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Abstract

The brain is the most complex and vital organ in the body. It is responsible for regu-
lating cognitive functions, emotions, motor skills, and autonomic processes. Despite its
remarkable adaptability, the brain remains vulnerable to a variety of diseases, including
neurodegenerative and neurological diseases, as well as disorders affecting glial cells and
tumors. Conditions such as Alzheimer’s, Parkinson’s, and epilepsy not only have a
significant impact on quality of life but also place a heavy burden on global healthcare
systems. Understanding the underlying mechanisms of these disorders is essential for the

development of effective treatments and prevention strategies.

One of the most promising advances in neuroscience research is the development
of neuromodulation techniques that allow for precise control of neuronal activity. In-
frared neuromodulation, a method that uses infrared light to selectively manipulate
neurons, has emerged as a minimally invasive and highly targeted approach. Temperature
changes induced by infrared stimulation play a critical role in modulating neuronal states.
High-density laminar electrode recordings were used to study the effects of pulsed and
continuous-wave infrared stimulation on cortical neurons in anesthetized rats. The results
show that infrared stimulation has a layer and cell-type-dependent effect on neuronal
activity. Pulsed stimulation primarily enhances neuronal firing, whereas continuous
stimulation tends to suppress activity. These findings provide valuable insights into the
biophysical mechanisms underlying infrared neural stimulation and highlight its potential

as a powerful tool for modulating brain activity.

The second part of the study focuses on microimplants designed for precise neural
recording and intervention. These implants allow neural activity to be monitored with
exceptional temporal and spatial resolution, making them essential tools for the study
of brain function and neurodegenerative diseases. In the first part of this research, the
optical properties and long-term spike detection performance of a thiol-ene/acrylate shape
memory polymer-based microelectrocorticography (microECoG) device were evaluated.
This shape-memory polymer (SMP) microECoG is compatible with two-photon microscopy
and allows simultaneous optical imaging and electrophysiological recording. The results
indicate that the SMP microECoG does not introduce significant optical distortion and
allows the detection of single unit spikes over long periods, up to at least seven weeks,
demonstrating its reliability for long-term neural monitoring.

This research advances the understanding of how neurotechnologies can be used to
study or modify brain activity, offering new avenues for therapeutic intervention and

improving the precision of neural monitoring techniques.






Kivonat

Az agy a testiink legbsszetettebb és legfontosabb szervei kozé tartozik, mivel irdnyitja a
kognitiv funkcidkat, az érzelmeket, a mozgaskoordinaciét és a vegetativ folyamatokat.
Bar rendkiviili alkalmazkoddképességgel bir, tovabbra is érzékeny a neurodegenerativ és
neurolégiai betegségekre, valamint glia sejteket érinté rendellenességekre, és daganatokra,
amelyek miikodését és szerkezetét egyarant befolyasolhatjak. Az olyan betegségek, mint
az Alzheimer-kor, a Parkinson-kér és az epilepszia nemcsak az érintettek életminGségét
rontjék jelentésen, hanem komoly terhet jelentenek a globalis egészségiigyi rendszerek
szaméara is. E betegségek kialakulasanak és miikodési mechanizmusainak feltarasa kulcs-

fontossagi az eredményes kezelések és megel6zési stratégiak kidolgozasaban.

Az idegtudoméany egyik legigéretesebb fejlédési irdnya a neuromodulécids technikdk
fejlesztése, amelyek lehetévé teszik a neuronalis aktivitds pontos szabalyozasat. Az infra-
vorés neuromodulacié olyan médszer, amely infravoros fény segitségével képes szelektiven
befolyasolni a neuronokat, igy minimélisan invaziv és rendkiviil célzott megkozelitést kinal.
Altatott patkdnyok agykérgében nagy stirtiségii lamindaris elektrédafelvételekkel vizsgaltam
az impulzus iizemi és folytonos lizemi infravords stimuldcié hatasait. Eredményeim azt
mutatjak, hogy az infravoros ingerlés réteg- és sejttipusfiiggben befolyasolja a neuronalis
aktivitast: az impulzus lizemi stimuléacié elsésorban fokozza, mig a folytonos fizemi sti-
mulacié inkdbb csokkenti az idegsejtek tiizelési gyakorisagat. Ezek az eredmények értékes
ablakot nyitnak az infravorés neuralis stimuléacioé biofizikai alapjainak megismerésére, és

megerdsitik a modszer gykorlati hasznalhatosagat az agyi aktivitas célzott modulalasaban.

A tudoményos munkdm mésodik része a preciz idegi rogzitésre és beavatkozédsra terve-
zett mikroimplantatumokra 6sszpontosit. Ezek az eszkozok kivételes id6beli és térbeli
felbontassal képesek megfigyelni az idegi aktivitast, igy alapvet6 szerepet jatszanak az
agymiikodés és a neurodegenerativ betegségek vizsgalataban. Kutatadsom els6 szakaszaban
egy tiolén/akrilat alapt alakemlékezé polimerb6l késziilt mikroelektrokortikografids eszkoz
optikai tulajdonsagait és hosszi tavu extracellularis akciés potencidl detektédlasi teljesit-
ményét vizsgaltam. Az SMP microECoG kompatibilis a kétfoton-mikroszképiaval, igy
lehet6vé teszi az egyidejii optikai képalkotast és az elektrofiziologiai méréseket. Eredménye-
im szerint az SMP microECoG nem okoz szdmottevo optikai torzuldst, és képes az egyedi
extracellularis akciés potenidlok legalabb hét héten at torténd megbizhatd észlelésésre,
ami igazolja alkalmazhatosdgat az idegi aktivitas hossza tavi monitorozasban.

Ez a kutatas hozzajarul annak mélyebb megértéséhez, hogy a neurotechnolégidk miként
alkalmazhatdk az agyi aktivitds vizsgalatara és befolyasolasara. Eredményeim 1j lehetd-
ségeket nyitnak a terapids beavatkozasok terén, mikozben javitjak az idegi megfigyelési

technikak pontossigat és megbizhatdsagat.
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1 General introduction

1.1 Neuronal signals and computation: from brain structures to

data processing

The brain is the body’s most complex and vital organ, responsible for controlling cogni-
tive functions, emotions, motor skills, and autonomic processes. Despite its remarkable
adaptability, the brain remains vulnerable to a variety of diseases, including neurode-
generative and neurological diseases, as well as disorders affecting glial cells and tumors.
Neurodegenerative diseases, including Alzheimer’s disease [1], Parkinson’s disease [2], and
epilepsy [3], have a significant impact on the quality of life of individuals and place a
growing burden on healthcare systems around the world [4]. Understanding the role of
the brain in these diseases is critical to developing effective treatments and prevention
strategies.

Neurodegenerative diseases often result from a combination of genetic, environmental,
and lifestyle factors that contribute to neuronal damage and dysfunction. These diseases
can result in progressive neuronal loss, impaired neurotransmission, and inflammation,
leading to severe cognitive and motor impairments [5]-[7]. Studying the underlying
mechanisms of these disorders not only improves our understanding of brain function but
also opens avenues for novel therapeutic interventions.

This dissertation begins with an exploration of fundamental aspects of brain function,
with a focus on neuronal signals and the structural substrates that support them. Our
experiments examined two main brain areas: the somatosensory cortex, a surface structure,
and the hippocampus, a deep brain structure. The somatosensory cortex is located on the
surface of the brain within the parietal lobe and is primarily responsible for processing
sensory information from the body. It plays a critical role in perception and motor
control by integrating sensory feedback to refine movements [8], [9]. In contrast, the
hippocampus, located deep within the medial temporal lobe, is essential for learning,
memory consolidation, and spatial navigation [10], [11]. Rather than emphasizing the
broader functional roles of these regions, this work focuses on the structural and cellular
elements within them that are directly relevant to our analysis. We focus particularly
on the laminar organization of the cortex, consisting of six distinct layers, each with
specific input-output patterns and cell-type distributions. This layered architecture plays
a crucial role in shaping the flow of information through cortical circuits. Within this
scope, three key neuronal cell types are examined: pyramidal neurons, which are the
primary excitatory cells found predominantly in layers 2/3 and 5 of the cortex, and

two classes of inhibitory interneurons, wide-spiking and narrow-spiking, that modulate
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circuit activity and contribute to the generation of oscillatory dynamics. These cell types
and laminar structures are present in cortical and hippocampal regions, allowing for a
comparative analysis of how local microcircuits function in different anatomical contexts.
This study focuses on these shared cellular and structural components to elucidate the
mechanisms by which neuronal activity is generated, coordinated, and recorded.

A major technological advance in neuroscience research is the use of microimplants,
which allow for precise neural recording and intervention. These implants enable neu-
ral activity to be monitored with high temporal and spatial resolution, making them
indispensable tools in the study of neurodegenerative diseases. The remainder of this
dissertation will introduce the mechanisms of signal generation, spikes, local field poten-
tials (LFP), and various recording techniques. Additionally, different signal processing

techniques will be explored to better understand and analyze neural data.

1.1.1 Cortical structure and cell types
1.1.1.1 Laminar structure of the neocortex

The cerebral cortex, also known as the cerebral mantle, is the outermost layer of neural
tissue in the brain’s cerebrum. This layer is present in both humans and other mammals.
This region is considered to be the most extensive area for neural processing in the central
nervous system [12], contributing significantly to processes such as attention, sensory
perception, cognition, language, memory, and overall consciousness. The neocortex, which
constitutes approximately 90% of the cerebral cortex, is distinguished by its unique six-
layer arrangement, thereby setting it apart from the more ancient allocortex [13]. In small
mammals, such as rats and mice, the neocortex typically measures between 1 and 1.5 mil-
limeters in thickness. The neurons within this region are typically organized based on their
respective synaptic functions. The majority of these neurons, constituting approximately
80% of the total population, are excitatory and primarily utilize glutamate as a neuro-
transmitter. In contrast, the remaining 20% of neurons are inhibitory GABA-erg neurons.
The cerebral cortex coats the surface of the brain’s hemispheres and features characteristic
folds: elevated ridges known as gyri and shallow depressions called sulci. Major sulci
and gyri serve as landmarks separating the brain into its primary lobes: frontal, parietal,
temporal, and occipital. The neocortex is organized into six distinct layers, designated
as layers I through VI. These layers extend from the outer surface near the pia mater
and continue inward toward the white matter. Each layer exhibits a distinct neuronal
composition and unique connection patterns, establishing interconnectivity with other
cortical and subcortical regions. By employing staining techniques that highlight neuronal
cell bodies and intracortical axons, early 20th-century neuroanatomists were able to detail
the layered structure of the cortex across various species. A significant contribution was

made by Korbinian Brodmann [14], who described the neocortex as consisting of six layers.
The first layer, designated as Layer I, is the molecular layer. This superficial layer

contains a sparse distribution of neurons, including GABA-ergic rosehip neurons. It is

composed primarily of horizontally oriented axons, apical dendritic tufts from deeper
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pyramidal neurons, and glial cells [15]. During the developmental process, transient cell
types, including Cajal-Retzius cells [16] and cells from the subpial granular layer [17], are
also present. On occasion, spiny stellate neurons have also been identified in this region.
This layer plays a crucial role in integrating feedback signals and top-down processing,
which are essential for attention and associative learning [18]. Contrary to the early
hypothesis that inputs to this layer were predominantly cortical in origin [19], more recent
evidence suggests that it receives input from matrix-type thalamic neurons [20], whereas
core-type thalamic neurons primarily target layer IV [21]. Functionally, layer I serves as
a central integrative node, merging ascending sensory data with higher-level predictions.
It has been demonstrated that this process plays a critical role in the regulation of
perception by filtering excitatory inputs and modulating them with neuromodulatory
signals. This regulatory process is facilitated by inhibitory interneurons from various
layers [22].

Layer II, or the external granular layer, is characterized by the presence of stellate cells
and small pyramidal neurons. It is involved in local cortical processing and horizontal
connectivity. It plays a role in local circuit processing and integrating signals from various
brain regions. Specifically, neurons in layer II are involved in corticocortical connections,
contributing to the integration of information across cortical areas and hemispheres.

The third layer, or external pyramidal layer, is comprised predominantly of small to
medium pyramidal neurons and a subset of vertically projecting non-pyramidal neurons.
This layer functions as a primary source of output to other cortical areas and serves
as a recipient of input from commissural fibers. The layers I-III collectively serve as
the primary target of interhemispheric corticocortical inputs, with layer III playing a
particularly crucial role in the transmission of outputs.

Layer IV, also known as the internal granular layer, is a specific type of layer in the
brain. This layer consists of various stellate and pyramidal cells and is the primary
recipient of sensory input from the thalamus, specifically from core-type thalamic neurons
[21]. Furthermore, the inferior temporal cortex receives intra-hemispheric cortical inputs,
suggesting a role in multimodal integration within the brain. Anatomically, layers I-III
are designated as supragranular layers, while layers V and VI are classified as infragranular
layers.

Layer V, or the internal pyramidal layer, contains primarily large pyramidal neurons,
which serve as the primary output channels of the cortex. These cells transmit signals to
a variety of subcortical targets, including the basal ganglia, thalamus, brainstem, and
spinal cord.

layer VI, or multiform layer, exhibits a diverse neuronal composition, including spindle-
shaped, pyramidal, and multifaceted neurons, which facilitate communication with the
thalamus. These reciprocal circuits are meticulously calibrated, with excitatory projections
targeting the same thalamic neurons that provide input to the cortex. These excitatory
neurons also send collaterals to the thalamic reticular nucleus, thereby providing inhibitory
feedback to the thalamus or nearby regions [23]. The hypothesis posits that cholinergic

modulation of this feedback loop enables the brain to modulate the sensitivity, or gain,
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of incoming sensory signals.

1.1.1.2 Neuronal cell types: pyramidal cells and interneurons

Neuronal computation in the cortex and hippocampus depends on the coordinated activity
of different types of cells. Excitatory pyramidal cells and inhibitory interneurons are at
the core of local circuit processing. Studying their morphological and electrophysiological
characteristics is essential for understanding how information is encoded, transmitted,
and modulated in the brain [24], [25].

Pyramidal neurons, which are the primary excitatory cells in the cerebral cortex and
hippocampus, are characterized by their distinctive triangular soma, a single, long apical
dendrite that extends toward the cortical surface, multiple, horizontally-branching basal
dendrites, and a long, myelinated axon that projects to distant targets [26]. They are a
major component of cortico-cortical and cortico-subcortical communication and partici-
pate in cognitive functions, motor output, and sensory integration [27]. First studied by
Santiago Ramén y Cajal [28], pyramidal neurons have become central to investigations
of neuroplasticity and cortical organization. A single pyramidal cell in the CA1 region
of the hippocampus can have dendritic trees that span approximately 12,000 um and
receive up to 30,000 excitatory and 1,700 inhibitory inputs [26]. Dendritic spines increase
the receptive surface area and are the primary sites for excitatory synaptic input. Apical
dendrites branch extensively and are typically studded with thousands of spines, enabling
these neurons to integrate synaptic inputs over large spatial domains. Basal dendrites
emerge from the base of the soma and exhibit dense arborization. They also play essential
roles in local circuit integration. Electrophysiologically, pyramidal cells generally fire at
relatively low and irregular rates. Their spiking behavior approximates a Poisson process,
suggesting that they act as coincidence detectors, responding selectively to a specific
configuration of excitatory inputs [24]. In the CA3 subregion of the hippocampus, about
37% of pyramidal neurons exhibit a regular firing pattern. This pattern is characterized
by a short latency to the first spike and spike frequency adaptation during stronger
stimulation, indicating a gradual decline in firing rate over time. Around 46% exhibit
weak adaptation, with delayed spike onset at the threshold and minimal adaptation under
stronger depolarizing inputs. The remaining 17% demonstrate a burst-firing pattern, in
which single spikes at rheobase convert into brief, high-frequency bursts with increased
stimulation [29]. Spontaneous bursting is rare under baseline conditions. Bursting be-
havior in pyramidal cells is important because it is variable and can be modulated by
factors such as extracellular potassium concentration, which can shift firing patterns from
regular spiking to increased bursting. In the neocortex, most pyramidal neurons exhibit
regular spiking patterns with stable interspike intervals during sustained depolarization.
Nonetheless, subtypes displaying initial bursts or rapid spike frequency adaptation have
also been observed, underscoring the functional diversity of pyramidal cell populations [30],
[31]. Pyramidal neurons are also distinguished by their broad action potential waveforms,

which are typically characterized by a longer duration and slower repolarization phase
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than interneurons. These broader spikes reflect the underlying membrane properties
and ion channel distributions that contribute to the pyramidal cells’ ability to integrate
and output information. Electrophysiological recordings often use waveform shape to

differentiate pyramidal neurons from fast-spiking interneurons.

Contrary to the traditional association of broad extracellular spike waveforms with
excitatory pyramidal neurons, a subset of inhibitory interneurons exhibits these waveforms.
These interneurons include morphologically and functionally distinct subtypes, such
as Martinotti cells, double bouquet cells, and certain spiny interneurons that target
dendrites [32], [33]. These cells are generally parvalbumin-negative and differ from
narrow-spiking interneurons in their intrinsic membrane properties and synaptic targets.
Electrophysiologically, wide-spiking interneurons tend to have slower firing rates and
target dendritic compartments rather than the soma of pyramidal neurons. This dendrite-
specific inhibition modulates synaptic integration and plasticity rather than spiking
output itself, suggesting a complementary role in circuit regulation [32].

Narrow-spiking interneurons are a type of inhibitory neuron characterized by short
extracellular action potentials, typically less than 300us from trough to peak [32], [34].
Often fast-spiking, these interneurons display minimal adaptation, enabling them to fire
at high frequencies. They are commonly associated with parvalbumin-positive basket cells,
which provide strong perisomatic inhibition to pyramidal cells [33]. Functionally, narrow-
spiking interneurons are crucial for controlling excitability and timing within cortical
and hippocampal circuits. They participate in feedforward and feedback inhibition,
synchronizing the activity of large populations of pyramidal cells and contributing to
oscillatory dynamics and temporal precision [24], [35]. Their involvement in cognitive
processes, such as working memory and attentional selection, has been demonstrated
in rodent and primate studies [32]. These cells typically exhibit high-frequency firing,
with some cells reaching frequencies of 300-400 Hz or more. They are also capable of
maintaining such high-frequency firing for extended periods, which exceeds the duration
observed in other interneuron types. It has been demonstrated that other interneurons,
including somatostatin-expressing cells, exhibit intermediate maximal firing rates of
approximately 230-250 Hz. In contrast, pyramidal cells typically demonstrate lower
maximal firing frequencies, ranging from 130 to 150 Hz [29]. Figure 1.1 illustrates the
distinctions among the three cell types based on trough-to-peak time and burst index
characteristics.

Together, pyramidal cells and interneuron subtypes comprise the foundation of cortical
and hippocampal processing. Pyramidal cells integrate and transmit excitatory signals
across brain regions, while interneurons, including both narrow- and wide-spiking types,
modulate network excitability and synchronize neural ensembles through inhibition.
Advances in large-scale recordings and classification tools have improved our understanding

of these fundamental cell types and their role in cognition and behavior [37].
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Figure 1.1: Waveform classification of recorded units. Each dot in the graph represents
a single unit plotted by trough-to-peak latency and burst index. Units
exhibiting a latency below 0.425 milliseconds were designated as narrow-
waveform putative interneurons (n-I, blue). Units with broader waveforms were
separated into excitatory neurons (E, red; burst index > 1.8) and interneurons
(w-I, cyan) based on the bimodal distribution of burst indices (right panel).
Green and black circles indicate optogenetically tagged SST+ and DRD2+
cells, respectively. Additional identification via short-latency spike cross-
correlograms highlights CCG-defined excitatory (yellow) and inhibitory (blue)
units. Top inset shows an example waveform (mean £+ SD). Bottom right
inset illustrates the burst index definition: spike count in 3-5 ms bins divided
by the mean spike count in 200-300 ms bins. Source: [36].

1.1.2 Signal generation and cortical oscillations

The generation and propagation of signals are fundamental to brain function, with neurons
communicating by generating electrical impulses, known as action potentials, which travel
along their axons to transmit information. This process is essential for neural activity and
underlies a wide range of functions, from basic reflexes to complex cognitive processes.
The velocity and efficiency of signal propagation are influenced by factors such as axon
myelination, while the interaction between excitatory and inhibitory neurons ensures that
signals are generated and transmitted in a coordinated and balanced manner, thereby
maintaining proper brain function.

