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Many debilitating neurological conditions arise from abnormal network dynamics and
connectivity. Novel neuromodulation techniques, including electrical and optogenetic
stimulation, aim to harness the brain’s innate plasticity to reorganize neural
connections, reduce tissue damage, and improve patient outcomes. To test the
feasibility of these emerging neuromodulation approaches while improving their
translational potential, my dissertation work applies advanced electrophysiology,
histology, and computational tools in the brains of non-human primates (NHPs),
evaluating the cortical response to different stimulation paradigms. Chapter 2
addresses the critical need for acute interventions in ischemic stroke, which can
prevent irreversible tissue injury and improve functional outcomes. By inducing focal
lesions in the sensorimotor cortex of NHPs while recording electrocorticography
signals, we evaluated the impact of acute, theta-burst electrical stimulation delivered

adjacent to the ischemic infarct. Early stimulation significantly reduced peri-infarct



neuronal depolarization and microglial activation, leading to smaller lesion volumes.
This study demonstrated the therapeutic potential of acute electrical stimulation to
mitigate excitotoxicity, inflammation, and neural damage following ischemic injury,
offering a promising strategy to enhance patient outcomes after stroke. Chapter 3
explores the use of optogenetic tools to modulate cortical network dynamics. By
delivering patterned laser illumination to regions expressing an inhibitory opsin, we
successfully disrupted functional connectivity in the posterior parietal cortex, reducing
gamma-band coherence between targeted locations and the broader network. This
selective decoupling highlights the potential of optogenetics to weaken pathological
synchrony, complementing prior work using excitatory strategies to enhance
connectivity and facilitate recovery. Together, these findings advance the development
of targeted neuromodulation therapies aimed at restoring healthy network function in

neurological disorders.
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Chapter 1: Introduction

Neurological disorders are the leading cause of disability and the second leading cause of death
worldwide, with global prevalence continuing to rise in the past decades (Feigin et al., 2019).
According to the Global Burden of Disease Study, neurological conditions affect over one billion
people globally, resulting in more than 10 million deaths each year (Vos et al., 2020). At the same
time, the burden of long-term disability from conditions such as stroke, epilepsy, Alzheimer’s,
and Parkinson’s disease has also grown substantially, driven by aging populations, improved
survival after acute events, and the low likelihood of complete recovery (Feigin et al., 2019; Vos
et al., 2020). Addressing this growing challenge will require the development of novel therapeutic
strategies that can target underlying circuit dysfunction to improve long-term outcomes across

various neurological conditions.

Neuromodulation has recently emerged as a promising technique in the treatment of neurological
disorders, offering the opportunity to directly target pathological brain circuits when traditional
pharmacological therapies fail (Lewis et al., 2016). Unlike systemic drugs that often lack spatial
specificity and are limited by blood-brain barriers, neuromodulation techniques overcome these
challenges by delivering targeted stimulation that modifies neural excitability, plasticity, and
network dynamics (Dayan et al., 2013; McCormick et al., 2020). Supported by growing evidence
from both preclinical and clinical studies, neuromodulation is gaining recognition as an important
therapeutic approach to combat brain disorders by reshaping pathological activity patterns
(Lewis et al., 2016). Advances in stimulation technologies and modalities, ranging from invasive
deep-brain stimulation (DBS) to noninvasive transcranial magnetic stimulation (TMS), have
broadened the spectrum of treatable conditions, encompassing both chronic diseases like
Parkinson’s and treatment-resistant depression (Lozano et al., 2019; Perera et al., 2016), as well
as neurological damage such as ischemic stroke and traumatic brain injury (Bao et al., 2020;
Hummel & Cohen, 2006; Villamar et al., 2012). As these techniques continue to be refined,
neuromodulation offers significant promise for improving recovery and outcomes in patients with

neurological conditions that were once considered intractable.

While neuromodulation therapies are most often associated with chronic conditions, their
potential application in acute settings warrant further investigation. This gap is highlighted by

ischemic stroke, a leading cause of death and disability worldwide (Tsao et al., 2022). Current



acute stroke treatments, such as thrombolysis and thrombectomy, are constrained by narrow
time windows and strict eligibility criteria (Brott & Bogousslavsky, 2000; Prabhakaran et al., 2015).
As a result, there is an urgent need for additional interventions that can protect vulnerable neural
tissue during the acute phase, when injury progression remains early and potentially reversible
(Ginsberg, 2008; Powers, 2020). One promising strategy is to design brain stimulation protocols
that suppress cortical excitability and interrupt secondary injury mechanisms such as glutamate-
mediated excitotoxicity, spreading depolarizations, and inflammatory cascades (Belov Kirdajova
et al., 2020; Chamorro et al., 2016). However, implementing neuromodulation acutely poses both
scientific and practical challenges. The potential benefits of early stimulation must be carefully
balanced against the risks of disrupting fragile and evolving pathophysiology immediately after
stroke (Dohmen et al., 2008). In addition, logistical barriers such as limited access to equipment
and neurophysiological monitoring (Brasil et al., 2024) may further complicate the use of acute
brain stimulation in emergency clinical settings. Given these hurdles, only a limited number of
neurostimulation approaches have been tested in acute stroke patients. For example, vagus
nerve stimulation (VNS), a technique traditionally used to treat epilepsy and depression, has been
shown to be safe and technically feasible when administered within 6 hours after stroke onset
(Arsava et al., 2022). While the efficacy of acute VNS in improving functional recovery remains to
be established, these preliminary results suggest that early stimulation could be developed into
a viable neuroprotective strategy. Collectively, these findings support continued investigation of
brain stimulation paradigms for acute neurological injuries, coupled with physiological studies to

clarify the neural and cellular mechanisms underlying their therapeutic effects.

Beyond the acute phase, neuromodulation has been well-established for promoting long-term
plasticity and functional recovery (Boonzaier et al., 2018; Hummel & Cohen, 2006; Solomons &
Shanmugasundaram, 2019). Numerous studies have utilized electrical, magnetic, optogenetic,
or sensory stimulation to enhance either synaptic strength between monosynaptic neurons (Bi &
Poo, 1998; Caporale & Dan, 2008; Feldman, 2012) or functional connectivity across large-scale
cortical networks (Ruggiero et al., 2021; Yazdan-Shahmorad, Silversmith, et al., 2018). For
example, repetitive TMS has been shown to improve motor function in stroke survivors by
facilitating reorganization of perilesional networks (Hsu et al., 2012). Similarly, paired and activity-
dependent stimulation paradigms have been used to strengthen correlated neuronal activity and
behaviorally relevant neural pathways in primates (Lucas & Fetz, 2013; Nishimura et al., 2013).

In sum, these excitatory approaches primarily aim to increase connectivity, promote coordinated



activity across networks, and drive functional recovery through Hebbian plasticity mechanisms
(Kempter et al., 1999). However, not all brain disorders benefit from increased functional
connectivity. In conditions such as epilepsy and traumatic brain injury, abnormally high
synchrony or hyperconnectivity can disrupt network function and exacerbate symptoms (Englot
et al., 2016; Hillary & Grafman, 2017). In these contexts, the goal of neuromodulation therapy
shifts from enhancing correlated activity to inducing targeted suppression and neural decoupling.
Experimental studies using sensory deprivation or chemogenetic silencing have demonstrated
the feasibility of weakening synaptic and functional connections (Allen et al., 2003; Peeters et al.,
2020), though it remains unclear whether such decoupling can be achieved consistently across
targeted cortical areas. If successful, the capacity to both strengthen and weaken connectivity
would establish neuromodulation as a versatile, bidirectional approach for restoring healthy
network dynamics and addressing diverse forms of circuit dysfunction across neurological

conditions.

A major challenge in the development of neuromodulation therapies lies in translating findings
from preclinical animal studies into clinical applications. Much of the work on cortical stimulation
for neuroprotection and network reorganization has been conducted in rodent stroke models,
which despite their utility, differ substantially from the human brain in terms of scale, cortical
architecture, and vascular physiology. These key differences likely contribute to the difficulty of
reproducing positive preclinical outcomes in human clinical trials (Cheng et al., 2004; Levy et al.,
2016a; Nouri & Cramer, 2011). To bridge this gap, it's crucial to evaluate stimulation paradigms
in systems that more closely resemble human neuroanatomy and physiology. Non-human
primates (NHPs) represent a highly relevant model in this regard, given their larger brain volume,
complex cortical organization, and human-like functional connectivity patterns (Hutchison et al.,
2013). For these reasons, my dissertation uses the NHP model to investigate stimulation-induced
neuroprotection (Chapter 2) and neuroplasticity (Chapter 3), thereby enhancing the translational

relevance of the proposed interventions.

Chapter 2 of this dissertation addresses the gap in acute stroke interventions by investigating
strategies to mitigate irreversible tissue injury and improve outcomes. Specifically, we combined
electrophysiological and histological approaches to assess the effects of acute electrical
stimulation on injury progression and cortical physiology in NHPs. By inducing sensorimotor

lesions and monitoring electrocorticographic signals over time, we evaluated the impact of theta-



burst stimulation delivered adjacent to the ischemic infarct. Our results showed that early
stimulation significantly reduced peri-infarct neuronal activation, which was accompanied by
lower microglial activation and smaller lesion volumes. Together, these findings demonstrate the
therapeutic potential of acute electrical stimulation to reduce excitotoxicity, inflammation, and
neural damage following ischemic injury, offering a promising strategy to improve patient

outcomes after stroke.

Chapter 3 of this dissertation investigates the potential of optogenetic tools to modulate neural
dynamics and plasticity in NHPs. Using single-site optogenetic inhibition, we found that repeated
modulation reduced gamma band coherence, which serves as a proxy for functional connectivity,
between the illuminated site and other recording channels. This continuous reduction indicates
effective decoupling of the targeted brain region, demonstrating that optogenetic interventions
can selectively weaken neural synchrony within the cortical network. These results complement
prior studies using excitatory stimulation to enhance functional connectivity (Yazdan-Shahmorad,
Silversmith, et al., 2018). Together, our work establishes a foundation for employing optogenetics
to reorganize network structures and highlights its versatility as a tool for both suppressing and

strengthening targeted neural circuits.

Finally, Chapter 4 of this dissertation outlines several key considerations for designing effective
neuromodulation strategies tailored to specific conditions, including stimulation effects, timing,
modality, and translational feasibility. It also highlights future research directions such as
monitoring subacute physiological responses, linking neural changes to behavior, developing
closed-loop systems, and refining stimulation parameters to improve the spatial precision of
network modulation. Together, these efforts will advance the development of next-generation

neuromodulation therapies that are adaptive, targeted, and clinically impactful.
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Chapter 2: Early Intervention with Electrical Stimulation Reduces
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Abstract

For patients with ischemic strokes, acute intervention offers the most critical therapeutic
opportunity as it can reduce irreversible tissue injury and improve functional outcomes. However,
currently available treatments within the acute window are highly limited and have strict patient
selection criteria. Although emerging neuromodulation techniques have been proposed as a
treatment for stroke patients suffering chronic disabilities, acute stimulation is rarely studied due
to the risk of causing adverse effects related to ischemia-induced electrical instability. Here, we
demonstrate that acute cortical electrical stimulation, when administered one hour post-stroke,
can provide neuroprotective effects in non-human primate brains. Utilizing state-of-the-art
electrophysiology and histology tools, we observed that applying continuous theta burst
electrical stimulation directly adjacent to the ischemic lesion significantly reduced peri-infarct
neural activity, as evidenced by lower electrocorticography signal power and c-Fos expression.
The reduced depolarization is also accompanied by a decrease in neuroinflammation and infarct
volume in the sensorimotor cortex. These findings suggest that acute electrical stimulation can
be used safely and effectively as an early intervention to enhance the clinical outcomes in

ischemic stroke patients.
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Introduction

Ischemic stroke is a major type of brain injury that results in high mortality and serious long-term
disability for adults, especially in the aging population. Globally, over 7.6 million people suffer
from ischemic stroke each year, causing significant health and economic burdens worldwide
(Feigin et al., 2021; Tsao et al., 2022). An ischemic stroke happens when blood flow within the
brain is interrupted, leading to a lack of oxygen supply, energy depletion, and subsequent
neuronal death. Acute intervention within hours after stroke onset offers the most critical
therapeutic opportunity to mitigate irreversible tissue injury, thus improving neurological and
functional outcomes for stroke patients (Prabhakaran et al., 2015). However, currently available
treatments within the acute window are highly limited, and approved interventions such as the
administration of tissue plasminogen activator (t-PA) and catheter-based thrombectomy often
have strict patient selection criteria (Brott & Bogousslavsky, 2000; Prabhakaran et al., 2015).
During the past few decades, there has been a large amount of experimental research and clinical
trials on neuroprotective drug therapies targeting acute ischemic stroke, with the aim to interrupt
the ischemic cascade and thereby reduce neuronal death (Chamorro et al., 2016; Cheng et al.,
2004; Danton & Dietrich, 2004). However, most of the drugs failed to show consistent clinical
efficacy when moving from animals to humans (Cook & Tymianski, 2011; Ginsberg, 2008; Shi et
al., 2018). Therefore, there is a pressing need to expand the therapeutic options for acute
ischemic stroke and improve the translation from bench to bedside to help millions of stroke

patients retain the maximum quality of life.

In recent years, novel neuromodulation paradigms such as electrical brain stimulation have been
proposed as a promising treatment for ischemic stroke. Most of these stimulation paradigms
target the subacute or chronic phase of stroke to promote neural plasticity and functional recovery,
rather than reducing permanent ischemic damage (Adkins-Muir & Jones, 2003; Kleim et al., 2003;
Khanna et al., 2021; Boonzaier et al., 2018; Popovic et al., 2009; Bao et al., 2020). As a result, it
might take months of treatment in conjunction with rehabilitative training for only a subset of
patients to see positive results from these interventions (Coscia et al., 2019; Levy et al., 2016b;
Stinear et al., 2020). Meanwhile, comparing to the chronic implementation of electrical stimulation
for stroke, the acute application of such strategy is still relatively rare, especially in larger animal
models and humans due to the risk of causing adverse effects and greater tissue damage related

to ischemia-induced electrical instability and spreading depolarizations (SDs). It has been widely
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reported that perilesional tissues are particularly susceptible to SDs, marked by intense neuronal
depolarization waves that can lead to increased metabolic stress, neuronal swelling, and lesion
progression (Dohmen et al., 2008; Dreier, 2011; von Bornstadt et al., 2015; Woitzik et al., 2013).
However, despite the concern about SDs, a few studies have successfully demonstrated the use
of sensory or direct brain stimulation to exert neuroprotection and reduce tissue damage for
rodents with acute stroke (Lay et al., 2010; Notturno et al., 2014; Peruzzotti-Jametti et al., 2013;
L.-C. Wang et al., 2021; Buetefisch et al., 2023). Similar to neuroprotective drugs, these acute
stimulation strategies aim to reduce the irreversible damage caused by the ischemic cascade
within hours after stroke onset or after reperfusion by reducing inflammation, oxidative stress,
excitotoxicity, and apoptosis, thus preserving the perilesional tissues surrounding the ischemic
core (Baba et al., 2009; Bahr Hosseini et al., 2019). While these results from rodent studies are
promising, the scale and anatomical differences between rodent and human brains pose
significant challenges to the feasibility of clinical translation (Tajiri et al., 2013). Therefore, we need
a more comprehensive understanding of how electrical brain stimulation drives changes in the
physiology of neuronal networks at scales comparable to that of the human brain before these

strategies can be successfully translated from bench to bedside for acute stroke patients.

As a result, two major gaps in knowledge need to be addressed as we seek to implement brain
stimulation paradigms for acute ischemic stroke: 1) The protective effect of electrical stimulation
needs to be evaluated across large cortical areas in a more clinically relevant animal model. 2)
We need to have a better understanding of the mechanisms underlying stimulation-induced
changes, from both electrophysiological and cellular perspectives. In this study, we used a novel
set of approaches capable of addressing these two gaps to investigate stimulation-induced
neuroprotection. We combined a lesion-based toolbox (Khateeb et al., 2022; Stanis et al., 2023),
state-of-the-art neurophysiology techniques, and a range of histology markers to study the
neuroprotective effects of cortical electrical stimulation following acute ischemic stroke in non-
human primates (NHPs). We compared multiple aspects of physiological responses to stimulation
from large areas (~3 cm?) of the macaque sensorimotor cortex for up to 4 hours after stroke onset
to interrogate the mechanisms underlying any observed neuroprotection. The unprecedented
insights gained from these experiments will inform the development of next-generation brain
stimulation paradigms that can be used as an alternative treatment in the acute window after
stroke to minimize neuronal damage, reduce severe disabilities, and improve functional outcomes

for stroke patients.
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Results

In this study, we induced controlled cortical ischemic lesions in the primate sensorimotor cortex
using the photothrombotic technique (Khateeb et al., 2022; Labat-gest & Tomasi, 2013; Stanis et
al., 2023), which generated focal infarcts by photo-activation of a light-sensitive dye (Rose Bengal)
that interrupts local blood flow. The infarct size and location are controlled by setting a constant
illumination intensity and aperture size through an opaque light mask placed above the cortical
surface (Fig. 1a,b). In control monkeys D and E, we collected electrocorticography (ECoG) data
through our customized multi-modal interface (Fig. 1b), which includes baseline before lesioning,
during lesion induction, and up to 3 hours post lesioning to monitor network dynamics around the
injury site. In stimulated monkeys F and G, we recorded 1 hour after lesioning and then applied
electrical stimulation at approximately 8 mm medial to the lesion center on the ipsilesional
hemisphere (Fig. 1b,c: blue arrow). The stimulation trains employed a theta burst paradigm with
five 1kHz pulses within each burst (Zhou et al., 2022). Each stimulation block lasted 10 minutes,
with 2-minute recordings of spontaneous activity in between the blocks to track changes in

neurophysiology as stimulation continued (Fig. 1d).
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Fig. 1 | Schematics of experimental procedures. a, lllustration of the method and setup to induce
photothrombotic lesion in the NHP cortex. b, Cortical view of the multi-model artificial dura used to
record ECoG. Yellow circle indicates the area illuminated with light source to induce stroke. Blue arrow
points to the stimulation electrode. ¢, lllustration of the location of induced lesion and electrical
stimulation. d, Experimental timeline for the control (monkey D, E) and stimulated groups (monkey F,
G). Scale bar indicates 30-min block length.
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Reduction in ischemic lesion volume with acute cortical stimulation

To investigate the neuroprotective effects of electrical stimulation following acute ischemic stroke,
we first quantified the extent of ischemic injury within the sensorimotor cortex through histological
analysis. Specifically, we performed Nissl staining on mounted coronal sections of the brain to
evaluate the amount of cell death and estimate lesion volumes in both control (monkey D, E) and
stimulated animals (monkey F, G). The loss of Nissl substance at the infarct core led to distinct
pale areas and well-defined boundaries on the stained sections (Fig. 2a). Using these identified
boundaries, we applied edge detection and linear interpolation between sections to reconstruct
the brain with the ischemic lesion in 3D space (Fig. 2b), including distinct anatomical features of
the sensorimotor cortex such as the central sulcus. This reconstruction was used to estimate the
lesion volumes in each animal (Fig. 2c). We found that in control monkeys D and E which did not
receive post-stroke stimulation, the estimated lesion volumes were 35.3 and 28.4 mm?®
respectively, while in stimulated monkeys F and G, the lesion volumes were 20.3 and 15.9 mm?®
respectively. Notably, the ischemic lesions in the stimulated animals were consistently smaller
than those in the controls, both in depth and medial-lateral width (Fig. 2c, d). As the stimulation
pulses were delivered medially from the infarct core on the medial-lateral axis (Fig. 2b: blue
arrow), these results suggest acute electrical stimulation may have reduced the infarct size by

protecting the brain from ischemic injury progression hours after stroke onset.
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Fig. 2 | Histology analysis of ischemic damage and lesion size. a, Nissl-stained coronal slices from
each animal, with lesion boundaries marked by dashed lines. Medial and lateral regions outside of the
boundaries are considered perilesional (proximal to lesion) for all subsequent analysis. b, 3D
reconstruction of the cortex and lesion (red) for monkey F. Blue arrow points to the location of
stimulation electrode. ¢, Estimated lesion volume comparison projected along the dorsal-ventral axis,
onto the anterior-posterior and medial-lateral (ML) axes. Color scale represents lesion depth from the
cortical surface. Scale bar indicates 2 mm length on the x and y axes. d, Slice by slice comparison of
lesion widths and depths for the control (monkeys D and E) and stimulated group (monkeys F and G).

Decrease of post-stroke neural activity by acute electrical stimulation

To further understand the physiological mechanisms underlying the reduced infarct volume as a
result of acute electrical stimulation, we incorporated the histological results with the analysis of
electrophysiology recordings by identifying the electrodes that overlapped with the reconstructed
lesion. We registered the ECoG electrodes found to be within the anatomically defined lesion by
overlaying the surgical image and the reconstructed cortex based on the location of and distance
between sulci (Fig. 3a). After classifying the ipsilesional electrodes in each animal as either lesion
or non-lesion, we computed the gamma band (30-59 Hz) signal power at each electrode, since
gamma rhythms in the brain have been found to be correlated with neural activity levels and firing
rate (Buzsaki & Wang, 2012; Yazdan-Shahmorad et al., 2013). By visualizing the gamma power
changes on heatmaps (Fig. 3b), we found that in both control and stimulated monkeys, the lesion
electrodes showed decreased gamma power as early as 10 minutes after ischemic lesioning,
which persisted throughout the 3-hour recordings. This observation confirmed the location of
ischemic injury and neuronal death caused by photothrombosis. In addition, we observed a
gradual but large-scale downregulation of gamma power across the entire ipsilesional
sensorimotor region in response to post-stroke stimulation for monkeys F and G in the stimulation
group (Fig. 3b, bottom). This was distinctly different from the ECoG activity in control monkeys,
as gamma power at some of the non-lesion electrodes was elevated above the baseline at around
90 minutes post lesioning (Fig. 3b, top), suggesting hyperactivation of perilesional areas due to
focal ischemia. Similar trends can also be seen from the bar plots for each of the control and
stimulated monkeys. Here, gamma power at non-lesion electrodes increased from 50 minutes to
90 minutes post-stroke in monkeys D and E (Fig. 3c). Meanwhile, for both stimulated monkeys,
the perilesional gamma power at 70 to 110 minutes post stroke was significantly lower than their
respective pre-stroke baseline (Fig. 3c, one-way ANOVA and Bonferroni corrections for multiple

comparisons). Together, these results showed that gamma power was mildly suppressed across
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the injured sensorimotor cortex as a result of continuous electrical stimulation, suggesting that
stimulation delivered from 60 minutes after stroke may prevent excessive neuronal activation and
energy depletion caused by the ischemic cascade, thus slowing the lesion progression and

reducing neuronal death.
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Fig. 3 | Electrophysiological analysis of the ipsilesional cortex after stroke and electrical
stimulation. a, Electrode registration within histologically defined lesion using 3D reconstruction and
surgery photos of monkey G. Yellow circles indicate lesion electrodes. b, Heatmaps of the changes in
gamma ECoG power for two control (monkeys D, E) and two stimulated animals (monkeys F, G).
Yellow circles indicate lesion electrodes. Blue circles indicate stimulation electrode. ¢, Summary and
statistics for gamma ECoG power for non-lesion electrodes in each animal at different time points post
stroke (p.s.). Gamma power increased significantly from baseline during sham stimulation periods in
both control monkeys, but decreased continuously in both stimulated monkeys. (One-way ANOVA
and Bonferroni corrections for multiple comparisons. **P<0.001, **P<0.01, *P<0.05). Error bars
represent mean +standard error (SE).
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Decrease of post-ischemia c-Fos activity due to acute stimulation

To investigate the downregulation of neural activity and its potential neuroprotective effects, we
went back to histological tools and performed immunohistochemistry staining of c-Fos, a
common cellular marker of neuronal activity. c-Fos is a protein derived from the immediate early
gene c-fos, which gets transiently expressed in neurons quickly following depolarization in the
cerebral cortex, and can be detected reliably using immunohistochemistry up to many hours after
intense neuronal activation in primates (Barros et al., 2015; Herrera & Robertson, 1996).
Meanwhile, it was also widely reported that c-Fos expression can be temporarily elevated
following focal ischemic stroke as part of the injury response (Butler & Pennypacker, 2004;
Uemura et al., 1991). Therefore, we applied antibodies against c-Fos protein on the ipsilesional
cortex of control (monkey C, D) and stimulated animals (monkey F, G). Monkey E was excluded
from all immunostaining procedures and subsequent analyses due to consistently poor
immunoreactivity across the sensorimotor cortex, regardless of the antibody tested. These
sections were also co-stained with antibodies against the neuronal nuclear marker NeuN to
establish precise lesion boundaries and identify neurons for the subsequent analysis. For each
animal, we stained 4 coronal sections proximal to the lesion and another 4 sections at areas distal
to the lesion to compare perilesional c-Fos to that of a remote region on the same hemisphere.
For each proximal section, two images were taken at the medial and lateral sides of the ischemic
core (Fig. 4a, pink squares). And for each distal section, two images were taken at similar cortical
depth (Fig. 4a, blue squares). We saw that in control monkeys, there were high levels of c-Fos
expression immediately adjacent to the lesion boundary (Fig. 4b, top left). By contrast, we saw
few neurons expressing c-Fos in stimulated monkeys proximal to the lesion (Fig. 4b, bottom left).
Both control and stimulated monkeys had low levels of baseline c-Fos expression at distal regions
(Fig. 4b, right). After calculating the percentage of NeuN-positive cells co-expressing c-Fos, we
observed that control monkeys C and D showed significantly higher c-Fos expression in proximal
regions compared to distal regions. However, this elevated c-Fos expression was not observed
in the stimulated monkeys F and G (Fig. 4c¢, two-sample unpaired t-test). When combining results
across animals, we found that the stimulated group exhibited significantly fewer c-Fos-positive
neurons at the lesion boundary compared to the control group (Fig. 4d). These results suggest
that electrical stimulation applied acutely after stroke reduced the intensity of neuronal
depolarization and potentially prevented further cell death caused by overactivation of cortical

neurons and excitotoxicity surrounding the ischemic core.
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Fig. 4 | Immunohistochemistry analysis of c-Fos to quantify neuronal activation. a, Schematics
of a coronal section illustrating confocal imaging locations at the proximal region in pink and distal
region in blue. b, Representative images of c-Fos (red) and NeuN (cyan) co-staining from monkeys D
and F at the proximal and distal regions respectively. ¢, Within-subject comparison of the percentage
of neurons co-expressing c-Fos at the proximal versus distal regions. d, Between-subject comparison
of c-Fos expression in neurons proximal to the lesion, for the control (monkeys C, D) and stimulation
group (monkeys F, G). Significance was determined with a two-sample unpaired t-test (“*P<0.001).
Error bars represent mean +SE.

Alleviating neuroinflammatory response through acute stimulation

To understand the role of electrical stimulation in reducing excitotoxicity and neuronal death
caused by acute ischemic lesion, we evaluated the neuroinflammatory response surrounding the

ischemic core by quantifying microglia activation and accumulation in the peri-infarct region.
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Glial cells including microglia are known to play a significant role in the ischemic cascade and
glutamate excitotoxicity (Belov Kirdajova et al., 2020). Therefore, we applied immunostaining
against ionized calcium-binding adapter molecule 1 (Iba1), a widely used intracellular microglial
marker (Jurga et al., 2020), on ipsilesional sections of the sensorimotor cortex. Again, these
sections were co-stained for NeuN to define the lesion boundaries and select regions of interest
(ROIs) for all subsequent image analysis. For monkeys C, D, F, and G respectively, we stained
four coronal sections per animal with two proximal and another two distal to the lesion. For the
proximal regions, we took four ROIs per section at the medial and lateral sides of the ischemic
core (Fig. 5a). For the distal regions, we randomly sampled four ROIs per section at similar
cortical depths. We observed stronger expression of Ibal and greater number of Ibal-positive
cells in proximal ROIs of the control animals (Fig. 5b). Notably, we saw a greater percentage of
perilesional microglia with activated morphology in the controls, as characterized by larger cell
body area and reduced ramification (Fig. 5b: white arrows). After comparing the binarized ROIs
from the proximal versus distal regions in each animal, we found significantly greater levels of
microglia activation at the lesion boundary only in control animals, reflected by greater
percentage coverage of lbal staining (Fig. 5¢: two-sample unpaired t-test, P<0.001). When
combining results across animals, we found that the stimulated group had a significantly lower
level of microglia activation compared to the control group at proximal regions (Fig. 5d). Through
cell segmentation, we also found that microglia density was higher at proximal regions only in
control monkeys (Fig. 5e), and the combined proximal microglia density was higher for the

control group than for the stimulation group (Fig. 5f).

Combining these observations with the smaller lesion volumes, reduced c-Fos expression, and
downregulated neural activity in animals receiving stimulation, our findings indicate that post-
stroke electrical stimulation can alleviate the inflammatory response and excessive neuronal
depolarization in the perilesional cortex, thus exerting neuroprotection by potentially reducing
ischemia-induced excitotoxicity. Given this protective effect, cortical electrical stimulation
warrants further investigation as a promising therapeutic intervention in the acute phase post-

stroke to minimize the irreversible neuronal damage caused by the ischemic cascade.

