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5-HT2A: 5-hydroxytryptamine (serotonin) 2A receptor

AADC: aromatic-L-amino acid decarboxylase

AD: Alzheimer’s disease

AKT: protein kinase B

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANOVA: analysis of variance

APP: amyloid precursor protein
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methylbutyl]-8-hydroxy-3,15-dimethoxy-5,7,9,11-tetramethyl-1- oxacyclohexadeca-
3,5,11,13-tetraen-2-one)

BBB: blood-brain barrier

BDNF: brain-derived neurotrophic factor

BSA: bovine serum albumin

CALHM2: calcium homeostasis modulator family member 2
CaM: calmodulin

CaMKII: calcium/calmodulin-dependent protein kinase II
Cav: calcium voltage-gated channel

CCL: chemokine (C-C motif) ligand

Cd: cluster of differentiation

CFTCR: cystic fibrosis transmembrane conductance regulator
CNS: central nervous system

CPI-17: c-potentiated myosin phosphatase inhibitor of 17 kDa
CPM: counts per million
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CRAC: calcium release-activated calcium channel
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CXCL10: C-X-C motif chemokine ligand 10



DAG: diacylglycerol
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EDTA: ethylenediaminetetraacetic acid

ELISA: enzyme-linked immunosorbent assay

ER: endoplasmic reticulum

ERK1/2: extracellular signal-regulated protein kinases 1 and 2
FBS: fetal bovine serum

FDA: food and drug administration

FIZZ1: found in inflammatory zone 1

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
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HIF-1 a: hypoxia-inducible factor 1 o

HO-1: Heme oxygenase-1

Ibal: ionized calcium-binding adaptor molecule 1

IGF-1: insulin-like growth factor-1

iGluR: ionotropic glutamate receptor

IL: interleukin

INMT: indolethylamine N-Methyltransferase

iNOS: inducible nitric oxide synthase

IP3: inositol trisphosphate

IP3R: inositol trisphosphate receptor

IREL1: inositol-requiring enzyme 1

IRF: interferon regulatory factor



iROS: intracellular reactive oxygen species

LAMP2A: lysosome-associated membrane protein 2A.
LC3: microtubule-associated protein 1A/1B-light chain 3
LC-MS: liquid chromatography—mass spectrometry
LPS: bacterial lipopolysaccharide

MAM: mitochondria-associated ER membrane
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MHC: major histocompatibility complex
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MLCP: myosin light chain phosphatase

MMP: matrix metalloproteinase
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MS: mass spectrometry

mTOR/MTOR: mammalian target of rapamycin
MYPT1: myosin phosphatase target subunit 1
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NF-kB: nuclear transcription factor kappa B

NGS: next generation sequencing

NO: nitrogen oxide

NOS: nitrogen oxide synthase

NMDA: N-methyl-D-aspartate

NMDAR: N-methyl-D-aspartate receptor

OD: optical density

ORAII1: calcium release-activated calcium modulator 1
p62: ubiquitin-binding protein, 62 kDa (also known as sequestosome 1 (SQSTM1)
p70S6K: ribosomal protein S6 kinase -1

PBS: phosphate-buffered saline

PCR: polymerase chain reaction



PD: Parkinson's disease

PDGEF: platelet-derived growth factor

PGEz: prostaglandin E2

PI3K: phosphatidylinositol 3-kinase

PI3KC3: phosphatidylinositol 3-kinase catalytic subunit type 3
PI3P: phosphatidylinositol 3-phosphate

PKC: protein kinase C
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PPR: pattern recognition receptor

RhoA: ras homolog family member A

RNA-Seq: RNA-sequencing
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1. Introduction

1.1 Microglia are central to neuroinflammation

Neuroinflammation is a complex inflammatory response in the central nervous system
(CNS) potentially with adverse consequences. Parenchymal immunity in the brain is mediated
by microglia, the brain’s organ specific, tissue-resident macrophage population. The activation
of microglia is a common pathological hallmark of chronic, prominent neurodegenerative
disorders such as Alzheimer’s disease and Parkinson’s disease (Bartels et al., 2020; Leng and
Edison, 2021), and acute brain injury including ischemic or hemorrhagic stroke and
neurotrauma (Loane and Byrnes, 2010; Planas, 2024). In the healthy brain, microglia occupy a
pivotal position in CNS development, maintenance of homeostasis, pruning of synapses,
modulating neuronal plasticity and regulation of blood flow (Perry et al., 2013; Nimmerjahn et
al., 2005; Kettenmann et al., 2011; Norris and Kipnis, 2019; Csaszar et al., 2022; Haruwaka et
al., 2024). Under physiological conditions, microglia have a small cell body and highly ramified
processes. This appearance corresponds to the quiescent state of microglia (Leyh et al., 2021).
In response to exogenous danger signals like infection, or endogenous danger signals including
ischemia, trauma, neurodegenerative diseases, or altered brain homeostasis, microglia
transform from a resting to an activated state (Kreutzberg, 1996; Qin et al.,2023). Pathogen-
and danger- associated molecular patterns are recognized by a variety of pattern recognition
receptors (PPRs) on the microglial cell surface. Microglial cells express a variety of receptors
on their membrane surface that aid in recognizing and engulfing molecules, particles, and cells
(Fu et al., 2014; Sierra et al., 2013). Toll-like receptors (TLRs) represent one example of these
PPRs that convey signals of danger, and intensely stimulate microglia during CNS damage or
infection (Kigerle et al., 2014). This activation leads to rapid and profound changes in
microglial morphology, function, and gene expression.

Activated microglia are identified by a change in morphology from a ramified state to an
amoeboid state, which is characterized by enlarged cell bodies, shorter processes, and a more
proliferative state. Exposure to typical activating agents like bacterial lipopolysaccharide (LPS)
can readily induce these morphological modifications (Kettenmann et al., 2011; Hines et al.,
2009). In addition to morphological changes, activated microglia exhibit distinct functional
phenotypes that can be distinguished by focusing on migration, antigen presentation,
phagocytosis, autophagy or metabolic program. As such, microglia are the specialized

phagocytes of the CNS and play a critical role in sensing and engulfing extracellular material



such as cell debris, dying cells, cancer cells, and pathogens (Tremblay et al., 2011). Finally, the
process of microglial activation has been shown to result in the secretion of numerous pro-
inflammatory cytokines and chemokines, thereby inducing an increase in neuroinflammation

(Wang et al., 2024).

1.1.1 Microglial activation is characterized by morphological and functional
phenotypic changes

Microglial activation has both positive and negative consequences and can either promote
neuroprotection or cause neuronal damage. The traditional classification distinguishes between
classically activated microglia (referred to as M1 type) and alternatively activated microglia
(known as M2 type), following the classification used for macrophages (Xiong et al., 2016). As
illustrated in Figure 1.1, typical cell adhesion molecular patterns and the polarization-specific
production profile of cytokines, chemokines, trophic factors and other mediators define the M1-
M2 polarization state of microglia (Wendimu and Hooks, 2022). Importantly, the M1-M2
polarization is now recognized as a spectrum with intermediate, partially overlapping states
(Jurga et al., 2020; Wendimu and Hooks, 2022). The inflammatory M1 subtype of microglia is
typically triggered by Toll-like receptors and y-interferon signaling. M1 microglia release pro-
inflammatory cytokines like tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), IL-1, IL-1f,
and chemokines. When activated, microglia can become overactivated or dysregulated, these
cells can release harmful substances like reactive oxygen species (ROS) and pro-inflammatory
cytokines, which can lead to neuronal death. Conversely, M2 microglia exhibit anti-
inflammatory properties and serve a neuroprotective function. In particular, M2 microglia
enhance the production of arginase 1, release growth factors, and stimulate the secretion of anti-
inflammatory cytokines, such as IL-10 and transforming growth factor § (TGF-f) (Colonna et
al., 2017).

In summary, M1-M2 activated microglial polarization is a complex phenomenon in which
the overlap of gene expression is not linear. Single-cell RNA sequencing shows that microglia
simultaneously express M1 and M2 activation markers, and transcriptomic studies reveal a

broader transcriptional profile (Qin et al., 2023).
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Figure 1.1 Morphological phenotypes of microglia correspond to their functional state. M1 microglia have
been implicated in inflammatory processes, antigen presentation and the release of pro-inflammatory cytokines.
M2 microglia have been shown to play a pivotal role in the reduction of inflammation through various mechanisms,
including phagocytosis and the release of anti-inflammatory cytokines (Feng et al., 2024).