The ability of neurons to generate and transmit electrical signals is fundamental to
brain function. More than 80 years ago, Hodgkin and Huxley [38] uncovered the processes
behind the action potential by recording electrical changes in the membrane of a squid

giant axon. The initiation of stimulation in a neuron precipitates a rapid change in
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membrane potential, known as the action potential, which is propagated down the axon.
The initiation of an action potential within the axon terminal is known to induce the
opening of voltage-gated calcium (Ca?") channels, thus facilitating the influx of calcium
ions into the presynaptic neuron, a pivotal step in the process of neurotransmitter release.
The increase of the intracellular Ca?t concentration subsequently prompts the fusion of
synaptic vesicles, which are filled with neurotransmitters, with the presynaptic membrane.
This process is fundamental to the communication between neurons, which is a prerequisite
for the processing and relaying of information by the brain. The coordinated activity of
multiple neurons firing action potentials in synchrony gives rise to rhythmic patterns of
electrical activity known as neural oscillations. These oscillations, like delta, theta, alpha,
beta, and gamma (Figure 1.2), are the result of a complex interplay between excitatory
and inhibitory neurons, as well as the temporal dynamics of synaptic transmission and
membrane properties. Distinct oscillation frequencies are indicative of specific modes of

neural communication and information processing within brain networks.
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Figure 1.2: Cortical oscillations. The x-axis represents time (s), while the y-axis shows
amplitude (uV'). Source: [39)].

The delta band (less than 4 Hz) is most prominent during deep sleep, particularly slow
wave sleep, and is thought to be associated with restorative processes in the brain. They
are the slowest brainwaves recorded in humans and are most prominent during the deep
stages of non-rapid eye movement (NREM) sleep, especially stage N3 or slow-wave sleep
(SWS) [40]. Delta waves are crucial for restorative sleep, brain rejuvenation, and overall
physical healing.

Theta waves (4-7 Hz) are typically observed during drowsiness, relaxed wakefulness,
and light sleep, but they also play a critical role in cognitive functions such as working
memory, learning, and navigation. Theta oscillations are particularly prominent in the
hippocampus and prefrontal cortex during tasks requiring attention or memory processing.

The alpha band (8-12 Hz) is most commonly seen when a person is relaxed but awake,
especially with eyes closed, and is thought to reflect a resting state of cortical networks.

Alpha waves are often observed in the occipital cortex during visual processing tasks, and
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a reduction in alpha power is associated with increased cognitive engagement.

The beta band (13-35 Hz) is most evident during motor control and active thinking.
Beta rhythms are prominent when the brain is in a state of alertness or during voluntary
movement, and they increase in the motor cortex during movement preparation and
execution.

Finally, the gamma band (above 35 Hz) is associated with higher cognitive functions
such as attention, sensory processing, and cognitive binding. Gamma rhythms are
observed in regions involved in sensory integration and neural synchrony, especially

during tasks requiring focused attention and perception.

1.2 Micro implant technologies: connecting neuroscience with

medical innovation

1.2.1 Microfabrication techniques

A typical ECoG electrode consists of three primary components: the substrate, encap-
sulation, and lead. The substrate is defined as the foundational material that provides
support for the active components of the electrode, thereby ensuring its structural integrity
and long-term functionality. A balance of mechanical properties is required, including
flexibility and strength, while also ensuring biocompatibility to prevent any adverse tissue
reactions [41]. Materials commonly utilized for substrates include silicone, polyimide,
and parylene. The selection of these materials is based on their capacity to adapt to the
soft tissue of the brain, thereby minimizing mechanical mismatch that could potentially
lead to inflammation or tissue damage [42]. The encapsulation layer fulfills the function
of a protective barrier around the electrode, thus preventing the surrounding biological
environment from degrading the device. Furthermore, it assists in the isolation of electrical
currents, thereby avoiding interference with nearby tissues. Typically, encapsulation is
made from biocompatible polymers, such as parylene, which are inert in biological settings.
This layer helps to reduce the foreign body response and extend the device’s longevity by
protecting it from moisture and other factors that could cause degradation. The lead
constitutes the conductive pathway that connects the electrode to the external recording
or stimulation system and is composed of materials such as platinum or gold, which are
recognized for their excellent electrical conductivity and resistance to corrosion. The lead
must also be sufficiently flexible to accommodate the movements of the brain without
causing mechanical damage to the electrode or the surrounding tissue [43]. Advances in
microfabrication techniques have enabled the creation of thin, flexible leads that maintain
high signal quality and durability. The integration of substrate, encapsulation, and lead is
critical to the performance and longevity of the electrode. In this section, microfabrication
techniques used to create these components will be explored, introducing processes that

are improving the development of long-lasting, high-performance neural interfaces.

Microfabrication techniques play a critical role in the development of microelectrome-

chanical system (MEMS) electrode devices, enabling the creation of miniaturized, high-
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precision components for applications in biosensors, neural interfaces, and microelectronics.
These devices are typically manufactured using processes derived from the semiconductor
industry, such as photolithography, thin film deposition, and etching. The choice of
materials, including metals, silicon, and biocompatible polymers, depends on the specific
application requirements. Advances in microfabrication have enabled the development of
highly sensitive and durable MEMS electrodes, enabling innovations in medical diagnostics,
neural stimulation, and environmental sensing.

The primary area of interest is the device’s small size, as it facilitates both biocom-
patibility and the capacity to interface with individual neurons [44]. Given the small
size of neurons, the recording sites must be scaled to approach the size of the neurons
themselves. Achieving such a compact size requires a high-resolution patterning technique.
Photolithography is a precise method for patterning a photoresist-coated substrate [45].
After spin-coating the photoresist, a photomask is used to expose the substrate to light,
changing the solubility of the photoresist. Positive resists become more soluble, negative
resists less. The exposed areas are developed and removed, allowing further processing
like etching or layer deposition. Finally, the remaining photoresist is stripped. Figure 1.3
shows this process and the difference between resist types.

Bulk micromachining creates 3D microstructures by selectively removing material from
within the substrate. Unlike surface micromachining, which builds on the surface using
thin films, bulk micromachining shapes deeper features via wet chemical etching or dry
methods like reactive ion etching (RIE) and deep reactive ion etching (DRIE). It’s ideal
for fabricating high aspect ratio structures from micrometers to centimeters in height
[46].

Surface coating techniques deposit thin layers to enhance material properties and per-
formance. Common methods include vapor-phase processes like chemical vapor deposition
(CVD) and physical vapor deposition (PVD), which produce durable, high-quality coatings
[47]. PVD transfers material from a solid source to vapor that condenses on a substrate,
with techniques such as thermal evaporation and sputtering, ideal for temperature-
sensitive materials. CVD grows films through chemical reactions of gaseous precursors on
the substrate, offering uniform, high-purity coatings on complex shapes. Although CVD
usually requires higher temperatures and precise control, plasma-enhanced variants allow
deposition at lower temperatures, suitable for microelectronics and protective coatings.

Neurobiological electrodes are typically subjected to more rigorous testing than con-
ventional physiological devices to ensure their reliability and long-term stability. One
widely used evaluation method is accelerated aging testing, which exposes the electrodes
to elevated environmental conditions, such as increased temperature, humidity, vibration,
light, and oxygen, to simulate long-term degradation over a shorter time frame. This
technique is essential for identifying potential failure mechanisms and predicting the
device’s lifespan under normal physiological conditions. The rate of chemical reactions
increases exponentially with temperature, as described by the Arrhenius equation. A
general approximation suggests that for every 10°C increase, the rate of polymer reactions

doubles, making temperature a key factor in accelerated aging studies [48]. These tests
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Figure 1.3: Schematic representation of the photolithographic process. (a) A silicon (S7)
substrate is coated with a silicon dioxide (Si0O3) insulation layer, followed
by a photoresist coating. (b) A mask is then placed over the resist, and
UV exposure alters its chemical structure. (c¢) For positive photoresist, the
exposed areas are dissolved in the developer solution (left side), while in
negative photoresist, the unexposed areas are removed, leaving the reverse
pattern (right side). (d) The wafer is then etched in an environment that
removes the exposed Si0; insulation layer but does not affect the resist. (e)
Finally, the resist is stripped, leaving the insulator pattern: in the case of
positive photoresist, the pattern mirrors the opaque image on the mask (left
side), and for negative photoresist, the pattern is the inverse of the mask
image (right side). Source: [46].

provide valuable insights into the durability of electrode materials, helping to ensure their

performance over extended periods in biological environments. In addition to structural
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and functional optimization, another critical consideration for neurobiological electrodes
is their biocompatibility. The following section will explore how material choices and
surface modifications influence the interaction between implanted electrodes and biological
tissues, with a focus on minimizing inflammatory responses and improving long-term

integration.

1.2.2 Biocompatibility

Glial cells are an important element of nervous tissue. Their main function is to support
neural cells, develop the blood-brain barrier, maintain a stable environment, assist the
transmission of stimuli, and participate in the immune response of tissues [49]. An
important question regarding the development of brain implants and implantable brain
biosensors is the effect of the implanted device on living organisms and cells.

The interactions between an implanted device and the biological tissue arise from several
factors, including surgical procedures, device repositioning, and oscillatory micromotions.
These micromotions are small displacements caused by brain movements, which are
influenced by physiological activities such as respiration and blood flow [50]. These
mechanical interactions can lead to tissue damage and inflammation, ultimately affecting
the long-term stability and performance of the implanted device.

Furthermore, the tissue trauma resulting from implantation elicits a foreign body
response (FBR), or encapsulation. The foreign body response is a neuroinflammatory
reaction triggered by the presence of the implanted device in the brain. This reaction can
compromise the stability of neural recordings, rendering them unreliable over time [41].
A key feature of the foreign body response is persistent inflammation at the biotic-abiotic
interface, typically marked by the activation of microglia and macrophage biomarkers
[51]. This chronic inflammatory environment can lead to tissue damage and signal
degradation, creating significant challenges for long-term neural monitoring. As part of
the inflammatory response, other plasma components enter the area, and local astrocytes
and microglia transition from resting to active, phagocytic phenotypes [52]. The activation
of microglia and macrophages releases anti-inflammatory chemokines and cytokines to the
damaged area. These molecules play a role in tissue remodeling and the degradation of
foreign materials, but they also contribute to neurodegeneration. Studies have reported
the loss of nerve fibers and nerve cells surrounding the implanted device [51], [53], [54].
However, the persistent inflammation and neural loss observed in these cases are not
typically associated with the initial stab wound injuries caused by device implantation.
This suggests that these inflammatory responses are driven by the continuous presence of
the implant, rather than the mechanical injury from implantation itself [53].

In addition to these cellular and inflammatory responses, the blood-brain barrier (BBB)
is often compromised, leading to a decrease in myelin within the surrounding tissue [51].
Figure 1.4 illustrates the process of the foreign body response.

The trauma caused by implantation can arise from several factors, including mechanical
insertion, protective mechanisms, and mechanical mismatch. The insertion of the device

causes local injury, triggering a wound-healing response. The mechanical mismatch refers
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Figure 1.4: Neural interfaces and electrodes disrupt local tissue, triggering an acute
immune response. Microglia and astrocytes migrate to the area, where they
release anti-inflammatory factors. The astrocytes are forming the scar around
the implant. Source: [55].

to the difference in Young’s modulus between the brain tissue and the implanted device,
which can significantly affect the tissue’s response. Traditionally, electrodes for cortical
and deep brain recordings are microfabricated using metals or silicon [56], [57]. Due to
the stiffness of these materials, the mechanical mismatch between the device and the soft
brain tissue contributes to both acute and chronic injuries and exacerbates the foreign
body response. This response ultimately leads to encapsulation, where tissue surrounds
the electrode, insulating it from the target neurons. As a result, the combined impedance
of the electrode and the brain tissue increases, which can significantly impair the device’s
ability to record neural signals effectively. (Hereafter, any reference to an increase in
the impedance of the device will specifically refer to the impedance of this complex
system, including both the electrode and the surrounding neural tissue) [52]. Device
failure can stem from a variety of biological and mechanical sources. Biological factors
contributing to device failure include glial insulation, neuronal death, and bleeding. On
the other hand, mechanical factors include delamination, corrosion, and encapsulation.
In the early stages of gliosis, microglial cells are activated, releasing factors that trigger
the activation of astrocytes. This leads to an initial increase in the impedance of the
device over several days, which later stabilizes before gradually decreasing [58]. In
addition to gliosis, corrosion of the metal and the degradation of the passive layers
surrounding the device are also known causes of failure and instability in long-term
implanted electrodes [59]. These issues, along with neuronal cell loss surrounding the
electrodes in the brain, significantly contribute to device failure and result in inconsistent
recording performance [60]. However, the implementation of precise microfabrication and
implantation techniques, as demonstrated by NeuroProbes silicon probes, has shown that
when insertion injury, particularly blood vessel damage, is minimized, the resulting tissue

response can be significantly reduced with minimal neuronal loss and gliosis [61].
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There are different methods to measure the stability of the device. One method is
immunofluorescence staining, which is an anti-body-based staining of the brain slice. The
most used stains are DAPI and Anti-Neun, which bind to the nuclei, and Anti-GFAP,
which is a glial-specific protein. With immunofluorescence staining the foreign body
response can be measured, which indicates the biocompatibility and stability of the
device [42]. Another method to measure the stability and reliability of the implanted
probes is electrochemical impedance spectroscopy (EIS) with Bode plot representation.
This is a double-axis plot, with the impedance value on the primary vertical axis, phase
angle on the secondary vertical axis, and frequency on the horizontal axis, as figure 1.5
shows. This plot helps the understanding of how the device circuit behaves at different
frequencies because the impedance of circuit elements changes with frequency. Also, EIS
contains more information than DC techniques or single-frequency measurements, like
information from high-frequency electrode kinetics, and from low-frequency diffusion or

mass transport regions.
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Figure 1.5: Bode plot. The electrode impedance is plotted with the logarithm of the
frequency on the horizontal axis and both the absolute value of the impedance
and phase angle on the vertical axes. Source: [62].

Multiple strategies are available to reduce the neuroinflammatory effects and decrease
the likelihood of device failure. Beyond chemical signaling, the extracellular environment
in the brain also presents cells with a variety of geometrically defined, three-dimensional
physical topographies at the micro- and nanometer scale. These topographies significantly
influence neuronal development, function, and regeneration [63]. Recently, advances in
micro- and nanomanufacturing technologies have enabled the creation of biometric struc-
tures that allow for the topographic regulation of cellular functions with unprecedented
spatial and temporal resolution. By tailoring the surface of the device to mimic these
natural patterns, the electrode surface becomes more favorable to cells, allowing for better
cellular adhesion and migration along the device surface [64]. Incorporating bioactive
coatings is another effective strategy for improving the biocompatibility of the implant.
Cellular behavior is strongly influenced by both the chemical and physical properties of
the surrounding environment, and bioactive coatings can enhance cellular interactions
with the implant [65].
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One promising strategy to reduce the mechanical mismatch between the implanted
device and brain tissue is the use of materials with Young’s modulus that closely approxi-
mates that of brain tissue.[66] Young’s modulus, also known as the elastic modulus, is a
measure of the stiffness of a material and describes how much a material will stretch or
compress under a given force. This approach helps mitigate the risk of tissue damage
and inflammation, which are often caused by differences in stiffness between the device
and surrounding tissue. Furthermore, replacing traditionally used rigid materials with
more adaptive and biocompatible alternatives, such as flexible materials that adjust their
elastic modulus to match the brain’s elastic modulus at body temperature, can reduce
both neuroinflammatory effects and the likelihood of device failure. Figure 1.6 shows
the Young’s modulus of various materials. The brain tissue lies in the kilopascal (kPa)
range, typically around 1-10 kPa, which indicates its soft and flexible nature. In contrast,
shape-memory polymers, when in a soft state, have Young’s modulus around 300 MPa.
Most polymers generally fall within the gigapascal (GPa) range, while materials like
silicon have a much higher modulus, typically ranging from 100 to 200 GPa.

Using shape-memory polymers that adjust to body temperature softens the implant
and minimizes scarring, offering a promising solution for enhancing the long-term viability
and effectiveness of implanted devices. A flexible implant that changes its elastic modulus
in response to body temperature can reduce scarring and improve integration with

surrounding tissue [42].
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Figure 1.6: Young’s modulus of the brain and different electrode substrate materials.
Shape-memory polymer, which is not denoted in the figure, has a Young’s
modulus in the few hundred MPa range. Source: [67].

1.3 Photoelectric artefacts

Photoelectric artefacts are distortions in imaging that occur when high-energy photons
interact with the detector material, commonly in techniques such as two-photon microscopy
and electrophysiology. When we use these advanced techniques to study biological tissues,
these artefacts can complicate the interpretation of both structural and functional data.
Understanding and dealing with photoelectric artefacts is essential to optimize image
quality, and their correction is often integrated with image processing techniques to
improve the accuracy of imaging and electrophysiological analysis in research.

The photoelectric effect refers to the phenomenon of electrons being emitted from a
material when exposed to light, a discovery first made by Alexandre Edmond Becquerel

[68] in 1839 while experimenting with photovoltaic cells. Becquerel observed that varying
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the intensity of light on two electrodes in an electrolyte solution produced an electro-
chemical current. Later, Heinrich Hertz’s [69] work on electromagnetic waves and Albert
Einstein’s theoretical contribution in 1905, for which he won the Nobel Prize, refined our
understanding of this effect. A key feature of the photoelectric effect is that electrons
are only moved when the incident light reaches or exceeds a certain frequency threshold,
regardless of its intensity or exposure time [70].

In materials, the behavior of electrons is described by atomic and molecular orbital
theories, where electrons occupy discrete energy levels. In solids, these energy levels
are organized into bands: the valence band, which holds electrons at the lowest energy
levels, and the conduction band, where electrons move freely when excited. The band
gap between these bands determines the electrical properties of a material (Figure 1.7).
In metals, the valence and conduction bands overlap, allowing electricity to be conducted
easily. In semiconductors, a small energy gap allows photons or heat to excite electrons
into the conduction band. In contrast, insulators have large band gaps that prevent such
excitation. When photons of a certain frequency or energy interact with an electron in an
atom or material, energy is transferred from the photon to the electron. For the electron
to be dislodged from its orbital, the energy of the incoming photon must be at least equal
to the energy required to overcome the binding force holding the electron in its orbital.

This energy corresponds to a certain threshold frequency of light.
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Figure 1.7: Diagram of the band gaps of conductors (metals), semiconductors, and insu-
lators. Source: [71].

The photoelectric effect plays a critical role in imaging technologies, particularly in
optogenetics and multi-photon microscopy. When laser pulses are used in optical imaging,
photoelectric artefacts can occur, producing electrical signals that resemble neural activity,
such as action potentials (Figure 1.8). These artefacts complicate the interpretation of
data in experiments designed to study neural responses or local field potentials.

Several strategies have been explored to mitigate the effects of photoelectric artefacts
[70]. A common approach in two-photon microscopy is to "zero" or "blank" the laser
light amplitude while scanning over electrode sites, thereby reducing the intensity of
the photoelectric signals. However, this method only partially attenuates the artefact.
Another solution is to use incoherent light sources, which reduce the intensity of the

Becquerel effect. In addition, moving the light sources away from the electrode sites can
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Figure 1.8: A) Photoelectric artefact, recorded with a tungsten electrode during photo
stimulation B) Raw data trace. Source:[70].

also minimize photoelectric activation.

For the study of neural activity, one strategy is to use high-frequency pulses with a
low-pass filter, which helps to remove the high-frequency noise caused by optical pulses.
However, this does not eliminate the challenge of detecting neural spike activity during
optical pulse exposure, as the spikes often overlap with the artefacts. One potential
solution to this problem is to use transparent electrode materials. Insulators with large
band gaps prevent excitation from interfering with electrical conduction, making them
ideal for reducing photoelectric interference.

Despite these approaches, the search for materials that balance conductivity with
sufficient band gaps remains a challenge in the development of biomaterials for optical
imaging and electrophysiology applications. Ultimately, understanding and controlling
the photoelectric effect in these technologies is crucial to improving the accuracy of neural

recordings and advancing research in optogenetics and beyond.

1.4 Infrared neurostimulation

As neurodegenerative and psychiatric disorders continue to increase in prevalence, there
is an urgent need for innovative neuromodulation strategies that can alleviate symptoms,
improve quality of life, and offer safe, effective therapeutic options. While traditional
pharmacological treatments have been beneficial in many cases, they often come with
significant side effects and limited efficacy, particularly for conditions such as Parkinson’s
disease, epilepsy, and depression. Among the most promising neuromodulation techniques,
electrical stimulation has demonstrated considerable success in clinical applications,

offering targeted symptom relief for disorders like Parkinson’s disease and essential
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tremor [72]. Similarly, optogenetics has revolutionized fundamental neuroscience research,
allowing precise control of neural circuits with light through genetically modified ion
channels [73]. However, optogenetics requires genetic modifications, limiting its immediate
clinical translation. In contrast, infrared neural stimulation (INS) is emerging as a
promising alternative that harnesses the intrinsic temperature sensitivity of neurons
and metabolic processes to modulate neural activity. Unlike optogenetics, INS does
not require genetic alteration of the cell membrane, making it a potentially safer and
more widely applicable technique for both research and therapeutic use (Figure 1.9).
Furthermore, INS enables spatially precise control of neural activity through localized
heating, offering a non-invasive and highly targeted approach to neuromodulation [74]. As
this field continues to develop, further research is needed to optimize the safety, efficacy,
and long-term effects of INS, paving the way for its potential clinical applications in

treating neurological disorders.
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Figure 1.9: Infrared stimulation and optogenetics. INS relies on temperature-induced
activation, while optogenetics requires viral transduction and the expression
of channelrhodopsins to modulate neural activity. Both methods have been
utilized to stimulate various organs and tissues, including the heart, peripheral
nerves, deep brain regions, cerebral cortex, retina, and cochlea. Source: [75].

The first evidence supporting the efficacy of infrared neural stimulation dates back to the
mid-2000s when Wells and colleagues [76] successfully evoked compound action potentials
in the rat sciatic nerve using pulsed infrared light. This groundbreaking discovery paved
the way for subsequent research, leading to numerous studies across various species under
both in vitro[77]—[80] and in vivo[81]-[84] conditions. These investigations sought to
elucidate the underlying biological mechanisms triggered by infrared illumination and
refine the application of INS as a neuromodulation tool. One of the key findings in this
field was reported by Albert et al. [85], who identified the involvement of mechanosensitive
ion channels, particularly transient receptor potential vanilloid (TRPV) channels, in
mediating the excitatory response of neural tissue to infrared stimulation. This insight
aligns with the broader significance of TRPV channels in neuroscience, as highlighted by
the Nobel Prize-winning discoveries of David Julius and Ardem Patapoutian [86], [87].

26



Since their identification, TRPV channels have been increasingly recognized for their role
in various pathological conditions, including epilepsy [88], Alzheimer’s disease [89], and
Parkinson’s disease [90], further underscoring their importance in neural function and
dysfunction. In recent years, the translational potential of INS has gained traction with
the first reported human trial, marking a significant milestone in the field and reinforcing
its potential as a safe and non-invasive neuromodulation technique [91]. However, despite
these advancements, the precise mechanisms of action underlying INS remain an active
area of research. Shapiro et al. demonstrated that water content in biological tissue
serves as the primary chromophore, leading to localized increases in temperature upon
infrared absorption [77]. Additionally, they proposed that electrostatic changes in the
cell membrane contribute to the observed spike rate increase, providing one possible
explanation for INS-induced neural excitation. While initial studies predominantly focused
on the excitatory effects of INS, further research has revealed its inhibitory capabilities
as well. Duke et al. [92] initially attributed this suppression of neural activity to an
increase in background temperature. However, Ganguly et al. [79] later provided a more
detailed explanation based on experimental and theoretical models using an Aplysia
californica model system. Their findings demonstrated that while sodium channels
remained unaffected by thermal changes, the activation of potassium channels led to
reversible suppression of neural activity. This discovery offered new insights into the
bidirectional effects of INS, broadening its potential applications in neuromodulation.
Despite these significant milestones, much of the current knowledge regarding INS remains
derived from in vitro experiments, and only a limited number of studies have explored its
effects on cellular excitability in the living brain. Bridging this gap with more extensive
in vivo investigations will be critical for fully understanding the physiological impact of
INS and advancing its application toward clinical translation.

Our research group’s preliminary measurements relying on a neural probe with an
integrated platinum heater gave further evidence in mice that temperature change induced
by resistive heating is also suitable to modulate neural activity similar to infrared (IR)
irradiation [93]. This was also confirmed by a recent study by Zhou et al [94]. To examine
the effect of infrared IR stimulation on the activity of neocortical neurons, our group has
developed an implantable photonic device (optrode) that can transmit the IR irradiation
into the tissue in a spatially confined manner, while simultaneously measuring the evoked
electrophysiological response of individual neurons and monitoring the tissue temperature
[95], [96]. During the in vivo validation of the optrode, we demonstrated for the first
time that low-energy (below 13 mW) continuous wave infrared light can be efficiently
used to either reversibly excite or suppress the activity of neuronal populations in the
cortex of rats with cell type-specific characteristic responses [83]. Moreover, we provided
histological evidence that repeated intracortical suppression of multi-unit activity by
low-power continuous wave IR light does not lead to heat-induced cell loss under in vivo
conditions [97]. Although the efficacy and safety of our illumination protocol have been
confirmed, a detailed characterization of layer- and neuron-type-specific changes in the

activity of neuron populations to IR stimulation within the cortex has not been revealed.
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This information would be essential to translate the method to the preclinical settings,

aiming at disease-specific neuromodulation schemes.
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2 Aims

As neurodegenerative and psychiatric disorders continue to increase on a global scale,
there is an urgent demand for innovative neuromodulation strategies that can safely and
effectively alleviate symptoms, improve patients’ quality of life, and provide alternative
or adjunct therapies to conventional pharmacological treatments. While pharmaceuticals
have yielded positive results in the treatment of numerous conditions, including Parkin-
son’s disease, epilepsy, and depression, they frequently induce adverse effects and lack
the requisite specificity to ensure long-term efficacy. Electrical stimulation techniques,
including deep brain stimulation, have demonstrated notable clinical success in addressing
specific symptoms, particularly those associated with movement disorders, as evidenced by
recent studies [72]. Meanwhile, optogenetics has revolutionized fundamental neuroscience
research by allowing precise control of neural circuits through genetically engineered
light-sensitive ion channels [73]. Nevertheless, the reliance of optogenetics on genetic
modification complicates its immediate clinical implementation.

Infrared neural stimulation is a promising alternative neuromodulation approach that
exploits the temperature sensitivity of neurons to modulate activity without the need for
genetic manipulation [74]. The INS offers spatially localized, gene-free neuromodulation
by inducing controlled, transient heating of neural tissue, thereby enabling highly targeted
excitation or inhibition. Since its initial demonstration by Wells et al. [76], which exhibited
evoked action potentials in the rat sciatic nerve using pulsed infrared light, INS has been
the subject of extensive research in both in vitro and in vivo settings [77], [81]. However,
the underlying mechanisms remain incompletely understood, with studies suggesting
roles for transient receptor potential vanilloid channels and membrane electrostatics. It
is noteworthy that the majority of insights derived from mechanistic studies originate
from in wvitro research. The layer- and cell-type-specific effects of INS in the intact cortex
have not yet been thoroughly characterized, indicating a significant knowledge gap that
prevents progress towards preclinical and therapeutic applications. Moreover, the absence
of long-term safety and efficacy data for INS in living brain tissue further limits its clinical
development.

Concurrently, advances in neural recording technologies have enabled detailed mon-
itoring of brain activity at multiple scales. Microelectrode arrays play a pivotal role
in extracellular electrophysiology, particularly for deep brain regions such as the hip-
pocampus, a structure vital for memory and spatial navigation. However, integrating
electrophysiological recordings with optical imaging modalities such as two-photon mi-
croscopy remains challenging due to the opacity and rigidity of conventional electrode
materials. There is an urgent need for transparent, flexible, and biocompatible neural

interfaces that enable artifact-free, long-term multimodal recordings combining electrical
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signals with high-resolution optical imaging [98]. Recent advancements in polymer ma-
terials, such as thiol-ene/acrylate shape memory polymers, hold considerable promise
due to their ability to integrate optical transparency, flexibility, and biocompatibility.
However, the optical properties and long-term electrophysiological performance of such
SMP-based microelectrocorticography devices require comprehensive validation, partic-
ularly regarding their compatibility with two-photon microscopy and stability during
chronic implantation in vivo.

The overall objective of this dissertation is to develop and evaluate novel optical
and electrical neural interface technologies for minimally invasive, cell-type-specific
neuromodulation and multimodal neural recording, including recording brain activity
using various types of brain implants. The aim of this study is twofold: first, to characterize
the layer- and cell-type-specific cortical responses to infrared neural stimulation, and
second, to assess the optical and electrophysiological performance of a transparent thiol-
ene/acrylate-based microECoG device suitable for long-term two-photon imaging and
chronic neural recordings.

The specific objectives are:

1. Characterize the layer- and cell-type-specific effects of infrared neural stimulation

in the rat neocortex.

Using a Neuropixels probe during infrared stimulation, I will investigate how
principal neurons and interneurons across different cortical layers respond to both
continuous-wave and pulsed infrared illumination. This objective includes the
quantification of excitatory and inhibitory effects on single-unit activity, as well
as the identification of differences between stimulation paradigms and neuronal
subtypes. By addressing these critical gaps in understanding the physiological
impact of INS in vivo, this objective will contribute to a more comprehensive and

precise understanding of the mechanisms underlying neural activity.

2. Evaluate optical properties and compatibility of the transparent microECoG device

with two-photon microscopy

This objective focuses on assessing whether the thiol-ene/acrylate SMP-based
microECoG device maintains high optical clarity and introduces minimal distortion
during two-photon imaging. By imaging fluorescent microbeads and fixed brain
slices with and without the SMP microECoG in the optical path, I will quantify
potential changes in bead diameter, dendritic morphology, and fluorescence intensity,
establishing the SMP microECoG’s suitability for simultaneous electrophysiology

and high-resolution optical imaging.
3. Assess long-term electrophysiological stability and biocompatibility of the transpar-
ent microECoG device during chronic hippocampal recordings

To validate the SMP microECoG’s chronic recording capabilities, I will monitor
spike detection quality, signal-to-noise ratio, and stability of hippocampal neural

activity over extended implantation periods in vivo.
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The objective of this research is to address these fundamental gaps in neuromodulation and
neural interface technologies. The outcomes of this study will provide critical insights that
will contribute to the development of next-generation tools for both basic neuroscience

research and therapeutic interventions in neurological and psychiatric disorders.
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3 Methods

3.1 Properties of the thiol-ene/acrylate microECoG

Electrophysiological recordings are classified as either invasive or non-invasive, depending
on the placement of the electrodes relative to the brain. Non-invasive methods, such as
electroencephalography (EEG), record brain activity from the scalp.They are easy to
use, but offer limited spatial resolution [99], [100]. In contrast, invasive methods achieve
higher spatial resolution by placing electrodes within or on the brain. Examples include
the Utah array and Michigan probes, which allow for localized recordings from superficial
and deep brain regions, respectively [101], [102]. However, their insertion into brain tissue
can provoke immune responses and reduce long-term stability [103].
Electrocorticography (ECoG) offers a middle ground, recording signals from the brain
surface using subdural electrodes. It captures both cortical activity and local field
potentials (LFPs), reflecting similar neural dynamics with different depth sensitivities.
Since ECoG avoids cortical penetration, it presents lower clinical risk and improved
long-term stability compared to intracortical devices. A sampling rate of 1-2 kHz is
typically sufficient for capturing the lower-frequency oscillations (1-500 Hz) associated

with LFPs. Figure 3.1 illustrates electrode placement for various recording techniques.
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Figure 3.1: Location of signal recording devices in the brain Source: [104].

Minimising the inflammatory response of the nervous system is crucial for improving
the longevity and performance of implanted neural devices, particularly in multimodal
neuroimaging applications. Responsive polymers, such as thiol-ene acrylates, offer a
promising solution to this problem by reducing the mechanical mismatch between the
implant and the surrounding tissue. This mitigates chronic inflammation at the tissue-
device interface. Thiol-ene-based flexible devices have undergone extensive electrical [105]
and optical [106] characterisation, demonstrating high optical transparency (>85% at
550 nm) and a refractive index of approximately 1.54 [107]. These optical properties,
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combined with the material’s flexibility and biocompatibility, enable its use in wearable
LED devices [108] and establish it as an ideal candidate for neural interfaces integrating
cortical electrophysiology and simultaneous two-photon imaging. The shape-memory
properties of thiol-ene acrylates further support their use in developing transparent,
flexible implants that can maintain stable, long-term neural recordings with minimal
tissue disruption. In our previous paper [60], we presented the change of the Young’s
modulus of a thiol-ene/acrylate neural probe, which decreased from 2 GPa to 300 MPa
upon immersion into room temperature saline solution and heating the medium up to 37
°C. Later, we proposed the first thiol-ene/acrylate-based microECoG device and confirmed
its electrical stability and biocompatibility in chronic experiments in mice [42]. Based on
our histology study targeting astrocyte (GFAP staining) evolution and neuronal survival
after 80 days of implantation, on average, there was no significant difference in the average
number of cell nuclei below the implant, while the difference in fluorescence intensity of
astrocyte markers showed a mild scar evolution.

Building on the advantages outlined above, our study utilizes a custom-designed
ECoG device optimized for high-resolution cortical recordings. The transparent thiol-
ene/acrylate-based micro-electrocorticography device with 31 channels was fabricated
using standard microelectromechanical systems processes at Qualia Labs, Inc., and
subsequently packaged at Pazmany Péter Catholic University. The fully transparent
electrode array was designed for in vivo cortical recordings in mice, covering a 2.4 x 32.4 x
3 mm area with 31 gold recording sites arranged symmetrically. The diameter of each
site is 115 pm, with a spacing of 400 um between them. The total thickness of the device
is approximately 18 um. These dimensions were chosen to optimise the acquisition of
neural signals in the mouse brain, balancing recording sensitivity and spatial resolution.
The 115 pum site diameter provides sufficient contact area to capture extracellular neural
activity with a favourable signal-to-noise ratio while minimising tissue damage. The
400 pwm spacing between sites enables distinct neural populations to be sampled with
reduced crosstalk. This facilitates spatial mapping of neural activity across the cortical
surface and creates an imaging window for two-photon imaging.

The device incorporates a softening thiol-ene/acrylate polymer substrate that becomes
flexible at body temperature (37 °C), allowing it to conform to the brain surface and
potentially reduce neuroimmune responses. Fabrication involved spin-coating thiol-
ene/acrylate layers onto a silicon handle wafer, with intermediate Parylene C encapsulation
and photolithographic patterning of 400 nm gold traces for electrodes and wiring. In
some devices, a 300 nm sputtered iridium oxide (SIROF) layer was added to the recording
sites to improve electrochemical performance. After release from the wafer, the arrays
were mounted onto Omnetics through-hole connectors using conductive epoxy and sealed
with insulating adhesive.

Further details of the material synthesis and microfabrication processes are available
in previous publications [60], [109]. Figure 3.3b shows the implanted SMP microECoG
under a microscope.

The microECoG device used in this study was developed in collaboration with Qualia
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SMP substrate Gold/SIROF Parylene C
(two layers) (conductive traces) encapsulation

Figure 3.2: Schematic figure, showing the cross-section of the device. Source: [42].

Figure 3.3: Photo of the SMP microECoG. A) Image of the ready-assembled SMP mi-
croECoG with connector attached. Scale bar is 5 mm B) Photo of the
implanted SMP microECoG. Scale bar is 1 mm.

Labs by the Research Group for Implantable Microsystems. Qualia Labs carried out the
microfabrication, while the Research Group for Implantable Microsystems performed the
device packaging at Pazméany Péter Catholic University. Electrochemical and biocompat-
ibility characterisations were conducted jointly at Pazmany Péter Catholic University
and Femtonics Ltd. My role in the project was to perform the optical characterisation
and long-term spike detection phases solely. Specifically, I analysed bead-based optical
measurements, in vitro dendrite detection, and in vivo relative intensity changes. I also

conducted data analysis for long-term spike detection.

3.2 Animal surgery

For the INS acute in vivo experiments were performed on adult Wistar rats (n = 8; 5
females). The induction of anesthesia was achieved by administering an intraperitoneal
injection of ketamine and xylazine, thus ensuring a stable physiological state optimal for
the subsequent electrophysiological recordings. Following the induction of anesthesia, a
craniotomy was performed to expose the cortical surface, with the size of the craniotomy

varying according to the specific experimental condition. Next, for four animals, a cranial
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window with a size of about 10 mm x 5 mm was drilled over the left brain hemisphere. For
the other four animals, a smaller craniotomy with a size of 3 mm x 3 mm was prepared.
The use of different craniotomy sizes was necessary because, in a subset of experiments, a
flexible polyimide-based microelectrocorticogram array was implanted onto the exposed
brain surface to capture electrophysiological signals over a larger cortical area, which was
part of a parallel study investigating neural dynamics in the somatosensory cortex.

For infrared neural stimulation, a silicon-based optical probe [97] was inserted into the
brain tissue at a depth of 1.2 mm, positioning the probe tip within the lower portion
of cortical layer 5. Since infragranular layers, particularly layer 5b, exhibit the highest
activity in the chosen anesthesia model [110], this region was selected as the primary
target for infrared stimulation. Stimulation was applied to either the somatosensory
cortex (n=6) or the association cortex (n=2), with the stimulation site centered within
the exposed craniotomy. To record neural responses with high spatial resolution, a
single-shank Neuropixels 1.0 silicon probe (IMEC, Leuven, Belgium) was inserted into
the brain tissue adjacent to the optrode, maintaining an approximate lateral distance of
200 — 500 pm. The probe was inserted to a depth of 3 — 4 mm, enabling simultaneous
recordings across multiple cortical layers, including the deep layers where the effects of
infrared stimulation were anticipated to be most prominent. The experimental setup is
illustrated in Figure 4.1A.

To implant the SMP ECoG device, adult male C57BL/6J mice (n=3) were used.
Each mouse underwent cortical microinjections of AAV1.DIx-GCaMP6f, followed by
the surgical placement of a microECoG array over its somatosensory cortex. Under
anesthesia, the mice’s scalps were removed, and their skulls were cleaned in preparation
for surgery. A craniotomy measuring approximately 2.6 x 3.2 mm was made above the
somatosensory cortex at the following coordinates: 1: [-1.6, -2.0] and 2: [-2.4, -2.0] using
a 0.3-mm drill bit. After opening the skull and carefully removing the dura, the flexible
microECoG device was positioned directly on the cortical surface. To maintain the array’s
position and protect the brain, two custom-shaped glass coverslips were utilized: one
with dimensions small enough to fit within the craniotomy and another with dimensions
slightly larger to overlap its edges. Before the surgical procedure, the coverslips were
adhered to each other using an optical adhesive, facilitating their seamless integration.
The device, reference electrode (positioned above the cerebellum), and connector were
secured using a quick-setting adhesive and dental cement. A headbar was attached
just in front of the craniotomy to allow for future head-fixation during recordings. The
experimental protocol was implemented only after a minimum of five days had elapsed,

allowing the mice to recover from any potential stressors or injuries.

To investigate the long-term spiking activity with the SMP ECoG devices, transgenic
adult mice (16-54 weeks old) of both sexes (n = 4 males, n = 3 females) expressing
GCaMP6 were used. The surgical procedure followed a previously described method with
slight modifications. A 3 mm craniotomy was made above the hippocampus, and the

overlying cortex was carefully removed. The thiol-ene/acrylate microelectrode device
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was then carefully positioned on the surface of the hippocampus and secured using a
custom-made deep brain adapter, consisting of a silicone cylinder.
It is important to note that I did not take part in any of the surgical procedures

involved in this study. My role was limited to the analysis and interpretation of the data.

3.3 Optical stimulation

The infrared stimulation was performed by using a sharp tip, multimodal photonic optrode
device detailed in our previous work [97]. This multimodal photonic optrode has a 5 mm
long shank with a 0.2 mm x 0.2 mm rectangular cross section ending in a symmetrical 30°
pointed sharp tip. Optrodes were calibrated before the in vivo experiments to quantify
the output power at the optrode tip and the estimated temperature change (Figure
4.1C-D and Figure 3.4). To measure the spatial distribution of the IR-induced heating,
the sharp tip optrode, and a platinum temperature sensor were simultaneously immersed
in a 2 ml polyethylene cylinder filled with water. Temperature measurement was made
in various spatial locations around the optrode’s tip with 100 pum spatial resolution along
two axes, perpendicular (Figure 4.1C) and along the shaft (Figure 4.1D). More details
of the setup can be found in our previous work [83]. The optical power of IR light at a
wavelength of 1550 nm was controlled by a fiber-coupled laser diode with a maximum
output power of 70 mW (LPSC-1550-FG105LCA-SMA, Thorlabs GmbH, Germany).
The choice of wavelength was based on our previous studies [83], [97]. The stimulation
cycle was composed of 4-minute long ON (laser diode switched on), and 4-minute long
OFF (diode switched off) periods to allow sufficient time for the temperature of the
stimulated region to return to baseline temperature (Figure 3.5). Given the low power
output, long exposure times are not critical, as they will not substantially damage the
neural tissue. In our previous work [97], we performed histological analysis on cortical
tissue subjected to a similar stimulation pattern. This analysis confirmed that repeated
use of these stimulation parameters did not significantly affect the number of cells along
the cortical column. Both continuous wave (CW) and pulsed IR illumination were
tested. Pulsed IR stimulation cycles included the following frequencies: 1 Hz, 10 Hz, 50
Hz, 100 Hz, and 500 Hz. The different illumination types (pulsed IR stimulation with
different frequencies and continuous IR stimulation) were presented in a random order.
To check the reproducibility of the stimulation patterns in the electrophysiological traces,
5 trials were consecutively performed for each illumination type. The driving current of
the IR laser diode (400 mA in each case) was supplied by a Keithley 2611B SYSTEM
SourceMeter (Keithley Instruments Inc, OH, USA). Each onset of the laser diode was
synchronized with trigger signals generated by the same Keithley instrument. The change
in the temperature of the surrounding medium upon IR exposure was characterized using
a calibrated platinum temperature sensor in an in vitro model detailed in our previous
work (Table 3.1).
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Figure 3.4: Changes in the temperature of the cortical tissue during infrared stimulation
at each stimulating frequency. A) 1 Hz. A 15-second interval is enlarged to
display the data with higher resolution. B) 10 Hz C) 50 Hz D) 100 Hz E) 500
Hz F) CW stimulation [J1].

’ Stimulation frequency \ Maximum temperature change [°C] ‘

1 Hz 3.10
10 Hz 2.82
50 Hz 2.56
100 Hz 2.71
500 Hz 3.09

CwW 5.16

Table 3.1: Maximum temperature change compared to baseline temperature during dif-
ferent stimulation frequencies
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Figure 3.5: Stimulation cycle. BL: baseline; ON: IR light on; OFF: IR light off

3.4 Electrophisiology

As outlined in section 1.1.2, the neural signals we record originate from ionic currents
carried by sodium (Na®), potassium (K*), calcium (Ca?*), and chloride (CI') ions cross-
ing neuronal membranes [111]. Electrodes play a crucial role in this process, as they
must efficiently conduct neural signals while minimizing impedance and external noise.
Impedance refers to the opposition to electrical current flow in an alternating current
(AC) circuit and is influenced by both resistance and reactance [112]. In neural record-
ings, lower impedance is generally desirable, as it improves signal quality by reducing
signal loss and thermal noise. The impedance of an electrode depends on factors such
as its material, surface area, and frequency, with smaller electrodes generally having
higher impedance. Because neural signals are extremely small, they require amplifi-
cation before further processing. Amplifiers increase signal strength while preserving
a high signal-to-noise ratio (SNR). Additionally, modern amplifiers often incorporate
filters to remove unwanted noise, such as power line interference at 50/60 Hz. After
amplification and filtering, the signals are digitized and transmitted to a data acqui-

sition system, where they can be visualized as waveforms on a monitor or further analyzed.

For the INS experiments, cortical electrical activity (both local field potentials and
spiking activity) was collected using the Neuropixels recording system. The neural
signals were recorded on 384 channels (selected from the total of 960 recording sites) at
a sampling rate of 30 kHz/channel for spiking activity and 2.5 kHz/channel for local
field potentials, and with a resolution of 10 bit using the SpikeGLX software package
(https://billkarsh.github.io/SpikeGLX/). The Neuropixels probe has a shaft with
dimensions of 70 um x 24 um and a length of 10 mm. The Nuropixels probe features
960 staggered electrodes, which are densely arranged along the shaft. The inter-electrode
distance is 16 um between columns and 20 um between rows, with each electrode site
measuring 12 pum x 12 pm [113]. Only the first 384 recording sites of the probe (located
closest to the probe tip) were used for data acquisition. To collect wideband (0.1-7500
Hz) neural activity with the recording sites of the optrode, we used an Intan RHD-
2000 electrophysiological recording system (Intan Technologies, Los Angeles, CA, USA).
Recordings were acquired with a 32-channel (headstage) at a sampling frequency of 20
kHz/channel and a resolution of 16 bit. Neuropixels probe and optrode recordings were

collected simultaneously. Only the Neuropixels recordings were analyzed in this study.

During the SMP microECoG experiments, the electrophysiological signals were recorded
using the RHD2132 amplifier board (Intan Technologies) with a bandwidth range of 0.1
Hz to 7.5 kHz and a sampling rate of 20 kHz.
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3.5 Two-photon imaging

Two-photon microscopy is a laser-scanning technique that utilizes the absorption of two
photons at once to excite fluorescence, thereby facilitating deeper tissue imaging with
reduced phototoxicity and enhanced spatial resolution [114], [115]. In comparison to con-
focal microscopy, it provides enhanced imaging depth and reduced scattering, rendering
it optimal for in vivo imaging of living cells and tissues. The quadratic dependence on
excitation intensity necessitates the utilization of pulsed lasers with high photon flux for
effective imaging. Two-photon calcium imaging is a technique that utilizes fluorescent
Ca?T indicators to monitor neural activity in vivo. Calcium influx through voltage-gated
channels has been identified as a pivotal signal in neuronal communication, plasticity,
and gene expression [116], [117]. Calcium imaging captures these dynamics with high
temporal and spatial resolution, enabling real-time observation of neuronal processes

across multiple time scales.

To evaluate the optical properties of the SMP microECoG, two-photon imaging was
performed at 910 nm using a Femto2D-DualScanhead two-photon microscope (Femtonics
Ltd.) in resonant and galvanic scanning modes. Image acquisition and storage were
performed using MATLAB-based MES software (Femtonics Ltd.), while I performed data
analysis using custom MATLAB scripts and algorithms.

Fluorescent microbeads were used to evaluate the influence of micro-ECoG on two-
photon imaging. These beads were enclosed between glass slides to ensure that the same
6 pm nominal size beads remained in focus under all imaging conditions.

Three Thy1-GCaMP6f transgenic mice (aged 22, 23 and 103 days) were used for in vitro
optical characterization. Horizontal hippocampal slices (350 pm thick) were prepared
according to previously established protocols [98]. Slices were continuously perfused with
artificial cerebrospinal fluid (aCSF) and oxygenated. Images of hippocampal regions were
acquired both with and without the SMP microECoG in place and then processed using

a custom algorithm.

3.6 Data analysis

3.6.1 Spike sorting and curation

Spikes, or action potentials, are rapid voltage fluctuations generated by neurons to transmit
information. These all-or-none events, driven primarily by sodium (Na™) currents,
produce the strongest transmembrane currents and are detected as high-frequency signals
in extracellular recordings [118]. The sampling rate of electrodes is a critical factor in
capturing neural activity with high temporal resolution. For extracellular recordings of
action potentials, a sampling rate of 20-30 kHz is generally considered sufficient due to the
Nyquist theorem [119], which states that a signal must be sampled at least twice its highest
frequency component to avoid aliasing. Spikes typically contain frequency components

up to 5-10 kHz, so a 20-30 kHz sampling rate ensures accurate waveform reconstruction
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while minimizing data storage and processing demands. Lower sampling rates can lead to
aliasing and distortions, making spike sorting less reliable, while significantly higher rates
provide diminishing returns in spike resolution. The process of recording and processing
spikes in neural signals involves several key steps. First, the recorded data is filtered
using high-pass filters to extract the spikes. The filtered signal captures the activity of
multiple neurons simultaneously, so it is crucial to distinguish and identify the spikes from
different neurons. The spikes from each neuron recorded from a particular electrode have
a distinctive shape that is influenced by factors such as the morphology of the dendritic
tree, the relative position and orientation of the neuron to the electrode, the distribution
of ion channels, and the characteristics of the extracellular environment [120]. These
spikes are organized into clusters based on their shape in a process called spike sorting.

The basic steps of spike sorting is shown in Figure 3.6.
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Figure 3.6: Steps of spike sorting. (i) Bandpass-filtered data. (ii) Spike detection (iii)
Feature extraction for dimension reduction. (iv) Clustering of the spikes into
single units. Source: [121].

Once sorted, each cluster is assigned to a single neuron. However, in cases of poor
signal-to-noise ratio, some clusters cannot be resolved, resulting in a multi-unit cluster of
activity. This cluster represents a mixture of spikes from multiple neurons, characterized
by a lower amplitude and a violation of the refractory period, where spikes can occur
within a short time window (less than 2.5 ms). By combining extracellular recordings

with spike sorting, we can isolate the activity of individual neurons from a few units per
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electrode. This can be done over periods ranging from hours to months or even years.

To ensure standardisation of peak potential measurements across animals, we applied
a consistent and well-controlled experimental and analytical pipeline. All recordings
were performed under identical anesthesia protocols. Anesthesia was induced via an
intraperitoneal injection of ketamine (75 mg/kg) and xylazine (10 mg/kg), then maintained
with additional intramuscular doses of the same mixture. Anesthesia depth was carefully
monitored using reflex testing, and recordings were only initiated once a stable anesthetic
state was confirmed. This approach minimised variability in brain state, which could
otherwise affect neuronal excitability or spike amplitude. Electrophysiological data were
processed using an identical spike sorting pipeline for all animals. In our experiments,
the spikes from the Neuropixels data were detected using KiloSort (v.3.0), a spike sorting
algorithm [122]. which I run on an NVIDIA V100 GPU. Single units were then manually
curated based on their auto-correlograms, cross-correlograms, firing rates, amplitude
distributions, and spike waveform characteristics. Single units of substandard quality
were excluded from further analysis based on quality metrics (presence ratio, interspike
interval violation, amplitude cutoff) calculated with SpikeInterface (v.0.98.2) [123]. The
presence ratio determines the proportion of recordings in which spikes are detected. A
higher presence ratio value indicates better unit stability over time (range: 0-1, presence
ratio > 0.9 was used for our recordings). Interspike interval violations quantify the
rate of refractory period violations, where lower numbers indicate less contamination
by spikes from other clusters (ISI violation < 2) [124]. The amplitude cutoff assesses
the miss rate utilizing the amplitude histogram (range: 0-0.5, amplitude cutoff < 0.01).
Auto-correlograms and signal-to-noise ratio were analyzed using Spikelnterface along with
custom Python and MATLAB scripts. The signal was defined as the maximum spike
waveform amplitude, while noise was calculated as the standard deviation of background
activity on the same channel. Figure 3.7 displays the quality metrics plots from the SMP
microECoG experiments, used to filter the data. Waveform visualization was performed
using Spikes (Cortex-lab) and MATLAB scripts, while firing rate, amplitude distribution,

spike count, and real amplitudes were computed using custom MATLAB scripts.

3.6.2 Differentiation between cell types

In the neocortex, there are two primary neuron types: inhibitory interneurons and excita-
tory neurons (principal cells), distinguishable based on the duration of their extracellular
action potential waveform [37]. Generally, spikes with a shorter duration reflect inhibitory
interneurons, while longer spikes refer to principal cells. To identify these two neuron
types in our recordings, I calculated the trough-to-peak time of the mean spike waveform
for each single unit. As expected, the distribution of the trough-to-peak times was not
unimodal and contained two peaks (Hartigan’s dip test [125], p = 4.608 x 10~3), indicating
significant bimodality. Since the bimodal distributions were slightly different between
animals, the threshold for differentiating putative interneurons and principal cells was

manually set for each animal based on the distribution of trough-to-peak times (Animal
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Figure 3.7: Quality metrics demonstrating sorting quality. Histogram of A) presence
ratio, B) interspike interval violation (ISI), C) Signal-to-noise ratio, and D)
amplitude cutoff. Gaussian nonlinear regression curves were fitted to the SNR
and amplitude cutoff histograms to quantify the spike quality metrics. [J2].

1: threshold=0.61 ms, Animal 2: 0.58 ms, Animal 3: 0.42 ms, Animal 4: 0.48 ms,
Animal 5: 0.43 ms, Animal 6: 0.53 ms, Animal 7: 0.44 ms, Animal 8: 0.41 ms). If the
trough-to-peak time was longer than the threshold, the single unit was classified as a
principal cell. If it was equal or shorter, it was classified as an interneuron.

For the experiments using SMP microECoGs, I additionally classified wide-spiking
interneurons. In order to distinguish between the various cell types, putative pyramidal
cells, narrow-spiking interneurons, and wide-spiking interneurons were classified based
on two criteria: the trough-to-peak time of the waveform and the burstiness index (BI),
which was calculated based on the autocorrelograms of the recorded single units. The

threshold (1.2) for determining burstiness was set according to the literature [36].

3.6.3 ldentification of the laminar location of single units

I determined the laminar position of the recording sites of the Neuropixels probe based
on the registered cortical population activity and the Nissl-stained coronal brain sections
containing the probe tracks. Layer 1 is a cell-sparse layer with only a few single units
detected; therefore, I excluded these units from further analysis. Since the relatively
thin nature of layers 2 and 4 led to increased uncertainty in delineating their boundaries,
single units located in superficial and input layers (layers 2, 3, and 4) were grouped.
Additionally, under anesthesia, superficial layers exhibit sparse spontaneous population
activity with lower numbers of neurons firing compared to infragranular layers [126],
[127]. The combined thickness of these three layers was approximately 650 pum. Layer
5, with a thickness of around 450 pm, contains the cell bodies of the largest pyramidal

cells and displays the strongest neuronal activity under ketamine/xylazine anesthesia
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[110]. Finally, layer 6 with smaller pyramidal cells has the largest extent (~ 600 um
thickness) but shows weaker firing activity compared to layer 5 [110]. The boundary
between layer 6 and the white matter could be identified by a significant decrease in
neuronal activity and the presence of short-duration spikes with a large positive peak,
indicative of axonal activity [128]. Each recording site was assigned to one of the layer
groups. After that, each single unit was assigned to the recording site (i.e., to a layer)
where its mean spike waveform had been detected with the largest amplitude. To combine
data from multiple animals, depth normalization was implemented to address differences
in the labeling of recording channels between animals. This normalization procedure
was based on established literature [129]-[131]. It involves measuring the distance from
each recording site to the pial surface, then expressing this as a fraction of the total
cortical thickness (pial surface to white matter), with 0 representing the surface and
1 the white matter boundary. My method extends this approach by incorporating the
following steps: for each animal, I identify the channels where single units were detected,
using the previously established channel labels that mark the borders of each cortical
layer. Each layer was then normalized to a range between 0 and 1. A value of 1 was
added to the layer 5 channels to ensure an accurate representation of relative depths,
while a value of 2 was added to the superficial and input layers. This resulted in a depth
scale ranging from 0 to 3, with depth decreasing. This method was necessary because the
channels with detected single units were irregularly spaced and varied across animals,
requiring a flexible normalization approach that accurately preserves laminar boundaries
and relative depths despite discontinuous sampling. For visualization purposes, these
values were further normalized between 0 and 1, with 0 representing the deepest channel
and 1 representing the most superficial channel to help the graphical representation of

depth information. The method is illustrated in Figure 3.8.
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Figure 3.8: Example of the depth normalization method. The channels on the Neuropixels
probe on which single units were detected are marked in green. (Ch: channel;
D: depth; L1/2/3/4: superficial and input layers; L5: Layer 5; L6: Layer 6).

3.6.4 Firing rate analysis

For each single unit recorded during the INS measurements, the relative firing rate change
compared to the baseline period was calculated in ten-second intervals for every ON

period as shown in Equation 3.1.

FiringRate — Baseline

RelativeFiringRate = (3.1)

Baseline

The baseline firing rate was defined as the average firing rate during the last two
minutes of OFF periods (spontaneous cortical activity) preceding the ON periods (IR
stimulation-related activity). To ensure data quality, single units were also filtered
based on the baseline firing rate. A threshold was set according to the distribution
of baseline data. Specifically, the lower threshold was set as 10th percentile — 3 x
interpercentile range, where the interpercentile range is calculated as the difference
between the 90th and 10th percentiles. The upper threshold was defined similarly as
90th percentile + 3 X interpercentile range. The application of these thresholds allowed
the exclusion of extreme values, with approximately 4 % (n = 322) of the data being
identified and removed as outliers.

To examine the impact of stimulation, each single unit was classified based on the
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relative firing rate change as having either suppressed, increased, or neutral activity
(unaffected). This categorization was determined through the assessment of the degree
of change in the firing rate. An empirical threshold was established to differentiate
meaningful activity changes from noise. Specifically, a single unit was classified as excited
(increased activity) if its firing rate increased more than 20% compared to the baseline
during at least 60% of the ON periods, suppressed if its firing rate decreased by 20%
or more, and unaffected if the firing rate fell within the range of —20% to 20%. The
criterion of 60% was set based on the presence of five ON periods per experiment, ensuring
that a majority of stimulation trials showed consistent modulation. Further examination
revealed that unaffected neurons rarely exhibited conflicting responses (e.g., increased
activity in two trials and suppressed activity in two others), with most showing three to
five unaffected trials. This confirms the reliability of this classification approach.

As described before, to calculate the relative firing rate, the two-minute OFF periods
were used as a baseline firing rate. However, it is also necessary to compare the results to
longer spontaneous cortical activity, which is uninterrupted with IR stimulation. This
serves as an important control measure for understanding the inherent variability in
neuronal activity and ensuring that any observed changes during stimulation trials are
indeed attributable to the stimulation protocol rather than natural fluctuations. For this
purpose, 10 minutes of spontaneous activity were recorded in each animal before the
stimulation session. From this dataset, five animals were selected as control data. The
firing rates from the five controls, where no stimulation was applied, were also calculated.
The firing rates of each unit were z-score normalized and then scaled between -1 and 1 to

standardize and scale appropriately for analysis and presentation (Figure 3.9).
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Figure 3.9: Colormaps of the normalized firing rate of all single units isolated from five
rats when no stimulation was applied (A), and from the same five rats when
the IR stimulation was applied (B) The beginning of the ON period is marked
with vertical red lines [J1].

To examine the neuronal response time under different stimulation frequencies, I
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measured the latency at which activity reached 90% of the firing rate change during the
ON periods (rise time), and when it reached 10% of the firing rate change of the ON
periods during the following OFF periods (fall time). Figure 3.10 illustrates the defined
rise and fall times on two example single units, with one showing increased (Figure 3.10A),

while the other displaying suppressed activity (Figure 3.10B).
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Figure 3.10: Method for determining rise time and fall time based on change in firing
rate. A) Illustrative example of a single unit with increased activity during
IR stimulation. Rise time is the interval during which the relative firing rate
alteration reaches 90% of the average during the ON period. Fall time is
the interval in which the relative firing rate change attains 10% of the mean
from the prior ON period during the OFF period. B) Illustrative example of
a single unit with suppressed activity during IR stimulation [J1].

3.6.5 Fluorescent bead measurements

An image can be defined as a two-dimensional function: f(z,y), where z and y are
coordinates, and f is the intensity value of the pixel in the coordinates. If the values are
finite and discrete, the image is a digital image [132]. Preprocessing the images before
other operations is an important step in image processing. With preprocessing, the wanted
features can be enhanced, while the noises and unwanted features can be eliminated, and
the image can be smoothed with mathematical models. Noise is unnecessary information
in the images. Morphological processing adds a structuring element to the images [133].

