP, metaplasticity, and disinhibition. As we have seen, there is no single
rule that dictates how connectivity changes within a single synapse. Likewise, the mechanisms
explored in this dissertation are unlikely to account for all relevant processes. The diverse
mechanisms of plasticity that exist on the levels of individual synapses, single neurons,
microcircuits, and networks all interact and influence one another across timescales. The different
plasticity mechanisms that have been identified have generally been extracted and interpreted from
idealized and carefully controlled experiments. Thus, it is important to recognize that classifying
plasticity mechanisms into distinct categories or “rules” is a human-imposed simplification of an
inherently complex system. This does not mean that the mechanisms we have identified are invalid
or irrelevant. Nor does this imply that our efforts to induce plasticity through interventions are futile.
Onthe contrary, intellectual and technological limitations necessitate that we first organize plasticity
mechanisms into distinct classes (or rules) so that we can attempt to engage them to the best of our

ability to treat patients suffering from serious sensorimotor and cognitive impairments.

The tools and approaches introduced in this dissertation are intended to form an initial step towards
enhancing our ability to induce targeted changes in functional connectivity to restore lost functions
in stroke patients. Although this work has centered on stroke, the proposed approaches may extend
to other forms of neural injury, including traumatic brain injury. With the large-scale versatile toolbox
discussed in Chapter 2 and the combination of Hebbian and homeostatic mechanisms explored in
chapters 3 and 4, we can begin to develop effective treatment methods to promote functional
recovery. These integrative strategies, used in conjunction with standard physical and occupational

therapies, may enhance functional recovery following stroke and other neural injuries.
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