20



Proximal Region

a
ROls selected proximal to lesion (monkey D)

Monkey D (control)

Monkey F (stim)

0.1 mm

c Control animals Stimulated animals d

] Perilesional
6 Monkey C 6 Monkey D 6 Monkey F 6 Monkey G 6 Combined
(=4
—_ e Q= ®
.E S 5 5 - 5 5 =2 5 :
%o E n.s. > o
Z O _ Z 9
g g4 C 4 4 n.s. 4 S g4 @
1 e = s | |8
283 3 3| & o 3 203 ¥
58 25
s<S, 2 2 2 6=
o
! \ \ ! \ \ ! \ \ ! \ \ ! \
0 (AT e ‘Oy\\‘“a o o A2 ge? o o2 e ot gie®
e f _
. Monkey C Monkey D Monkey F Monkey G — Combined
y y y
& 400 . 400 400 400 L 400
3 350 ) 350 * 350 350 S 350 S
) e o) ®
£ 300 ° 300 ] 300 300 n.s. < 300
> ° n.s. > ‘
‘S 250 250 = 250 250 2 250
3 T = g T
@ 200 200 200 200 @ 200
T =)
8 150 150 150 150 S 150
S S
= 100 - — 100 - — 100 - — 100 - - = 100 \
?‘oy;\(“a o P(Oy;\(“a o ?‘O\;;\ﬂ\a o ° (01;\(‘\3 ot oo oo g

Fig. 5 | Imnmunohistochemistry analysis of Iba1 to quantify microglial response. a, Confocal image
of a perilesional coronal section from monkey D stained for Iba1 (red) and NeuN (green). Dashed line
represents the lesion boundary. White squares represent two sample ROIs used for subsequent
analysis. b, Sample ROlIs showing Iba1l immunoreactivity from one control and one stimulated monkey
at the proximal and distal regions with respect to the lesion. White arrows point to examples of
morphologically activated microglia. ¢, Within-subject analysis of microglia activation as measured by
the percentage coverage of Iba1-positive pixels, at proximal versus distal regions for each animal. d,
Between-subject comparison of perilesional microglia activation for the control (monkeys C and D)
and stimulation group (monkeys F and G). Significance was determined with a two-sample unpaired
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t-test (**P<0.001). Error bars denote mean +SE. e, Within-subject analysis of microglia density as
measured by the number of Iba1-positive cells per unit area, at proximal versus distal regions. f,
Between-subject comparison of perilesional microglia density for the control (monkeys C and D) and
stimulation (monkeys F and G) groups. Significance was determined with a two-sample unpaired t-
test (*P<0.05, ***P<0.001). Error bars denote mean +SE.

Discussion

In this study, we demonstrated potential neuroprotective effects of stimulation acutely following
ischemic stroke by integrating advanced electrophysiology and histology techniques with an NHP
stroke model. Our results suggest that early electrical stimulation decreases the extent of neuronal
cell death by reducing peri-infarct depolarization and inflammation in the sensorimotor cortex of
NHPs. These findings highlight the promise of electrical stimulation as a therapeutic strategy to
protect the brain and minimize tissue damage during the acute window. Such an approach could
play a pivotal role in addressing the global burden of stroke, given that infarct size significantly
impacts not only patient mortality but also the functional outcomes of stroke rehabilitation
strategies (Chen et al., 2000).

We utilized the photothrombotic method to produce focal ischemic lesions in NHPs. In
comparison to other interventions for generating infarcts (J. Fan et al., 2017), our method is less
surgically challenging and allows for more robust control of the location and size of infarcts across
animals by implementing the same aperture, intensity, and duration of light illumination as
demonstrated in our previous work (Khateeb et al., 2022). This technique enabled us to generate
controlled focal lesions in the sensorimotor cortex of NHPs while simultaneously collecting ECoG
recordings from the affected brain regions to monitor changes in neural activity, making it a
valuable and reproducible model for studying acute stroke pathophysiology and evaluating
neuroprotective interventions in a large-brain system. Importantly, cortical infarcts are commonly
observed in several clinical subtypes of ischemic stroke, including cardioembolic events and
large-artery atherosclerosis involving distal vessels, both of which are frequently associated with
significant neurological deficits such as aphasia (Adams et al., 1993). Multiple studies report that
30 to 50% of stroke patients experience cortical damage, and that approximately 15% of the
overall stroke population present with cortical-only lesions (Corbetta et al., 2015; Kang et al.,
2003; Wessels et al., 2006), highlighting the cortex as a critical therapeutic target for acute

intervention. Moreover, even in strokes that primarily affect deeper brain regions such as the white
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matter, cortical function can still be impacted due to axonal injury (Hinman et al., 2013), network
disconnection (Thiebaut de Schotten et al., 2014), secondary neuronal degeneration and
apoptosis (Duering et al., 2012). Electrophysiology studies in humans have also shown that both
cortical and subcortical stroke can lead to hyperexcitability of the ipsilesional cortex during the
acute window (Harquel et al., 2024; Huynh et al., 2016), which may contribute to spreading
depolarization, injury progression, or even seizure activity (Fabricius et al., 2008). Therefore, by
suppressing cortical overactivation early during acute ischemia, our stimulation paradigm offers
a targeted strategy to limit neural damage across a broad range of clinical stroke subtypes.
Beyond stroke, this novel intervention also holds promise for other neurological conditions
characterized by cortical hyperexcitability and continuous depolarization, including traumatic
brain injury (Tehse & Taghibiglou, 2019), underscoring the broader therapeutic relevance and

translational potential of our findings.

Mechanisms of stimulation-induced neuroprotection

An hour following stroke induction, we applied repeated electrical stimulation directly adjacent to
the lesion on the ipsilesional cortex. The stimulation train contains 5 Hz bursts of biphasic pulses,
similar to the theta burst stimulation (TBS) pattern of transcranial magnetic stimulation (TMS)
protocols that are widely adopted in the clinic (Chung et al., 2016). However, one major difference
is that our stimulation paradigm used five pulses at 1 kHz in contrast to the three 50-100 Hz
pulses per burst used in traditional TBS protocol. Stimulation via high frequency pulses at greater
than around 200 Hz has been shown to have an inhibitory effect on neuronal firing rates (Beurrier
et al., 2001; Yazdan-Shahmorad, Kipke, et al., 2011). While there are many possible mechanisms
of action underlying this inhibitory effect, it is likely that these high frequency pulses contribute to
recurrent hyperpolarization (Garcia et al., 2005), or generate a transient reduction of excitatory
currents in the stimulated neurons, thereby decreasing the excitability and firing rates of
postsynaptic cells (Beurrier et al., 2001). Given that our ECoG recordings showed decreasing
gamma power during and after stimulation, and that gamma activity in ECoG has been shown to
correlate with neuronal firing (Yazdan-Shahmorad et al., 2013), it is likely that applying theta bursts
of electrical stimulation on the cortex suppressed peri-infarct neural activity and network
excitability through similar mechanisms. It is important to note that high-frequency band power
reflects synchronized firing of heuronal populations and has been associated with both synaptic
activity (Viswanathan & Freeman, 2007) and action potential generation (Ray et al., 2008).

Therefore, the observed reduction in gamma power likely reflects a global suppression of neuronal

23



output, encompassing both somatic and axonal effects. Moreover, postsynaptic excitability has
been shown to play a major role in excitotoxic cell damage after ischemia (Y. Fan et al., 2008; F.

Wang et al., 2022), which may explain the protective effect of our inhibitory stimulation paradigm.

Importantly, the observed decrease in c-Fos immunoreactivity in stimulated monkeys suggests
that the downregulation of ECoG activity is not a manifestation of the harmful cortical spreading
depression, given that an increase in c-Fos expression has been shown to correlate with
sustained depolarizations and the subsequent spreading depression in the presence of focal
ischemia (Hermann et al., 2001). Furthermore, both c-fos mRNA and c-Fos protein expression
have been reported as reliable markers for glutamate toxicity, correlating with excitotoxic cell
death in cultured neurons (Fernandez et al., 2005; Rogers et al., 2004). These works and the lack
of c-Fos positive neurons we found in stimulated animals support our hypothesis that electrical
stimulation reduces peri-infarct excitotoxicity, likely through the suppression of neuronal
hyperexcitability. Combined with the reduction in lesion size and the electrophysiology results
discussed above, our findings provide evidence that electrical stimulation applied one hour after
stroke onset produced an inhibitory and neuroprotective effect, without exacerbating tissue
damage attributed to spreading depolarization as previously described for early sensory
stimulation (von Bornstadt et al., 2015), making this stimulation protocol a safe and promising

treatment option for acute ischemic stroke.

To better understand the cellular response to electrical stimulation, we analyzed Ibai
immunoreactivity to assess microglia-mediated neuroinflammation in the perilesional tissues.
Since the microglial response during acute stroke involves both cell migration to the infarct and
morphological activation through cell body enlargement and process thickening (Yenari et al.,
2010), we used two common measures to quantify inflammation: percent area of Ibal
immunoreactivity and Ibal-positive cell density, accounting for both microglia accumulation and
activation within a given region (Fox et al., 2020). Based on these measures, the lack of significant
microglial response near the lesion boundary in stimulated monkeys suggest that electrical
stimulation was able to mitigate neuroinflammation for tissues undergoing the acute ischemic
cascade. Given the important role of activated microglia in detecting and propagating the
ischemia-induced excitotoxicity (Belov Kirdajova et al., 2020; Yenari et al., 2010), the decreased
microglial activation in stimulated tissues may suggest an attenuation of excitotoxic injury as a

result of our acute intervention. Nevertheless, additional experiments are essential to further
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investigate the interplay between microglial response and other components of the ischemic
cascade, such as glutamate signaling and oxidative stress following ischemia and stimulation, to

establish the precise mechanisms through which acute stimulation induces neuroprotection.

Together, the reduced c-Fos activity and microglial response near the lesion boundary in
stimulated monkeys suggest that electrical stimulation was able to mitigate both cortical
depolarization and neuroinflammation for tissues undergoing the acute ischemic cascade, leading
to reduced neural damage. These findings are consistent with prior studies in rodents, where
cortical stimulation via bipolar electrodes (Baba et al., 2009; L.-C. Wang et al., 2021) and cathodal
transcranial direct current stimulation (C-tDCS) (Notturno et al., 2014; Peruzzotti-Jametti et al.,
2013) were shown to decrease tissue damage by inhibiting peri-infarct excitability,
neuroinflammation, and apoptosis during acute stroke. Furthermore, Our findings also align with
the hypothesized neuroprotective mechanisms of many pharmacological agents designed for
acute ischemic stroke, which aim at attenuating excitotoxicity due to energy depletion by
inhibiting neuronal excitability (Chamorro et al., 2016; Cheng et al., 2004; A. R. Green et al., 2000;
F. Wang et al., 2022). Compared to pharmacological treatments, electrical stimulation may offer
distinct advantages, particularly for patients who experience severe side effects or allergic
reactions to these medications. Future studies could extend the post-stimulation monitoring to

determine the optimal dose and duration for stimulation while minimizing potential side effects.

Comparison with alternative brain stimulation techniques towards clinical translation

To understand the spatial distribution of our stimulation effects and compare it with other widely
adopted neuromodulation techniques, we simulated the electric field in the underlying cortical
tissues. The simulation results suggest that the small electrode size (0.25 mm diameter) and
current amplitude (60 pA) in our protocol generated a highly localized electric field (Fig. 6), starting
at approximately 50 mV/mm directly beneath the electrode and decreasing rapidly to 1 mV/mm
near the lesion boundary (~3 mm? cortical area stimulated at above ~10mV/mm). Although this
field strength and spatial distribution are substantially smaller than those typically used in TMS
therapies at motor threshold (~30 cm? cortical area stimulated at ~60 to 100 mV/mm) (Numssen
et al., 2024; Thielscher & Kammer, 2004), our perilesional stimulation is specifically designed to
modulate cortical excitability without inducing widespread neuronal depolarization. Additionally,
the observed cellular response also extended beyond the immediate stimulation site, affecting

regions as far as the lateral side of the ischemic lesion, as suggested by the changes in ECoG
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activity and c-Fos expression. This broader physiological effect is likely attributed to the dense
cortical connections that facilitate large-scale excitability changes. This explanation is supported
by the extensive studies on intracortical microstimulation (ICMS), where electrodes delivering the
stimulation current have a much smaller surface area (Deliano et al., 2009; Kim et al., 2015;
Logothetis et al., 2010). For instance, stimulating the thalamic region in NHPs with a
microelectrode at similar current amplitudes has been shown to suppress neural activity in its
visual cortex projection, likely through synaptic inhibition mechanisms (Logothetis et al., 2010).
These studies suggest that even highly localized current source can produce widespread neural
effects, supporting the large-scale inhibitory modulation observed with our ECoG stimulation
paradigm. Future studies should investigate whether this neuroprotective effect arises specifically
from localized stimulation or can also be achieved using more global neuromodulation techniques,
thereby facilitating the clinical translation of our findings.
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Fig 6. Electric field simulation on the ipsilesional cranial window. a, Top view of the 3D cortical
reconstruction overlayed with a horizontal slice of the simulated electric field strength, at 1 mm
below the cortical surface. b, Nissl stained ipsilesional section of monkey F, overlayed with a
vertical slice of the simulated electric field (going through the center of stimulation electrode).
Dashed line indicates lesion boundary. Black curve represents cortical surface. Color scale is the
electric norm in logarithmic scale.
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While our electrical stimulation approach requires access to the cortical surface, similar
neuromodulatory effects could potentially be achieved noninvasively using existing technologies.
For example, a range of TMS paradigms, including the intermittent theta-burst stimulation (iTBS)
protocol recently approved by the FDA (Cole et al., 2022), have demonstrated clinical efficacy in
treating neurological disorders affecting various brain regions. These findings highlight the
potential to develop new TMS paradigms that replicate the electric field distribution and
stimulation-induced effects in our current study, paving the way for next-generation therapies
targeting acute stroke. On the other hand, existing TMS protocols with reported inhibitory effects
can be reevaluated in acute stroke settings to test whether the neuroprotective outcomes are
reproduced. For instance, continuous TBS (cTBS) has been shown to reduce cortical excitability
in humans by inducing synaptic depression (Huang et al., 2005, 2011; Stagg et al., 2009). Recent
clinical trials also showed that suppressing the contralesional neural activity with cTBS improved
motor recovery in chronic stroke patients (Vink et al., 2023), highlighting its safety and relevance
as a therapeutic option for acute stroke. In addition to various TMS paradigms, tDCS also
represents a promising noninvasive alternative, which generates sub-threshold cortical electric
field (~ 1 mV/mm) while retaining the ability to modulate neuronal spiking over large cortical areas
(Vordslakos et al., 2018). Various tDCS protocols have already been tested in rodents for acute
neuroprotection (Notturno et al., 2014) and in humans for stroke rehabilitation (Solomons &
Shanmugasundaram, 2019), demonstrating their strong translational potential for use in acute

settings to mitigate inflammation and protect the brain following ischemia.

Limitations

For lesion volume estimation and electrophysiology analysis, we compared results from control
monkeys D and E to stimulated monkeys F and G, all of which were lesioned using identical
illumination parameters known to produce predictable infarct sizes (Khateeb et al., 2022).
However, for immunohistochemistry (IHC) analysis of biomarkers such as NeuN, control monkey
E exhibited poor immunofluorescence signals over the sensorimotor cortex. Despite this, Nissl
staining revealed consistent cell density and a clear lesion boundary, suggesting that the lack of
immunoreactivity was likely due to perfusion fixation issues or subsequent tissue handling steps
prior to immunostaining. For example, it has been shown that perfusing the injured brain with
fixatives could lead to incomplete and asymmetrical fixation, thus decreasing the

immunoreactivity in affected tissues (McFadden et al., 2019). Unlike NeuN staining, Nissl| staining
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is less susceptible to such perfusion issues, as the dye binds directly to nucleic acids within cells,
making it more robust across different fixation and processing conditions (Gittins & Harrison,
2004; Lindroos & Leinonen, 1983). To address this staining challenge, we added monkey C as an

additional control and excluded monkey E from all IHC analysis.

It should also be noted that photothrombotic infarcts do not capture all aspects of acute stroke
in humans. For example, this technique generates narrow penumbras and is largely constrained
to the cortical layers, thereby excluding stroke subtypes that primarily involve subcortical or white
matter lesions (Sommer, 2017). Nevertheless, for stroke patients with infarcts that extend into the
white matter, suppressing cortical depolarization with our stimulation paradigm could still mitigate
the ischemia-induced ionic imbalance and high extracellular glutamate, potentially preventing
them from propagating into the affected white matter and thus reducing the excitotoxic damage
of oligodendrocytes and myelin (Matute et al., 2013). Meanwhile, in cases involving deep white
matter stroke, noninvasive methods like TMS may be preferable due to their ability to generate
electric fields that reach greater depths and volumes (Laakso et al., 2018), potentially preventing
oligodendrocyte excitotoxicity and subsequent cell death that are central to ischemic white matter
injury (Matute et al., 2007). Future research should explore how stimulation-induced effects vary
with infarct size and location, focusing on optimizing parameters such as stimulation strength and
duration to improve outcomes for larger and deeper infarcts. Such efforts will validate the

generalizability of our findings and tailor interventions to patients with varying injury severities.

While our study was limited by a small number of monkeys in both the control and stimulation
groups, it is important to recognize the inherent challenges associated with conducting stroke
research involving NHPs, particularly those suitable for combined electrophysiology and histology
analysis. These NHPs are highly valuable but scarce resources due to ethical and logistical
considerations, thus constraining our sample size. Despite this limitation, the unique technology
and promising results from this study not only provide valuable insights into the effects of acute
stimulation on ischemic damage, but also open many exciting opportunities for future
investigation regarding acute stroke intervention in large-brain models. In particular, applying the
lesioning toolbox and electrical stimulation to monkeys chronically implanted with our multi-
modal interface (D. J. Griggs et al., 2021a) can allow us to study the impact of stimulation well
beyond the acute window. Combined with the sensorimotor behavioral capabilities of NHPs,

these experiments will deepen our understanding of the mechanisms underlying stimulation-
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induced neuroprotection and its effect on functional recovery from days to months after stroke
onset. More importantly, investigating the chronic effect of localized electrical stimulation using a
reproducible lesioning toolbox in NHPs, which closely resemble human brain anatomy and
immune response, can help bridge the gaps between rodent and human studies that have
hindered the success of past clinical trials on neuroprotective therapy (Cook & Tymianski, 2011;
Shi et al., 2018; Tajiri et al., 2013).

Materials and Methods

Animals subjects and surgical procedures. All animal procedures were approved by the
University of Washington Institutional Animal Care and Use Committee and were in accordance
with the National Research Council's Guide for the Care and Use of Laboratory Animals. All our
animals were housed and maintained at the Washington National Primate Research Center
(WaNPRC) accredited by the American Association for Assessment of Laboratory Animal Care
(AAALAC). This study used five adult macaques (Control group: 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; Stimulation group: monkey F - Macaca
nemestrina, 13.8 kg, 14 years, female; monkey G - Macaca nemestrina, 14.6 kg, 7 years, male)
that were part of the Tissue Distribution Program (TDP) at the WaNPRC, which aims to conserve

and fully utilize the NHPs no longer needed for other experiments.

Surgical procedures and induction of ischemic lesions. Using standard aseptic technique,
the five macaques (monkeys C, D, E, F, G) were anesthetized with isoflurane and placed in a
stereotaxic frame. The animals’ temperature, oxygen saturation, heart rate, electrocardiographic
responses were monitored throughout the procedure. Bilateral craniotomies and durotomies (25
mm diameter) were performed using stereotaxic coordinates that target the sensorimotor
cortices (Paxinos et al., 2009). To protect the exposed brain, a transparent silicone artificial dura
(monkey C) or a semi-transparent multi-modal artificial dura (monkey D to G) fabricated using
previously described methods (D. J. Griggs et al., 2019, 2021b) was implanted bilaterally on top
of the sensorimotor cortex, offering optical and electrical access during subsequent procedures.
For animals in both the control (monkeys C, D, E) and stimulation groups (monkeys F, G), we

induced ischemic lesions using the photothrombotic technique (Khateeb et al., 2022), which
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produces focal infarcts by photo-activation of a light-sensitive dye (Rose Bengal). Upon
illumination, the intravenously administered dye produced singlet oxygen that damaged
endothelial cell membranes, causing platelet aggregation and interrupting local blood flow. To
control the infarct size and location, we placed an opaque silicone mask on top of the artificial
dura. In monkey C, the mask contains circular apertures of different diameters (0.5, 1.0, and 2.0
mm) to induce control lesions in various sizes. In monkey D to G, the mask has a single aperture
located in the center (diameter 1.5 mm) and was placed on one hemisphere (monkeys D, F, and
G: left hemisphere; monkey E: right hemisphere). After the mask was in place, each animal was
injected with Rose Bengal (20mg/kg) for 5 minutes as we started illuminating the ipsilesional

cranial window for 30 minutes through the aperture using an uncollimated white light source.

Histology, lesion reconstruction and size estimation. At around 4 hours after the stroke was
induced, animals were deeply sedated and transcardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (PFA). The brains were harvested and post-fixed
by immersion in 4% PFA for 24 to 48 hours. A coronal block containing the lesioned region was
dissected using a custom matrix and then stored at 4 °C in 30% sucrose in PBS. To prepare for
staining, the block was frozen and sectioned into 50 pm thick coronal sections using a sliding
microtome (Leica). Sliced sections were stored at 4 °C in PBS with 0.02% sodium azide. To
evaluate the extent of ischemic damage and neuronal death, we mounted a rostrocaudal series
of coronal sections with approximately 0.45 mm separation and then performed Nissl staining
on the mounted sections using Thionin acetate. Nissl-stained sections were scanned and
registered using a custom software in MATLAB (2019b, MathWorks) for alignment and three-
dimensional reconstruction. The registered images were smoothed and binarized so that lesion
boundaries on each slice can be identified and visualized within the reconstructed cortex. A more
detailed description of the lesion edge detection and reconstruction method can be found in our
previous publication (Khateeb et al., 2022). The widths and depths of each lesion within the
representative coronal sections were also calculated based on the detected boundary and image
resolution. Linear interpolation was used between sections to estimate the lesion volume in each
animal. To combine histological information on the ischemic injury with electrophysiology
recordings, we overlayed the surgical image taken for each animal on top of its reconstructed
cortex based on the location of sulci and other distinct anatomical features. The overlayed
images allowed us to register the ECoG electrodes that fell within the estimated lesion area, and

classify them into lesion and non-lesion groups for the subsequent electrophysiology analysis.
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Electrophysiology recording and electrical stimulation. All electrophysiology recordings and
electrical stimulation were performed with Grapevine Nomad processors, four Nano front ends
(Ripple Neuro, Salt Lake City, UT), and our customized large-scale multi-modal interface. The
design and characterization of this interface with 32 embedded ECoG electrodes can be found in
our previous work(D. J. Griggs et al., 2019, 2021b). A skull screw close to the midline and anterior
to the ipsilesional cranial window was used as an electrical ground for subsequent recordings. All
animals were transitioned from isoflurane to urethane anesthesia prior to ECoG recordings and
stayed on urethane until the end of the experiment to allow reliable monitoring of neural activity.
In control monkeys D and E, we collected ECoG data bilaterally at 30 kHz sampling frequency,
including 30 minutes of baseline before photothrombotic lesioning, 30 minutes during illumination,
and up to 3 hours post lesioning to monitor the extent of neuronal damage and network dynamics
around the injury site. In stimulated monkeys F and G, we followed the same recording timeline
for baseline and illumination periods, and recorded spontaneous neural activity for 1 hour after
lesioning. We then applied electrical stimulation through a single ECoG electrode (0.25 mm
diameter) approximately 8 mm medial to the lesion center on the ipsilesional (left) hemisphere.
We delivered the stimulation trains in 6 blocks lasting 10 minutes each, with 2-minute recordings
of spontaneous activity in between the blocks to track changes in neurophysiology as stimulation
continued. The stimulation trains had a 5 Hz burst frequency and 5 biphasic charge-balanced
pulses at 1 kHz within each burst. The stimulation amplitude was 60 pA and pulse width was 200

us per phase with 50 us inter-phase interval.

Electrophysiology data analysis. ECoG signal power calculation was conducted in MATLAB
(R2022b, MathWorks). After down-sampling the signal from 30 kHz to 1 kHz, the signals were
notch filtered at 60, 120, and 180 Hz. Channels with a power spectral density that did not exhibit
the expected curve were excluded from further analysis (1 channel was excluded for monkeys D
and G, 2 channels for monkey E, and 14 channels for monkey F). We then filtered the down-
sampled signals into the gamma frequency band (30-59 Hz), and split them into two-minute
blocks separated by ten minutes across the pre-stroke baseline, post-stroke, and post-
stimulation recording periods. We calculated the average signal power of each channel for each
two-minute window by squaring the filtered signal and dividing by the elapsed time. To compare
power across each two-minute time window, we conducted paired two-sided t-tests with

Bonferroni corrections for multiple comparisons (family-wise error rate of 0.05). Pairwise
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comparisons of power distributions were only made between baseline and each subsequent two-
minute window and between 50 min post-stroke and each subsequent two-minute window

following stimulation.

Immunohistochemistry. To evaluate the neuronal activation and neuroinflammatory response
near the ischemic lesion, we performed immunostaining with antibodies against c-Fos protein
and the microglia/macrophage-specific calcium-binding protein Ibal respectively. Coronal
sections around the lesion in monkeys C, D, F, and G were co-stained with either neuronal nuclear
protein NeuN and c-Fos or NeuN and Iba1. Monkey E was excluded for all immunohistochemistry
analysis due to lack of immunoreactivity at the cranial window. To replace monkey E, we used
tissues from monkey C as an additional control. For this animal, we specifically selected coronal
sections containing a single lesion comparable in size to those observed in monkeys D to G. To
prepare tissues for staining, coronal sections were first rinsed in 1x PBS and incubated in 1%
NaBH, solution for 1 hour to reduce background autofluorescence, after which they were washed
with PBS and incubated in normal donkey serum (NDS) blocking solution (10% NDS and 0.1%
triton-X100 in PBS) overnight at 4°C. Sections were then incubated in primary antibodies
including either rabbit anti-c-Fos (Abcam ab190289, 1:500 dilution) or goat anti-lbal (Abcam
ab5076, 1:1000 dilution) plus mouse anti-NeuN (Millipore Sigma MAB377, 1:500 dilution) in NDS
blocking solution at 4°C for ~72 hours. Sections were then rinsed in PBS and incubated in
secondary antibody mixtures containing either donkey anti-rabbit antibody (Invitrogen #A10042,
1:500 dilution) or donkey anti-goat antibody (Invitrogen #A-11057, 1:500 dilution) conjugated with
Alexa Fluor 568, plus donkey anti-mouse antibody conjugated with Alexa Fluor 488 (Invitrogen #
A-21202, 1:500 dilution) and DAPI at 4°C overnight. This was followed by rinsing sections in PBS
for 5 times and incubating in 1:1 Glycerol-PBS solution for 10 minutes. Sections were mounted
onto slides using DABCO mounting media and later imaged using a Nikon A1R HD25 laser

scanning confocal microscope.

c-Fos and microglia activation analysis. To estimate the level of c-Fos expression within
neurons, we performed NeuN and c-Fos co-staining on four proximal tissue sections per animal,
collected from regions adjacent to the lesion. For each of these proximal sections, we acquired
two confocal images (Nikon A1R, 20x objective) on either side of the lesion boundary. Additionally,
we stained another four sections distal to the lesion (at least 20 mm away) within the same

hemisphere, and randomly sampled two regions of interest (ROls) per section. Custom algorithms
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in MATLAB were then used for image analysis, including binarization with adaptive thresholding
and image segmentation, applied separately to the NeuN channel (green) and c-Fos channel (red).
Neuronal c-Fos expression in each ROl was quantified by calculating the percentage of NeuN-

positive cells that co-expressed the c-Fos protein.

To evaluate the level of microglial reactivity, we stained 2 sections per animal proximal to the
lesion. For each section, we imaged 4 ROIs within 1mm from the lesion boundary using a 20x
objective through the Nikon A1R laser scanning confocal microscope. For each ROI we took z-
stack images with 20 ym thickness and created a maximum intensity projection. The projections
were converted to 8-bit and inverted so that dark pixels represent Ibal signals. We then used
Imaged to denoise each ROI by subtracting the background and removing pixel intensity outliers.
The ROIs were converted to binary by setting the threshold to one standard deviation below the
average pixel intensity and filtering out objects below 150 pixels in size. The percentage area
covered by dark pixels, a widely used Ibal reactivity measure(Fox et al., 2020; T. R. F. Green et
al., 2022), was then calculated to estimate the microglia activation level. To quantify microglial
density, we used the same binarized images and counted the number of segmented cells in each
ROI to estimate the average microglia density at the lesion boundary for each animal. Similar
imaging and quantification steps were performed for regions distal to the lesion on the same
hemisphere of each animal (4 ROIls per section) to compare microglial density and activation

within each of the control and stimulated monkeys.

Electric field stimulation. To estimate the strength of the electric field at the perilesional region,
quasi-static simulation was performed using COMSOL Multiphysics in a cylindrical volume that
represents the cortical tissue directly below the ipsilesional cranial window. The following
parameters and assumptions were used for the simulation, with conductivity values taken from
previous literature(Jiang et al., 2020; Wagner et al., 2004). Radius of the cylindrical volume: 12.5
mm; pia conductivity: 0.15 S/m; pia depth: 20 um; grey matter conductivity: 0.28 S/m; grey matter
depth: 3 mm. Surface electrode diameter: 0.25 mm; electrode location: 8 mm medial to the
craniotomy center; terminal current from the electrode: 60 pA. In addition, as we performed
monopolar stimulation with a distant ground (skull screw located ~20mm anterior of the cranial
window close to the midline), the anterior boundary of the top cortical surface was selected as
our electric current ground when running the simulation. We modeled the pia mater only on the

exposed cortical surface and assumed a homogeneous conductivity for the underlying grey
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matter. Pia in the deep sulcus was not segmented due to the variability across animals and its
much thinner structure relative to the surrounding grey matter. As the pia has a lower conductivity
than grey matter, its omission in the sulcus may overestimate the predicted electric field at the
lesion boundary. However, the resulting values are expected to remain within the same magnitude

range and thus do not meaningfully alter the interpretation of the simulation results.