1.1.2 Autophagy modulates microglial activation

Autophagy influences cell metabolism and energy maintenance, contributing to cellular
homeostasis. Under normal nutrient conditions, autophagy is low. However, under stress (e.g.
ischemia, hypoxia, oxidative stress), autophagy can degrade and recycle cytoplasmic
components. (Mugume et al., 2020).

Autophagy plays a crucial role in maintaining inflammation and immune balance to adapt
to metabolic requirements. While it is known that autophagy can impact the polarization and
function of microglia (Wang et al., 2023), the exact mechanism behind this process is still a
topic of debate.

TLR4 has the potential to act as an upstream regulator of various signaling pathways that
lead to autophagy-induced pro-inflammatory activation in microglia (Lee et al., 2018).
Furthermore, lipopolysaccharide has the ability to activate the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway in microglia
(Fig. 1.2), which in turn inhibits autophagic flow and enhances the inflammatory response (Ye

et al., 2020). Conversely, activation of autophagy can inhibit the increase of LPS-induced pro-
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inflammatory factors in microglia, thereby suppressing the inflammatory response (Han et al.,
2013). The autophagy inhibitor bafilomycin A1 (Baf) has been shown to block microglia pro-
inflammatory polarization (Qin et al., 2018).
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Figure 1.2 LPS exposure mediates the suppression of autophagy, which ultimately results in microglial
activation. The activation of the mammalian target of rapamycin (MTOR) by lipopolysaccharide (LPS) has been
demonstrated to exert an indirect inhibitory effect on the formation of autophagosomes. This, in turn, has been
shown to result in an increase in the activation of microglial cells (Jin et al., 2018).

1.2 Alterations in calcium homeostasis are implicated in microglial activation

Intracellular Ca®" concentration is tightly regulated because Ca®'" acts as a second
messenger in various cellular signaling pathways. Intracellular Ca®" also regulates the shift from
a quiescent to an activated immune effector state of microglia. In resting cells, Ca** is present
at a low concentration, whereas during activation the intracellular Ca®" concentration increases
rapidly (Eichhoff et al., 2011; Saddala et al., 2020). As such, exposure of cultured microglia to
LPS revealed a sustained Ca** load of the cells (Hoffmann et al., 2003). Furthermore, variations
in intracellular Ca®" levels have been implicated in the regulation of microglial phagocytosis,
proliferation, cytokine production, and release of reactive oxygen species (ROS) (Brawek &
Garaschuk, 2013; Sharma & Ping, 2014).

Calcium influx across the plasma membrane in microglia is realized through various ion
channels including voltage-gated Ca®" channels (VGCCs), ligand-gated cation channels,
transient receptor potential (TRP) cation channels, and Ca®" release-activated Ca** channels
(CRACs) (Fig. 1.3). Part of the Ca®" influx must be mediated by L-type voltage-gated Ca®*
channels (VGCCs). In support of this notion, pharmacological antagonism of LVGCC in
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activated microglia reduced the intracellular Ca®" load (Silei et al., 1999; Hegg et al., 2000),
altered microglial superoxide production (Colton et al., 1994), and inhibited the production of
the pro-inflammatory TNF-a, IL-1f and prostaglandin E2 (PGE>) (Li et al., 2009).

In addition to Ca®" trafficking through cell surface channels, the endoplasmic reticulum
(ER) also plays a role in regulating cytoplasmic calcium concentration during microglial
activation (Neubrand and Sepulveda, 2024). The ER serves as the major intracellular calcium
store and is involved in Ca®’ release through ryanodine and IP3 receptors and Ca*" uptake
through SERCA pumps. The involvement of ER-derived Ca®" in microglial functional states
has been shown by SERCA inhibition to reduce microglial phagocytosis (Morales-Ropero et
al., 2021).
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Figure 1.3 A synopsis of the regulation of calcium signaling in microglia highlights the pathways involved in
calcium influx, release, and their contribution to cellular responses such as inflammation and gene
expression. The influx of calcium into cells is facilitated by multiple channels, including transient receptor
potential (TRP) channels and voltage-gated calcium channels (VGCCs). The release of calcium from the
endoplasmic reticulum is orchestrated by inositol trisphosphate receptors (IP3R) and ryanodine receptors (RyR)
(Wang et al., 2024).

1.3 Nimodipine is a calcium channel blocker

Nimodipine is a dihydropyridine calcium antagonist, first synthesised in 1983 by Meyer
and his colleagues. The molecular formula is C21H26N207 (Meyer et al., 1983). Nimodipine
is a LVGCC blocker originally developed as a treatment for high blood pressure and now best

known for its clinical application in the prevention of delayed ischemic deficit after

13



subarachnoid hemorrhage, for which the FDA approved its use in 1988. Nimodipine can be
administered both orally and intravenously, but there are specific guidelines for each method.

The primary targets of nimodipine are cerebrovascular smooth muscle cells (Kazda and
Towart, 1982), where vasorelaxation is achieved by inhibiting Ca?" influx through LVGCCs.
As a result, Ca®>*-dependent activation of smooth muscle cell contractile activity is reduced,
cerebrovascular tone is decreased and cerebral blood flow is increased (Fig. 1.4). Because
nimodipine is highly lipophilic and readily crosses the blood-brain barrier (Sin et al., 2018),
and neurons also express LVGCCs (Bean, 1989), nimodipine has been tested as a
neuroprotectant to prevent Ca>" overload and associated neuronal injury (Espinosa-Parrilla et
la., 2014). The therapeutic benefit of targeting neurons has remained inconclusive (Laskowitz
and Kolls, 2010).

Recent studies raised the possibility that in addition to neurons, microglia also express
LVGCCs, which may serve as a therapeutic target to attenuate neuroinflammation (Hopp,
2020). Microglia have been shown to express the Cavl.2 and Cavl.3 isoforms of the pore-
forming o subunit of LVGCCs (Espinosa-Parrilla et al., 2015; Hopp, 2020), for which
nimodipine affinity has been previously described (Huang et al., 2013; Xu and Lipscombe,
2001). We have recently demonstrated that nimodipine administered to the bath of live brain
slice preparations challenged by mild oxygen-glucose deprivation shifts the morphological
phenotype of activated microglia to resting state (Frank et al., 2024). However, we could not
separate direct nimodipine effects on microglia from indirect actions (e.g. nimodipine altering
neuronal excitation to which microglia respond), because LVGCCs are ubiquitously expressed
in several cell types in the brain tissue, including neurons, astrocytes, and oligodendrocytes

(Hopp, 2020).
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1.4 Mechanisms and effects of DMT

N,N-dimethyltryptamine (DMT) is a naturally occurring indole alkaloid found in certain
South American plants (e.g. Psychotria viridis and Diplopterys cabrerana). DMT has been
demonstrated to have psychedelic effects and to cause hallucinations when consumed. DMT is
a component of the traditional Ayahuasca brew used for centuries by indigenous tribes in the
Amazon rainforest for spiritual and healing purposes (Carbonaro and Gatch, 2016).
Furthermore, mammals synthesize DMT in small quantities, however, it is rapidly degraded in
the body by monoamine oxidase (MAO) (Dean, 2018).

DMT has recently gained interest as a neuroprotectant in neurodegenerative diseases and
acute ischemic brain injury (Penke et al., 2018). DMT was found to protect human primary
iPSC-derived cortical neurons and microglia-like cells from hypoxia by decreasing HIF-1
expression and function (Szabo et al., 2016). DMT reduced infarct size in a rodent model of
focal cerebral ischemia and showed anti-inflammatory effects by reducing pro-inflammatory
cytokines (Nardai et al., 2020). DMT was also protective against apoptotic cell death in
experimental global cerebral ischemia (Szabo et al., 2020). Based on the finding that DMT
targets sigma-1 receptors (Sig-1Rs) in addition to serotonergic receptors, and binds to Sig-1Rs
with high affinity (Fontanilla et al., 2009), ischemic neuroprotection by the compound has been

attributed to its Sig-1R agonism (Szabo et al., 2021; Bouso et al., 2022).
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Sig-1R is an intracellular receptor that is expressed in the brain, immune cells and various
organs. It is situated within the ER membrane, specifically at the interface with mitochondria
called the mitochondria-associated ER membrane (MAM). The primary function of Sig-1R is
to regulate ATP synthesis by regulating Ca>" levels (Sig-1R acts as a chaperone) (Weng et al.,
2017). Sig-1R regulates Ca>" transport between the MAM and mitochondria (Fig. 1.5), and also
regulates intracellular Ca?* levels by modulating the opening of cell surface NMDA receptors
and VGCCs. Under physiological conditions, Sig-1R supports normal cellular homeostasis and
energy production (Ren et al., 2022). In addition, Sig-1Rs have neuroprotective functions

excerted by inducing cell survival under stress (Mori et al. 2013).
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Figure 1.5. The intracellular signaling pathways of sigma-1 receptors contribute to Ca?* trafficking between
the endoplasmic reticulum (ER) and mitochondria and modulate cell surface ligand-gated cation channels.
Sigma-1 receptors also stabilize IP3R to maintain Ca?* flow for ATP production and influence the ER stress
response. Activated Sigma-1 receptors may also move to the plasma membrane, where they interact with NMDAR
to activate CaMKII, impacting the mTOR pathways. (Ren et al., 2022).

The expression of sig-1Rs is ubiquitous in brain cells, encompassing neurons, astrocytes,
oligodendrocytes, and microglia (Jia et al., 2018). In their study, Ooi and his colleagues
demonstrated a decrease in Sig-1R and an increase in the M1 microglial marker CD86 in

stressed rats. Treatment with SKF10047, a specific Sig-1R agonist, resulted in a reduction in
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pro-inflammatory cytokines and a reversal of M1 microglial polarization. Furthermore, Sig-1R
agonism in microglia cultures was found to suppress intracellular Ca* elevation in response to
danger-associated molecular patterns. The Sig-1R activation in these experiments also
restrained the microglial rearrangement of actin cytoskeleton, migration, and release of
cytokines (Hall et al., 2009). These findings suggest that Sig-1R activation plays a role in
reducing neuroinflammation by counteracting pro-inflammatory microglial activation (Ooi et

al., 2021).

1.5 Culture of microglia

The use of simple preclinical model systems is warranted both by the tremendous
complexity of microglial states in brain diseases and by the goal of developing new therapeutic
tools. Primary microglial monocultures or co-cultures with neurons, astrocytes or
oligodendrocytes are extensively used in studies of microglial pathophysiology. These tools
allow reproducible, in-depth and high-throughput analysis of microglial states. Cell culture
models are also essential for gaining valuable insights into microglial biology due to the
controlled manipulation of experimental factors, the standardized experimental setting and the
possibility of focused interpretation of results.

Primary microglial cultures are obtained from newborn rodent donor brains. The
dissociated tissue provides a mixed cell suspension from which mixed cultures are initially
grown as a confluent cell layer. Microglia are then mechanically separated to produce microglial
monocultures with >95% purity. The most common way to activate microglia in culture is to
add LPS to the culture medium. (Shi et al., 2010; Witting and Mdller, 2011).

Microglia in culture can form diverse groups even without stimulation, indicated by their
gene expression patterns (Cadiz et al., 2022). The activated microglial cultures are useful for
testing drug candidates focused on neuroinflammation. This method allows estimates of drug
effects on microglia without complicating factors from other brain cells (Sebastian-Valverde et
al., 2021).

Microglia cultures enable the examination of morphological phenotypes. They can show
whether microglia are inactivated (arborized) or activated (ameboid) by analyzing their shape
(Szabo and Gulya, 2013). Functional aspects of microglia, such as migration, endocytosis,
phagocytosis, autophagy, and metabolism, can be evaluated. Endocytosis and phagocytosis can

be measured by adding specific fluorescent particles to the culture, which the microglia
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internalize (Kata et al., 2016). Autophagy involves breaking down proteins and debris, which
can be quantified by observing p62-positive particles (Ye et al., 2020).

Microglial states can be recognized through protein detection or gene expression
profiling. Single-protein ELISA or multiplex ELISA are used to identify and quantify cytokines
in culture media (Maguire et al., 2022). If the medium is serum-free, mass spectrometry can
analyze the protein content comprehensively (Santiago et al., 2023). Western blotting measures
selected proteins (Lam et al., 2017). Quantitative polymerase chain reaction quantifies specific
nucleic acids, and single-cell RNA sequencing provides comprehensive gene expression
profiles (Dumas et al., 2021).

Some of the strengths of rodent primary microglia cultures can also be considered
limitations. These include a lack of genetic diversity due to inbreeding and sterile living
conditions (Timmerman et al., 2018). However, the possibility to culture human microglia helps
overcome this issue, despite the differences between rodent and human microglia (Smith and
Dragunow, 2014). Microglia obtained from newborn rodents have not yet reached full maturity
and are deficient in crucial interactions with other brain cells within their distinct environment.
These interactions are imperative for microglia to effectively monitor neurons and maintain a
quiescent state. The employment of mixed two-dimensional co-cultures, comprising cells such
as astrocytes, facilitates a more comprehensive study of these interactions (Akhmetzyanova et
al., 2024; Warden et al., 2023). Co-culturing microglia with neurons elucidates the impact of
microglia on neuronal health, while co-culturing with oligodendrocytes investigates their
function in myelin production (Roqué and Costa, 2017; Hamilton and Rome, 1994). The
provision of appropriate cues is therefore paramount in ensuring the maintenance of a resting
state in cultured microglia. The employment of advanced techniques is facilitating enhanced
study practices for microglia in research.

Microglial cultures are easy to maintain, provide a consistent cell source, offer high cell
numbers, are easily manipulated under controlled conditions, provide samples suitable for many
assays, and generate reproducible data. As a result, these research tools will continue to be
essential and complementary to in vivo investigations to explore therapeutic opportunities to

combat the neurotoxic consequences of neuroinflammation associated with brain disorders.
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1.6 Aims of the study

Our aim was to pharmacologically modulate microglia to suppress activation, and to elucidate

the cellular mechanisms of pharmacological action:

1.

We set out to analyze the effects of nimodipine on activated microglia at the level of
morphological and functional phenotypes, as well as their transcriptomic profile. We
hypothesized that nimodipine treatment suppresses microglial activation by acting on
microglial Ca?>" homeostasis and associated changes in gene expression.

We sought to characterize the effects of DMT on microglial activation by
morphological and functional profiling and by assessing changes in the microglial
proteome. We anticipated an anti-inflammatory effect of DMT supported by an altered
pattern of protein expression.

We aimed to identify the effect of the antibiotic bafilomycin on activated microglial

autophagy. We assumed that bafilomycin mitigates microglial autophagy.
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2. Materials and methods

2.1 Ethics declaration

All applicable international, national, and/or institutional guidelines for the care and use
of animals were followed. Experimental procedures were carried out in strict compliance with
the European Communities Council Directive (86/609/EEC) and followed Hungarian
legislation requirements (XXVIII/1998 and 243/1998) and university guidelines regarding the
care and use of laboratory animals. All experimental protocols were approved by the

Institutional Animal Welfare Committee of the University of Szeged (I-74-11/2009/MAB).

2.2 Maintenance and treatment of primary microglia cell cultures

Primary cortical microglia co-cultures (mixed with neurons, oligodendrocytes and
astrocytes) were isolated from newborn rats, and microglial monocultures were derived from
the co-cultures as previously described (Szabo and Gulya, 2013) and show in Figure 2.1.
Briefly, cerebrocortical tissue from newborn Sprague-Dawley rat pups (P1) was rapidly
dissected, minced, and dissociated in 0.25% trypsin for 10 min at 37°C. The trypsin was then
neutralized with Dulbecco's modified Eagle's medium (DMEM) containing 1 g/L D-glucose,
110 mg/mL Na-pyruvate, 4 mM L-glutamine, 3.7 g/LL NaHCO3, 10,000 U/mL penicillin G, 10
mg/mL streptomycin sulphate, and 25 pg/mL amphotericin B and 15% heat-inactivated fetal
bovine serum (FBS; Thermo Fisher Scientific, Carlsbad, CA, USA). After centrifugation at
1000g for 10 minutes at room temperature (RT), the pellet was resuspended, washed in 10 mL
DMEM containing 10% FBS, and centrifuged again at 1000g and RT for 10 minutes. The final
pellet was filtered through a sterile filter (100 pum pore size; Greiner Bio-One Hungary Kft.,
Mosonmagyarovar, Hungary) to remove tissue fragments that had resisted dissociation. The
cells were resuspended in 2 mL of the same solution and then seeded on poly-L-lysine-coated
culture flasks (75 cm?; 107 cells/flask) or poly-L-lysine-coated coverslips (15x15 mm; 2x10°
cells/coverslip) for immunocytochemistry or in poly-L-lysine-coated Petri dishes (60 mm X 15
mm; 10° cells/Petri dish) for Western blot analysis and cultured at 37°C in a humidified air
atmosphere supplemented with 5% COz. The medium was changed the next day and every 3
days thereafter. After 7 days of culture, microglial cells in primary co-cultures (DIV7) were
shaken on a platform shaker (120 rpm for 20 min) at 37°C, the supernatant was collected by
centrifugation (3000g for 8 min at RT), resuspended in 2 mL DMEM/10% FBS, and seeded in

the same medium either on poly-L-lysine-coated coverslips (15x15 mm; 2x10° cells/coverslip)
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for immunocytochemistry or in poly-L-lysine-coated Petri dishes (60 mm x 15 mm; 10°
cells/dish) for Western blot analysis. The number of cells collected was determined in a Biirker
chamber after trypan blue staining. DMEM/10% FBS was replaced the next day and then on
the third and sixth day of subcloning (subDIV6).

Primary DIV6 co-cultures and microglia subDIV6 monocultures were challenged with
lipopolysaccharide (LPS, dissolved in DMEM, 20 ng/mL in final concentration; Sigma, St.
Louis, MO, USA) (Kata et al., 2016) and treated with nimodipine (dissolved in ethanol, 5 uM,
10 uM, 20 uM in final concentration; Sigma, St. Louis, MO, USA) or DMT (dissolved in
distilled water, 5 uM, 10 pM, 20 puM and 50 uM in final concentration) on day 6. A stock
solution of Baf (Sigma-Aldrich; 160 uM) was used to treat the monocultures (50 nM in final
conc.) to inhibit autophagy.

In Project 1 designed to identify the effect of nimodipine the following experimental
conditions were established: (i) control (unchallenged, untreated), (ii) activated (challenged
with LPS alone) for 24 h, (iii) treated with nimodipine alone (at 5, 10 and 20 pM final
concentrations) for 24 h, and (iv) challenged with LPS at the presence of nimodipine (at 5, 10
and 20 uM final concentrations), both LPS and nimodipine applied in combination for 24 h.

Project 2 focusing on the effect of DMT the following experimental conditions were
established: (i) control (unchallenged, untreated), (i1) activated (challenged with LPS alone) for
24 h, (ii1) treated with DMT alone (at 5, 10, 20 and 50 uM final concentrations) for 24 h, and
(iv) challenged with LPS at the presence of DMT (at 5, 10, 20 and 50 uM final concentrations),
both LPS and DMT applied in combination for 24 h.

Project 3 the following experimental conditions were established: (i) control
(unchallenged, untreated), (i1) activated (challenged with LPS alone) for 24 h, (iii) pre-treated
with Baf A1 (50nM) for 3h,) pre-treated with Baf A1 for 3h and activated with LPS for 24h.
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Figure 2.1 Protocol to establish primary microglia monocultures with an initial step of primary mixed cell cultures
(reproduced from Pesti et al., 2024).

2.3 Immunohistochemistry

For immunohistochemistry, we used a protocol described previously (Kata et al., 2017).
Briefly, primary co-cultures (DIV7) and microglia (subDIV7) monocultures on poly-L-lysine-
coated coverslips were used for immunohistochemistry. Cells were fixed in 4% formaldehyde
in 0.05 M phosphate buffered saline (PBS, pH 7.4 at RT) for 5 min, then rinsed in 0.05 M PBS
for 3 x 5 min. After permeabilization and blocking of nonspecific sites in 0.05 M PBS solution
containing 5% normal goat serum (Sigma) and 0.3% Triton X-100 for 60 min at 37°C, the cells
on the coverslips were incubated overnight at 4°C with the appropriate primary antibodies
(Table 2.1) in 1% heat-inactivated bovine serum albumin (BSA; Sigma) and 0.3% Triton X-
100. The cultured cells were washed 3 x 5 min at RT in 0.05 M PBS, then incubated with the
appropriate Alexa Fluor fluorochrome-conjugated secondary antibody (Table 2.1) in the above
solution, but without Triton X-100, for 2 h at RT in the dark. The cells on the coverslips were
washed in 0.05 M PBS for 3 x 5 min at RT, and the nuclei were stained in 0.05 M PBS solution
containing 1 mg/ml polyvinylpyrrolidone and 0.5 pl/ml 2-(4-amidinophenyl)-1H-indole-6-
carboxamidine (DAPI; Thermo Fisher Scientific, Waltham, MA, USA). The coverslips were
rinsed in distilled water for 5 minutes, air dried, and mounted on microscope slides in
Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA).

Microscopic images were taken with a LEICA DFC250 camera (Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany) attached to a fluorescence microscope (40x magnification,

Leica DM LB2, Leica Microsystems CMS GmbH, Wetzlar, Germany).
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Table 2.1 Primary and secondary antibodies used for immunocytochemistry and Western blotting

Primary Final Secondary Final
dilution antibody

Method

Company Company

antibody dilution

Immuno-cytochemistry

Western blot

2.4 Western blot analysis

Cultured cells from primary co-cultures (DIV7) and microglial (subDIV7) monocultures
were harvested with a rubber policeman, homogenized in 50 mM Tris-HCI (pH 7.5) containing
150 mM NaCl, 0.1% Nonidet P40, 0.1% cholic acid, 2 pg/ml leupeptin, 1 pg/ml pepstatin, 2
mM phenylmethylsulfonyl fluoride, and 2 mM EDTA, and centrifuged at 10,000g for 10 min
at 4 °C. The pellet was discarded and the protein concentration of the supernatant was
determined (Lowry et al., 1951). For quantitative analyses of microglial, neuronal, astrocyte, or
oligodendrocyte immunoreactivity, 5-10 pg of protein was separated on a sodium dodecyl
sulfate (SDS)-polyacrylamide gel (4-10% stacking gel/resolving gel), transferred to a Hybond-
ECL nitrocellulose membrane (Amersham Biosciences, Little Chalfont, Buckinghamshire,
England), blocked for 1 hour in 5% nonfat dry milk in Tris-buffered saline (TBS) containing
0.1% Tween-20 and incubated overnight with the appropriate primary antibodies (Table 2.1) as
well as the internal control (mouse anti-GAPDH monoclonal antibody). After rinsing 5 times

in 0.1% TBS-Tween-20, the membranes were incubated with the appropriate peroxidase-
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conjugated secondary antibodies (Table 2.1) for 1 hour and washed 5 times. The enhanced
chemiluminescence method (ECL Plus Western blotting detection reagents; Amersham
Biosciences) was used to detect immunoreactive bands according to the manufacturer's

protocol.

2.5 In vitro phagocytosis assay

The fluid-phase phagocytic capacity of microglial cells in primary co-cultures (DIV7)
and microglial (subDIV7) monocultures was determined by uptake of fluorescent microspheres
(2 um diameter; Sigma, St. Louis, MO, USA). Briefly, 1 puL per milliliter of a 2.5% aqueous
suspension of fluorescent microspheres was added to the cultures, which were then incubated
at 37°C for 60 minutes. The cells were then rinsed five times with 2 mL of PBS to remove any
residual fluorescent microspheres bound to the dish or cell surface, and fixed with 4%
formaldehyde in 0.05 M PBS (pH 7.4 at RT) (Szabo et al., 2013; Kata et al., 2017).
Subsequently, the samples were subjected to immunostaining with Ibal and DAPI, as described

above.

2.6 Enzyme-linked immunosorbent assay (ELISA)

The concentrations of interleukin-10 (IL-10) (ER0033, FineTest) and tumor necrosis
factor-a (TNF-a) (ER1393, FineTest) in both primary co-cultures (DIV7) and microglial
(subDIV7) monoculture supernatants derived from the Western blot experiments were analyzed
using an ELISA kit according to the manufacturer's instructions. An automated microplate
reader (Multiskan FC with the software SkanlIt RE 5.0, Thermo Scientific) was used to measure
optical density (OD) at 450 nm. The concentration of each sample was determined based on the
optical density and the concentration of the standard. According to the manufacturer, the overall
intra-assay and coefficient of variation were <8% for both IL-10 and TNF-a, and the inter-assay

was <10% for both IL-10 and TNF-a.

2.7 NEB mRNA-Library and next generation sequencing

Microglial monocultures were selected for gene expression analysis because the effect of
nimodipine on microglial activation was essentially the same in both co-cultures and
monocultures, and cell separation was not required for monocultures. Because 10 uM
nimodipine was the lowest effective concentration of the drug on microglial activation, we

focused the gene expression analysis on this treatment. Total RNA was isolated from the
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collected cells with RNeasy Mini Kit (74104 Qiagen) using 1 million cells/sample. Total RNA
samples were quantified with Qubit 3.0 Fluorometer (ThermoFisher) and quality checked with
Tape Station 4200 instrument using Agilent RNA ScreenTape (Agilent Technologies USA, Cat.
No. 5067-5576).

NGS library preparation was carried out using the NEBNext Ultra™ II Directional RNA
Library Prep Kit for [llumina (NEB #E7760) with NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB #E7490). After mRNA enrichment, cDNA was generated where a second strand
synthesis was done with the dUTP method to retain strand specificity. Finally, double-stranded
cDNA was end-prepped and Illumina-specific adaptors were ligated to the cDNA fragments,
followed by a final enrichment PCR.

Sequencing ready libraries were quality control checked by Tape Station 4200 instrument
using D5000 ScreenTape (Agilent Technologies USA, Cat. No. 5067-5588). Next generation
sequencing was carried out on NovaSeq X Plus sequencing system with NextSeq NovaSeq X

Series 10B Reagent Kit (300 Cycle) chemistry (Illumina, Inc. USA, 20085594).

2.8 LC-MS/MS analyses

The samples were digested with trypsin according to the Strap micro protocol
(https://files.protifi.com/protocols/s-trap-micro-long-4-7.pdf, accessed on 23 August 2023).
Briefly, samples were supplemented with 20% SDS and dried down then redissolved in 50 mM
TEAB to give a final SDS concentration of 5% followed by reduction using TCEP (Tris(2-
carboxyethyl)phosphine) for 15 min at 37°C, and alkylation with MMTS (S-methyl
methanethiosulfonate) for 15 min at room temperature before digesting with MS-grade trypsin
(Pierce Biotechnology, Rockford, IL, USA) for 2h at 47 °C. 10% of the resulting peptide
mixtures were loaded onto C18 EvoTips (Evosep) for LC-MS analysis. Reversed-phase
separation of the peptides was performed using an Evosep One HPLC (Evosep) applying the
,»15 SPD” 88-min gradient using a “performance” column packed with 1.5 pm particles of
ReproSil-Pur C18 beads (length: 150mm, internal diameter: 0.15mm), followed by data-
dependent MS/MS acquisition using an Orbitrap Fusion Lumos Tribrid (Thermo Scientific)
mass spectrometer equipped with a FAIMS Pro ion mobility device (Thermo Scientific). Data
were collected using two compensation voltages (-70 and -50 V) in alternating 1.5s cycles. All
data were acquired with high resolution (120000 and 15000 for MS and MS/MS data,
respectively) in the Orbitrap analyzer. AGC target was set at 400,000 and 50,000 for MS and
MS/MS acquisition, respectively; MS2 intensity threshold was set to 50,000, higher-energy
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collision dissociation (HCD) activation was applied using stepped collision energies of

NCE=32 and 35. Dynamic exclusion was enabled (exclusion time: 60s).

2.9 Image analysis

Digital images of the Ibal-labeled immunocytochemical preparations were captured
using a LEICA DFC250 camera (Leica Microsystems Wetzlar GmbH, Wetzlar, Germany)
attached to a fluorescence microscope (Leica DM LB2, Leica Microsystems CMS GmbH,
Wetzlar, Germany) and LAS X Application Suite (Leica Microsystems CMS GmbH, Wetzlar,
Germany). To determine the purity of microglial cells, DAPI-labeled nuclei of Ibal-
immunopositive cells were counted. In cell cultures, at least two coverslips from each
experiment were analyzed, with approximately 20 randomly selected cells per coverslip in three
separate experiments. Microglial cell silhouettes were obtained by converting the raw digital
files of Ibal-immunoreactive cells captured by fluorescence microscopy into binary files using
Adobe Photoshop CS3 software (Adobe Systems, Inc., San Jose, CA, USA). After binary
conversion, cell perimeter and area of individual cells were measured in ImageJ (National
Institutes of Health, Bethesda, MD, USA) and the TI reflecting the degree of process extension
was calculated as follows: perimeter2/area* 4m as previously described (Fujita et al., 1996). A
total of 420 cell silhouettes were analyzed in nimodipine and 210 in DMT experiment.

To measure phagocytic activity, cells were labeled with phagocytosed microbeads and
identified with Ibal immunocytochemistry. The microbeads in the cytoplasm were counted.
Twenty non-overlapping random fields were captured using a fluorescence microscope with a
40x objective (Leica DMLB epifluorescence microscope), and the microbead load of a total of
100 cells in each culture was evaluated using the ImageJ cell counter plugin (National Institutes
of Health, Bethesda, MD, USA). The mean microbead count of 100 cells was taken as a single
value representing each culture.

Gray-scale digital images of the immunoblots were obtained by scanning the
autoradiographic films with a desktop scanner (Epson 430 Perfection V750 PRO; Seiko Epson
Corp., Suwa, Japan). Images were scanned and processed with identical settings to allow
comparison of blots from different samples. The bands were outlined and analyzed by
densitometry using Image] (National Institutes of Health, Bethesda, MD, USA).
Immunoreactive densities of equally loaded lanes were quantified as we previously reported
(Kata et al., 2016, 2017). Samples were normalized to the densities of internal controls

GAPDH) and presented as % of untreated controls.
( p
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2.10 Statistical analysis

Statistical comparisons for microglial morphology, Western blot, phagocytic activity, and
ELISA assay were performed using GraphPad Prism 8.0 (Windows, GraphPad Software, San
Diego, California USA, www.graphpad.com). Normality of data distribution was determined
by the Shapiro-Wilk test. In case of normal distribution of data, one-way analysis of variance
(ANOVA) followed by Tukey's multiple comparison test was used for statistical analysis, and
data were presented as mean+SD in bar graphs. In case of non-normal distribution of data,
Kruskal-Wallis test followed by Dunn's multiple comparison was used and data were presented
in box plots. The significance level was set at p < 0.05.

For the processing of RNA-Sequencing data, the quality of the pair-ended reads was
performed using FastQC (0.12.1) (Andrews, 2010), while adapters and low-quality bases were
trimmed using FASTP (0.23.4) (Chen et al., 2018). The filtered reads were aligned to the Rattus
norvegicus genome (NCBI: GRCr8) using the splice-aware aligner, STAR (2.5.2b) (Dobin et
al., 2013), and quantified with FeatureCounts (v.2.0.6) (Liao et al., 2014). For the downstream
analysis, only genes with a CPM (counts per million) greater than 2 in at least three samples
were retained. The filtered samples were then normalized using the TMM (Trimmed Mean of
M-values) method implemented in edgeR’s calcNormFactors (v.4.0.16) function (Robinson et
al., 2010). Differential gene expression analysis was performed using limma-voom (Law et al.,
2014).

PCA and hierarchical clustering were used to examine the similarities between samples
and identify potential outliers. Differently expressed genes (DEGs) were identified for the
following comparisons: (i) LPS vs. Control, (ii) LPS+nimodipine vs. Control, and (iii)
LPS-+nimodipine vs. LPS. In each comparison, DEGs were defined as those with a log2 fold
change greater than 1 and an adjusted p-value < 0.05.

To assess the effects of different treatments on gene expression, we selected genes from
various pathways and analyzed their expression changes. Log Fold Change and p-values were
used to evaluate the differential expression of these genes across comparisons. We identified
significantly upregulated and downregulated genes. Additionally, heatmaps were generated for
each pathway to provide a detailed view of expression patterns. The complete results of this
analysis, including all significant genes, are available in the supplementary materials.

Peptide identification and quantitation were done using the Proteome Discoverer software
(Thermo Scientific, v3.0). Peptides and proteins were identified with Sequest HT search engine

using the rat (sp_canonical TaxID=10116, v2023-06-28, 8178 sequences) and bovine
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(sp_canonical TaxID=9913, v2022-12-14, 6034 sequences) subsets of the Swissprot protein
database. Trypsin was specified as enzyme allowing up to two missed cleavage sites. Mass
accuracy was set at 5 ppm and 0.02 Da for precursor and fragment ions, respectively. Constant
modification was methylthio on Cys residues. Acetylation and/or loss of Met on protein N-
terminus, oxidation of Met and cyclization of peptide N-terminal GIln were set as variable
modifications allowing up to 4 variable modifications per peptide. Label free quantitation was
performed using precursor MS signal intensities. Unique and razor peptides were considered
for pairwise ratio based comparison of the sample groups (acceptance parameters: Sequest HT
Xcorr>1, S/N in MS spectra >5, retention time window: 5 min, minimum replicate
feature>50%). Proteins identified with high confidence showing |log2FoldChange|>1 (adjusted

p-Value<0.05 using background-based t-test) were accepted as differently expressed.

3. Results

3.1 Nimodipine mitigates microglia activation

3.1.1 Nimodipine effect on microglial morphological phenotype

The morphological phenotype of microglial cells can be used to infer their activation
state. They show a ramified phenotype in the resting state, whereas upon activation their
branches shorten, and they assume a round amoeboid cell shape. In mixed cell culture, untreated
control microglia cells take on a ramified cell shape with small pseudopodia with TI~2.6 close
to resting state (Fig 3.1A-B). In pure microglia culture, the control group had more branches
and were even more ramified with T1 ~3.2 (Fig. 3.1C-D) than in co-cultures. Upon activation
with LPS, the TT of microglia cells in both co- cultures (TI~1.4) and monocultures (TI~1.5) was
significantly reduced, indicating an activated amoeboid morphological phenotype (Fig. 3).
When different concentrations of nimodipine (5, 10, 20 pM) were added to the non-activated
cultures, more microspikes (filopodia) appeared in both co-cultures and monocultures (Fig.
3.1A, C), which increased the TI, although the change was not significant (Fig. 3.1B, D).
Addition of nimodipine to LPS-activated microglia cells increased the TI of the cells in both
co- and monocultures. In particular, concentrations of 10 and 20 uM were effective in increasing
the ramification close to the branches of the control group (Fig. 3.1). This suggests that

nimodipine is able to affect the morphological phenotype changes of microglial cells.
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Figure 3.1 Microglial morphology in co-cultures (A-B) and microglia monocultures (C-D). A, Ibal-positive
cell masks representative of microglia in co-cultures (DIV7). B, Microglial transformation index (TT) calculated
for each experimental condition in co-cultures. C, Ibal-positive cell masks representative of microglia in
monocultures (subDIV7). D, Transformation index (TI) calculated for each experimental condition in microglia
monocultures. In A and C, the values are given below the masks: A, area; P, perimeter; TI, transformation index.
In B and D, data were obtained as follows: The morphological phenotype of 15 randomly selected microglia per
culture were evaluated and the average was taken as a single data point. Five cell cultures were analysed in each
of the 8 experimental groups. Data are presented as mean+SD; red spheres represent individual values in each
condition (n=15/experimental condition). Normality of the data distribution was determined by the Shapiro-Wilk
test (B, p=0.658; D, p=0.374). Data were analysed by one-way analysis of variance (ANOVA) (B, =6.310,
p<0.001**** D, {=7.829, p<0.001****) followed by Tukey’s multiple comparison (B, p<0.05* vs. absolute
control; p<0.001%# vs. LPS alone; D, p<0.05*** vs. absolute control; p<0.001** vs. LPS alone).

3.1.2 Nimodipine effect on microglial functional phenotype

Non-activated microglia cells at rest have low phagocytosis while they engulf few
microbeads in both co- and monocultures. The use of nimodipine treatment at different
concentrations in non-activated cultures did not cause any change in the phagocytosis, which
remained at the same low level of phagocytosed microbeads. LPS activation significantly
increased the microglial phagocytic activity, which was shown by an increased number of
engulfed microbeads in both co- and monocultures. Treatment of LPS-activated cells with
nimodipine significantly reduced phagocytosis to near control levels in both co- and

monoculture (Fig. 3.2).
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Figure 3.2 Microglial phagocytic activity in co- and monoculture. A, Representative fluorescence microscopic
images of Ibal-labeled microglia in monocultures. Fluorescent microbeads in their cytoplasm indicate increased
phagocytic activity after LPS activation, which was reduced by nimodipine. B, Phagocytotic activity of microglia
quantified in co-cultures. C, Phagocytotic activity quantified in microglial monocultures. In B and C, data are
presented as mean+SD; red spheres represent individual cultures (mean of 100 cells analyzed in each culture) in
each group. Normality of data distribution was determined by Shapiro-Wilk test (B, p= 0.259; C, p=0.216). Data
were analyzed by one-way analysis of variance (ANOVA) (f=49.640, p<0.001***) followed by Tukey's multiple
comparison (p<0.001*** vs. absolute control; p<0.001**# vs. LPS alone).

In microglia, the expression of ibal can be used to determine the activation state of the
cell (Ito et al., 1998). Western blot analysis showed, when cells were activated with LPS, Ibal
expression was significantly increased compared to a non-activated control group in both co-
and monocultures (Fig. 3.3). Nimodipine treatment in non-activated cultures does not cause a
shift in Ibal expression. In contrast, when added to LPS-activated cultures, its concentration-
dependently reduced Ibal protein levels and reached significance at 10 and 20 pM
concentrations in microglia co-cultures (Fig. 3.3B). In microglia monoculture, ibal levels were

reduced to near control levels at all three concentrations (Fig. 3.3D).
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Figure 3.3 Microglial Ibal protein levels in co-cultures (A-B) and microglial monocultures (C-D). A,
Representative Western blot images for Ibal and GAPDH from co-cultures. B, Ibal protein levels quantified in
co-cultures. C, Representative Western blot images for Ibal and GAPDH from microglial monocultures. D, Ibal
protein levels quantified in microglia monocultures. In A and C, images were scanned and processed with identical
settings to allow comparisons between Western blots from different samples. In B and D, data are integrated optical
density values relative to control, and the descriptive statistics present data as mean+SD. Red spheres indicate
individual values (n=3) in each group.

Activated microglia cells are characterized by the production of different cytokines.
Depending on their phenotype, these can be pro-inflammatory or anti-inflammatory cytokines.
We investigated whether nimodipine affects the amount of pro-inflammatory cytokine TNF-a
and anti-inflammatory cytokine IL-10 secretion by microglia cells in the culture medium. The
use of low concentrations of LPS (20 ng/ml) did not result in any change in the amount of IL-
10 in either co- or monocultures. Nimodipine was observed to have no significant impact on
IL-10 levels, irrespective of whether the cultures were non-activated or activated. Low-dose
LPS stimulation did not result in a statistically significant alteration in the TNF-o concentration
measured at 24 hours (peak values had been previously measured at 6 h, Kata et al., 2016),
although a discernible tendency towards an increase was observed in both co-cultures and
monocultures (Fig 3.4). It was observed that nimodipine exerted no effect on non-activated
cultures. However, at a concentration of 20 uM, nimodipine was observed to reduce TNF-a
concentrations in LPS-activated co-cultures to control levels (Fig 3.4A). In LPS-activated

monocultures, nimodipine produced a stepwise reduction in TNF-a levels in a concentration-

dependent manner, although this reduction did not achieve statistical significance (Fig 3.4B).
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Figure 3.4 Tumor necrosis factor-a secretion (TNF-a) level in culture medium. A, Quantitative analysis of
TNF-a concentration in the co-cultures by ELISA. B, Quantitative analysis of TNF-a levels in the monoculture
medium by ELISA. Data are presented as meantSD; red spheres represent individual values in each group.
Normality of data distribution was determined by Shapiro-Wilk test (A, p=0.025; B, p=0.175). Data were analyzed
by Kruskal-Wallis test (p<0.0002) followed by Dunn's multiple comparison (p<0.05% vs. LPS alone) (A) or one-
way analysis of variance (ANOVA) (f=2.783, p=0.0229%*) followed by Tukey's multiple comparison (B).

3.1.3 Potential mechanisms of nimodipine effect on activated microglia

Subsequently, next-generation RNA sequencing was performed on microglial
monocultures only. The analysis identified a total of 13,866 genes, of which 9,720 were found
to be differentially expressed (DEGs) as a result of LPS activation or in combination with

nimodipine treatment (Fig. 3.5).
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To increase the previously described phagocytic activity, we investigated which genes are
altered by LPS. The results showed that the expression of several genes involved in phagicytosis

was increased (e.g. Mertk, Trem1, Cd14, Cd33, Cd68, Ms4a4a) (Fig. 3.6).

Figure 3.6 Heat map of differentially
expressed genes (DEGs) of markers of
i) ¢ phagocytosis. = The  heatmap  shows

H downregulated proteins in blue and
upregulated proteins in red. The first column
shows the protein change in response to LPS
Trem2 - compared to the control. The middle column
shows the protein change in response to
nimodipine and LPS treatment compared to
the control. The last column shows the
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Autophagy is involved in maintaining cellular homeostasis by degrading dysfunctional
organelles and damaged proteins and may suppress inflammation. The expression of genes that
are directly involved in macroautophagy was not altered by LPS activation, but the expression
of proteins that are indirectly involved in macroautophagy regulation, such as Wdfy3 and

Dnajc16, were significantly increased (Table 3.1).

Table 3.1 Changes in gene expression of markers of autophagy in primary microglia monocultures. Change
in mRNA expression is expressed as Log2FC (adjusted p<0.05%*); Cells showing data Log2FC>1 and adjusted
p<0.05* are colour coded.

| Function |Gene  |Protein | LPSvs.Control | LPS+nimo vs. Control| nimo+LPSvs.LPS |
Auto-  (Wdfy3 WD Repeat And FYVE Domain Containing 3 1.512207*** 0.413049 -1.099157*
phagy |Dnajc16 |Dnal homolog subfamily C member 16 1.080475** -0.014745 -1.085221*

Change in mRNA expression is expressed as Log2FC (adjusted p<0.001***, p<0.01**, p<0.05*); Cells showing data Log2FC>1 and adjusted p<0.05* are color-
coded.

| Upregulated | Downregulated | Nochange |

Because microglial activation is associated with an increase in intracellular Ca** levels,
we investigated the role of nimodipine, which is a calcium channel blocker. The increase in

intracellular Ca** levels can occur via Ca** from the extracellular space or from intracellular
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organelles. In this study, we have investigated the transcripts of ion channels and receptors
involved in cellular Ca®" currents. The results obtained indicate that the expression of the
TRPM2 channel and the purinergic receptor P2X4 was increased by LPS, suggesting an
elevated influx of Ca?* via these routes into the cytoplasm. Conversely, the expression of genes

encoding VGCCs was found to be downregulated by LPS (Table 3.2).

Table 3.2 Changes in gene expression of calcium channels and calcium binding proteins in primary

microglia monocultures.

Gene LPS vs. Control LPS+nimo vs. Control LPS+nimo vs. LPS
Cav2.1 (P/Qtype) |Cacnala | -0.721915872789663* | -0.394759125925211 | 0.327156746864452
o  |Cav2.2 (Ntype] |Cacnalb | 0.601297994808163 | 0.713859465111638 | 0.112561470303475
*;1 2|Cavi2(Ltype) [Cacnalc | -0.257819824060125 | 0.35183185448832 | 0.609651678548449
g £|Cavi3(Ltype) |Cacnald 0.379175747990492
% G [Cav2.3 (Rtype) |Cacnale 2.16197235628159
= |cava.1(Ttype) |cacnalg -0.123068089036233
Cav3.2(Ttype) _ |Cacnalh 1.15026889304812
Grina 0.610743996343934
©  |NMDAglutamate |Grin3a 1.96490519462956
£ |receptorsubunits |Grin3b | 0.582217177241407* | 0.371345289222701 | -0.210871888018707
- Grinad | -0.408768400298131 | -0.44639696994924 | -0.0376285696511087
: i et ] i
= |AMPA glutamate -
8 | cceptor subunits |22 -3.50650234779526
B Gria3 0.475310320110989 | 0.027454174286655 | -0.447856145824334
£ [lonotropic P2rx4 | 1.16350452669922%* | 0.426599458092863 | -0.736905068606362
= |purinergic P2rx5 1.68477934816561 | 1.99357218113975 | 0.308792832974141
receptors P2rx7 | -0.505257619840301 | 0.558233801321241 | 1.06349142116154
2 |TRPM2 Trpm2 | 1.85754869589203** | 0.935080263653063 | -0.922468432238963
g £ |TRPM7 Trpm7 | -0.0819432312635966 | -0.198334452069794 | -0.116391220806197
S |TRPV1 Trpvl 0.900433026810162 | 0.820543018599472 | -0.0798900082106896
Calcium release- )
ativated cateium channel |07 0.252669103240033 | 1.01476562827708 | 0.762096525037054
E lan Ryr2 -3.95910216286549 -0.68154507585644
3 Ryr3 1.05623775535212
] Itprl -0.294058219748431
£ |io3R ltorz | 0.980746574724361**
3 Itpr3 -0.983122359165874*
S serea Atp2a2 | 1.07178051722827**
& Atp2a3 | 1.58865638348008*
£ |Mitochondrial ~ |Meu -0.642371381969961* | -0.49943362821703* | 0.142937753752931
& £ |Calcium Uniporter|Meub | -0.0008077829090709 | 0.449721223578286 | 0.450529006887356
= 5 |subunits Meurl | 0.0439527753552664 | -0.473506798812516 | -0.517459574167783
S [NCX, member b1 _|Slcab1 | 1.51580685008666** | 1.81257412424202°% | -0.202232725824439
Iba1 Aif1 1.4997933728521* | 0.566155775893205 | -0.933637596958893
§ Calml | -0.213026232205602 | 0.462631866377775 | 0.675658098583376
S |Calmodulins Calm2 | -0.409379611126846 | -0.388512774095398 | 0.0208668370314484
= calm3 -0.10327743626709
=] Ppp3ca | 0.616960641546393 | 0.615587845288454 | -0.0013727962579386
g Calcineurin Ppp3ch | -0.349562509159074 | -0.169122368507913 | 0.180440140651161
2 |subunits Ppp3cc | -0.599421538720193* | -0.344551900286994 | 0.354869638433198
= Ppp3rl | -0.156344491068309 | -0.0849962325163665 | 0.0713482585519429
Reanl | -0.005260155475689 | -0.407043447858539 | -0.401783292382849

Change in mRNA expression is expressed as Log,FC (adjusted p<0.001***, p<0.01**, p<0.05*); Cells showing
data Log,FC>1 and adjusted p<0.05* are color-coded.

[ Upesviored | Dowegiated |
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This finding led to the formulation of a hypothesis that the downregulation of VGCCs
may serve as a compensatory mechanism for the increased expression of TRPM?2 and the P2X4
purinergic receptor. Comparison of LPS-challenged microglia with the control showed that RyR
genes (Ryr2-3) along with the IP3R genes (Itpr1-3) were downregulated. The SERCA Ca**
pump, located within the endoplasmic reticulum, functions to sequester and accumulate Ca**
within this compartment. Genes encoding SERCA (Atp2a2 and Atp2a3) were remarkably
upregulated by exposure to LPS. Consequently, it is hypothesized that SERCA pumps function
to normalize elevated intracellular Ca®>" concentrations associated with microglial activation
through their augmented expression.

In the primary microglial monocultures examined, the combination of nimodipine and
LPS led to changes in the expression of 110 genes when compared to the effects of LPS alone
(refer to Figures 3.5 and 3.7). Among these differentially expressed genes (DEGs), 29 exhibited
upregulation, while 81 showed downregulation. It is important to highlight that the influence
of nimodipine was contrary to that of LPS (Fig. 3.7). The analysis of these 110 genes indicated
that at least 20 were linked to the microglial immune response, 7 were associated with cell
adhesion, and 2 were related to the regulation of autophagy (Fig. 3.7), along with 4 that played

a role in intracellular calcium homeostasis.
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Figure 3.7 Heat maps of differentially expressed genes (DEGs) selected for significant change by nimodipine
treatment (LPS+nimodipine) compared to LPS challenge alone (selection criteria: -1>Log,FC>1 and adj.p<0.05).
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3.2.1 DMT effect on microglial morphological phenotype

DMT alone at all concentrations showed a tendency to augment the resting state of
microglia, as indicated by an increased transformation index, which also reached statistical
difference at the 10 uM concentration (Fig. 3.8). The low transformation index values observed
with LPS treatment were not altered by 5 and 10 uM DMT treatments, but 20 and 50 uM DMT
treatments significantly increased the transformation index values, thus shifting microglia cells

towards more ramified cell types.
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Figure 3.8 Microglial morphology microglia monocultures (A-B). A, Ibal-positive cell masks representative
of microglia in monocultures (subDIV7). B, Transformation index (TI) calculated for each experimental condition
in microglia monocultures. In A the values are given below the masks: A, area; P, perimeter; TI, transformation
index. In B data are presented as min to max in box plots; red spheres represent individual values in each condition
(n=21). Normality of the data distribution was determined by the Shapiro-Wilk test (B: p<0.001). Data were
analyzed by Kruskal-Wallis test (B, p<0.001***) followed by Dunn's multiple comparison (p<0.01** vs. absolute
control; p<0.001%* vs. LPS alone).

3.2.2 DMT effect on microglial functional phenotype

During DMT treatment the proportion of phagocytic and non-phagocytic cells in each
culture was determined. In the control cultures, the ratio of phagocytic to non-phagocytic cells

was close to 50-50%. LPS treatment increased the proportion of phagocytic cells (67%) at the
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expense of non-phagocytic cells (33%) (Fig. 3.9). DMT administered with LPS at

concentrations of 20 and 50 uM reduced phagocytotic activity to control level (Fig. 3.9).
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LPS activation caused a significant elevation of Ibal protein expression compared to

absolute control. DMT did not reverse the LPS-induced Ibal expression. In fact, DMT alone

showed a tendency to upregulate Ibal (Fig. 3.10B).
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3.2.3 Proteomic changes in microglia in response to DMT treatment

Proteomic analyses identified a total of 2793 proteins, of which 244 proteins were altered
(Fig. 3.11A). Comparisons between groups showed that LPS resulted in upregulation of 111
proteins and downregulation of 33 proteins compared to control (Fig. 3.11B). The addition of
DMT to LPS resulted in the upregulation of 76 proteins and the downregulation of 86 proteins
compared to the control culture, indicating the effect of DMT (Fig. 3.11C). Finally, co-
administration of DMT and LPS resulted in upregulation of 21 proteins and downregulation of
84 proteins compared to LPS (Fig. 3.11D).

A B LPSVS. control c LPS DMT20 VS. control

. s R o -
- 2793 protein : 78

-Log10 P-value
Log10 P-value

Log2 Ratio ' ' ' Logé Ratio
D LPS DMT20 VS. LPS
" i —

-Log10 P-value
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Figure 3.11 Results of proteomic studies. Changes in microglial protein expression are summarized in a heatmap
(red: upregulation, green: downregulation) (A). Vulcan plots of data from protein expression analysis show
significantly downregulated (green background) and upregulated (red background) proteins in pairwise group
comparisons: LPS vs. Control (B), LPS+DMT vs. Control (C) LPS+DMT vs. LPS (D). The horizontal axis
represents the protein quantitative change (log2) and the vertical axis represents the statistical P-value of the
change (-log10).

We then searched for proteins whose expression was altered by LPS and then reversed by
the addition of DMT. Eight proteins were identified that were upregulated by LSP and then
DMT reversed this increased expression. Two of these, inducible nitric oxide synthase (iNOS)
and phospholipase A2 (PLA2), were clearly linked to the pro-inflammatory function of
activated microglia. Furthermore, we found 12 proteins, mostly enzyme proteins, which were
downregulated by LPS and this was reversed by the addition of DMT. One such protein was

the lysosomal 5'-3' exonuclease PLD3, which has been associated with inflammatory responses.
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3.3 Suppression of autophagy in the presence of Baf

The regulation of autophagy is of crucial importance in microglial functions, and is
achieved through the 62 kDa ubiquitin-binding protein/autophagosome cargo protein
sequestosome 1 (p62/SQSTM1), whose level is generally inversely proportional to autophagy.

There was no statistically significant difference in microglial cell numbers in response to
LPS treatment. However, the administration of Baf pretreatment led to a significant reduction
in microglial proliferation, with a range of 45-50% (p<0.05) observed in all treatment groups
in comparison to cultures lacking Baf pretreatment. Furthermore, there was no difference
between the control and LPS groups pretreated with bafilomycin (Fig. 3.12B).

Western blot showed that LPS treatment resulted in a small increase in p62 protein.
Bafilomycin pretreatment did not change the amount of p62 protein. This leads us to conclude
that the soluble component of the p62/SQSTM1 pool exhibited reduced sensitivity to treatments
(Fig. 3.12C).

The impact of diverse inflammatory states on the distribution of p62/SQSTMI
immunoreactivity = was  examined in  representative  multicolour  fluorescent
immunocytochemical images (Fig. 3.12A) of control and LPS-treated microglia cultures in the
absence or presence of Baf. Microglial cells that were identified by their Ibal immunopositivity
demonstrated p62/SQSTMI1 immunoreactivity, both in the cytosol and compartmentalised in
autophagosomes (Fig. 3.12D). The distribution of p62/SQSTMI1 immunoreactivity was found
to be uniform throughout the cytoplasm. In contrast, p62/SQSTM1-labelled autophagosomes
were predominantly localised as puncta in the perinuclear cytoplasm and were rarely observed
in the microglial processes. We found similar number of p62/SQSTMI-labeled
autophagosomes in cultures challenged with LPS and in the absence or presence of Baf (Fig.

3.12D).
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Figure 3.12 Investigation of autophagy in microglia cultures under different treatments. A: Representative
fluorescent immunocytochemical images of microglia containing p62-immunolabeled autophagosomes. (Al)
Control (unchallenged and untreated), (A2) 167 LPS-challenged, (A3) Baf pretreated + control (unchallenged and
untreated), (A4) Baf pretreated + LPS-challenged microglial cells were analysed. The p62 protein was detected by
incubating first with mouse anti-p62/SQSTM1 primary antibody followed by goat anti-mouse secondary antibody
conjugated to Alexa Fluor 488 fluorochrome (green), while microglia nuclei are labeled with DAPI (blue). The
cytoplasm of the microglia contains several p62 labeled puncta. Scale bar in A4 (for all pictures): 50 um. B: The
number of Ibal-positive microglial cells in control, LPS-activated cultures with or without Baf pretreatment was
counted and averaged (mean (= SD) The normality of the data distribution was determined using a Shapiro—Wilk
test (p<0.001). Data were analyzed using one-way analysis of variance (ANOVA) (f=15.16, p<0.001***), followed
by Tukey’s multiple comparison. (p <0.001*** vs, absolute control; p <0.001%# vs. LPS alone). C: Quantitative
western blot analysis of p62 immunoreactivities in secondary microglial cell cultures normalized for GAPDH
immunoreactivity. The error bars indicate the integrated optical density values as % of controls (mean = SD of at
least 4 separate experiments). The normality of the data distribution was determined using a Shapiro—Wilk test
(p=0.419). Data were analysed using ANOVA (f=1.74, p=0.19), followed by Tukey’s multiple comparison. D: The
number of p62 immunopositive phagosomes per Ibal -positive microglia was analysed in control (unchallenged),
LPS activated cultures with or without Baf pretreatment. Data are presented as 10 percentile to 90 percentile. The
normality of the data distribution was determined using a Shapiro—Wilk test (p<0.001). Data were analysed using
a Kruskal-Wallis test (p<0.001), followed by Dunn’s multiple comparison. (p <0.05* vs. absolute control; p <0.05%
vs LPS alone).

4. Discussion

4.1 Primary microglia cultures are suitable to study the pharmacological
modulation of microglial activation

A complex quantitative investigation was conducted to analyse the morphological,

functional and gene expression characteristics of microglia co-and monocultures from rat pups

on postnatal day 1-3 following treatment with nimodipine or DMT in unstimulated or LPS-

activated cultures.
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Activated microglial cultures are instrumental in the testing of drugs that target
neuroinflammation, as they facilitate the evaluation of drug effects on microglia without the
interference of other brain cells (Sebastian-Valverde et al., 2021). These cultures enable the
observation of microglia as either inactive or active based on their morphology (Szabo and
Gulya, 2013; Kata et al., 2017). Phenotypic characterization captures immunostained cell
morphology, indicating inactivated or activated states. Several algorithms calculate ramification
index, derived from Scholl analysis or cell perimeter to surface area ratio (Faulkner et al., 2011;
Szabo and Gulya, 2013; Maguire et al., 2022). Furthermore, various functional aspects,
including phagocytosis, autophagy, gene and protein expression profile can be assessed.
Microglia migration is assessed using specific assays, such as the transwell migration assay
using chemoattractants (Rumianek and Greaves, 2020). Endocytotic and phagocytotic activity
can be determined by adding specific fluorescent cargoes to the culture medium and detecting
their internalization by microglia (Kata et al., 2016; Maguire et al., 2022). Microglial
metabolism is a target for regulating microglial activity, as assessed by measuring oxygen
consumption and extracellular acidification rates using a Seahorse Extracellular Flux Analyzer
(Montilla et al., 2020). Microglial states can be identified through protein detection or gene
expression profiling. Proteins, such as cytokines, can be quantified from culture media using
single-protein ELISA or multiplex ELISA (Maguire et al., 2022). Mass spectrometry is used for
a comprehensive analysis of protein content (Santiago et al., 2023). Proteins in the cell
membrane, organelles, and cytosol can be measured using Western blot (Lam et al., 2017) or
mass spectrometry (Flowers et al., 2017). Quantitative polymerase chain reaction and single-
cell RNA sequencing are used for gene expression profiles (Dumas et al., 2021). Upon
activation, microglia exhibit dual capacity for pro- and anti-inflammatory responses, exhibiting
a continuum of polarization towards either a neurotoxic (M1) or a beneficial (M2) state in
response to injury (Xiong et al., 2016). In microglial culture, M1-M2 polarization can be
distinguished by examining the expression of marker proteins. The characteristic biomarkers of
M1 microglia are CD86, iNOS (inducible nitric oxide synthase) and TNF-a (tumour necrosis
factor alpha) (Colonna and Butovsky, 2017), while the characteristic markers of M2 microglia
are CD206 (mannose receptor), Arginase-1 and IL-10 (interleukin-10) (Zhang Y. et al., 2018).
Immunohistochemical staining helps to identify antigens at the tissue level. