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SUMMARY

Alzheimer's disease (AD) is a progressive neurodegenerative disease, accounting for
about two thirds of dementia cases. Despite signi cant efforts to diagnose and cure AD,
there are still no effective therapeutics to halt disease progression. While the conventional
understanding attributes memory loss to the buildup of amyloid and tau proteins, emerging
evidence suggests that cognitive decline in AD may stem from neuronal circuit dysregula-
tion rather than protein aggregation. Speci cally, alterations in the excitability of inhibitory
interneurons may contribute to circuit dysfunction, although the evolution of this dysregu-
lation across brain regions and over time remains poorly understood. To address this gap,
the goal is to systematically investigate the emergence of parvalbumin (PV) interneuron
dysfunction in AD, hypothesizing their early involvement in vulnerable brain regions.

In order to study these PV interneurons at the single cell level, with suf cient spatial and
temporal resolution, this thesis will utilize patch clamp electrophysiology. The patch clamp
technique is remains necessary for fully elucidating cell-type-speci ¢ behavior, although it
is dif cult and time-intensive. While patch clamp systems have emerged that automate
certain aspects of the procedure, there remain challenges that can be remedied with im-
proved automation techniques. To overcome these obstacles, several strategies have been
developed to improve the success rates and facilitate the execution of automated, high-
throughput investigations. In the initial identi cation of cells within acute brain slices, a
deep learning methodology automatically nominates neurons for subsequent automated ex-
periments. Addressing concerns regarding pipette localization errors, a convolutional neu-
ral network (CNN), speci cally ResNet101, has been adapted and trained to autonomously
detect and rectify the misplacement of pipette tips during automateitfo patch clamp
experiments. Furthermore, to facilitate investigations into synaptic connections between
neurons, a method named patch-walking was demonstrated in brain slices, enabling ef -

cient nding of synaptic connections.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Studying the brain

Studying the brain is not only fascinating due to its incredible complexity but also crucial
for unlocking the mysteries of human cognition and behavior. As the most intricate or-
gan in the human body with over 100 billion neurons, the brain orchestrates a multitude
of functions, from sensory perception to higher-order cognitive processes like memory,
decision-making, and creativity [1]. Its complexity lies not only in its sheer number of
cells and simultaneous computations, but also in its dynamic and adaptable nature, capa-
ble of learning, plasticity, and self-regulation [2]. The brain serves as the command center
for all physiological and psychological processes, governing everything from basic motor
functions to complex thought processes and emotions [2] (Figure 1.1). By studying the
brain, researchers can decipher how neural circuits process information, form memories,
generate behaviors, and adapt to environmental changes. Such insights not only deepen our
understanding of human nature but also hold the key to developing effective treatments for
neurological and psychiatric disorders, improving mental health outcomes, and enhancing
overall well-being.

The basic neuroanatomy of the brain provides a structural framework for understand-
ing how different regions contribute to various functions, yet the intricate workings of
these regions are not fully understood. The brain is organized into distinct regions, each
with specialized roles in processing sensory information, regulating emotions, controlling
movement, and governing higher cognitive functions [3, 2]. For instance, the frontal lobe is
involved in decision-making and executive control, the temporal lobe in memory formation

and auditory processing, and the occipital lobe in visual perception [4]. Additionally, sub-



cortical structures such as the hippocampus and basal ganglia play critical roles in learning,
memory, and motor control [2, 5]. The precise mechanisms underlying how these regions
interact and coordinate to produce complex behaviors and cognitive processes are still not
fully understood [3]. There are numerous approaches for investigating how the brain gener-
ates complex behaviors, spanning from examining the macroscale through techniques like
electroencephalography (EEG), magnetoencephalography (MEG), and magnetic resonance
imaging (MRI), to the mesoscale using tools such as local eld potential (LFP) electrodes,

and, crucially, analyzing the individual building blocks of the brain: neurons.

Figure 1.1:. Graphical representation of the brain and its role in our lives: from complex
thought processes such as cognition and emotion to autonomic functions and motor control.

Neurons are the fundamental units composing the intricate architecture of the brain,

serving as the basic building blocks of neural networks. These specialized cells possess



unique structures and functions crucial for information processing within the nervous sys-
tem. Structurally, a typical neuron consists of a soma (cell body), dendrites, and an axon
covered in myelin sheath, as shown in Figure 1.2A. Dendrites receive signals from other
neurons or sensory receptors, while the axon transmits electrical impulses, known as action
potentials, to other neurons. The membrane consists of a lipid bilayer embedded with ion
channels, which regulate the concentrations of ions such as Na+, K+, and CI- in the cell as
shown in Figure 1.2B, in uencing the neuron's electrical characteristics. The movement of
ions across the membrane leads to uctuations in its potential. Typically, a neuron main-
tains a resting membrane potential of around -60 to -70 mV. Once this potential reaches
a threshold, the neuron initiates an action potential, as shown in Figure 1.2C. This occurs
due to an in ux of Na+ ions into the cell, causing depolarization. Subsequently, as sodium
channels close, potassium channels open, allowing K+ ions to exit the cell and repolarize
it. Following a recovery period, the cell returns to its resting state.

The communication between neurons primarily occurs at specialized junctions called
synapses, as highlighted in Figure 1.2B. When an action potential reaches the presynaptic
terminal of one neuron, it triggers the release of neurotransmitters into the synaptic cleft,
which then bind to receptors on the postsynaptic membrane of the receiving neuron, lead-
ing to the generation of new electrical signals. This process enables neurons to transmit
information across neural circuits, forming the basis of complex cognitive functions and
behaviors.

Studying the brain has immense implications for advancing medical treatments, partic-
ularly in the realm of neurological and psychiatric disorders. Neurodegenerative diseases
such as Alzheimer's, Parkinson's, and Huntington's disease pose signi cant challenges due
to their complex etiology and lack of effective therapies [8]. By elucidating the underly-
ing mechanisms of these diseases, researchers can identify novel therapeutic targets and
develop innovative treatment strategies aimed at halting disease progression, mitigating

symptoms, and improving patient outcomes.



Figure 1.2: A. Graphical representation of the human brain, highlighting the granularity of
neurons in the brain. [6] B. Cartoon schematic of a neuron, with a close-up of a synaptic
cleft. C. Close up view of a neuron's membrane, displaying the lipid bilayer and represen-
tative ion channels. D. Diagram of an action potential, with indicators on the threshold,
depolarization, repolarization, and hyperpolarization. (Adapted from [7].)

1.2 Alzheimer's disease

1.2.1 De nition andimpact

AD stands as a formidable neurodegenerative disorder characterized by progressive cogni-
tive decline and memory impairment. Its pathological hallmarks include the accumulation
of amyloid-beta plaques and tau protein tangles in the brain, leading to synaptic dysfunc-
tion, neuronal loss, and ultimately, cognitive impairment [9, 10, 11] (Figure 1.3A). AD
typically manifests with mild onset symptoms and gradually worsens over time, signi -
cantly impacting affected individuals' daily functioning and quality of life. While memory
loss represents a prominent early symptom, AD eventually affects multiple cognitive do-

mains, including language, executive function, and visuospatial abilities [11]. As the most



common cause of dementia, AD poses signi cant challenges for healthcare systems and
societies worldwide [12], necessitating urgent attention and innovative approaches to diag-
nosis, treatment, and care.

The prevalence of AD has reached epidemic proportions, affecting tens of millions
of individuals worldwide and posing a substantial burden on global healthcare systems
[13]. Currently, AD accounts for the majority of dementia cases, making it the leading
cause of cognitive impairment among older adults [14]. With an aging population and in-
creasing life expectancy, the prevalence of AD is expected to escalate dramatically in the
coming decades, placing further strain on healthcare resources and caregiver support net-
works [13]. Beyond the individual suffering experienced by those diagnosed with AD, the
disease exerts profound emotional, nancial, and societal tolls on families and communi-
ties. Addressing the global impact of AD requires concerted efforts to raise awareness,
improve early detection and diagnosis, and develop effective interventions aimed at mit-
igating disease progression and enhancing the quality of life for affected individuals and

their caregivers.

1.2.2 HallmarksandTherapeutidApproaches

The hallmarks of AD in humans encompass a spectrum of pathological changes that con-
tribute to cognitive decline and neurodegeneration. Amyloid Betad) (#lagues and tau
protein tangles represent the classic neuropathological features observed in AD brains [18].
A plaques, formed by the aggregation of amyloid-beta peptides, disrupt synaptic function
and trigger neuroin ammation, contributing to neuronal dysfunction and loss [19] (Fig-
ure 1.3B). Tau protein abnormalities, characterized by hyperphosphorylation and aggrega-
tion into neuro brillary tangles, disrupt intracellular transport and cellular integrity, further
exacerbating neuronal damage [19]. Understanding the complex interplay of these patho-
logical changes is crucial for elucidating the mechanisms underlying AD pathogenesis and

developing targeted therapeutic interventions.
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