Statistics and reproducibility. A total of five monkeys were used in this study, with three animals
assigned to the control group (monkeys C, D, E) and two to the stimulation group (monkeys F and
G). Given the limited number of animals and the challenge of NHP research, statistical tests were
performed within each individual animal. Because of this, the experiments were not randomized,
and the investigators were not blinded to group allocation during data collection and analysis. For
Nissl-stained tissues, lesion volume estimates were derived from serial coronal slices and their
3D reconstructions. No statistical comparisons were conducted on the Nissl-stained sections or
lesion volumes. For immunohistochemistry analysis, proximal and distal regions were compared
within each monkey using n=8 ROls per region and two-sided unpaired t-test. Similar results were
independently observed across both animals in the control and stimulation groups. The only
histological data excluded was the immunohistochemistry sections from monkey E as discussed
above. For neurophysiology data, electrodes with abnormal spectral characteristics were
excluded from the power analysis. Perilesional ECoG signal power was compared across different
time points after stroke using one-way ANOVA with Bonferroni correction for multiple
comparisons, with sample size determined by the number of non-lesion electrodes. All
electrophysiological and histological findings were independently reproduced in both animals

from the control and stimulation groups.
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Abstract

Numerous neurological disorders originate from aberrant neural dynamics and connectivity
within the brain. Leveraging the brain’s inherent plasticity, targeted neuromodulation techniques
can be developed to reorganize specific connections, thus serving as therapies for various brain
disorders. Among these techniques, optogenetic tools enable spatiotemporally precise
modulation by allowing rapid excitation or inhibition of selected neuronal groups with light. While
both single-site and paired optogenetic stimulation can enhance functional connectivity within
the brain, it remains unclear whether these tools can also disrupt connections and dissociate
specific locations from the broader network. To address this gap, we examined network-level
changes following optogenetic inhibition in the posterior parietal cortex (PPC) of two monkeys
using a multimodal neural interface. After virally infusing the PPC with a red-shifted inhibitory
opsin (Jaws), we delivered 5 blocks of 10-minute, single-site, 5 Hz 638 nm laser illumination at
selected locations over the PPC. To monitor the neural dynamics in response to light modulation,
we recorded electrocorticography signals before, during, and after each inhibition block.
Pairwise coherence between electrodes were computed to estimate the changes in functional
connectivity. We found that when targeting locations with strong Jaws expression and significant
light-evoked neural response, gamma coherence between the illuminated site and the whole
network gradually decreased after each inhibition block. Conversely, no significant changes in
gamma coherence were observed during no-stim control sessions or when targeting regions
without distinct opsin expression. These findings demonstrate that focal optogenetic inhibition
can functionally decouple specific cortical sites, complementing our prior study showing that
excitatory optogenetic stimulation selectively enhances sensorimotor connections, thus
highlighting the potential of optogenetic intervention to achieve bidirectional modulation of

network connectivity.
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Introduction

Neurological disorders often arise from a complex interplay of dysfunctional neural circuits and
aberrant connections between neuronal populations. Since brain-wide network dynamics and
functional connectivity are pivotal in supporting our cognitive and sensorimotor functions, their
disruption can lead to a wide variety of pathological conditions that include stroke-related
functional impairment (Grefkes & Fink, 2011; Westlake & Nagarajan, 2011) and psychiatric
disorders such as schizophrenia (Camchong et al., 2011; Skudlarski et al., 2010; Venkataraman
et al,, 2012). As a result, the ability to selectively modulate specific neural circuits and
connections can provide significant therapeutic benefits in treating these neurological disorders

and helping patients regain normal functions (Rowe, 2010).

Recently, novel neuromodulation paradigms have been developed in both preclinical and clinical
studies, leveraging the brain's inherent plasticity to modify dysfunctional pathways and restore
healthy connectivity patterns (Edwardson et al., 2013; Moorjani et al., 2022; Ruggiero et al., 2021).
While many of these techniques rely on electrical stimulation, they often lack the spatial and cell-
type specificity needed to precisely target defined neural populations. In contrast, optogenetics
has emerged as a powerful tool for manipulating brain activity with spatiotemporal precision and
minimal recording artifacts, enabling causal investigations of circuit dynamics (Boyden et al.,
2005). This technique, well-established in both rodent and non-human primate (NHP) models
(Aravanis et al., 2007; Chuong et al., 2014; EI-Shamayleh & Horwitz, 2019; Yazdan-Shahmorad
et al., 2016), introduces light-sensitive opsin into targeted neuronal populations, activating or
inhibiting them within milliseconds upon light illumination. Despite its advantages, however, the
long-term effects of repeated optogenetic modulation on large-scale cortical networks remain
poorly understood, particularly in NHPs where circuit organization more closely resembles that

of the human brain.

Previous studies have demonstrated that excitatory optogenetic stimulation can enhance neural
synchrony (El Hady et al., 2013). Our own work has further shown that both single-site and paired
optogenetic stimulation can strengthen functional connectivity between cortical areas (Bloch et
al., 2022; Yazdan-Shahmorad, Silversmith, et al., 2018). While a substantial body of research
supports the use of excitatory stimulation to promote plasticity and enhance neural connectivity,

much less is known about whether inhibitory optogenetic tools can be used to selectively disrupt
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specific circuits and mitigate the overactive connections or hyperconnected nodes often seen in
pathological brain networks (Whitfield-Gabrieli et al., 2009). Traditional neural inhibition
strategies involving pharmacological agents such as GABA agonists often produce widespread
neural inhibition, thus lacking the spatial specificity and temporal precision required to study
targeted network reorganization (Wiegert et al., 2017). Meanwhile, past studies on sensory
deprivation have shown that removing relevant inputs and disrupting correlated activity
pathways can lead to use-dependent synaptic depression and connectivity loss (Allen et al.,
2003; Bender et al., 2006), although whether this Hebbian-like mechanism can translate to direct
cortical interventions remains unexplored. To address this gap, we investigate whether inhibitory
optogenetic stimulation can be spatially tailored to suppress neural activity and reduce functional
connectivity at targeted cortical sites. If effective, this approach could provide a new strategy for
decoupling pathological regions from the broader network, paving the way for personalized

neuromodulation strategies to restore healthy network dynamics in the brain.

To address this question, we utilized our lab’s large-scale optogenetic interface in combination
with a multi-modal artificial dura (MMAD), which was previously implanted in two adult rhesus
monkeys (D. J. Griggs et al., 2021a, 2024). This unique interface provides us with stable optical
and electrophysiological access to the posterior-parietal cortex (PPC), a region implicated in a
variety of high-level cognitive and sensorimotor functions (Cavada & Goldman-Rakic, 1989;
Freedman & Ibos, 2018). We also infused the cortical regions covered by the optical window with
a red-shifted inhibitory opsin, Jaws, to allow red-light mediated inhibition of targeted locations
(Chuong et al., 2014; D. J. Griggs et al., 2024). Electrocorticography (ECoG) signals recorded via
the MMAD were continuously monitored, allowing us to estimate the dynamic changes in
functional connectivity by measuring pairwise coherence between regions, which represents the
level of correlated neural activity (Bowyer, 2016). By employing these state-of-the-art tools, we
aim to test the efficacy of optogenetic inhibition in altering large-scale network connectivity in a
brain anatomically similar to that of humans. In addition, we compare these inhibitory effects to
excitatory stimulation performed in separate sessions over the sensorimotor cortex, allowing us
to assess the bidirectional capacity of optogenetic modulation. Together, the results of this study
lay the groundwork for future investigations into how targeted inhibitory neuromodulation can be
used to modify aberrant neural circuit dynamics and ultimately inform therapeutic interventions

for restoring balanced connectivity in neurological and psychiatric disorders.
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Materials and Methods

Animals and implantation surgeries

Two adult, male, rhesus macaques (Monkey H: 10 y, 13.5 kg; Monkey L: 10 y, 14.0 kg) with
chronically implanted cortical recording chambers were used in this study. All animal care and
experiments were approved by the University of Washington’s Office of Animal Welfare, the
Institutional Animal Care and Use Committee (IACUC), and the Washington National Primate

Research Center.

The initial chamber implantation surgery was conducted at 22 months prior to the experiments
for monkey H and at 17 months prior to the experiments for monkey L as part of our previous
work on developing a large-scale, chronically-stable optogenetic interface in NHPs (D. J. Griggs
et al., 2024). Details on the design, implantation, and validation of our multimodal interface can
be found in these previous papers (D. J. Griggs et al., 2021a; D. J. Griggs, Bloch, et al., 2022; D.
J. Griggs et al., 2024; Iritani et al., 2024). To briefly describe its design, our chamber is made of
a titanium cylinder with 23-mm internal diameter (Hybex Innovations, Canada), printed with a
custom skirt that fits each animal’s skull curvature. During implantation, animals were put under
isoflurane anesthesia while their respiration, heart rate, and body temperature were continuously
monitored throughout the procedure. Using standard aseptic techniques, we performed unilateral
craniotomy and durotomy over the posterior parietal cortex (PPC) on the left hemisphere of each
animal, before securing the chamber skirt onto the skull directly above the cranial window with
titanium bone screws. A threaded, stainless steel cap (Hybex Innovations) is used to close off the

cylinder at the end of surgery, sealing the recording chamber between experimental sessions.

Optogenetic interface

Viral vector delivery. During the same surgical sessions as described above, we performed viral
vector infusion in the PPC using convection enhanced delivery (CED), before placing our semi-
transparent multimodal artificial dura (D. J. Griggs et al., 2021a) on the cortical surface for
subsequent electrophysiology experiments. Detailed descriptions of the CED method can be
found in our previous publications (D. Griggs et al., 2023; Khateeb et al., 2019; Yazdan-

Shahmorad et al., 2016). For the works presented in this chapter, we infused up to 50 pl of virus
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containing the Jaws opsin (rAAV8-hSyn-Jaws-KGC-GFP-ER2, 5.4x10" virus molecules/ml,
University of North Carolina Vector Core) at each of the 4-6 locations in each monkey without live
MRI monitoring. With this chronic optogenetic interface, we had stable electrophysiology and
optical access to the PPC over multiple months for both animals, until another dura resection is
performed to remove tissue growth and restore the optical window (D. J. Griggs et al., 2024). In
monkey L, we also performed viral vector reinjections following dura resection, at around two
years after the initial implantation and infusion surgery to restore the Jaws expression before

adding additional experimental sessions (D. J. Griggs et al., 2024).

Electrophysiology system. To perform chronic subdural recordings, we resected the newly grown

tissue and implanted a new multimodal artificial dura (MMAD) inside the chamber of each animal,
before the start of their respective experimental sessions. As described in our previous work (D.
J. Griggs et al., 2021a), we designed the MMAD in collaboration with Ripple Neuro (Salt Lake City,
TU, USA), which contains 32 pHECoG electrodes and flexible conductive layers printed into
transparent layers of medical grade copolymer. This ECoG array was then molded into an artificial
dura using similar techniques as described before (Ruiz et al., 2013; Yazdan-Shahmorad et al.,
2016), which helps secure the array between native dura and the brain, thus protecting the
exposed cortex and reducing tissue growth over time (Figure 6A). As part of the MMAD, the
flexible cables of the ECoG array were also stored within the chronic chambers between
experimental days. All electrophysiology recordings sessions in this study were performed in
awake animals sitting in a primate chair. At the start of each experimental sessions, we connected
MMAD cables to the PCB clamp connectors, which were then connected to the Grapevine
Nomad processors via Nano front ends for subsequent recordings (Ripple Neuro, Salt Lake City,
UT). A customized connector tray was attached to the titanium chamber to secure the PCB clamp
connectors, and serve as an attachment for the optical stimulation hardware. A more complete
description of the interface design and electrophysiology hardware can be found in our separate

manuscript undergoing revision (D. J. Griggs et al., 2024).

Validation of opsin expression. During the chambers implantation surgeries, we virally infused the

red-light-activated, inhibitory opsin Jaws into the PPC of each monkey using the CED technique
(D. J. Griggs, Garcia, et al., 2022; Yazdan-Shahmorad, Tian, et al., 2018) to produce larger and
more uniform pan-neuronal expression of Jaws. The validation of opsin expression after initial

injections in Monkey H and L was described in our group’s previous work (D. J. Griggs, Bloch, et
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al., 2022; D. J. Griggs et al., 2024). The optogenetic experiments demonstrated in this current
study were performed at 22 and 17 months after the initial injection for monkeys H and L
respectively, and additional sessions were added at 2 months after the reinjection for Monkey L.
To test the level of expression at different locations over the optical window, we performed
epifluorescence imaging of the GFP fluorescence tag. During epifluorescence imaging, we used
a blue light source (NIGHTSEA, SFA-RB Royal Blue, 440-460 nm excitation, Electron Microscopy
Sciences) and a green light filter (500-560 nm bandpass) attached to a digital camera with 35mm
lens (Nikon D5300, Nikon AF-S DX NIKKOR 35mm). Each quadrant of the optical window was
illuminated sequentially during imaging while the camera was kept at a fixed position. The
sequential images were then stacked and averaged in Photoshop to improve quality and contrast
over the full window. Figure 6B shows the stacked opsin expression map for monkey H (left) and
monkey L (right) at around 2.5 months and 4 months after their respective injection surgeries,
where high intensity of green fluorescence indicates regions of strong opsin expression at the
time of imaging. Locations of positive opsin expression before the start of experiments in each
animal were manually identified from these composite images (Figure 6D, light green), including

the additional expressing regions following viral reinjections (Figure 6D, light grey).

Monkey H Monkey L

5 min 10 min 5 min 10 min 5 min

| Baseline | Laser Block 1 IPost Iaserl ‘ Laser Block 5 |Post Iaser|

DAY /
ﬁo :115- J_|_ o ﬂ Spontaneous activity to track changes

in signal power and coherence
30 ms gnalp

5 Hz pulses, 3000 pulses/block

5 blocks/session Expression at initial injection Expression at re-injection
Experimental laser site Laser site (after re-injection)
< Control laser site Control site (after re-injection)

Figure 6. Overview of optogenetic interface and inhibition experiments. A. Schematics of the
chronically implanted ECoG array and optical window compatible with targeted laser illumination.
Zoomed-in area shows a top view of our semi-transparent MMAD placed on top of the PPC of monkey
H. B. Epifluorescence images of the optical window for monkey H and monkey L, at 2.5 months (H)
and 4 months (L) following initial viral infusion. Green indicates areas with high opsin expression (Jaws-
GFP). C. Schematics of optogenetic inhibition protocols showing the laser illumination parameters and
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block designs. D. lllustration of opsin expression maps and selected laser locations in monkey H and
monkey L (filled diamonds: strong expression; empty diamonds: weak expression; dashed outlines:
sessions after re-injection). Light green regions represent initial Jaws expression and light grey
indicates expression after reinjection. IPS: intraparietal sulcus; STS: superior temporal sulcus.

Optogenetic inhibition paradigm

For this study, we developed an optogenetic inhibition protocol utilizing a single-site approach
with a red fiberoptic laser (core/cladding diameter: 62.5/125 pm, Fiber Systems, USA), building
upon the techniques outlined in our earlier work with excitatory optogenetic stimulation (Yazdan-
Shahmorad et al., 2016), which allowed us to achieve precise control of the laser position via a
customized holder attached to the connector tray. Each experimental session involved selecting
a target location on the cortical window covered by electrodes on the MMAD, followed by the
application of five 10-minute blocks of 5 Hz pulsed red laser illumination at 638 nm wavelength
(Figure 6C). The laser delivered pulses with a duration of 30 ms and current amplitude of 110 mA
to generate around 30 mW of light power the fiber tip. We selected 6 target inhibition sites for
Monkey H and 12 target sites for Monkey L (including initial and reinjection experiments) across
the exposed optical window. To add variability in the light-evoked response, the selected laser
locations include both areas of distinctly strong opsin expression (Figure 6D, filled diamonds, 8
sessions) and adjacent regions with weaker expression (Figure 6D, empty diamonds, 8 sessions)
as illustrated in the cortical maps. Additionally, we selected one location per animal that displayed
no opsin expression and far from any injection site to be our control, based on the epifluorescence

images shown in Figure 6B.

Estimation of light evoked neural response

To assess the effect of targeted inhibition on the neural network dynamics, we first characterized
the neural response induced by individual laser pulses. The recorded ECoG signals were sampled

at 1kHz and filtered into broadband local field potentials (LFPs) for all subsequent processing.

Artifact removal algorithm. The short laser pulses delivered directly above the MMAD electrodes

produced a distinct photoelectric artifact that sometimes saturated the recording. To characterize
the neural responses, we developed a custom artifact rejection algorithm in MATLAB to remove
this low-frequency, high amplitude light-evoked artifact to unmask the neural signals during and
immediately after each laser pulse. To do this, we reshaped each 10-min recording block into

3000 trials, where each trial contains 30-ms before laser, 30-ms during laser, and 60-ms after
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laser segments (Figure 7A, left). We then averaged the 3000 trials for each of the five blocks to
produce five shared artifacts for that experimental session. Next, the first two principal
components (PCs) of the shared artifacts were computed to serve as the artifact template in PC
space. We then projected each laser trial from the same experimental session onto this PC space,
and subtracted the scaled projection of the signal from the original LFP recording in each trial to

remove the light artifact while retaining neural signals (Figure 7A, right).

Quantification of evoked response ratio. For each stimulation pulse, we used the welch method

to generate power spectral density (PSD) estimates at three time points: 0 to 30 ms before laser
start, during laser (30 ms), and 10 to 40 ms post laser (Figure 7A). We then took the ratio of PSDs
between during-laser and pre-laser, as well as between post-laser and pre-laser, for each trial at
each frequency separately, before averaging across 30-200 Hz and converting to logarithmic
scale to compute the evoked response ratios for each during-laser and pre-laser segments. The
evoked response was considered significant if the PSD ratios calculated at the laser site was
significantly greater than the PSD ratio calculated using randomly shuffled control trials (no laser

illumination) undergoing the same artifact rejection procedures (two-sample unpaired t-test).

Estimation of functional connectivity

We estimated the functional connectivity changes between each pair electrodes within the optical
window by computing the pairwise coherence between recorded LFPs during spontaneous

activity following each laser inhibition block.

Coherence analysis. The magnitude-squared coherence (Cxy) between preprocessed signals at

electrodes x and electrode y was computed as a function of the respective power spectral
densities of signals x and y (Pxx and Pyy) and their cross-spectral density (Pxy) using 2-sec
Hamming windows. We repeated this analysis for every 20 seconds of LFP signals from each 5-
minute segments of ECoG recordings (baseline and post-laser blocks in Figure 6C), and
calculated the average coherence for theta (4-8 Hz) and gamma (30-59 Hz) frequency bands
respectively. The coherence changes for each frequency band were calculated by subtracting the
initial baseline coherence from each of the post-laser blocks. At each post-laser time points, we
compared the coherence changes between laser site and other channels to the coherence
changes between all non-laser channels, using a two-sample unpaired t-test with unequal

variances. After performing the same coherence analysis for all experimental and control sessions

43



and pooling the data from both animals, we grouped the resulting coherence changes based on
the session types — laser at strong opsin expression region (with significant evoked response),
laser at weak or no expression region (without significant evoked response), and no laser control
sessions — to compare the functional connectivity changes across time using one-way ANOVA
with post-hoc Bonferroni test for multiple comparisons. Similarly, coherence changes during the
extended baseline periods for 8 of the experimental sessions (up to 30 minutes after the last

inhibition block) were also computed using the same methods.

Power analysis. To make sure the change in coherence is not a result of fluctuation in frequency-

specific signal power, we computed the average band power during each baseline and post-laser
periods for theta (4-8 Hz) and gamma (30-59 Hz) frequency ranges, using the Matlab built-in
function which integrates the periodogram PSD estimate of the input signal. We then compared
any changes in band power at the laser site across time using one-way ANOVA with post-hoc

Bonferroni test, where the sample size is the number of sessions in each experimental group.

Excitatory optogenetic stimulation

To test whether the functional connectivity changes between modulation site and the network
were specific to our pan-neuronal inhibition paradigm, we compared the effects of inhibitory
optogenetic modulation described above to that of excitatory modulation over the sensorimotor
cortex. The excitatory dataset was collected from two other rhesus macaques (Monkey G: male,
8y, 17.5 kg; Monkey J: male, 7 y, 16.5 kg) as part of our previous study demonstrating the
feasibility of reshaping cortical connections using optogenetics (Yazdan-Shahmorad, Silversmith,

et al., 2018). Full methodological and experimental details can be found in that publication.

Optogenetic interface. The excitatory optogenetic experiments used a similar interface, consisting
of a titanium chamber over the sensorimotor cortex and a semi-transparent ECoG array acutely
placed over the 25-mm diameter optical window (Yazdan-Shahmorad et al., 2016). This setup
provides optical access to the primary somatosensory (S1) and primary motor (M1) cortices where
excitatory opsins (C1V1) were selectively expressed in excitatory neurons. During chamber
implantation surgeries, viral vectors (AAV5-CamKlla-C1V1(E122T/E162T)-TS-eYFP-WPRE-hGH)
were infused into S1 and M1 cortices on the left hemisphere of each animal. A titanium cylinder
was then secured onto the skull, and an artificial dura was inserted to protect the cortical surface.

During experimental sessions, the artificial dura was removed and a custom 96-channel pECoG
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array (Ledochowitsch et al., 2015) was positioned on the sensorimotor cortex. Optical stimulation
of C1V1-expressing neurons was delivered via fiber optic cables (62.5/125 pm, Fiber Systems)
connected to a 488 nm laser, with the fiber tip (~20 mW light power) placed directly above the

targeted electrode site.

Optogenetic excitation paradigm. Laser stimulation was delivered in five, 10-minute conditioning
blocks. Stimulation trains contain 5-ms, 5 Hz laser pulses at either one or two cortical sites in
either M1 or S1. When two independent lasers were used, there was a 100-ms delay between
pulses at the two laser sites, thus avoiding interference between evoked responses from each
light source. In between conditioning blocks for each experimental session, 5 minutes of

spontaneous activity was recorded to monitor functional connectivity changes over time.

Neurophysiology and coherence analysis. Neural data was recorded by the yECoG array at a

sampling frequency of 24 kHz (Tucker-Davis Technologies system) and down-sampled to 1 kHz.
Validation and quantification of the light-evoked neural response was described in the previous
publication (Yazdan-Shahmorad, Silversmith, et al., 2018). To analyze the changes in functional
connectivity between the modulation site and the network sites, we used the same methods as
descripted above, calculating the pairwise coherence between the laser channel and all other M1

and S1 channels for every 20 seconds of broadband LFP signals, using a 2-sec Hamming window.
We then computed the average coherence in theta and gamma frequency bands during each of
the 5-min spontaneous recordings, and then calculated the changes in coherence from the first

baseline period to monitor functional connectivity changes.

Results

Evoked neural response during targeted optogenetic inhibition

In this study, we first confirmed that targeted laser illumination was able to elicit significant neural
responses, particularly at sites with strong opsin expression. After implementing the PCA-based
light artifact removal (Figure 7A), we used the cleaned, broadband LFP signals to compute the
power spectral density (PSD) ratios of before and during laser periods, as well as before and
after laser periods, to monitor the transient changes in neural activity. We found that the PSD

ratios at the laser site during illumination were not only significantly higher compared to that after
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the laser was turned off, but also significantly greater than those at a far channel approximately
6 mm away (Figure 7C, unpaired t-test with Bonferroni correction). These results confirmed a
substantial red light evoked neural response that may be counterintuitive, with the estimated
neural activity during laser application being markedly higher. Conversely, at locations with
minimal opsin expression, the PSD ratios during and after laser application showed no significant
differences (Figure 7D), indicating that the laser induced response was spatially specific to the

opsin expressing regions, as can be expected from targeted optogenetic modulation.
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Figure 7. Quantification of laser evoked neural response. A. Overview of laser artifact removal pipeline,
using dimensionality reduced templates based on trial-averaged traces. B. lllustration of sample laser
locations in strong (C, solid orange diamond) and weak (D, empty orange diamond) opsin-expressing
regions, as well as a far channel at 6 mm away (blue square). C. Light evoked neural response when
targeting a high-expression region, at the targeted site and a far channel. At the laser site, the PSD
ratios during laser was significantly higher than the ratios after laser, or the ratios at far channel,
suggesting significant light evoked neural response (paired t-test with Bonferroni correction for
multiple comparison, ***: p< 0.001, *: p<0.05). D. PSD ratios quantified at a site with minimal opsin
expression, showing no significant differences between during and after laser application, which
suggests little or no light-evoked neural response.
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Although one might expect the activation of the inhibitory opsin Jaws to reduce LFP signal power,
the PSD analysis revealed a local increase in power ratio during laser illumination. Such increase
in ECoG activity was also observed when using red LEDs with longer pulse width for global
network inhibition (D. J. Griggs et al., 2024). A possible explanation for this observation is that
light penetration during optogenetic modulation is most effective in the upper cortical layers,
which contain higher percentage of inhibitory GABAergic neurons than deeper tissues such as
layers 5 and 6 (Fitzpatrick et al., 1987). As a result, our pan-neuronal inhibition paradigm may
have silenced a large population of the inhibitory neurons, leading to higher activity from the
excitatory neurons such as layer 5 pyramidal cells. Since the apical dendrites of pyramidal
neurons make a substantial contribution to extracellular field recordings (Buzsaki et al., 2012),

we observed a net effect of increased LFP power during laser illumination.

Changes in functional connectivity following optogenetic inhibition

After targeted laser was applied at Jaws-expressing regions over the PPC, we found that
functional connectivity within the network, as measured by gamma coherence between
electrode sites, showed notable reduction following each laser inhibition block. For a session in
which the selected laser site exhibits strong Jaws expression and significant light evoked neural
response, gamma coherence between the laser-targeted site and the broader network showed
greater decrease than the coherence between all non-laser electrodes (Figure 8A, first column,
left: unpaired t-test, p < 0.001), with the difference becoming more evident at the last post-laser
block following 50 minutes of optogenetic inhibition (Figure 8A, first column, right). Meanwhile,
this difference was not observed when computing the gamma coherence change between the
far channel and the broader network (Figure 8A, first column, blue). To assess the specificity of
inhibition induced network response, we evaluated the coherence changes during two types of
controls: laser inhibition at no-expression regions (no significant light evoked response) and no-
laser sessions with randomly selected sham laser site. We found that for both of these controls,
there was no significant difference between the laser site coherence change and the non-laser
network coherence change (Figure 8A, lower columns). These results highlight the targeted
effects of our optogenetic modulation protocol and its capacity to selectively modulate neural
dynamics, disconnecting specific location from the network with spatial precision following

continuous application.
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Next, we pooled the data from Monkey H (6 sessions) and Monkey L (12 sessions) together into
the three groups above (strong expression = 8 sessions, low expression = 8 sessions, no laser
control = 5 sessions) and compared functional connectivity changes across time. Significant
light-evoked response must be observed during the laser pulses for a session to be classified
into the high expression group. We found that gamma coherence changes were largest in
sessions targeting regions with strong Jaws expression, where laser site coherence steadily
declined across successive post-laser blocks (Figure 8B, top, one-way ANOVA with post-hoc
Bonferroni test, n = # electrode pairs x sessions), suggesting a persistent disruption of neural
connectivity with longer modulation. In contrast, no significant coherence changes over time
were observed during sessions targeting areas with low opsin expression or during no-laser
control sessions (Figure 8B, middle and bottom rows). Importantly, gamma-band signal power
remained stable across all session types (Figure 8C, one-way ANOVA, n = # sessions), ruling out
power fluctuations as a confounding factor in coherence estimates. Together, these findings
demonstrate that targeted optogenetic inhibition can selectively and persistently decouple
specific cortical sites from large-scale networks, demonstrating its promise as a therapeutic

strategy for neurological disorders marked by focal hyperconnectivity.
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Figure 8. Quantification of functional connectivity as measured by gamma coherence following
optogenetic inhibition. A. Example histograms of gamma coherence changes after 10 minutes and 50
minutes of laser inhibition for 3 different session types. Red indicates coherence changes between
laser site and network. Blue indicates coherence changes from a randomly selected far channel 6 mm
from the laser, and grey indicates coherence between rest of the network channels. B. Combined
gamma coherence changes from laser sites over time for each condition. Blocks with significant
changes from the pre-laser baseline are marked by # (paired t-test, p < 0.001). n = # electrode pairs
across sessions (n = ~240 for high/low expression group; n = ~150 for no-laser control group). Gamma
coherence decreased significantly when targeting high-expression regions, but remained relatively
stable in low-expression and no-laser control sessions (one-way ANOVA with post-hoc Bonferroni test,
* p<0.001, ™ p<0.01, : p<0.05). C. Changes in gamma band power at the laser site across three
session types over time. No significant difference was observed for any of the session type (one-way
ANOVA, n = # sessions). Error bars represent mean + stand error (SE).

Predicting connectivity change using light evoked response

To better understand the relationship between optogenetic inhibition and functional connectivity
changes, we examined how gamma coherence between the laser site and the rest of the network
was affected by the strength of light-evoked neural responses (Figure 9A). A significant negative
correlation was observed between gamma coherence changes and the laser-evoked PSD ratios,
at both early (10 minutes) and late (50 minutes) post-laser time points (Figure 9C). Notably, the
slope of this relationship became steeper after five laser blocks, indicating that repeated inhibition
in regions with strong opsin expression resulted in a more pronounced and sustained disruption
of local connectivity. These results highlight the effectiveness of targeted optogenetic inhibition
in functionally uncoupling the laser site from its surrounding network, particularly when light

illumination induces robust neural responses.

We then extended the analysis to the broader cortical network, assessing coherence changes
between all non-laser sites (Figure 9B). Similar to the observations above, we saw that gamma
coherence across the network also showed greater reductions in sessions with stronger light-
evoked responses at the laser site (Figure 9D, R? = 0.85), with the relationship being more
pronounced after repeated blocks of laser inhibition. However, the slope of these regression lines
was notably smaller in magnitude than those observed at the laser site (Figure 9C), indicating that
network-wide coherence was less strongly predicted by the neural response during illumination.
This suggests that while optogenetic inhibition can propagate its effects across the network, the
decoupling is most robust and more directly tied to evoked activity at the site of modulation.

These findings indicate that the focal inhibition paradigm used in this study has both local and
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global effects on functional connectivity, although with diminishing influence at distant locations.
This observation highlights the need for future research on neural inhibition strategies with greater

spatial precision to minimize off-target effects.

In addition to gamma-band activity, which closely reflects local neuronal firing, we also examined
coherence in slower neural oscillations, particularly the theta rhythm (4-8 Hz) which overlaps with
the stimulation frequency used in this study. For each session, we assessed the relationship
between light-evoked PSD ratios and theta coherence changes. Unlike the more consistent
patterns and stronger correlation observed in the gamma band, theta coherence at the laser site
exhibited greater variability across sessions and was less reliably predicted by the strength of the
evoked response (Figure 9E), as reflected by lower R-squared values in the regression model.
This suggests that, under our optogenetic inhibition paradigm, the modulation of theta coherence
may be influenced by additional factors not captured in our current experimental protocol, such
as the phase alignment between laser pulses and ongoing theta activity. Therefore, these results
underscore the need for future studies to clarify the mechanisms governing theta coherence and
its role in shaping network dynamics. Across the broader network, theta coherence changes also
showed a shallow but statistically significant negative relationship with the light-evoked PSD ratio
after 50 minutes of laser inhibition (Figure 9F, R? = 0.57). Since this effect was more subtle than
in the gamma band, it suggests that theta coherence may reflect broader network states rather
than local activity at the stimulation site. Alternatively, theta coherence may be more sensitive to
the brain’s baseline state or broader cognitive and neuromodulatory context, and therefore less

directly tied to the immediate effects of laser-evoked neuronal suppression.
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Figure 9. Relationship between laser evoked response and coherence changes for all sessions. A.
Schematics of coherence quantification between the laser site and other channels in the network, as
shown in C and E. B. Schematics of network coherence changes (non-laser sites) as shown in D and
F. C. Gamma coherence changes at the laser site as a function of light-evoked PSD ratios, after fitting
a linear regression model, during early (10 min) and late (50 min) modulation periods. Dashed lines
indicate average PSD ratio computed using randomly shuffled control trials. D. Early and late gamma
coherence changes between non-laser sites, analyzed as a function of evoked response ratios using
linear regression. E. Theta coherence changes at the laser site as a function of evoked PSD ratios.
Compared to the gamma band results (C), linear regression showed a weaker relationship between
theta coherence change and light-evoked response. F. Theta coherence changes between non-laser
sites as a function of PSD ratios. The negative relationship is only significant after 50 minutes of
repeated laser inhibition.

Variability in theta coherence changes

The relationship between light-evoked neural responses and coherence changes in the previous
section highlights the potential of optogenetic interventions to modulate network connectivity.
Specifically, gamma coherence exhibited consistent and predictable reductions in response to
laser-induced neural suppression at opsin-expressing sites, supporting the use of optogenetics
to selectively disrupt functional connections. We next extended our earlier analysis of gamma
coherence changes over time (Fig. 8) to the theta band, both within individual sessions and across
sessions grouped by experimental condition, to determine whether similar modulation effects

were present in lower-frequency neural activity.

In single-session analysis targeting regions with strong expression, we observed a progressive
reduction in theta coherence between the laser site and the network from early (after one laser
block) to late (after five laser blocks) time points (Figure 10A, top row). At both stages, the laser
site showed significantly larger reductions in coherence compared to non-laser channels,
suggesting a localized and time-dependent effect of optogenetic inhibition on theta coupling. This
local dissociation was not observed in either low-expression or no-laser control sessions (Figure

10A, middle and bottom rows), reinforcing the specificity of the observed modulation.

However, when aggregating theta coherence changes across all sessions for each condition, we
found considerable session-to-session variability (Figure 10B). In high-expression sessions, theta
coherence showed a broad distribution of changes over the first 30 minutes of modulation, with

no consistent trend across sessions (Figure 10B, top row). This variability suggests that theta
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coherence may be more sensitive to underlying brain state or trial-level dynamics than gamma
coherence. Given that the frequency of our laser (5 Hz) was also in the theta range, the changes
in theta coherence might be further dependent on the phases of neural oscillation at which laser
pulses were delivered, as described in studies on phase-locked brain stimulation (Widge & Miller,
2019). Nevertheless, after 40-50 minutes of repeated inhibition, we started to see a significant
reduction in theta coherence from baseline and early time points (*p < 0.05, one-way ANOVA with
post-hoc Bonferroni test), pointing toward a delayed, possibly dose-dependent effect. Notably,
the distribution of these theta band changes in high-expression sessions remained wider than
those observed in the gamma band. Meanwhile, theta band power at the laser channel remained
stable across all time points and session types (Figure 10C, n = # sessions, one-way ANOVA),
indicating that changes in coherence were not driven by fluctuations in signal power or shifts in

oscillatory amplitude, but instead point to altered patterns of network communication.
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Figure 10. Quantification of theta coherence changes across sessions. A. Distribution of theta
coherence changes after 10 minutes and 50 minutes of laser inhibition, during one example session
for each condition (high-expression, low-expression, no-laser). Red indicates coherence changes
between laser site and network. Blue represents a randomly selected far channel (6 mm away), and
grey indicates coherence between rest of the network channels. Theta coherence showed greater
decrease at the laser site than at other channels for this high-expression session (top row, unpaired t-
test). No significant differences were found among the theta coherence changes at the laser site, far
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channel, and other non-laser channels for the other two conditions. B. Combined theta coherence
changes at the laser site across three session types over time. Significant changes in each post-laser
block compared to baseline block are marked by # (paired t-test, p < 0.001). n = # electrode pairs
across sessions (n = ~240 for high/low expression group; n = ~150 for no-laser control group).
Although showing high variability, theta coherence decreased significantly from first to last laser block
when targeting high-expression regions, but remained relatively stable in the other two conditions
(one-way ANOVA with post-hoc Bonferroni test, *: p < 0.05). C. Changes in theta band power at the
laser site over time. No significant difference was observed for any of the session types (one-way
ANOVA, n = # sessions). Error bars are mean +SE.

Connectivity remains suppressed after the end of inhibition

One important question surrounding stimulation-based intervention is the timescale at which the
modulation effect lasts after the end of active treatment. Therefore, to assess the persistence of
optogenetically induced network changes, we analyzed coherence changes during an extended
post-inhibition period, by continuously recording for 30 to 40 minutes after the end of the last
laser block. In high-expression sessions, both theta and gamma coherence showed sustained
reductions that continued beyond the final inhibition block. As shown by the colormap for one
example session in Monkey H, theta coherence between the laser site and the rest of the network
progressively declined from early to late time points, and remained suppressed 30 minutes after
the laser was turned off (Figure 11A). A similar pattern was observed for gamma coherence, with
the decrease in connectivity originating from the laser site and spreading to the network, leading

to large-scale and prolonged suppression during extended post-laser periods (Figure 11B).

Furthermore, quantification of all high-expression sessions with extended recordings confirmed
these observations. Theta coherence remained significantly lower than baseline immediately after
the last laser block and continued to decline modestly over the 30-minute post-inhibition period
(Figure 11C; paired t-test, #p < 0.001; one-way ANOVA, *p < 0.05). Gamma coherence exhibited
a comparable pattern, with a robust decrease from baseline that persisted throughout the entire
post-laser recording period (Figure 11D; paired t-test, #p < 0.001), without signs of recovery.
These findings indicate that repeated focal inhibition leads to lasting reductions in both low- and
high-frequency functional connectivity, suggesting that the network effects of optogenetic

suppression are not transient but can endure well beyond the immediate modulation window.
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Figure 11. Quantification of coherence changes during extended recordings after optogenetic
inhibition ends. A. Colormap of theta coherence for an example high-expression session, at early (10
minutes of laser), late (50 minutes of laser), and extended baseline (30 minutes after the last block
ends) time points. Pink node represents the laser electrode, and colored edges represent coherence
changes from the initial baseline. B. Colormap of gamma coherence changes for the session as shown
in A, at the same three time points. C. Combined theta coherence changes from the laser site for high-
expression sessions. Significant changes compared to the initial baseline are marked by # (paired t-
test, p < 0.001). Theta coherence remained low, with some continuous decrease up to 30 minutes
after laser turned off (one-way ANOVA with post-hoc Bonferroni test, *: p < 0.05). D. Combined gamma
coherence changes from the laser site for high-expression sessions, with significant changes marked
by # (paired t-test, p < 0.001). Gamma coherence remained low (did not return to baseline) up to 30
minutes after laser turned off.

Excitatory optogenetic stimulation enhances functional connectivity

After characterizing the effects of inhibitory optogenetic stimulation on network connectivity, we
re-examined whether targeted excitatory stimulation would produce the opposite effect under
similar laser parameters and block design, thus strengthening functional connectivity from the
stimulated site over time. For this experiment, a 96-channel ECoG array was placed over M1 and
S1 cortices, where excitatory opsins (C1V1) were selectively expressed in pyramidal neurons
(Figure 12A). For each experimental session, either a single blue laser or two non-interfering lasers
with 100-ms delay were used to deliver 5 Hz light pulses during the 10-minute stimulation blocks
(Figure 12B). In our previous work, light evoked responses were quantified and showed consistent

neural activation over the stimulated cortex after each 5-ms laser pulse (Yazdan-Shahmorad,
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Silversmith, et al., 2018). In this study, we assessed the changes in network-wide functional
connectivity by measuring coherence between the laser electrode and all other recording
channels over the sensorimotor cortex, in both theta and gamma frequency bands following each

stimulation block.

Combining the coherence changes across both animals (single-laser: 5 sessions; non-interfering
lasers: 7 sessions) revealed a progressive enhancement of laser site coherence after repeated
stimulation. In particular, theta coherence between the laser site and the network increased
quickly and significantly after each laser block (Figure 12C, n = # electrode pairs across sessions),
with changes becoming more pronounced over time (one-way ANOVA with post-hoc Bonferroni
test). In contrast, gamma coherence exhibited a more delayed increase after the fourth and fifth
stimulation blocks (Figure 12D), suggesting a dose-dependent relationship where sustained
excitatory input is required to strengthen higher-frequency connectivity. These differences may
reflect distinct roles of theta and gamma bands in mediating global versus local communication.
Notably, this pattern contrasts with the effects of inhibitory modulation that led to more rapid and
persistent decreases in gamma coherence (Figure 9). Together, these findings demonstrate that
cortical connectivity can be selectively modulated in both directions by tailoring the optogenetic
paradigm, either strengthened through excitation of pyramidal neurons or weakened through
inhibition of all neurons, thus providing a flexible framework for controlled reorganization of large-

scale brain networks.
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Figure 12. Quantification of coherence changes in response to excitatory optogenetic stimulation. A.
Schematics of the optogenetic interface and experimental protocol. 96-channel ECoG array covers
the M1 and S1 regions with excitatory neurons expressing C1V1 opsin. One or two lasers are placed
in varying locations to deliver patterned optical stimulation. B. Summary of stimulation parameters and
block design. Either one or two non-interfering lasers were used. Each 10-min stimulation is followed
by 5-min recording of spontaneous activity. C. Theta coherence changes (between laser site and the
network) from the initial baseline, for each of the five post-laser blocks, with significant changes
marked by # (paired t-test, p < 0.001, n = # electrode pairs across sessions). When all experimental
sessions are pooled together, theta coherence continuously increased over time, (one-way ANOVA
with post-hoc Bonferroni test, ***: p < 0.001). D. Gamma coherence changes from the initial baseline,
which only increased significantly after 30 minutes of laser stimulation. Error bars are mean +SE.

Discussion

In this study, we demonstrate that targeted optogenetic stimulation can bidirectionally modulate
large-scale cortical connectivity in the NHP brain. Using an inhibitory approach, we found that
repeated neuronal suppression led to sustained reductions in functional connectivity from the
stimulated site, particularly in the gamma band, with effects persisting even after stimulation
ended. On the other hand, we found that excitatory stimulation gradually enhanced coherence
between laser site and the broader network in a dose-dependent manner, with gamma-band
responses emerging only after prolonged stimulation. Together, our findings suggest that cortical
networks can be selectively reorganized in either direction through the careful design of

neuromodulation paradigms.

The contrasting coherence responses in theta and gamma frequencies highlight the varied effects
of optogenetic modulation on different aspects of network dynamics. In the past, we have shown
that stimulation of excitatory neurons over the sensorimotor cortex strengthened the functional
connectivity between M1 and S1 (Yazdan-Shahmorad, Silversmith, et al., 2018), with significant
increases seen specifically in the theta band, which was positively correlated with the amplitude
of stimulus-evoked responses. Moreover, since changes in stimulus-evoked coherence were
shown to predict shifts in baseline coherence from the stimulation site, this supports a Hebbian-
like mechanism underlying the observed connectivity changes. In contrast, our current study
demonstrates that pan-neuronal optogenetic inhibition of the PPC leads to a reliable decrease in

gamma coherence, while theta coherence exhibited more variable responses across sessions.
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This divergence may reflect fundamental differences in how excitatory and inhibitory modulation
engage distinct network rhythms. High-frequency ECoG power is often correlated with local firing
rates (Dubey & Ray, 2020; Yazdan-Shahmorad et al., 2013), although recent evidence indicates
that high-gamma activity may also reflect summed postsynaptic potentials rather than purely local
spiking activity (Lei et al., 2025). By contrast, low gamma oscillations (~30 to 60 Hz) are tightly
coupled to fast-spiking parvalbumin interneurons, which synchronize excitatory populations and
regulate temporal coordination within local circuits (Buzsaki & Wang, 2012; Gouwens et al., 2010;
Sohal et al., 2009). Therefore, pan-neuronal optogenetic inhibition via Jaws expression likely
disrupts this synchrony and shifts the excitation—inhibition balance, leading to robust suppression
of gamma coherence. In contrast, theta rhythms involve broader cortico-cortical interactions and
are modulated by diverse interneuron subtypes (Bezaire et al., 2016; Cardin, 2018; Stark et al.,
2013), which maintain recurrent connections and contribute to feedback inhibition. As a result,
theta coherence may be more susceptible to fluctuations in cognitive or brain states, especially
when the inhibition is not cell-type specific, leading to greater variability across sessions
compared to gamma coherence. On the other hand, repeated stimulation of pyramidal cells likely
amplifies correlated neuronal activity within existing pathways, promoting synaptic strengthening
based on the Hebbian learning and spike-timing dependent plasticity (Caporale & Dan, 2008;
Kempter et al., 1999), particularly at theta frequency that reflects recurrent excitation and long-
range integration (Bezaire et al., 2016). Under these conditions, recruitment of fast-spiking
interneurons may occur indirectly, potentially explaining the delayed increase in gamma
coherence. These distinctions highlight the need to account for cell-type specificity and circuit-
level interactions when designing neuromodulation paradigms aimed at modulating specific

network rhythms or communication modes.

Mechanisms of stimulation-induced neuroplasticity

As discussed above, our results showing progressive increases in theta and gamma coherence
following repeated excitatory optogenetic stimulation are consistent with Hebbian principles of
activity-dependent plasticity, where sequential co-activation of presynaptic and postsynaptic
neurons strengthen their connections (Hebb, 2002; Kempter et al., 1999). In larger scale networks,
single-site optogenetic excitation likely enhances the excitability and correlated firing of neurons
within and across cortical areas, leading to cumulative increases in functional connectivity over
time. This Hebbian learning hypothesis is also supported by previous works using activity

dependent (Lucas & Fetz, 2013; Nishimura et al., 2013; Song et al., 2013) or paired open-loop
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electrical stimulation (Rebesco & Miller, 2011; Seeman et al., 2017) to promote plasticity and

increase connections between targeted brain regions.

In contrast, the effects of repeated optogenetic inhibition are less well characterized in the context
of long-term neuroplasticity. Our results show that pan-neuronal inhibition using repeated pulse
train leads to a sustained reduction in gamma coherence, which may reflect a Hebbian-like
mechanism that operates in reverse. Although Hebbian plasticity traditionally describes the
strengthening of connections through correlated activity, it also implies that connections which
are repeatedly inactive or uncoordinated may weaken over time, a concept sometimes referred
to as activity- or experience-dependent depression (Feldman, 2009; Malenka & Bear, 2004). For
our experiments, temporally patterned inhibition may disrupt spike timing across cortical sites,
reducing the likelihood of synchronized firing needed to reinforce connectivity. Similar forms of
activity-dependent synaptic weakening have been observed in sensory cortices during periods
of reduced input or sensory deprivation, leading to diminished synaptic strength and long-range
decoupling (Allen et al., 2003; Bender et al., 2006). Note that this differs from anti-Hebbian models
(Koch et al., 2013) that require precise timing between pre and postsynaptic spikes to induce
long-term depression (LTD). Instead, our findings support a more general form of network
desynchronization-induced depression, in which lack of correlated activity across the circuit leads
to prolonged reductions in functional connectivity. This explanation is also supported by previous
neural imaging studies, where chemogenetic silencing of the anterior cingulate area, a highly
connected region in the prefrontal cortex, led to reduced neural synchrony and significant

decreases in whole-brain functional connectivity (Peeters et al., 2020).

Considerations for neuromodulation therapy

The ability to bidirectionally reorganize functional connectivity through targeted optogenetic
stimulation has important implications for developing effective stimulation-based therapies. Many
neurological and psychiatric disorders are characterized by abnormal network connections. This
can manifest either as excessive connectivity, such as in epilepsy (Englot et al., 2016) and
schizophrenia (Camchong et al., 2011; Venkataraman et al., 2012), or as disrupted connectivity,
as seen following stroke (Grefkes & Fink, 2011) and in neurodegenerative diseases (Amboni et al.,
2015). Our findings suggest that optogenetic inhibition can reduce excessive synchronization and
decouple overactive network nodes, offering a potential strategy for suppressing pathological

hyperconnectivity. Conversely, repeated excitatory stimulation led to progressive increases in
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coherence, particularly in the theta frequency band often associated with long-range integration,
indicating a therapeutic potential for strengthening communication between brain regions that
have become functionally disconnected due to disease or injury. This dual capability, selectively
weakening or strengthening targeted pathways, offers a powerful framework for restoring

balanced connectivity in a circuit-specific manner.

Although optogenetic intervention is not yet clinically viable in the cortex due to the need for
genetic modification and light delivery hardware implantation, the mechanistic insights gained
from these studies provide valuable guidance for advancing other neuromodulation modalities.
This includes invasive techniques such as intracortical microstimulation (ICMS) and noninvasive
methods such as transcranial magnetic stimulation (TMS). The choice of stimulation modality and
parameters should be informed by several factors: the anatomical location of the target area, the
desired spatial and temporal resolution, tolerance for off-target effects, and most importantly, the
intended direction of connectivity modulation. For instance, when large-scale suppression of
network activity is needed, such as reducing pathological connectivity between a deep brain
region and its projection areas, a well-established inhibitory TMS protocol termed continuous
theta burst stimulation (cTBS) may be applied to transiently reduce neuronal excitability and
induce LTD-like effects (Huang et al., 2005, 2011).

Meanwhile, achieving selective excitation of specific neuronal cell type without optogenetics
remains challenging, although adjusting the frequency of stimulation may help facilitate the
recruitment of particular populations. For example, higher frequency pulses (~100 Hz) tend to
preferentially activate fast-spiking interneurons due to their rapid membrane kinetics and firing
properties (Eles et al., 2021; Markram et al., 2004). In contrast, pyramidal neurons can be
effectively engaged across a broader range of frequencies (10-100 Hz), depending on additional
factors such as current amplitude, pulse width, and electrode depth or configuration (Lee et al.,
2024; Tehovnik et al., 2006; Yazdan-Shahmorad, Lehmkuhle, et al., 2011). These stimulation
parameters, together with electrode placement, determine the activation thresholds of different
neuronal populations and thereby determine which cell type will be preferentially recruited during
electrical stimulation. Understanding this selective recruitment is also important when designing
brain stimulation therapies aimed at altering network synchronization in specific frequency bands,
given the differential sensitivity of theta and gamma coherence to excitatory versus inhibitory

modulation as demonstrated in our study. Ultimately, translating circuit-level insights from
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optogenetic experiments into clinically viable strategies will be crucial for developing precise

neuromodulation interventions tailored to specific disorders and patient needs.

Limitations and future directions

Although many neuromodulation studies have used the ratio of evoked responses between
stimulated and surrounding sites as a proxy for network connectivity (Seeman et al., 2017;
Yazdan-Shahmorad, Silversmith, et al., 2018), this approach was not optimal for our Jaws-
mediated optogenetic inhibition experiments. Inhibitory stimulation does not reliably generate a
secondary evoked potential, making it difficult to use trial-aligned responses to infer connectivity
between sites. Instead, we quantified pairwise coherence between channels during spontaneous
activity, which is easier to record and more generalizable across both experimental and clinical
settings since it does not require additional stimulation pulses. Moreover, coherence has been
shown to correlate well with evoked-response measures of connectivity (Yazdan-Shahmorad,
Silversmith, et al., 2018). Nonetheless, coherence can also be influenced by session-specific
factors such as baseline fluctuations, arousal level, and global brain state, which should be
considered when interpreting its use as a measure of neural connectivity for future experiments

involving different subjects or behavioral tasks.

Another important consideration for future work is the long-term stability of opsin expression. In
our study, the epifluorescence signal from the initial injections declined over the course of two
years, prompting us to perform a reinjection in one animal to enable additional experiments.
Although significant light-evoked responses were observed before each experimental session,
the duration of functional expression after each injection and the extent to which reinjection
restored expression remain to be validated. These findings highlight the need for systematic,
longitudinal approaches to track the changes in opsin expression, for example with weekly
epifluorescence imaging or other chronic readouts. Developing reliable methods to monitor and
sustain stable expression will be essential for chronic experiments and will directly inform the

translational feasibility of optogenetic neuromodulation.

Finally, because of the open-loop nature of our optogenetic stimulation protocol and a lack of
behavioral correlates during recordings, it remains unclear what specific mechanisms drive the
session-to-session variability observed in certain frequency bands. A promising future direction

is to incorporate phase-resolved analysis during optogenetic inhibition, as growing evidence from
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brain stimulation studies suggests that the timing of stimulation pulse relative to the oscillatory
phase can critically influence both the magnitude and direction of induced physiological and
neuroplastic changes (Widge, 2024; Widge & Miller, 2019; Zanos et al., 2018). Future work can
incorporate real-time phase estimation during inhibition blocks to assess whether coherence
changes can be enhanced by aligning light pulses to specific phases of the ongoing rhythm.
Additionally, designing closed-loop optogenetic paradigms that deliver lights at behaviorally or
physiologically relevant time points may also help mitigate the variability observed across
sessions, further informing how temporal alignment shapes targeted neuroplasticity. Such
approaches would also improve the translational relevance of optogenetic stimulation, informing
next-generation neuromodulation strategies that adapt in real time to ongoing brain dynamics of

individual subjects.
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Chapter 4: Summary and Future Directions

Considerations for tailoring neuromodulation strategy
Designing effective neurostimulation methods to treat neurological conditions requires careful

consideration of multiple parameters, including the choice between excitatory versus inhibitory
paradigms, the timing and modality of stimulation, and the feasibility of translating these
approaches into clinical settings. The previous two chapters of the dissertation highlight how
these variables critically shape the outcomes of stimulation-based therapies, and thus should be

investigated further to guide the development of targeted, patient-specific interventions.

First, we should consider the desired heuromodulatory direction. Excitatory paradigms, such as

those utilizing electrical or optogenetic stimulation to increase excitability and induce neuronal
firing, have been widely explored for their ability to strengthen functional connectivity and promote
neuroplasticity. However, in pathological conditions characterized by hyperexcitability, such as
acute stroke and epilepsy, inhibitory approaches may become more beneficial. In Chapter 2, we
show that theta-burst stimulation can protect the ischemic tissues by suppressing post-stroke
hyperactivity and reducing perilesional depolarization in the cortex. In Chapter 3, we demonstrate
that optogenetic inhibition can effectively decouple targeted cortical regions, reducing gamma-
band coherence across the network, contrasting with the effects of excitatory stimulation which
enhances connectivity. These findings suggest that neuromodulation strategies must be tailored
to the specific pathological context, and that inhibitory paradigms may offer greater therapeutic

benefits during neural hyperactivity or excessive synchronization.

The timing of stimulation represents another critical consideration. In Chapter 2, we found that

early application of electrical stimulation within hours after stroke onset leads to reduced neural
excitability, inflammation, and lesion volume. These results emphasize the importance of
intervening during the acute window when neural injury within the penumbra is still reversible. By
contrast, stimulation in the subacute or chronic phases would require different parameters or
targets to support long-term recovery. For example, to improve motor performance during
chronic stroke (weeks to months after onset), excitatory stimulation strategies such as those
discussed in Chapter 3 can be beneficial for targeting the ipsilesional cortex to increase

excitability, promote neuroplasticity, and restore lost connections (Boonzaier et al., 2018;
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Edwardson et al., 2013). This temporal difference indicates that neuromodulation strategies
should adapt dynamically to the injury stage and rehabilitation progress, shifting from acute
neuroprotection to chronic network reorganization (Figure 13) to maximize functional recovery.

Recovery
Hours - Days Days - weeks

Acute stage Subacute stage , Chronic stage

Neuroprotection Neuroplasticity
Ther ti | Inhibitory stimulation - Multimodal stimulation
erapeutic goa to reduce excitotoxicity to reorganize connections
Considerations - Measure behavioral and functional outcomes

for future work - Optimize parameters & develop closed-loop systems

Figure 13. Key considerations for developing tailored neuromodulation therapies. Acute stage
interventions should target neuroprotection via inhibitory paradigms that mitigates excitotoxicity, with
future work centered on behavioral and functional outcome measures. Interventions in the subacute
to chronic stage should promote neuroplasticity and network reorganization, supported by future
development of closed-loop systems that adapt to dynamic brain states.

When considering stimulation modality, electrical and optogenetic approaches each offer distinct

advantages. Electrical stimulation is clinically established, versatile, and straightforward to apply
from the surface of the brain, making it well-suited for acute interventions and broad cortical
modulation. On the other hand, optogenetic stimulation provides cell-type-specific and spatially
precise control of neural activity, offering a level of selectivity not achievable with electrical
methods. Our demonstration of stable opsin expression and consistent light-evoked responses
over several months in the primate cortex also supports the feasibility of implementing complex
optogenetic tools in large brains similar to those of humans. However, translating these invasive
tools into clinical use will require further advancements in gene-delivery systems and optical
stimulation hardware to satisfy patient safety and regulatory standards. Nonetheless, insights
gained from this dissertation can be validated and extended using clinically approved, non-
invasive neuromodulation techniques such as TMS or focused ultrasound stimulation. These
approaches could potentially allow us to target broader or deeper brain regions, laying the
groundwork for developing next-generation neuromodulation therapies tailored to a variety of

neurological conditions.
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Future research directions for stimulation-based therapy

Evaluation of stimulation effects in the subacute phase after stroke

Building on the findings of this dissertation, future research should further explore the therapeutic
potential of stimulation-based interventions in ischemic stroke and other neural injuries. One key
direction involves evaluating post-stroke and post-stimulation physiology at approximately one
to two weeks after stroke onset, to capture both the progression of injury and the early stages of
recovery. While our results show that early stimulation within hours of injury reduced acute
hyperexcitability, it remains unclear whether this intervention could retain neuroprotective benefits
and improve neurological outcomes beyond the acute window. Additionally, many cellular
markers of glutamate-mediated excitotoxicity and neuroinflammation only become detectable
after ~24 hours (Belov Kirdajova et al., 2020; Rawlinson et al., 2020), highlighting the importance
of evaluating these delayed injury responses. Together, electrophysiological and histological
analyses at these later stages will be essential to determine how cortical excitability, inflammation,
and circuit integrity evolve over time, and whether targeted stimulation continues to mitigate

secondary damage or supports a more favorable environment for recovery.

Behavioral response to neurophysiological changes

In parallel, chronic behavioral studies are essential to directly evaluate the long-term impact of
early stimulation on sensorimotor function (Figure 13). While our acute experiments suggest that
stimulation can reduce infarct size and mitigate excitotoxicity, it remains critical to determine
whether these neuroprotective effects lead to significant behavioral improvements, an important
step in assessing the clinical relevance of our proposed intervention. By training monkeys to
perform motor tasks (e.g., center-out reaching) that engage the affected brain regions, and
monitoring performance over time in groups receiving early or sham stimulation, we can establish
a more causal relationship between acute stimulation and functional outcomes. Additionally,
novel behavioral paradigms can also be developed to probe the effects of optogenetic modulation
and altered PPC connectivity on sensory, motor, and cognitive functions, particularly in tasks
requiring hand-eye coordination and sensorimotor integration (Andersen et al., 1997; Freedman
& lbos, 2018). These future studies will provide crucial insights into how specific stimulation
protocols can be implemented to facilitate rehabilitation, offering a framework for developing

neuromodulation strategies aligned with patient-specific therapeutic needs.
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Optimizing the spatial scale of stimulation effects

Another important future direction of this work involves systematically exploring the parameter
space to optimize the spatial resolution and extent of stimulation-induced effects. Both electrical
and optogenetic strategies modulate neural activity across different spatial scales, influenced by
factors such as electrode size and placement (e.g., surface vs. intracortical) for electrical
stimulation, as well as targeted cell types, opsin kinetics, and light delivery methods for
optogenetic approaches. In both modalities, parameters such as pulse amplitude, frequency,
and duration each plays a critical role in determining the spread and magnitude of neural
activation or suppression, thus affecting the induced changes in network excitability and
neuroplasticity. A deeper understanding of how these variables interact will be essential for
tailoring brain stimulation to specific therapeutic goals while minimizing off-target effects. For
instance, focal inhibition may be ideal for treating localized hyperexcitability, whereas stimulation
that generates broader electric fields may be more appropriate for deep injuries or for promoting
large-scale network reorganization during recovery. Given the huge parameter space, it may not
be feasible to systematically test every possible combination experimentally. However, large-
scale and high-density neural recordings paired with computational modeling can provide
efficient ways to characterize and predict the spatial profiles of different stimulation protocols.
In the future, these tools can help identify parameters that balance specificity and efficacy
depending on the physiological context, enabling the design of safe neuromodulation strategies

tailored to the needs of specific brain disorders.

Development of closed-loop systems

Finally, an important next step toward tailoring neuromodulation therapies is the development of
closed-loop stimulation systems that utilize real-time neurophysiological feedback to adjust
stimulation timing, location, and parameters. For example, future studies could explore phase-
locked or activity-triggered optogenetic protocols that deliver precisely timed pulses aligned with
specific oscillatory phases or network states. Similar approaches in clinical brain stimulation
techniques, such as DBS and TMS protocols, have been shown to enhance stimulation efficacy
and modulate local oscillations (Widge, 2024; Zrenner et al., 2018), leading to more consistent
therapeutic outcomes while minimizing off-target effects. In the context of ischemic injury,
closed-loop strategies could adapt to the evolving needs of damaged neural tissues, applying

inhibitory paradigms to suppress local hyperactivity during acute phases and then transitioning
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to excitatory protocols in the subacute stage to promote neuroplasticity and recovery (Figure 13).
In such systems, the sensing component would distinguish between states of excessive activity
and reduced neural response, dynamically adjusting the stimulation mode to match the brain’s
condition. When combined with the optimized spatial targeting discussed earlier, this technology
could pave the path for precision neuromodulation therapies, where stimulation parameters are
continuously adapted not only to the stage of injury but also to millisecond-scale dynamics
unique to each patient’s network physiology. By aligning novel stimulation paradigms with the
brain’s continuously changing functional state, these closed-loop approaches have the potential
to maximize therapeutic efficacy, minimize unintended effects, and actively guide the brain
toward functional recovery. Ultimately, these advances could transform neuromodulation
therapy from a static intervention into a dynamic, personalized tool for promoting neural repair

and improving rehabilitation outcomes.
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