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Chapter 1

Cells of the human brain

The brain enables all animals, including humans, to experience, explore and interact with the external
world and our internal selves. The brain gives rise to our consciousness, perceptions, senses, actions,
emotions and memories. How the brain is able to achieve all these high-level functions is still largely a
mystery, but humanity is slowly learning more about itself through the science that focuses on the
function of the brain, called neuroscience.

The human brain contains an estimated 86 billion neurons!, cells that communicate with each other
and send their signals to the rest of body. The neuron as the fundamental unit of the nervous system
was established based on the works of Spanish neuroscientist Santiago Ramén y Cajal around 1891%°.
At the time, the dominating theory was that the nervous system functioned as a web of interconnected
fibers without discrete units. However, detailed histological analysis by Cajal and his students showed
that discrete cells could be identified, and the long fibers have discrete endings?, from where they
communicate to other neurons. This junction between two neurons is called the synapse and it is the
location where two neurons interact through the release of neurotransmitters®. These neurotransmitters
are small-molecule chemicals which are released from the presynaptic axon and then detected in the
post-synaptic region of the receiving neuron, transferring information from one neuron to the next.
Each neuron can have synapses with hundreds of other neurons, forming an intricate network from
which complex brain function emerges.

While neurons have historically been credited the most for brain function, the brain contains as many
cells that are not neurons: glia. Historically viewed as ‘glue’® their contribution to the brain have long
been under appreciated. However, research in the past decades has demonstrated that glial cells are
indispensable for a healthy and functional brain. Astrocytes, star-shaped cells’, were the first described
glial cells and they are the main facilitators of all chemical processes in the brain, regulating the blood-
brain barrier through contact with blood vessels®, distributing lipids and other chemicals to neighboring
brain cells and are even actively involved in synaptic transmission’. Oligodendrocytes, cells with few
branches", facilitate fast and long-range communication between neurons through the myelination of
neuronal axons'. Microglia, small glia cells', are the immune cells of the brain, a specialized
community of macrophages' that survey the brain for molecular cues of defects'. These cues can
induce a plethora of microglial activation states associated with functions that sculpt, protect and clean
the brain®. For example, microglia prune synapses during development'®?’, remove apoptotic cells's,
sculpt myelin to enhance stability’®, and respond to damage and pathogens®.

All these cells work together to shape the brain in an intricate anatomy (Figure 1). In human cerebral
cortex, neuronal cell bodies reside in grey matter, where their dendrites receive inputs from nearby
neurons and from neurons in other brain regions. Communication towards other brain regions
happens through long-ranging axons, that travel through the white matter of the brain (Figure 1). In
the white matter, axons are myelinated by oligodendrocytes to provide metabolic support?®, electrical
insulation", physical protection and an energy reserve®?. Myelin is a multilamellar membrane structure
made up of many lipids and proteins, making the tissue appear whiter (Figure 3). It is organized into
segments, produced by distinct oligodendrocytes, leaving small gaps called ‘nodes of Ranvier’. These
gaps allow the electrical signal to "jump" from node to node in a process called saltatory conduction',
significantly increasing the speed of signal transmission®.
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Neurodegeneration

As the human body ages, brain function declines. The prevalence and severity of neurodegenerative
disease is increasing worldwide. Dementia is the most prevalent neurodegenerative disease with 50-60
million patients currently worldwide, while this is estimated to rise to 130-180 million by the year
2050%*. In the Netherlands, dementia cases are expected to rise to 0.5 million by 2050, almost a doubling
from the current number of patients?. This is in part due through improved ability to prevent and treat
many other diseases, including infectious diseases and cancer, resulting in increased life expectancy. As
age is the primary risk factor for neurodegenerative disease®, increasing life expectancy comes with an
increased burden of neurological disorders for humans and society?. Thus, while diseases of the brain
are currently already a societal challenge, this will become an even larger burden in the future. The
development of new therapeutic strategies to prevent, manage and treat neurological disorders is of
pivotal importance to sustain high quality of life and a prospering society.

The most common form of dementia is Alzheimer’s disease, characterized by the accumulation of
aggregates of proteins”’, most commonly amyloid-p and hyperphosphorylated Tau which spread
around the brain, concomitant with loss of neurons®? (Figure 2). Alzheimer’s disease is also
characterized by chronic neuroinflammation, in which microglia play an important role as the innate
immune cells of the brain®. Despite considerable efforts of both academic researchers and the
pharmaceutical industry, no effective treatments are currently available to stop the progression of
neurodegeneration in Alzheimer's disease.

Neurodegeneration can also affect young people. The most prevalent neurodegenerative disease among
young adults is multiple sclerosis (MS)*'. With currently more than 2.8 million patients worldwide*
and its lifelong chronic character, MS is a major burden for patients worldwide, for next of kin and for
society as a whole. The dysfunction, damage and complete removal of myelin is the hallmark of MS*
(Figure 2). When myelin is destroyed or damaged, in a process called demyelination, signal
transduction through axons slows down or stops altogether, leading to a variety of symptoms such as
muscle weakness, coordination problems, and sensory disturbances, but also cognitive problems.
Myelin is not just vital for rapid signal transduction but also for protecting and maintaining the health
of the underlying axons. Without myelin, axons are more vulnerable to further damage and permanent
degeneration. Neuroinflammatory processes observed in Alzheimer’s disease play also a key role in
driving demyelination in MS*.

Therapies addressing this inflammatory component, specifically by targeting adaptive immune cell
infiltration, are effective in the early stages of MS*. However, for the progressive phase of the disease
currently no effective therapies are available, which is a critical unmet clinical need*.
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Figure 1. Cellular organization in the human cerebral cortex. Neuronal somas (blue) reside in the grey matter of
the cerebral cortex, where they form synapses with nearby neurons (green) and incoming axons from other brain
regions. Long-ranging axons travel to target brain regions with long myelinated axons through the white matter,
where extensive myelination happens by oligodendrocytes (yellow). In both brain regions, astrocytes (purple) and
microglia (red) maintain homeostasis and finetune myelination and synaptic transmission, leading to a balanced

and fast working brain.
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Figure 2. Neurodegeneration of the human cerebral cortex in Alzheimer's disease and multiple sclerosis.
Neurodegeneration on the macro-scale is seen by cortical atrophy, enlarged ventricles and reduced white matter. In
Alzheimer’s disease, extracellular amyloid-P plaques accumulate and intracellular Tau-tangles emerge, concomitant
with neuronal death, gliosis and microglial activation. In multiple sclerosis, demyelinating white matter lesions
appear, impairing neuronal function. Infiltritating immune cells drive this process and immunoglobulins enter the
brain. Phagocytosis of myelin by microglia leads to the formation of inflammatory foam cells and axonal damage,
leading to gliotic scars with chronically impaired axonal function.

“11-
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Drug discovery for brain diseases

While many effective treatments or cures have been developed for many diseases affecting peripheral
organs, addressing brain diseases has proven to be notoriously challenging. This difficulty arises from
four main factors:

1.  The underlying causes (etiology) of many neurological disorders are currently still poorly
understood.

2. The unique pharmacological challenges of the brain: Unlike peripheral organs, the brain is
protected by the blood-brain barrier, which effectively blocks unfamiliar or potentially
harmful chemicals.

3. The brain has a tremendous cellular and anatomical complexity (Figure 1), which makes it
difficult to precisely target a single biochemical pathway. For example, a drug designed to act
on microglia may have opposing effects on other cell types, such as neurons or astrocytes.

4. The vulnerability of brain cells, particularly neurons. Neurons have very limited capacity for
spontaneous regeneration. Unlike most cells in the human body, neurons do not proliferate
and thus loss of neurons in conditions like dementia is permanent. In addition, even if adult
neurogenesis was possible, the ability of newborn neurons to contribute to the complex brain
network is limited as neural networks are shaped over the course of many decades. As a result,
many therapies focus on limiting further deterioration rather than reversing the damage
already done and restoring brain function.

To improve the success of drug discovery for the central nervous system more research into the
molecular mechanisms driving the progression of neurological disorders is imperative.

Lipids and brain function

Lipids play a central role in the biology of all brain cells. While lipids form the physical membranes of
all cells throughout the body, the brain is uniquely lipid-rich compared to most other organs. In fact,
lipids account for ~50% of the dry weight of the human brain®*. A significant portion of these lipids
are found in the fatty myelin sheath, which is even more lipid-dense** (Figure 3). Remarkably, the brain
is largely self-sufficient in lipid synthesis and much less dependent on dietary intake of lipids compared
to peripheral organs, especially for cholesterol, a major myelin lipid**-*2.

While lipids in the brain have traditionally been regarded as structural components of cellular
membranes and the insulating myelin, there is growing recognition that lipid metabolism is a highly
dynamic process that regulates many aspects of brain function?>***43-4_For example, the turnover of
phospholipids in the myelin sheath is only a few weeks, indicating dynamic remodeling and
maintenance of the myelin sheath*”. Myelin lipids can also be catabolized in times of glucose
deprivation, indicating that myelin lipids dynamically regulate energy metabolism in the brain*.

Beyond their roles in molecular structure and energy demands, lipids are increasingly understood to
act as signaling molecules, facilitating molecular communication both within and between cells**.
Exploring the links between lipid metabolism and neurodegenerative diseases holds the potential to

discover new therapeutic targets for treating neurological disorders.

_12-
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Figure 3. A simplified schematic of myelin structure and components. a-b, myelin wraps axons in a multilamellar

Myelin sheaths

structure. ¢, two lamellae of myelin are schematically depicted as a combination of myelin proteins such as
proteolipid protein (PLP1) and myelin basic protein (MBP), in combination with the major lipids of the myelin
sheath, cholesterol, sphingolipids (mainly glycolipids like gangliosides and galactosylceramides), and phospholipids
(mainly phosphatidylethanolamines).

The endocannabinoid system: an endogenous lipid signaling
system

The endocannabinoid system (ECS) is an example of such a lipid signaling pathway involved in brain
homeostasis***. Two lipids are recognized as the main endocannabinoids: N-arachidonoyl-
ethanolamine (AEA or anandamide) and 2-arachidonoyl glycerol (2-AG) (Figure 4)°*2 They activate
the same G protein-coupled receptors, termed cannabinoid CB: receptor and cannabinoid CB:
receptor, as the psychoactive component (A’-tetrahydrocannabinol) in Cannabis Sativa, hence the
name ‘Endogenous cannabinoids’ or endocannabinoids®.

The inhibitory control of neurotransmitter release at synapses is the most studied function of
endocannabinoid signaling (Figure 4). In this process, neuronal depolarization or metabotropic
activation of receptors triggers the synthesis of 2-AG in the post-synaptic spine. 2-AG then travels
retrogradely to activate the presynaptic cannabinoid CB: receptor®, which leads to inhibition of
neurotransmitter release by reducing presynaptic calcium release®. Through this mechanism,
endocannabinoid signaling mediates phenomena like depolarization-induced suppression of excitation
(DSE) at excitatory synapses, and depolarization-induced suppression of inhibition (DSI) at
inhibitory terminals®®*’. These effects were initially observed by patch-clamp recordings in acute
slices®®, but have recently been demonstrated in vivo during spontaneous neuronal activity linked to
behavior®. This system allows retrograde synaptic plasticity, which plays a crucial role in cognitive
processes such as learning, memory formation and fear extinction®*®!. Additionally, it provides

neuroprotection by limiting glutamate release during excitotoxic insults and epileptic seizures®-.

13-
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Figure 4. The endocannabinoid lipid signaling system. Schematic overview of components and signaling of the
endocannabinoid system. Abbreviations: 2-AG, 2-arachidonoyl glycerol; AA, arachidonic acid; AEA, N-
arachidonoyl ethanolamine; ABHD: o,p-hydrolase domain containing protein; CB, cannabinoid receptor; DAG,
diacylglycerol; DAGLa, diacylglycerol lipase a; FAAH, fatty acid amide hydrolase; GABA, y-amino butyric acid;
MAGL, monoacylglycerol lipase; mGluR5, metabotropic glutamate receptor 5; NAPE, N-acyl
phosphatidylethanolamine; NAPE-PLD, NAPE-specific phospholipase D; PA, phosphatidic acid; PLC,
phospholipase C.

Diacylglycerol lipase a and p (DAGL-a and -f) are the main enzymes responsible for the biosynthesis
of 2-AG through the hydrolysis of diacylglycerol (DAG)®. The hydrolysis of 2-AG to arachidonic acid
(AA) and glycerol in the brain is predominantly mediated by monoacylglycerol lipase” (MAGL) and
to a lesser extent a,p-hydrolase-domain containing proteins 6 and -12 (ABHD6 and ABHD12)%. In
the brain, MAGL-driven hydrolysis of 2-AG serves as a major source of AA, which can subsequently be

14 -
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oxidized to form prostaglandins, leukotrienes and other oxylipins controlling neuroinflammatory
signaling”®”!.

AEA is primarily synthesized via the hydrolysis of N-acyl phosphatidyl ethanolamines (NAPEs) by
NAPE-specific phospholipase D (NAPE-PLD)"2. Its hydrolysis is predominantly mediated by fatty acid
amide hydrolase (FAAH)”, which also releases arachidonic acid. However, the brain-wide abundance
of AEA is too low to significantly impact free arachidonic acid levels.

Beyond their role in mature neuronal signaling, endocannabinoids and their synthetic enzymes are also
crucial for shaping neuronal circuits. For example, endocannabinoids regulate axonal pathfinding” and
promote de novo synapse formation”. In addition, growing evidence suggests that endocannabinoids
influence the phenotype of glial cells, influencing astrocytic signaling and metabolism’®”’, as well as
oligodendrocyte differentiation’®”®. The ECS also plays an important role in the immune system, mainly
through the activation of CB. receptors. These receptors regulate polarization, translocation, and
inflammatory response from various immune cells, including T-cells, B-cells, macrophages and

microglia, both in the periphery and in the central nervous system®-%.

Unlike classical neurotransmitters, which are stored in vesicles and released on demand,
endocannabinoids are synthesized and released on demand® - produced only when needed at specific
times and locations in the brain. This model highlights the critical role of the enzymes responsible for
endocannabinoid synthesis and degradation in regulating this signaling system. Consequently,
comprehensively mapping the activity of these enzymes is essential for understanding endocannabinoid
biology.

A chemical biology approach to study lipid metabolism

Because lipid messengers are metabolized on demand and their metabolic pathways are tightly regulated
by cellular mechanisms, traditional techniques such as gene expression analysis or
immunohistochemistry are less effective to study the dynamics of lipid metabolism. Instead, chemical
biology approaches have become one of the main driving forces to study and unravel the physiological
role of lipid messengers in the brain. Among these, activity-based protein profiling (ABPP) has emerged
as a key technique for mapping enzyme activity in complex samples, including brain tissue®#’.

The metabolism of many lipids, including endocannabinoids, is regulated by enzymes belonging to a
specific superfamily of enzymes: serine hydrolases. This superfamily comprises over 200 proteins that
use a nucleophilic serine residue to hydrolyze ester-, amide-, or thioester bonds in small molecules,
lipids and proteins via a covalent acyl-protein intermediate®”. This enzymatic mechanism is the
foundation of activity-based protein profiling (ABPP).

ABPP for serine hydrolases was pioneered by Cravatt and colleagues, who studied the reactivity of the
toxic fluorophosphonates toward the AEA-degrading enzyme FAAH®. In ABPP, a chemical probe,
typically consisting of a reactive warhead and a reporter tag, reacts with the catalytically active
nucleophilic serine of an enzyme. The reporter tag can be a fluorophore enabling the visualization of

89,90 91-93

the probe-protein adducts by gel-based electrophoresis®®* or microscopy’~*’, or a biotin group
allowing protein enrichment from proteomes for identification by mass spectrometry®. ABPP is widely
used in drug discovery to efficiently profile activity and selectivity of inhibitors across a protein family
in native biological samples®. Additionally, it is also applied to compare various biological samples,

mapping changes in enzyme activity across diverse biological systems®*”.
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Aim and outline of this thesis

The overarching aim of this thesis is to investigate lipid metabolism in both the healthy and diseased
brain. To achieve this, new chemical probes have been developed, validated, and applied to study brain
cells and tissues from both mice and humans. Furthermore, lipid metabolism in the diseased human
brain is examined, with a particular focus on neuroinflammation as observed in multiple sclerosis and
Alzheimer’s disease. By integrating novel chemical tools with established classical techniques, this
research provides a comprehensive overview of lipid signaling in the healthy and diseased brain.

Chapter 2 reviews how chemical probes support research into brain lipid signaling. It explores the
design and applications of activity-based probes, chemical proteomics, fluorescent probes for imaging,
and bio-orthogonal chemistry for visualizing and manipulating lipid signaling in living systems.
Chapter 3 describes the design, synthesis and characterization of a set of fluorescent chemical probes
used to profile the activity of lipases that metabolize monoacylglycerol lipids. These probes demonstrate
high selectivity and potency in engaging their target enzymes. Moreover, they are cell-permeable,
enabling the study of enzyme activities in living systems, and revealing dynamic regulation in relevant
biological processes. Chapter 4 discusses the application of fluorescent chemical probes for imaging
enzyme activities in the brain. It introduces a new protocol for imaging of MAGL activity in native
mouse and human brain tissues. Chapter 5 presents a study examining the molecular profile of
demyelinating lesions in multiple sclerosis. Multi-omics analysis, including lipidomics and activity-
based protein profiling identified dysregulated lipid metabolic pathways as potential new therapeutic
targets. Chapter 6 focuses on lipid metabolism in Alzheimer’s disease, examining its relationship with
the classical amyloid pathology observed in the brains of Alzheimer’s patients. Finally, chapter 7
summarizes the key findings of the research described in thesis and provides an outlook on future
directions and emerging techniques for studying lipid metabolism in the human brain. It also highlights
strategies for developing novel therapeutics for neurological disorders.

~16 -
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