It is used to extract shapes from the image. Morphological operations are, for example,
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erosion, dilation, opening, and closing. Erosion is used to remove structures from the
image, and dilation fills the holes, which are given by the structuring element. Image
segmentation is a tool to partition the image into segments. Edge detection, thresholding
on binary images, and statistical classification can be used for segmentation. The process
mostly relies on the change of the intensity values in the image, using the common
patterns to group the pixels based on their intensity values and their neighbors’ intensity
values. Usually, the objects are grouped into two groups: foreground and background
pixels. Thresholding means the mapping of grayscale values between 0 and 1 as equation
3.2 shows.

0 if f(z,y) <T(z,y)

1 if f(z,y) = T(2,y)
where S(z,y) is the segmented pixel value, f(z,y) is the intensity value and T'(z,y) is
the threshold value of the pixel at the coordinates (z,y). The threshold can be global, or
it can be determined by an adaptive threshold algorithm based on the local neighborhood

of the pixels.

For the analysis, two-photon microscopy images were acquired of fluorescent beads,
with a nominal size of 6 pum in diameter. Two sets of images were obtained: one with the
SMP microECoG and one without it. In the images taken with the SMP microECoG,
the beads were positioned beneath the transparent electrode grid, and the imaging was
performed through the SMP microECoG. I created MATLAB scripts to analyze these
images, which will be explained in this section.

First, the images were divided into four overlapping tiles, and the fluorescence values
were normalized to a range between 0 and 1 to improve detection accuracy. The seg-
mentation approach varied depending on the mean intensity of each tile. If the mean
intensity exceeded 0.1, adaptive thresholding was applied with a sensitivity value of 0.1.
For tiles with a mean intensity of 0.1 or less, a global threshold was determined using
Otsu’s method.

Circular Hough Transform (CHT) [134] is then applied to identify the centers and
radii of the beads. This step allows the precise localization of each bead within the
image. I chose the Circular Hough Transform based on the geometric characteristics of
the target features and the imaging conditions in my dataset. The structures I aimed
to detect, such as microbeads, are circular and consistent in size, aligning well with the
assumptions underlying the CHT. Furthermore, the images often exhibit low contrast
and noise due to experimental constraints, which makes robust detection challenging. Of
the various available methods, the CHT offers an appealing compromise: it can tolerate
partial occlusion, uneven illumination, and blurred edges more effectively than contour-
following or edge-linking approaches, which tend to malfunction in the presence of noise
or incomplete boundaries. Although template matching can also detect shapes under
such conditions, it is generally less flexible concerning radius variation and can be more

computationally demanding for even modest size ranges. Crucially, my prior knowledge
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of the approximate radius range enables us to apply the CHT in a constrained and
computationally efficient manner. This targeted application minimises false detections
while enhancing sensitivity to true circular features. In this context, CHT is not just a
robust default, it is analytically justified given the shape priors, scale consistency, and
signal-to-noise limitations inherent in the data.

The algorithm has three main steps:

1. Accumulator Array Computation
The high gradient foreground pixels are candidate pixels that are allowed to cast
'votes’ in the accumulation array. These pixels vote in a circular pattern around
them with a fixed radius. Figure 3.11 shows a candidate pixel on an actual circle

and the voting patterns of the candidate pixels.

Accum. Array Votes

Edge Pixel

(a)

Figure 3.11: Accumulator Array Computation. A) The candidate pixels on an actual
circle. B) The voting pattern is indicated by a dashed line. Source: [135].

2. Center Estimation
The votes of the candidate pixels tend to accumulate at the array corresponding to
the circle’s center, so the centers are estimated by detecting the peaks in the array.

Figure 3.11 (b) shows an estimated circle center by the vote patterns.

3. Radius Estimation
Phase coding [136] for radius estimation utilizes complex values, with the radius
information encoded in the phase of the array entries. The votes give information
not only about the possible center but also about the radius of the circle associated
with the location of the center. The radius can be estimated by simply decoding

the phase information from the center location in the array.

The final step is statistical analysis. The MATLAB statistics function [137] is used to
calculate key statistical measures, including mean diameter, interquartile range, mean
absolute deviation, range, and standard deviation. These measurements provide insight

into the distribution of bead sizes.
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However, the accuracy of bead detection can be affected by shadows, reflections, and
variations in intensity that may not be visible to the naked eye but are detected by the
algorithm. In addition, due to the relatively small bead size compared to the image
resolution, pixelation can distort their circular shape, making accurate center detection
more difficult. As shown in Figure 3.12a, some inaccuracies arise from inconsistencies
in intensity between different beads. As the algorithm relies on circular fitting, these
pixelation effects affect the accuracy of the measurements. To minimize errors caused
by outlier beads, the analysis was repeated exclusively on beads that were consistently
detected in both images, those taken with (Figure 3.12¢) and without the SMP microECoG
(Figures 3.12b and 3.12d) in the light path. Fluorescence-related edge artefacts were
further reduced by thresholding during image scaling. Figure 3.12¢ illustrates an example

of overlapping beads, which the algorithm successfully detects.

10um
(d) (e)

Figure 3.12: Examples of bead detection. A) Outlier beads, which were detected larger
than their actual size. These outlier values were eliminated by repeating
the measurement on only the same beads that were detected in both of the
images. B) The same detected bead without the SMP microECoG. C) The
same detected bead under the SMP microECoG. D) The same detected bead
without the SMP microECoG in MES software. E) Beads near and on top
of each other. The algorithm can successfully detect the overlapping beads.

To evaluate the performance capabilities of the CHT, two quantitative assessments were
conducted: sensitivity to image noise and resilience to spatial overlap between circular
features. These tests were designed to determine the practical limits of the reliability of
the CHT in conditions reflective of real-world imaging scenarios. First, I evaluated the
robustness of CHT to increasing levels of Gaussian noise. Starting with a clean grayscale
image without the SMP micro ECoG from the experiment, I added Gaussian noise with
variances ranging from 0 to 0.05. The centres of the beads were used as the ground truth.
For each noise level, I used the algorithm to calculate standard performance metrics.
Precision, which is the proportion of correctly detected circles relative to all detections,

recall, the proportion of ground truth circles that were successfully detected, and detection
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rate, or the number of detected circles divided by the ground truth count. I used a pixel-
wise distance threshold of 5 to match the positions of the detected centres to the reference
positions. Additionally, I estimated the inherent noise in the original experimental image
by manually selecting a background region. The noise variance was computed from
the coefficient of variation (CV), which normalises the standard deviation by the mean
intensity, yielding a scale-independent noise estimate. The resulting curves (Figure 3.13A)
demonstrate a rapid decline in precision and recall as the noise level increases. The
detection rate is also increasing with the noise, which means that more circles were found
than the ground thruth. Notably, the estimated noise variance of the original experimental
image (0.0007) falls just before the inflection point of this deterioration, where precision
and recall begin to decline. This suggests that while the inherent noise level in the data
is relatively low and does not significantly impair circle detection, further increases would
reduce accuracy. These findings emphasize the importance of maintaining low noise
levels or applying denoising filters before executing CHT-based detection on experimental
images. As illustrated in Figure 3.13B, the detection rate remains 100 % when the circles
are overlapped by maximum 90% of their diameter. However, performance deteriorates
rapidly beyond 90% overlap, revealing that the CHT has a limited ability to resolve
tightly clustered or touching circular features. This limitation arises from CHT’s reliance
on edge continuity and geometric symmetry, both of which become ambiguous in the
presence of significant overlap.
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Figure 3.13: Limitations of Circular Hough Transform. A) Precision, recall, and detection
rate of the CHT as a function of Gaussian noise variance. The original image
noise is around 0.0007 (red line). B) CHT detection rate as a function of
overlap ratio between two synthetic circles.

3.6.6 Measuring dendrites of neurons

The in vitro images were taken of the hippocampus of a Thyl-GCaMp6f transgenic mouse.
Figure 3.14 shows a two-photon microscopy image taken of the hippocampal area. The
cell bodies and the dendrites are visible.

I analyzed these images using a custom MATLAB script and calculated statistics from
the results. The algorithm’s first step involves cutting the images into overlapping tiles to

improve detection accuracy, followed by applying Gaussian filtering. Gaussian filtering,
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Figure 3.14: In vitro two-photon image taken of the dendrites of neurons. One of the
recording sites is visible in the lower left corner of the image, while an
electrode trace can be seen on the right side.

or Gaussian smoothing, is a linear filter used to blur images and reduce noise. Equation
3.3 shows the Gaussian function, where o is the standard deviation of the distribution,

which is assumed to have a mean of 0 [138].

1 22442

e 202 3.3
V2ro? (3:3)

The selection criteria for the tested neurites were based on intensity and morphological

G($7y) =

features extracted from the images. Namely, after Gaussian filtering, a reference pixel
intensity was manually selected to set an adaptive threshold for segmenting neurites.
The next step is to apply morphological operations, which use a structuring element to
process the image [139]. A key function used is imclose, which performs a morphological
close. This operation consists of dilation followed by erosion. Dilatation assigns each
pixel the maximum value of its neighborhood, increasing the visibility of objects and
filling small gaps. Erosion, on the other hand, assigns each pixel the minimum value of its
neighbors, helping to remove small artifacts and isolated structures. These operations are
essential for dealing with intensity variations in dendrites, ensuring that darker regions
are recognized as part of the structure rather than being overlooked.

A watershed algorithm was then applied to separate the detected objects. dendrites
were automatically identified based on their circularity, calculated using the circularity
field of the regionprops function. An object was classified as a dendrite if its circularity
value was below the threshold of 0.1. After detection, the identified objects from each tile
were mapped back to their original coordinates in the full image, and duplicate detections
were removed.

After morphological processing, connected components (i.e. objects) were extracted by
filtering them based on an area range of 50-1000 pixels to exclude dendrites and other

objects that were too small or large.
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Once the dendrites had been identified, the minor axes were determined by matching
the normalised second central moments of the detected regions. This method measures
diameters via the length of the minor axes of fitted ellipses. Finally, pixel-to-micron
conversion was used to accurately measure dendrite diameters.

Although the current algorithm offers a systematic method of estimating neurite
diameters, several limitations must be recognised. Firstly, diameters are measured at a
single representative point per segmented neurite using the minor axis length of fitted
ellipses. This approach does not capture local diameter variations along the dendrite,
which may be biologically significant. Secondly, although the size and roundness thresholds
used to filter objects are effective at excluding noise and non-neuritic structures, they
may also exclude thin or irregularly shaped dendrites, which could bias the sample.
Thirdly, manually selecting the reference pixel intensity for thresholding introduces
variability dependent on the user and may affect the consistency of segmentation across
images. Finally, image quality factors such as contrast and noise levels may influence the
algorithm’s performance.

In order to critically assess the robustness and limitations of the dendrite width
measurement algorithm, I conducted a sensitivity analysis in which I varied key elements
of the workflow that depend on the user and the parameters. Specifically, I simulated
three different reference pixel selections to approximate inter-user variability. For each of
these selections, I applied three distinct areas and three roundness thresholds, resulting in
27 parameter combinations in total. I then quantified the number of segmented objects,
the mean dendrite width (based on the minor axis length of fitted ellipses), and the
standard deviation for each configuration.

The analysis revealed that the estimated mean dendrite width is moderately sensitive
to the intensity of the reference pixel chosen and to the area threshold used during
segmentation (Figure 3.15). At the lowest area threshold setting (50-500 pixels), Reference
Pixel 3 yielded the largest mean diameter, followed by Reference Pixel 1, then Reference
Pixel 2. This pattern persisted at the intermediate threshold (50-1,000 pixels), although
mean values remained relatively stable across references. However, at the highest threshold
(50-2,000 pixels), all three conditions showed an increase in mean diameter, with Reference
Pixel 3 exhibiting the most pronounced rise again. Across all thresholds, the standard
deviation also increased, reflecting growing variability in segmented object sizes as
inclusion criteria became less restrictive. In addition, increasing the roundness threshold
enabled more rounded objects to be included in the analysis (Figure 3.15B). Since smaller
structures tend to be more circular, this resulted in a decrease in the measured mean
dendrite width as these smaller, rounder objects were added to the segmented population.
Conversely, stricter roundness thresholds excluded more circular structures, focusing the
analysis on elongated, irregularly shaped dendrites. This illustrates the direct impact
of shape-based filtering on dendrite width estimates and emphasises the importance of
carefully adjusting the roundness threshold to balance the inclusion of relevant structures
with the exclusion of noise or non-dendritic features.

These results demonstrate that both segmentation parameters and initial thresholding
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Effect of area threshold and reference pixel selection on dendrite width Effect of Roundness Threshold on Dendrite Width
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Figure 3.15: Sensitivity of mean dendrite width measurements to reference pixel selection,
area thresholding, and roundness threshold. A) The mean dendrite widths
(£ standard deviation) for three simulated reference pixels are shown across
three area threshold ranges (50-500, 50-1000, and 50-2000 pixels). B) Mean
dendrite width for three simulated reference pixel selections (Ref Pixel 1-3)
at increasing roundness thresholds (0.10, 0.15, 0.20), using a fixed area filter
of 50-1000 pixels. For Ref pixel 3, there were no detected objects at 0.1
roundness threshold. Each line represents the results for one reference pixel.
Error bars are horizontally offset for clarity. The red dashed line marks the
original area threshold setting used.

conditions influence estimates of dendrite width and contribute to measurement variability.
This highlights the importance of applying consistent criteria, especially in comparative
analyses, and suggests that inter-user selection can introduce bias if it is not standardised
or automated. While the current method offers a structured and reproducible way of
quantifying dendrite width, it does have inherent limitations. Notably, using a single
diameter estimate per object (via the minor axis of an ellipse) may oversimplify dendritic
morphology, which can vary substantially along a single process. Future enhancements
could include measuring diameter profiles along neurites, integrating skeleton-based
morphology metrics or using semi-automated tools for reference pixel selection to minimise

user variability.

3.6.7 Relative fluorescent intensity change measurements

In vivo resonance scanning measurements lasting between 3 and 10 minutes were recorded
using MESc (Femtonics Ltd) from three freely moving adult mice, and analyzed using
MES and MATLAB. Images were acquired from the somatosensory cortex of a mouse in
which the GCaMP indicator was expressed in interneurons. These images were obtained
using a thiol-ene/acrylate-based ECoG array implanted on the brain surface, directly
in the optical path. As a result, cells appeared beneath the transparent electrode grid
(Figure 3.16).

As the size of cell bodies varies at different z-planes and depends on cell orientation,
comparing their dimensions does not provide an accurate assessment of the optical
resolution of the SMP microECoG. Instead, the resolution and distortion effects of the

long-term implanted SMP microECoG can be better assessed by analyzing changes in
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200um

Figure 3.16: Image taken with the SMP microECoG placed in the light path. The shadows
of the recording sites are visible.

the relative fluorescence intensity of cell bodies in in vivo images.

During data collection, resonant two-photon microscopy recordings were performed
for 3-10 minutes. Frames from these recordings were averaged to generate images for
segmentation. The segmentation algorithm was based on the same approach used to
compare dendrite diameters in in vitro images (Section 3.6.6). Cell bodies were detected
automatically by evaluating the roundness of the objects, using a threshold of 0.4 to
exclude protrusions and noise. The detected cells were used as regions of interest (ROI)
to extract cellular calcium activity. To visualize cell activity, the raw fluorescence signals
from the ROIs were smoothed with a Gaussian filter (¢ = 5) and converted into relative

fluorescence changes as follows

= fo
fo

where fj is the fluorescent signal and f is the mean intensity value of the cell bodies.

SF = (3.4)

The background fluorescent value was determined for each image by finding the lower
8th percentile of the image.

Results were visualized using boxplot figures, where the whiskers represent the 5th and
95th percentiles, outliers are indicated by the ¢ symbol, and the mean is shown as [J. All

figures were produced using OriginPro.

3.6.8 Method for evaluating the long-term single unit activity with the SMP
microECoG

Concurrent two-photon imaging and LFP recordings were performed utilizing an acousto-
optical microscope (FEMTO3D Atlas Plug & Play, Femtonics), with the mice being
positioned on a custom-designed linear treadmill. The focus of this section of the

dissertation will be on spike analysis, obtained from the thiol-ene/acrylate microECoG
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device. Figure 3.17 shows the schematic figure of the setup.
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Figure 3.17: Schematic figure of the setup used for measuring Ca?* signals with two-
photon microscopy, alongside simultaneous electrophysiological recordings
from the hippocampus. The ECoG is placed in the light path of the two-
photon microscope. (1: ECoG device; 2: silicone cylinder)[J2]

3.6.9 Statistics

All statistical analyses were executed with a significance threshold of alpha = 0.05. Figure
3.18 shows the decision tree for selecting an appropriate statistical test. Briefly, prior
to hypothesis testing, the distribution of each dataset was assessed for normality and
log-normality. The analysis incorporated the D’Agostino-Pearson omnibus test and the
Shapiro-Wilk test. Furthermore, a visual inspection of probability plots (Q-Q plots) was
conducted to further evaluate distribution characteristics. For normally distributed data,
parametric tests were applied. In cases involving the comparison of more than two groups,
a one-way analysis of variance (ANOVA) was employed. In instances where the ANOVA
model indicated a significant effect, post hoc tests were implemented to identify specific
group differences. Dunnett’s test was used when comparing experimental groups to a
control, and Tukey’s test was used when making pairwise comparisons among all groups.
Both tests control the family-wise error rate (FWER), and multiplicity-adjusted p-values
are reported.

In cases where the data did not meet the normality assumptions, non-parametric alter-

natives were employed. The Kruskal-Wallis test was employed to facilitate comparisons
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across multiple groups. Following the attainment of a substantial Kruskal-Wallis result,
Dunn’s test was employed for the purpose of post hoc comparisons. Adjusted p-values
were reported for all comparisons to account for multiple testing, using Bonferroni-style
corrections as implemented in Prism.

For pairwise comparisons, Student’s t-tests were employed for normally distributed data,
while paired t-tests were utilized to compare bead diameters and two-sample (unpaired)
t-tests were employed to compare dendritic diameters. Both analyses were conducted
using OriginPro (OriginLab). Non-parametric paired comparisons were executed using
the Mann-Whitney U test when applicable.

All statistical analyses involving group comparisons and post hoc tests were carried
out using GraphPad Prism (v9.5.1).
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Figure 3.18: Decision tree for selecting appropriate statistical tests based on data charac-
teristics and study design.
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4 Results

The findings presented here are the result of my own research and analysis and represent
my contribution to this dissertation. The scope of my role entailed the entire workflow,
which included the processing of raw data, the execution of statistical analyses, the
development of customized scripts, and the generation of the final figures and visual

representations, as well as the discussion of the outcomes.

4.1 Results related to the INS experiments

4.1.1 Frequency-dependent effects of infrared stimulation on spontaneous
activity of the neocortex

To investigate the effects of infrared stimulation on cortical neurons in vivo, the activity
of 7,549 single units was recorded from eight anesthetized rats during pulsed (1-500
Hz) and continuous wave stimulation. Infrared light (1550 nm) was delivered via a
sharp-tip multimodal photonic optrode [97], and cortical activity was recorded with a
Neuropixels probe positioned near the optrode (Figure 4.1A). Spike sorting was used to

extract single-unit activity, and quality metrics were applied to exclude low-quality units.

Relative firing rate changes were computed for each unit based on a baseline period
preceding IR stimulation. Figure 4.1B displays the normalized firing rate change of all
single units in one of the rats during continuous infrared light stimulation. Approximately
30% of the single units showed no noticeable change in their activity (n = 34/116) in
response to infrared stimulation, while a large proportion of neurons increased (n = 48/116)
or decreased (n = 34/116) their firing rate. Figure 4.1E and Figure 4.1F show an example
of a putative interneuron with suppressed activity originating from layer 5 and a pyramidal

cell with increased activity from layer 6, respectively.
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Figure 4.1: Experimantal setup and temperature-dependent firing rates. A) The experi-
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mental setup demonstrated on a sample Nissl-stained coronal brain section
from the parietal association cortex (optrode: black; Neuropixels: red). The
axes adjacent to the optrode tip indicate the orientation of the measurements
presented in C-D). It should be noted that the x-axis is perpendicular to
the paper. B) Colormap of the normalized relative firing rate change of
all single units isolated from a representative rat during CW IR light stim-
ulation protocol. The single units are ordered according to their cortical
depth. The baseline and the ON and OFF periods are marked with horizontal
bars (baseline: black; ON: dark gray; OFF: light gray). (SL, superficial and
input cortical layers (layers 2/3/4); L5, layer 5; L6, layer 6.) C) Spatial
distribution of the IR-induced heating under bench top calibration conditions.
The temperature values are normalized to the maximum temperature change
observed (0-no temperature change, 1-maximum temperature change). The
temperature measurement was made along two axes, C) perpendicular D)
and along the shaft. The same axes are shown in A), with the x-axis oriented
perpendicular to the paper. E) Relative firing rate change of a putative layer 5
interneuron displaying suppressed activity F') and a putative layer 6 principal
cell with increased activity during stimulation [J1].



Each single unit was classified as having either suppressed, increased, or unaffected
activity in response to infrared light stimulation. Figure 4.2A illustrates the percentage
of neurons falling into each category across different stimulation protocols. The firing
rate of the majority of single units did not change markedly throughout the entirety of
the infrared stimulation protocol, except when continuous wave stimulation was applied
(Table 4.1). In cases where cells were affected, pulsed wave stimulation elicited a greater
number of single units with increased activity compared to those with decreased activity.
Conversely, continuous wave stimulation elicited a greater proportion of single units
showing activity suppression. In addition, cortical temperature exhibited stimulation
type-dependent changes (Figure 4.2B), with CW stimulation eliciting the most pronounced
temperature change relative to baseline temperature. Figure 4.2C and D present the
average change in firing rate for single units exhibiting either suppressed or increased
activity. Single units that were activated by IR stimulation doubled their firing rates on
average compared to the baseline firing rates, while suppressed units showed about a 40%
decrease in their firing rates. Those single units, that increased their activity to stimulation
exhibited significantly higher firing rate changes exposed to CW stimulation than to
pulsed stimulation (1 Hz, 10 Hz, 50 Hz)(Kruskal-Wallis test: p < 0.0001). Single units
with suppressed activity exhibited a significantly lower firing rate during CW stimulation
in comparison to stimulation at frequencies of 1 Hz, 10 Hz, and 50 Hz (Kruskal-Wallis
test: p < 0.0001)). Comparing Figure 4.2B, C, and D, it becomes apparent that the
proportion of single units exhibiting decreased or increased activity aligns with the degree
of temperature change induced by infrared light. Moreover, Figure 4.3 illustrates that

the firing rate change of neurons closely tracks the temperature change.

suppressed increased unaffected

activity [%]  activity [%] activity [%]
1 Hz 16.1 23.55 60.35
10 Hz 13.71 25.75 60.54
50 Hz 16.93 22.05 61.02
100 Hz 18.11 22.99 58.9
500 Hz 13.31 28.59 58.1
CW 33.56 27.89 38.55

Table 4.1: Percentage of single units with suppressed, increased, and unaffected activity at
each stimulation frequency. Data are averaged across all Neuropixels channels
and include recordings from all cortical layers. (CW, continuous wave).

When considering only whether single units were affected or unaffected, without
distinguishing between increased or suppressed activity, there appears to be a difference
in the proportion of affected neurons between lower (1-50 Hz) and higher (100 Hz, 500
Hz, and continuous wave) stimulation frequencies. Specifically, the proportion of affected
units may decrease at the higher frequencies, suggesting a potential shift in cortical
responsiveness as stimulation frequency increases (Figure 4.2E). During CW stimulation,
the proportion of single units affected by IR stimulation was significantly higher than
the proportion of unaffected neurons (one-way ANOVA: p < 0.0001). Additionally, the
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proportion of affected cells was significantly higher during CW stimulation when compared
to stimulation at frequencies of 1 Hz, 10 Hz, and 50 Hz (one-way ANOVA: p < 0.0001).

Examining the change in baseline firing rates during repeated trials of infrared stimula-
tion is critical because establishing local baselines for each neuron, rather than a single
global baseline, provides a more accurate assessment of how stimulation modifies neuronal
activity levels over time. It is critical to assess whether neuronal excitability is modulated
over time and whether repeated stimulation produces different effects based on protocol
parameters. I calculated the local baseline firing rates by averaging the firing rates of each
single unit during the last two minutes of each OFF period preceding the ON periods.
The baseline firing rates gradually increased with consecutive stimulation trials, reaching

a plateau around the fourth trial (Figure 4.2F) (see further examples in Figure 4.4).
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Figure 4.2: Effects of infrared stimulation on firing rates. A) The percentage of single

units with suppressed and increased activity and unaffected cells at each
infrared stimulation frequency. B) The maximum temperature during IR
stimulation relative to the baseline temperature for each stimulation frequency.
The average relative change of the firing rate in cells with C) increased and D)
suppressed activity. There is a significant difference between CW stimulation
and 1 Hz, 10 Hz, and 50 Hz stimulation for both single units with increased
and suppressed activity (Kruskal-Wallis test: p < 0.0001). E) Percentage
of single units affected and unaffected by stimulation. There is a significant
difference between the percentage of affected cells and unaffected cells in the
case of CW stimulation and between the percentage of single units affected
by CW stimulation and 1, 10, and 50 Hz IR stimulation (one-way ANOVA:
p < 0.0001). F) Average baseline firing rate calculated during OFF periods
immediately preceding the stimulation periods compared to the first baseline
period (two minutes before the first stimulation trial) for each stimulation
frequency. Error bars represent standard deviation. (one-way ANOVA:
«p < 0.05, %%p < 0.01, %4 < 0.001, x*xxp < 0.0001, #p < 0.05)[J1]
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from one of the animals. The figure exhibits five different neuron examples,
with the average of all baselines from this animal highlighted with a pink bold
line. A) 1 Hz stimulation B) 10 Hz stimulation C) 50 Hz stimulation D) 100
Hz stimulation E) 500 Hz stimulation F') continuous (CW) stimulation [J1].



PW CW
Unaffected Increased Suppressed| Unaffected Increased Suppressed
[%] [%] [%] [%] [%] [%]
Layer 63.54 £+ 18.24 £+ 18.22 + 36.95 15.22 47.83
2/3/4 3.09 4.92 4.77
Layer 5 61.92 + 21.29 £+ 12.57 + 36.89 27.27 35.82
1.41 2.34 2.89
Layer 6 63.71£3.7 23.73 + 12.57 £+ 42.94 33.33 23.72
5.28 2.89

Table 4.2: The mean ratio of unaffected single units during pulsed wave (1 Hz, 10 Hz,
50 Hz, 100 Hz, 500 Hz) and continuous wave stimulation, along with their
standard deviation.

4.1.2 Cortical layer-type dependent effects of infrared stimulation

Isolated single units were assigned to cortical layers based on electrophysiological markers
of the recorded cortical slow wave activity and on anatomical features of Nissl-stained
coronal brain sections containing the probe track. Cortical layer 1 was excluded based
on the absence of cells, and layers 2, 3, and 4 were combined (hereafter referred to as
superficial and input layers) (Table 4.3).

During pulsed wave stimulation, the activity of most single units remained unchanged
in the superficial and input layers (Figure 4.5A), as well as in layer 5 (Figure 4.5B)
and layer 6 (Figure 4.5C) (Table 4.2). However, continuous-wave stimulation markedly
increased the number of affected cells, resulting in the highest percentage of suppressed
activity within each layer (Table 4.2). The response to CW stimulation, which increased
the number of affected cells in all three layers, was consistent across each layer group,
even though fewer cells were recorded in the superficial and input layers compared to
layers 5 and 6 (Table 4.3). Interestingly, despite the differences in cell count in the cortical
layers, the proportion of cells with suppressed activity was significantly higher in the
superficial and input layers, and even in layer 5 compared to layer 6 (47.83% vs. 35.83%
vs. 23.72%).

The change in firing rate did not exhibit a clear increase in stimulation frequency in
the superficial and input layers (Figure 4.5D), however, it was observed to be highest
during continuous wave stimulation. A similar observation was noted in layer 5 (Figure
4.5E), while layer 6 (Figure 4.5F) showed no evident increase in firing rate. Conversely,
for suppressed single units, the firing rate change decreased in the superficial and input
layers (Figure 4.5G), layer 5 (Figure 4.5H), and layer 6 (Figure 4.5I). A significant
difference in the relative firing rate change was observed between CW stimulation and
10 Hz stimulation in superficial and input layers (Figure 4.5D) (Kruskal-Wallis test:
p = 0.0106). Meanwhile, the relative firing rate change in layer 5 was significantly higher
with CW than at 1 Hz and 10 Hz stimulation, as shown in Figure 4.5E (Kruskal-Wallis
test: p < 0.0001). In contrast, for suppressed activity, the firing rate change in superficial
and input layers was significantly lower for CW stimulation compared to 1 Hz and 10 Hz
stimulation, as depicted in Figure 4.5G (Kruskal-Wallis test: p = 0.0004). Additionally,
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Layers 2/3/4 Layer 5 Layer 6

1 Hz 147 515 442
10 Hz 161 463 454
50 Hz 143 533 406
100 Hz 108 391 290
500 Hz 105 479 517

CW 92 374 333

| Total | 756 2755 2442

Table 4.3: Number of isolated single units in each layer group.

in layer 5, it was also significantly lower for CW stimulation compared to 1 Hz, 10 Hz,
and 50 Hz stimulation (Kruskal-Wallis test: p < 0.0001). In layer 6, there was also a
significant decrease in the relative firing rate in cells with suppressed activity for CW
stimulation compared to 1 Hz and 50 Hz stimulation (Kruskal-Wallis test: p = 0.0003),

although no such significant difference was observed in cells with increased activity.
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Figure 4.5: Percentage of single units with suppressed, increased, and unaffected activity in
A) superficial and input cortical layers, B) layer 5, C) and layer 6. The relative
firing rate change of single units with D-F) increased and G-I) suppressed
activity in layers 2/3/4 (D, G), layer 5 (E, H), and layer 6 (F, I) Error
bars represent standard deviation. (Kruskal-Wallis test: #p < 0.05,xxp <
0.01, x#xp < 0.001, **x%xp < 0.0001)[J1]

In conclusion, the results demonstrated that continuous wave stimulation led to a
notable increase in suppressed activity across all cortical layers. In the case of pulsed
wave stimulation, most of the single units in the superficial layers, input layer, as well as
layers 5 and 6, demonstrated minimal change. In contrast, CW stimulation markedly
increased the number of affected cells, resulting in the highest percentage of suppressed
activity within each layer. It is also observed that the depth of the layer in question
affects the number of suppressed units, with a decrease in the number of suppressed units
and an increase in the number of units with increased activity as depth increases. Figure
4.6 provides further insight into this distribution, demonstrating that most suppressed
units are concentrated in the superficial and input layers and layer 5, while layer 6 shows

more units with increased activity, with unaffected cells remaining the majority across all
layers.
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Figure 4.6: Responses of single units with suppressed (A), increased (B) and unaffected
(C) responses to infrared neural stimulation at different frequencies, plotted by
cortical depth. Each point represents a single unit. The y-axis indicates the
normalized depth of the neurons, with dashed lines marking the boundaries
between layers. Alongside each subplot is a distribution plot along the y-axis,
depicting the spread of neurons’ depths for each response category [J1].

4.1.3 Neuron-type dependent effects of infrared stimulation

To examine neuron type-specific effects of IR stimulation, putative interneurons, and
principal cells were distinguished based on the distribution of trough-to-peak times of the
mean spike waveforms. The waveforms of principal cells are wider than the waveforms of
interneurons, as also shown in Figure 4.7A [37]. The average percentage of interneurons
was found 24.08% 4 5.80%, and the average percentage of principal cells is 75.92% + 5.80%
(Figure 4.7B). The higher percentage of principal cells is consistent with findings in the
literature (ratio and number of principal cells and interneurons used in the recordings
and analysis: Table 4.4 and Table 4.5) [140].
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Figure 4.7: Effects of infrares stimulation on interneurons and principal cells. A) Example
mean waveforms with standard deviations of a spike cluster from a principal
cell (pink) and one from an interneuron (black). The channel numbers are
indicated next to the waveforms. The auto-correlograms of the same spike
clusters with the largest amplitude are presented in the same color. B) Bi-
modal distribution of the trough-to-peak times calculated from the mean spike
waveforms of single units from the representative animal. The threshold used
to separate putative interneurons and principal cells is marked with the dotted
line (0.52 ms). Cells with narrow spike waveforms are putative interneurons
(black), and single units with wide spikes are principal cells (pink). C) Pro-
portion of interneurons and principal cells in each animal (see also Table 4.4).
D) Percentage of suppressed interneurons. There is a statistically significant
difference in the number of interneurons that are suppressed between the
stimulation of 1 Hz, 10 Hz, 500 Hz, and CW stimulation (Kruskal-Wallis
test: p = 0.0076). E) Percentage of interneurons with increased activity. F)
Percentage of suppressed principal cells. G) Percentage of principal cells with
increased activity. Error bars represent standard deviation. (Kruskal-Wallis
test: *p < 0.05,x*xp < 0.01)[J1]

Next, for each stimulation type, I determined the proportion of putative interneurons
and principal cells exhibiting suppressed or increased activity. I have found that the
activity of more interneurons was suppressed (23.17% =+ 13.2%) than increased (20% +
10.11%), whereas more principal cells showed increased activity (27.85%=+9.91%) compared
to suppressed activity (12.98% +9.45%) (Figure 4.7D-G). The percentage of interneurons
and principal cells, whether suppressed (Figure 4.7D and F) or exhibiting increased
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interneurons in | interneurons in | principal cells | principal cells
recordings [%] analysis [%)] in recordings | in analysis [%]
(%]
Animal 1 22.07 23.40 77.93 76.60
Animal 2 34.29 39.70 65.71 60.30
Animal 3 21.90 23.19 78.10 76.81
Animal 4 17.36 17.61 82.64 82.39
Animal 5 19.90 25.06 80.10 74.94
Animal 6 31.31 30.17 68.69 69.83
Animal 7 21.33 21.80 78.67 78.20
Animal 8 24.51 19.07 75.49 80.93
Table 4.4: Ratio of interneurons and principal cells in each animal during recordings and
analysis
Nr. of Nr. of Nr. of Nr. of
interneurons in | interneurons in | principal cells | principal cells
recordings analysis in recordings in analysis
Animal 1 333 196 1176 693
Animal 2 442 304 442 585
Animal 3 383 232 1366 830
Animal 4 319 215 1519 1027
Animal 5 419 247 1687 997
Animal 6 520 266 1141 586
Animal 7 429 167 1582 619
Animal 8 425 159 1309 493

Table 4.5: Number of interneurons and principal cells in each animal during recordings
and analysis

activity (Figure 4.7E and G), appeared to increase with stimulation frequency. However,
a statistically significant difference was found only for suppressed interneurons between
500 Hz, 10 Hz, and 1 Hz stimulation compared to CW stimulation (Kruskal-Wallis test:
p = 0.0076). In addition, the firing rates of both interneurons (Figure 4.8A) and principal
cells (Figure 4.8C) that exhibited enhanced activity increased with stimulation frequency.
In contrast, the firing rates of suppressed interneurons (Figure 4.8B) and principal cells
(Figure 4.8D) decreased with stimulation frequency. This was consistent with what
was previously shown in Figure 4.2C and D. The average relative firing rate change
of interneurons with suppressed (Figure 4.9A), increased (Figure 4.9B) and unchanged
(Figure 4.9D) activity, as well as the average relative firing rate change of principal cells
with suppressed (Figure 4.9D), increased (Figure 4.9E) and unchanged (Figure 4.9F)
activity was also examined. Notably, there was no discernible difference in the firing rate

change between the two cell types.

68



Figure 4.8:

>
O

*kok FHFK
I3 E [ 1 I3 E f *kokk !
£ 4003 Fxk £ 4003 , T |
o E * © E -
E E % 1
2 — 2
@ E IS E *
S 3004 'S 3004 —
Q E Q E
® E I E
2 200 2 200
° E ° E
= =
T 100— T lOO—
k) E © E
o E o E
E E
/\/ \2(\/ \2(\/ \2(\/ Qﬂ/ (J /\, \2(\/ \2(\/ ‘2(\/ ‘3‘1/ O
o S S
5 s
o [
j=) j=))
c c
< <
< <
o o
o o
s ©
f=) j=)
£ £ -60
= = * kKK
.g 1 *x ] g l KAk |
T -80 T -80 *kkk
o o] L |
24 24
-100=— T T T T T -100"— T T T T T
R R 4 R R R R
X X XX o R RV XXX o
N ,\9 (,)Q \90 ‘OQQ N ,\/0 (OQ \/00 @QQ

Changes in relative firing rates of interneurons and principal cells at different
stimulation frequencies. A) Interneurons with increased activity showed signif-
icantly higher firing rates during continuous wave (CW) stimulation compared
to 10 Hz, 100 Hz, and 500 Hz stimulation frequencies. B) Interneurons with
suppressed activity showed significantly lower firing rates during CW stimula-
tion than during 10 Hz stimulation. C) Principal cells with increased activity
showed significantly increased firing rates during CW stimulation compared to
pulsed wave stimulation. D) Principal cells with suppressed activity showed
significantly reduced firing rates during continuous stimulation compared to 1
Hz, 10 Hz, and 50 Hz stimulation. Error bars represent standard deviation.
(Kruskal-Wallis test: #p < 0.05, xxp < 0.01, s%p < 0.001, xxxxp < 0.0001)[J1]
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Figure 4.9: Relative firing rate change of all interneurons, averaged over every animal and
trial, with A) suppressed, B) increased and C) unaffected activity. Relative
firing rate change of all principal cells, averaged over every animal and trials,
with D) suppressed, E) increased, and F) unaffected activity at CW stimulation
[J1].

In conclusion, the examination of the types of neurons revealed that interneurons
exhibited a greater degree of suppressed activity than increased activity, especially at 50
Hz, 100 Hz, and CW stimulation, while principal cells exhibited the opposite pattern,
with a greater number of cells showing increased activity than suppressed activity. The
firing rate changes also exhibited distinct patterns. For principal cells, higher stimulation
frequencies appeared to amplify the existing response pattern: those with increased
activity tended to show progressively higher firing rates, while those with suppressed
activity showed progressively greater reductions in firing. In the case of interneurons,
there was no significant increase or decrease. Nevertheless, the modulatory effect appeared
to be most pronounced during continuous wave stimulation, associated with the highest
relative firing rates in interneurons showing enhanced activity and the lowest in those

showing suppression.

Data from different stimulation frequencies were recorded and analyzed separately.
However, to illustrate the response of individual neurons over the entire stimulation
protocol, recordings from a single animal were concatenated and then spike sorting was
performed on the concatenated recording. Figure 4.10 illustrates the relative changes in
firing rates of different types of neurons, and their trial-averaged responses, consisting of a
principal cell with suppressed activity (Figure 4.10A), one with increased activity (Figure
4.10B), and one with unaffected activity (Figure 4.10C), an interneuron with suppressed
activity (Figure 4.10D), one with increased activity (Figure 4.10E), and another with
unaffected activity (Figure 4.10F) during CW stimulation. It is important to note that

although these individual units may exhibit suppressed or increased activity in response
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to CW stimulation, their responses to various stimulation frequencies can vary. This
demonstrates that a single unit can display either suppressed or increased activity (see
Figure 4.10A at 100 Hz and CW stimulation).

g Principal cell - suppressed £ = Interneuron - suppressed =
A §10003 ~ ~ ~ ~ g~ - - - R T D s s a0 o
270 E] ks ¥ = ¥ 2 ¥ ¥ ¥ ¥ = S g
5 I8 = e = ° 5 48 N 2 g i 8 52
E 500 J E 500 g o 2
2 2 220
= | E ! £
S 40
o Iy L Mwm }M e 2 o A s, kAR, A ,’\\W il »
s 100 k3 100 200 E time [min]
time [min] time [min]
= Principal cell - increased q <y Interneuron - increased <}
B} : 5 § y
$10009 -~~~ rpo - - - smrmEooon iznons —_— B10003- — — =~~~ - m— g mmmmgm oo EE e - - - - 8 150-
g 5 iR 2 2 N W W B z ] 2
= i S 5 § b ¥ ¥ H ¥ g
H S 5 3 8 b e 8 3 émo
g E 500 E 5
2 2 H
H S | i TN TR L { £ o
2 g ° “““WWI (‘\\\‘ b h A “‘“% 50 ¢
2 g 100 200 2 time [min]
time [min]
IS < <y Interneuron - unaffected =
ngnn —mmm: 8 Fgmoo 7777777777 ELEEIELEEE —  FREEE g —N
g B ] ] 5 g g # ¥ ks £ E e g
£ s £ 3 = =5 S [ = £ 20
s H H e 2 i H
' E 500 go @
2 2 § 220
£ H NI ol | <40
A s 1 Lt bbbl il e -
H £ ol il 1, b T k! 3] tmotmin
& 2 100 200 k3

time [min]

Figure 4.10: Examples of individual single-unit responses determined during CW stimu-
lation for the different IR stimulation frequencies and their trial-averaged
responses, marked in pink. A) Putative principal cell with suppressed ac-
tivity at CW stimulation, B) principal cell with increased activity at CW
stimulation C) principal cell with unchanged activity D) interneuron with
suppressed activity at CW stimulation E) interneuron with increased ac-
tivity at CW stimulation F) interneuron with unchanged activity at CW
stimulation. The sequence of stimulation frequencies at this animal was the
following: 100 Hz, 1 Hz, 10 Hz, 500 Hz, CW, and 50 Hz. The 4-minute-long
ON periods are noted with green horizontal bars [J1].

4.1.4 Single unit response times to infrared stimulation

Analyzing the changes in neuronal activity during suppression and excitation, and in-
vestigating how these dynamics correlate with the corresponding thermal effects, may
provide new insights into infrared neural stimulation and facilitate the design of optimized
stimulation protocols. Figure 4.11 shows these response times across stimulation frequen-
cies and stimulation trials. The time required to reach 90% of the maximum cortical
temperature during the ON period (rise time) for each stimulation frequency shows a
consistent increase with higher stimulation frequencies (Figure 4.11A). The rise times
of the relative firing rate for suppressed single units during the first ON period (Figure
4.11A) were significantly longer with CW stimulation compared to pulsed infrared light
(Kruskal-Wallis test: p = 0.0007). The data also showed that single units with increased
activity had a significantly longer rise time with CW stimulation compared to 50 Hz
stimulation (Kruskal-Wallis test: p = 0.0002). The time course of the firing rate change
and the temperature change at CW and 10 Hz stimulation are also shown in Figure 4.3.

It is also important to analyze the temporal differences during the five trials to determine
if the firing rate changes and their relationship to infrared stimulation-induced temperature

changes remain consistent over multiple stimulation trials or if there are fluctuations that
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could provide further insight into the dynamics of infrared neural stimulation. Notably,

there is no significant difference in the rise time of the suppressed single units (Figure

4.11B) and the single units with increased activity (Figure 4.11C), indicating that the

average rise time (35.95 s £+ 27.6 s) remained consistent throughout the repetition of each

stimulation cycle.
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Figure 4.11: Single unit rise times. A) (I) The rise time of single units with increased

activity during the first stimulation trial, at every stimulation frequency.
The rise time was significantly longer when single units were stimulated
with continuous light than with 50 Hz stimulation. (Kruskal-Wallis test: p
= 0.0007) (S) The rise time for the single units with suppressed activity
during the first stimulation trial. The duration was significantly longer when
single units were stimulated with continuous light than with pulsed infrared
light.(Kruskal-Wallis test: p = 0.0002) (T) The time needed for the cortical
temperature to reach the 90% of the maximum at each IR stimulating
frequency from the onset of the stimulus, calculated from one measurement.
B) Change in the rise times during the five stimulation trials when the single
units’ activity was increased. C) Temporal differences in the five trials when
the single units’ activity was suppressed. Error bars represent standard
deviation. (Kruskal-Wallis test: #p < 0.05, xxp < 0.01)[J1]

I also examined the rate of change of temperature and firing rate after the stimulation

trials. Figure 4.12A shows the time taken to reach 10% of the maximum temperature

after the light was turned off (fall time). Interestingly, the fall time of the temperature did

not show significant variation across different stimulation frequencies, and in particular,

it was considerably faster than the rise times of the temperature (as shown in Figure
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4.11A).

The time taken to reach 10% of the mean change in firing rate during the first
OFF period was also examined. It can be noted that the fall time was shorter during
CW stimulation compared to PW stimulation in both single units with increased and
suppressed activity. In the case of single units with increased activity, the results indicated
that the fall time was significantly shorter during CW stimulation compared to 10 and 50
Hz stimulation (Kruskal-Wallis test: p = 0.0094). However, for suppressed single units,
there was no significant difference in fall times, although CW stimulation still resulted in
the shortest fall time.

The changes in fall time over the five OFF periods were also examined (Figure 4.12B-
C). The results suggest that the average fall time (20.91 s & 18.78 s) remained constant
throughout five repeated trials for both suppressed (Figure 4.12B) and increased (Figure

4.12C) activity, as no significant difference was observed between them.
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Figure 4.12: Single unit fall times. A) (I) The fall time of increased activity after the first
stimulation trial. The fall time was significantly shorter when single units
were stimulated with continuous light than with 10 Hz and 50 Hz stimulation
(Kruskal-Wallis test: p =0.0094). (S) The fall time of the suppressed activity
after the first stimulation trial. C) (T) The time needed to reach the 10%
of the maximum cortical temperature during OFF periods, calculated from
a single measurement. B) Temporal differences in the five trials when the
single units’ activity was suppressed. C) Temporal differences in the five
trials when the single units’ activity was increased. Error bars represent
standard deviation. (Kruskal-Wallis test: s < 0.05, xxp < 0.01)[J1]

I also examined the rise and fall times for the two different cell types (Figure 4.13).
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The rise and fall times exhibited a high degree of similarity, with no notable differences
observed. Therefore, it suggests that these effects are not cell specific, but rather

stimulation frequency specific.
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Figure 4.13: Rise times and fall times for different cell types. A) Rise times of interneurons
with suppressed and increased activity. B) Fall times of interneurons with
suppressed and increased activity. C) Rise time of principal cells with
suppressed and increased activity. D) Fall times of principal cells with
suppressed and increased activity. Error bars represent standard deviation.
(Kruskal-Wallis test: #p < 0.05,xp < 0.01, % < 0.001)[J1]

4.2 Results related to the SMP microECoG experiments

4.2.1 In vitro measurements

To assess the effect of the microECoG device on two-photon imaging, we acquired images
of 68 fluorescent microbeads placed on glass slides both with and without the SMP
microECoG positioned over the beads. As part of this analysis, I developed custom image
processing scripts that could automatically detect individual beads and quantify their
diameters. My main contribution at this stage was designing and implementing the data
analysis pipeline to evaluate the optical distortion introduced by the device. Figure 4.14A
shows box plots of bead diameters, with values normalized to the mean diameter observed
in the absence of the SMP microECoG (5.6651 + 0.0066 pm). This normalization was
performed because the mean measurement was significantly different (t-test, p « 0.001)
from the 6 um standard; however, variability in bead size and differences in two-photon
microscope settings can also affect the measurements. A Student’s paired t-test was
performed at a significance level of 0.05 and the results showed no significant difference

in bead diameters between the two conditions (t(67) = 1.08, p = 0.29, mean difference:
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0.0142 pm). These results support my hypothesis that the SMP-based microECoG device
does not introduce significant optical distortion. Overall, the bead size measurements
remained consistent with and without the SMP microECoG and closely matched the
nominal bead size, indicating that the resolution limit of the imaging system, rather than

the presence of the SMP microECoG, is the primary factor affecting accuracy.

The quality of two-photon calcium imaging and the potential for optical distortion were
further evaluated using acute brain slices in wvitro. To assess the device’s impact on the
ability to resolve fine neuronal structures, I performed measurements of dendrite diameters
in images acquired both with and without the microECoG device in place. This analysis
allowed for a direct comparison of imaging resolution under the two conditions, and was
a key part of my contribution to the optical characterization of the device. dendrites
were identified in images of hippocampal regions, with the imaging plane aligned parallel
to the dendrites to maximize the number of samples detected. Figure 4.14B shows the
diameters of detected dendrites from the same field of view (FOV) at different depths
from the slice surface.

The detection algorithm identified 81 dendrites in the images without the SMP mi-
croECoG and 112 dendrites with the SMP microECoG. Statistical analysis revealed no
significant difference in dendrite diameter between the two conditions within the same
FOV at a significance level of o = 0.05. The results of the Student’s two-sample t-test at
different depths are shown in Table 4.6.

Depth Nwithout ‘ Nwith ‘ t ‘ p ‘
z =050 um 21 28 | t(47)=-0.18 | 0.85
=060 pm | 17 28 | £(43)=-0.61 | 0.55
z=70pm | 16 33 | £(47)=-0.18 | 0.85
z =80 um 27 23 | t(48)=-0.25 | 0.81

Table 4.6: Results of the Student’s two-sample t-test on dendrite diameters at different
depths.

These in wvitro results demonstrate that even fine dendrites in the hippocampus can
be successfully visualized in the presence of the microECoG device without introducing

optical distortions in the two-photon images.

4.2.2 In vivo measurements

Three awake, freely moving mice implanted with the microECoG device were imaged
using a two-photon microscope with the GCaMP6f calcium indicator. Imaging sessions
were performed at multiple time points post-implantation, spanning up to 22 weeks.
Labeled neurons were visible in the first images (1-2 weeks post-implantation) and their
clear contrast to the background was maintained throughout the experiment.

In order to quantify imaging stability over time, I developed and applied an analytical
method that measured the fluorescence intensity of neurons that were automatically

detected, normalised to background fluorescence, on each measurement day. For SMP mi-
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Figure 4.14: Diameter of the beads and dendrites. A) Normalized diameter of the same
beads without (n = 68) and with (n = 68) the microECoG device covering
them. No significant difference was observed between groups (Student’s two-
sample t-test: p = 0.29) B) Diameter of dendrites measured on in vitro slices
from the same FOV but at different depths. The empty box plots represent
measurements taken without the SMP microECoG covering the slice, while
the filled box plots show measurements with the SMP microECoG in place.
The boxplot whiskers indicate the 5th and 95th percentiles, and outliers are
marked by the symbol ¢. No significant difference was observed between
groups (Student’s two-sample t-test: psg = 0.85, pgp = 0.55, p7o = 0.85,
pPso = 0.81) [J3]

croECoG A, relative intensity changes remained stable across sessions, with no significant
differences between measurement days (Student’s t-test: ¢(65) = —0.79, p = 0.43) (Figure
4.15a). In contrast, SMP microECoG B showed a significant variation in relative intensity
across measurement days (one-way repeated analysis of variance ANOVA, OriginPro:
F(1.72,96.15) = 16.99, p < 0.05). However, the mean relative intensity remained above
0.5 throughout the measurement period (Figure 4.15b).

As both SMP microECoGs used the same substrate material (thiol-ene/acrylate) in the
optical path, I hypothesize that the observed differences in imaging performance are likely
due to factors such as variations in GCaMP6f expression rather than the microECoG
device itself. Chronic imaging quality may be influenced by immune response, sensor

expression efficiency, tissue regrowth, or other biological factors.

4.2.3 Results of the spike detection

Over a period of seven weeks, data collected from a single animal demonstrated consistent
neural spiking activity, including both multi-unit and single-unit events. My role involved
detecting spikes directly from the raw data and then analysing the detected activity in
depth. To differentiate between the various cell types, putative pyramidal cells, narrow-
waveform interneurons, and wide-waveform interneurons were classified based on the
trough-to-peak time of the waveform and the burstiness index. The clustering exhibited an
average of 24.01 4+ 7.8% of cells classified as narrow-waveform interneurons, 52.15 +14.63%

as wide-waveform interneurons, and 23.84 + 14.24% as pyramidal cells. The distribution
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Figure 4.15: Relative intensity change measurements with microECoG A and B from
two representative animals. A) Measurements with SMP microECoG A
(without SIROF layer). Long-term two-photon relative intensity change
compared to background intensity (nyo = 66;ny 11 = 254). The different
box plots represent measurements taken on different days. No significant
difference was observed between groups (Student’s two-sample t-test: p
= 0.43). B) Measurements with SMP microECoG B (with SIROF layer)
(nw1 = 67;nwoe = 57). Box plots represent different measurement days.
Boxplot whiskers are 5th and 95th percentiles, and ¢ are the outliers. No
significant difference was observed between groups (one-way ANOVA: p <
0.05) [J3].

and the number of detected cell types over the seven weeks is outlined in Tables 4.7 and
4.8. The values presented in the table for interneurons and pyramidal cells do not align
with the standard proportions documented in the existing literature. This is because
data were collected from a limited number of clusters, and the data underwent filtering,
which resulted in a restriction of the types of cells detected. Therefore, it is important to
note that these numbers represent specific data and not the general cellular composition
of the cortex. The mean burstiness index for the different neuron types was 1.267 & 0.208
for narrow-waveform interneurons, 1.033 4+ 0.142 for wide-waveform interneurons, and
1.426 + 0.273 for pyramidal cells. These values indicate that pyramidal cells tend to have
a higher burstiness index compared to interneurons, reflecting their well-known burst

firing patterns.

’ Weeks ‘ % of N-S Interneurons ‘ % of W-S Interneurons ‘ % of Pyramidal Cells ‘

1 25 43,75 31,25
2 36,36 9,09 54,55
3 20 10 70

1 16,67 41,66 41,67
5 30,77 23,08 16,15
6 14,29 14,208 71,43
7 25 25 50

Table 4.7: Percentages of the different cell types over the seven weeks. (N-S: narrow-
spiking; W-S: wide-spiking)

As illustrated in Figure 4.16, the waveforms of 82 spikes, along with their mean, have
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Table 4.8: Number of the different cell types over the seven weeks. (N-S: narrow-spiking;
W-S: wide-spiking)

been extracted from a putative pyramidal cell exhibiting single-unit activity. Figure 4.16B
shows the corresponding auto-correlogram, while Figure 4.16C presents the firing rate
and spontaneous activity of the single-unit activity cluster. Spike clusters recorded over
seven weeks were analyzed using all available channels. The number of detected clusters
varied depending on recording quality and cell firing rates. The SNR ratio was assessed
throughout the recordings (Figure 4.16D). A clear trend of decreasing SNR was observed
throughout the weeks. The statistical test results indicate that the majority of changes
occurred during the first few weeks (weeks 1-4), likely due to biological responses and
the initial development of scar tissue. In week 5, a significantly lower SNR, was observed
in comparison to the initial three weeks, and this diminished SNR persisted through
weeks 6 and 7 (Kruskal-Wallis test: p < 0.0001). Figures 4.16E and 4.16F illustrate the
mean amplitude and thespike rate recorded over time, respectively (Kruskal-Wallis test:
p < 0.0001). Amplitudes in weeks 6 and 7 were significantly lower compared to weeks
1, 2, and 3. In contrast, the firing rate showed an overall increasing trend throughout
the recordings, although a notably low value was observed in week 5. The firing rate in
week 6 was significantly higher than in weeks 1 and 5 (Kruskal-Wallis test: p < 0.0015).
Additionally, Figure 4.16G depicts the average number of spike clusters detected per week,
highlighting variations across the seven weeks. A more detailed analysis focused on spike
clusters recorded from two specific channels over the long term. A more detailed analysis
focused on spike clusters recorded from two specific channels over an extended period.
These clusters were selected from all recorded units due to their consistent presence on
the same two channels across all weekly recordings. This allowed for a closer examination
of neuronal activity characteristics over time. Figure 4.16H illustrates the maximum spike
amplitude of these two clusters, while Figure 4.161 presents their corresponding firing
rates. Notably, these clusters closely align with the average amplitude and spike count
trends shown in Figures 4.16E and 4.16F. This consistency further supports the reliability
of the findings, suggesting that the observed spike characteristics reflect broader trends
in the dataset.
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Long term single unit recordings. A) Waveforms of one single-unit cluster,

their average is highlighted B) Auto correlogram of the single unit cluster.
C) Firing rate of the single unit cluster D) Signal-to-noise ratio of the
clusters. The box plot shows the interquartile range, which extends from
the 25th to the 75th percentile, and the whiskers represent the minimum
and maximum values of the data set. E) Mean amplitude of the spikes
in all of the clusters during the chronic recordings. F) Firing rate in all
of the clusters. G) Number of detected clusters in the chronic recordings
H) Maximum amplitude of the spikes in two clusters (cluster A and B) I)
Firing rate of cluster A and B. Error bars represent standard deviation.

(Kruskal-Wallis test: #p < 0.05,%xp < 0.01, xxxp < 0.001, x*x%xp < 0.0001)
[J2].
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5 Discussion

5.1 Cortical neuronal responses to infrared stimulation

I observed that the suppression of the cellular activity upon IR stimulus is more dominant
for continuous wave protocol across all layers compared to pulsed wave stimulus of lower
frequencies (Figure 4.5A-C). The number of cells responding in each cortical layer was
less dependent on the type of PW stimulus, while the number of unaffected cells dropped
significantly compared to affected cells in the case of CW stimulus. These features suggest
that the recruitment of cells is less sensitive to the pulse duration of the stimulus (in
the regime down to 2 ms), but a remarkable change in tissue temperature (~ 5 °C) may
activate additional heat-sensitive ion channels in the cell membrane (see Figure 4.2).
Interestingly, the number of affected cells culminates in the CW stimulus protocol, where
the number of cells with suppressed activity is also increasing in all layers. My results
highlight the versatile behavior of the layers of the rat somatosensory cortex during IR
exposure and underline the importance of neuromodulation strategies aimed at performing
spatially localized, focal stimulation. However, since the Neuropixels probe was inserted
at an angle, I cannot definitively rule out the possibility that the observed effects are due
to distance rather than being layer-dependent. In this study, we targeted the bottom
part of layer 5 (layer 5b) with the tip of the optrode because, during ketamine/xylazine
anesthesia, the strongest neuronal activity is detected in infragranular cortical layers,
while activity in supragranular layers is sparse. Up-states during slow oscillations typically
start in layer 5, and the maximal excitation of the tissue with infrared stimulation occurs
closest to the optrode tip. Therefore, we aimed for a depth of 1200 pm from the cortical

surface, the approximate location of layer 5b.

5.1.1 Cell type specificity

Our observations rely on the parallel interrogation of several hundred neurons during
a single optical stimulation cycle. They eventually contribute to the analysis of the
individual behavior of several thousands of cortical neurons (n=7549) throughout the
whole experiment. Given the cortical activity, two important and broadly described types
of neurons are responsible for computational tasks. These are the putative Glu-ergic
neurons, which I here refer to as principal cells, and putative GABA-ergic interneurons.
Principal neurons participate in signal propagation, while interneurons are gating sig-
naling pathways. It is important to note, that GABA-ergic interneurons exhibit a large
diversity[141], and classification of these cell types and matching them to the electro-

physiological response are beyond the scope of this work. I use the term interneurons
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for all of these subtypes without differentiation. Based on my results, I can say that
these cells can show different activity patterns upon different stimulus onsets (see Figure
4.10). Interneurons and principal cells with suppressed and increased activity are more
responsive to CW stimulus than to PW stimulus (Figure 4.7D-G). Interestingly, the
number of recruited neurons increases notably as I use CW stimulus, which could be
partially caused by the massive change in tissue temperature (about 5 °C), and which
may be mediated by the diverse distribution of heat-sensitive ion channels in the cell

membrane of various type of neurons [142].

5.1.2 Effects of repeated stimulation and baseline changes

Our study also underlines the importance of the change in activity baseline after multiple
repetitions of the stimulation trial. Even though the temperature gets back to its original
state (see Figure 3.4), there is a long-lasting effect of the stimulation that keeps the
excitability of the affected neurons in an elevated state (see Figure 4.2F). Cayce and
co-workers [81] applied individual spike trains lasting 500 ms and consisting of 250 us
long pulses to evaluate the single unit response to IR (A = 1875 nm) stimulation in the
rat visual cortex using tungsten electrodes. Although it was not highlighted in their
manuscript, the repeated use of the stimulation sequence led to elevated activity of the
interrogated neurons, which responded with inhibitory behavior to the illumination of
the cortex. It should be noted that in their experiment, only the superficial area of the
intact cortex was exposed to light, while in the current study, intracortical stimulation
is assessed. Later, the same irradiation parameters were used in the macaque visual
cortex, however, the effect of the repetitive use of the stimulation sequence was not
demonstrated [143]. My work also extends the dataset on this potential issue, as a change
in temperature is estimated and compared to the evolution of spike rate along various
stimulation types. Based on my observations, I can conclude that neuronal excitability is
changed for a longer period, which goes well beyond the period necessary to reach the

baseline temperature again.

5.1.3 Temporal dynamics of temperature and neural activity

Figure 4.11A shows that the rise time of temperature is varying, since at higher frequencies
of pulsed and also at CW stimulation longer time was necessary to get into the steady-state.
For the fall time, the system got back to the baseline in similar periods. Given Figure
4.11 and 4.12, the change in the spike rate of both excited and suppressed neurons did
not follow the same time scale as that of the temperature but reached the average activity
around 35 — 40 s. This suggests that regardless of the type of evoked activity, the same
molecular switches may be activated. Even though the rise time follows temperature data,
the response time in individual sessions exhibits some variability. This may be associated
with the difference in the spontaneous state of the affected brain region. Importantly,
this average timescale remained stable during the repetition of any type of stimulation
cycle (see Figure 4.11B-C and Figure 4.12B-C). It should be noted that these temporal

features are calculated based on the relative change in spike rate activity for each session.
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As was implied by the change in baseline activity, the gradual increase in the absolute
firing rate is not fully linked to the thermal processes, but there is a cumulative effect,
even though it has no clear influence on the temporal features of individual stimulation
sessions. To clarify this issue, a stimulation protocol with a much longer relaxation time
should be applied in a future study.

In conclusion, our work on high-density laminar electrophysiological recordings was
utilized for the first time to reveal intracortical response to pulsed and continuous-wave
infrared irradiation. My findings confirm that evoked action potentials exhibit layer- and
cell-specific features in the rat cortex. The results also highlight the distinct cellular
response to CW and PW illumination protocol. Increasing the tissue temperature with
the CW stimulus, the number of responsive cells significantly increases and shows an
inhibitory effect on single unit activity, unlike PW stimuli performed at lower frequencies.
Suppression and increase of both interneurons and principal cell activity are more dominant
for CW stimulus. My measurement of the baseline activity gives remarkable evidence of
the change of cell excitability after the repetitive use of the stimuli even though changes in
both tissue temperature and the firing rate have already been reestablished. My results on
the response time suggest that careful considerations need to be taken during the design
of the stimulus sequence to avoid cumulative effects. Finally, I found that suppression or
activation of individual interneurons and principal cells with similar firing rate change
can be elicited regardless of the pulsed or continuous nature of the IR illumination, which
proves that each biophysical mechanism already proposed to explain IR stimulation
contributes to the evoked response of cell populations. This fact further emphasizes the
importance of combining electrophysiological and molecular tools to precisely characterize

the excitability of cortical cells in vivo.

5.2 Validation of transprent SMP microECoG for chronic

multimodal recording

This study demonstrates the potential of multimodal recordings combining two-photon
microscopy with a transparent shape memory polymer-based microECoG device in
chronically implanted mice. My results highlight the optical performance of this innova-
tive implant and support its long-term usability for simultaneous optical and electrical
interrogation of neuronal populations.

The use of SMPs, particularly thiol-ene/acrylate, as neural interface materials has only
recently gained popularity. While previous studies have successfully used SMP-based
intracortical probes for electrophysiological recording in rodents [60], [144], [145], our work
extends the application of this material by integrating it into a transparent electrocor-
ticography array suitable for simultaneous optical imaging. One of the major advantages
of SMPs over conventional silicon-based implants is their reduced immune response, as
demonstrated in previous histological studies. Our previous research introduced the first
SMP-based intracranial EEG electrode array, and building on this, I now provide evidence

of its compatibility with two-photon microscopy [42].
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5.2.1 Optical performance

Two-photon microscopy is an invaluable tool for high-resolution fluorescence imaging in
living neural tissue. Using near-infrared excitation allows deeper penetration with minimal
scattering, enabling high-contrast imaging without significant off-focal fluorescence. Given
the tissue-friendly properties of SMPs, our study further validates their suitability for
chronic imaging applications. Using our transparent microECoG device, I successfully
visualized fine neuronal structures in hippocampal slices without noticeable optical
distortion, confirming its potential for high-resolution imaging.

While previous research has explored transparent multielectrode arrays in combination
with two-photon microscopy, these studies have largely been limited to proof-of-concept
experiments. They have not systematically evaluated the long-term stability of optical
properties or the feasibility of extended multimodal imaging sessions. In addition, image
quality has not been consistently monitored over time. To address this gap, we performed
chronic in vivo imaging for up to 22 weeks after implantation, ensuring that the detected
fluorescent calcium signals remained of sufficient quality to distinguish individual neuronal
structures.

Our previous work was among the first to quantitatively assess optical performance in
a chronic setting using a Parylene HT /ITO-based ECoG array implanted for 51 days [98].
The present study extends this timeline and shows that optical quality remains intact
after 22 weeks, with no evidence of signal degradation due to SMP microECoG failure.
The ability to maintain high-resolution imaging and stable fluorescence signals over this
extended period underscores the robustness of our SMP-based microECoG design.

Taken together, my results confirm that the optical performance of the transparent SMP
microECoG array meets the stringent requirements for chronic multimodal experiments.
This SMP microECoG enables the long-term integration of two-photon microscopy with
cortical electrophysiology, paving the way for future studies exploring neural dynamics in

healthy and diseased states.

5.2.2 Electrophysiological recording quality

Despite the SMP microECoG’s initial non-design for single-unit activity recording, I
successfully captured action potentials with adequate signal quality. To enhance SUA
recording, a reduction in the size of the recording sites and the distance between them,
coupled with an increase in the number of channels, would optimize performance, as
asserted by Khodagholy et al [146]. Reducing electrode size and spacing while increasing
the number of channels enhances spatial resolution and signal clarity, which is essential for
distinguishing waveform characteristics of different neuron types. However, electrodes that
are too small may decrease the signal-to-noise ratio and compromise recording stability,
highlighting a practical and physiological limit to miniaturization. Moreover, different
neuron sizes may require electrodes of varying dimensions for optimal recording efficiency.
Electrode spacing is also critical, as it affects how many channels detect the activity of a
single neuron, impacting the accuracy of spike sorting algorithms. Finally, the spatial

distribution and density of neurons must be considered when designing the recording
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setup, as these factors influence the detectability and separation of individual cells. An
enhancement in the density of recording sites would also facilitate improved localization
of signal sources within the hippocampus. However, it is important to consider that
increasing the density of the electrodes could limit the optical imaging field of view.
Despite these challenges, the SMP microECoG, even with its current density of channels
and recording site size, is capable of detecting subtle spatiotemporal changes in both
electrophysiological and calcium signals during early disease progression. This study
signifies the initial successful long-term utilization of a soft microelectrode grid embedded
in a hippocampal cranial chamber, enabling the chronic recording of action potentials, in
addition to optical access for calcium imaging through the transparent substrate layer.
The implanted shape memory polymer thiol-ene/acrylate microECoG yielded stable
electrophysiological signals from the hippocampus, including MUAs, and SUAs, over
several weeks, maintaining transparency for two-photon imaging for up to six months in

GCaMP6f-expressing transgenic mice.

5.3 Considerations for clinical translation and limitations

While the findings of this dissertation provide valuable insight into the modulation and
monitoring of cortical activity in rodents, translating these technologies to human use
presents several challenges and considerations. A key limitation of infrared neuromodu-
lation in human applications is the variability in brain size and tissue properties. The
penetration of infrared light is constrained by the processes of scattering and absorption
within biological tissue [147]. In contrast to the relatively thin cortex of rodents, the
human cortex is significantly thicker and covered by a denser skull and dura. These
disparities can significantly attenuate the delivered light, thereby reducing both efficacy
and spatial resolution. Furthermore, the thermal safety window must be reconsidered for
human applications. Repeated or prolonged exposure to infrared light has been demon-
strated to pose a greater risk of tissue heating in humans due to reduced heat dissipation
and differences in vascular perfusion. Clinical use would therefore require optimized
delivery mechanisms, along with real-time temperature monitoring and adaptive feedback
control to prevent unintended thermal effects. Physiological differences also impact the
response to infrared stimulation. Human neurons differ in their electrophysiological
properties and ion channel expression, particularly thermosensitive TRP channels, which
are crucial mediators of infrared-induced effects [148], [149]. These differences imply that
stimulation parameters cannot be directly translated from rodent models. For instance,
human neurons may require higher radiant exposure or modified pulse patterns to achieve
comparable modulation. Validation in non-human primates and human brain slices would
be critical before pursuing clinical applications.

The transparent shape memory polymer-based microECoG array developed in this
study demonstrates considerable potential for future human applications. The material’s
flexibility and optical transparency render it particularly well-suited for surface cortical
recording during neurosurgical procedures and for the development of long-term brain-

computer interfaces. However, adapting this technology for clinical use is a complex
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undertaking. To scale the array to human cortical dimensions, it is necessary to increase
both the coverage area and the channel count while preserving mechanical softness and
transparency. Achieving this aim will require further material engineering to ensure that
the device is durable, flexible, and biocompatible over extended implantation periods.
From a functional standpoint, signal fidelity and spatial resolution may degrade due to
increased cortical curvature, dura thickness, and brain movement in humans. In contrast
to the relatively uncomplicated motion of rodents, the human brain is subject to more

substantial micromotion, which has the potential to affect signal stability [150].

5.4 Generalizability of layer- and cell-type-specific responses

While the present study demonstrates distinct layer- and cell-type-specific responses
to infrared stimulation in the rat somatosensory cortex, the extent to which these
findings can be generalized to other model systems remains an important consideration.
Significant differences in cortical architecture, neuron density, and the distribution of
thermosensitive ion channels exist between species. For instance, the human cortex
possesses expanded supragranular layers and a more diverse population of inhibitory
interneurons than rodents, which may alter both the spatial and temporal dynamics
of infrared-induced neuromodulation. Electrophysiological properties exhibit marked
differences as well. Human pyramidal neurons manifest slower h-current kinetics and
longer integration times in comparison to rodent neurons. Such physiological distinctions
influence responsiveness to stimulation and may lead to divergent patterns of activation,
suppression, or plasticity. Furthermore, the organization and connectivity of large-scale
cortical networks in primates are more complex, potentially impacting the integration
and propagation of stimulation-evoked responses.

To ascertain the broader applicability of these findings, future research should entail
comparative analyses in species with more human-like cortical structures, such as non-
human primates, or utilize human brain slices where feasible. Ideally, these studies should
be performed under awake and behaviorally relevant conditions to assess whether the
observed effects are conserved features of cortical processing or limited to the anesthetized

rodent somatosensory system.

5.5 Potential applications

The findings of this dissertation propose multiple applications in both fundamental
neuroscience and translational research. The two primary research directions that have
been investigated, infrared neuromodulation and transparent shape memory polymer-
based microelectrocorticography, hold significant promise for the advancement of brain
interface technologies and experimental neuroscience.

In the context of infrared neuromodulation, the observed layer- and cell-type-specific
effects of pulsed and continuous-wave infrared stimulation serve as a foundational basis
for the development of more targeted and minimally invasive brain stimulation techniques.

This approach has the potential to be applied in therapeutic contexts, such as modulating
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dysfunctional circuits in neurological disorders like epilepsy, chronic pain, or movement
disorders. The contact-free nature of infrared light makes it a suitable candidate for
neuromodulation without introducing implants into deep tissue. Furthermore, the capacity
to precisely modify excitability at specific cortical depths provides novel opportunities
for non-electrical, spatially refined stimulation. A comprehensive understanding of the
influence of diverse stimulation protocols on neuronal activity over time is essential for
the development of safe and effective stimulation parameters for chronic or closed-loop
systems, where stimulation adapts to ongoing neural responses in real time.

The SMP-based transparent microECoG array, which has been validated for long-term
simultaneous optical and electrophysiological recordings, has the potential to lead to a
broad range of applications in the field of neuroscience research. Its capacity to preserve
optical clarity and stable electrical performance over an extended period makes it particu-
larly beneficial for the study of chronic conditions, such as epilepsy and neurodegenerative
diseases. Furthermore, the system is particularly well-suited for high-throughput drug
screening, where real-time monitoring of calcium signals and electrophysiological activity
can provide immediate feedback on the efficacy of the compounds under investigation.
The device’s transparency and flexibility make it well-suited for studying synaptic plas-
ticity, developmental changes, and circuit remodeling over time. Despite the fact that
the current design was not optimized for single-unit recordings, the successful capture
of action potentials suggests its potential for further development in high-resolution
brain-machine interfaces.

The techniques developed and tested in this work collectively constitute a versatile
platform for probing and manipulating cortical activity with high spatial and temporal
precision. The combined utilization of these approaches in future studies has the potential
to substantially enhance our capacity to observe, understand, and influence neural circuits
in both health and disease.
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6 Conclusions

This dissertation addresses two central challenges in current neuroscientific research: the
need for precise, gene-free neuromodulation strategies, such as infrared neural stimulation,
and the development of flexible, transparent neural interfaces that can support long-term,
multimodal recordings. Through a combination of in vivo electrophysiology, two-photon
imaging, and device engineering, this work advances our understanding of the cortex’s
response to infrared stimulation and the practical development of biocompatible neural

recording systems.

6.1 Addressing objective 1: Characterizing layer- and

cell-type-specific cortical responses to infrared stimulation

I used high-density laminar electrophysiological recordings with a Neuropixels probe to
examine the intracortical response to pulsed and continuous-wave infrared irradiation in
adult Wistar rats (n = 8). In this study, I recorded the activity of 7,549 single-units from
anesthetized rats during pulsed (1 Hz, 10 Hz, 50 Hz, 100 Hz, 500 Hz) and continuous-
wave infrared light stimulation. The stimulation was applied using an optrode device
positioned in layer 5 of the somatosensory cortex. I focused on investigating the effects of
the stimulation on the firing rate of cells across different cortical layers and cell types, as

well as exploring the temporal dynamics of the neuronal response.
Thesis group 1.

Thesis I.1. I showed that continuous-wave infrared stimulation leads to a greater propor-
tion of cortical neurons exhibiting suppressed firing compared to pulsed wave stimulation,
which more commonly induced increased activity. Neurons with increased firing rates
nearly doubled their activity during stimulation, while suppressed neurons exhibited an
average reduction of about 40%. Additionally, CW stimulation induced significantly

larger changes in firing rates than pulsed wave stimulation across the tested frequencies.

Thesis 1.2. I determined that the effect induced by continuous infrared stimulation
depends on which cortical layer is examined. I observed significantly greater suppression
in the superficial and input layers (layers 2/3/4) compared to the deeper layers (layers 5
and 6).

Thesis 1.3. I determined that the stimulation frequency significantly influences the

activity of interneurons and principal cells: at higher stimulation frequencies, activity
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increased in the excited cells and decreased in the suppressed cells. In the case of
interneurons, more cells showed suppressed activity, while in the case of principal cells,

increased activity was observed in the majority of cells.

Thesis I.4. I showed that in the case of continuous infrared stimulation, the rise time
of the firing rate was significantly longer than in the case of pulsed stimulation. The
fall times were consistently faster in comparison. This points to the unique temporal
dynamics of neural responses to heating. The rise time remained consistent across the

five stimulation periods.

Publications related to the thesis points

The publication related to this thesis group is: [J1]
The conference posters related to this thesis group are: [P1]-[P3]

6.2 Addressing objectives 2 and 3: Evaluating the optical and
chronic recording performance of a transparent microECoG

interface

The second focus is the development and evaluation of a transparent, flexible, thiol-
ene/acrylate shape memory polymer-based microelectrocorticography device. This SMP
microECoG enables two-photon optical imaging and electrophysiological recording simul-
taneously over long periods. The SMP microECoG exhibited high optical clarity with
minimal distortion during imaging and demonstrated stable single-unit spike detection in
chronic hippocampal recordings lasting at least seven weeks. This confirms its suitability

for long-term neural monitoring.

A transparent microECoG device was presented using thiol-ene/acrylate shape memory
polymer as a biocompatible flexible transparent polymer substrate and Parylene C
encapsulating material with gold and STROF as a conductive layer. This array features
115 pm diameter recording sites, which are spaced 400 um apart. I assessed the impact
of an SMP-based microECoG device on two-photon imaging by analyzing fluorescent
microbeads and hippocampal slices in in vitro images, and the relative fluorescent intensity
change in mice somatosensory (n=3) cortex in vivo, for 22 weeks. I also explored the
SMP microECoG’s ability to record single-unit activity from the mice hippocampus (n=7)

over extended periods.
Thesis group II.

Thesis I1.1. Using fluorescent microbeads, I showed that the SMP-based microECoG
device produces no significant optical distortion on two-photon microscopy images. Addi-
tionally, dendritic diameters in hippocampal slices remained consistent across imaging

depths, indicating that fine neuronal structures can be visualized with high fidelity
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through the device, preserving the optical clarity required for high-resolution, multimodal

imaging.

Thesis 11.2. I demonstrated that relative intensity changes in GCaMP6f-labeled neurons
relative to background fluorescence were consistently visible over 22 weeks, and no
significant differences were observed during two-photon imaging of awake, freely moving
mice. My results indicate that the microECoG device enables long-term stable, high-

resolution multimodal imaging without significant optical signal degradation.

Thesis I1.3. I conclude that SMP microECoG has reliable, long-term electrophysiological
recording capabilities, including the detection of single-cell activity, for at least seven
weeks, based on in vivo data.

Publications related to the thesis points

The publications related to this thesis group are: [J2], [J3]
The conference posters related to this thesis group are: [P4], [P5]
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7 Summary

This dissertation explores state-of-the-art neurotechnologies that can precisely modulate
and monitor brain activity. These technologies have applications in the treatment of
neurodegenerative and neurological disorders. The first part of the study focuses on
infrared neural stimulation, a minimally invasive technique that uses localized heating
to influence neuronal behavior. Using high-density laminar electrodes in anesthetized
rats, the results show that pulsed INS enhances neuronal firing, especially in superficial
cortical layers, while continuous-wave INS suppresses activity. These results suggest
that heat-sensitive ion channels (e.g., TRPV and TREK) and membrane biophysics are
essential to INS mechanisms.

The second part of the study evaluates a microelectrocorticography device made of
shape memory polymers that is designed for long-term, high-resolution neural recording.
The device is compatible with two-photon microscopy and enables simultaneous optical
imaging and electrophysiological recordings without significant optical distortion. The
device successfully detects single-unit spikes for at least seven weeks, demonstrating its
potential for reliable long-term neural monitoring.

Together, these studies advance the field of neurotechnology by providing novel insights
into neuromodulation and neural interface design with implications for basic neuroscience

research and clinical intervention.

7.1 Future outlook

Based on these findings, several potential areas of future research are emerging. Regarding
neuromodulation, further investigation is needed into the biophysical and molecular
mechanisms underlying changes in infrared-induced neural activity. Specifically, future
work should aim to map the roles of thermosensitive ion channels, such as TRPV1, TRPV4,
and TREK. It should also explore how changes in membrane capacitance contribute to
spike modulation during rapid, localized heating. Understanding these mechanisms is
essential for optimizing the selectivity, efficacy, and safety of INS for therapeutic use.
Regarding device engineering, efforts should be made to redesign the mmicroECoG
array to increase contact density and spatial resolution. This will enhance the SMP
microECoG’s ability to detect and isolate single-unit activity across wider cortical areas.
Additionally, developing a scaled-up, primate-compatible version of the SMP microECoG
would be a significant step toward human applications. This platform could enable chronic
optical and electrophysiological monitoring in non-human primates, supporting research
into neurological disorders and neuromodulation therapies at a scale that is more directly

relevant to the human brain.
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Together, these proposed directions would extend the impact of this work and bring us
closer to achieving minimally invasive, high-precision neuromodulation and monitoring

systems for basic neuroscience and clinical translation.
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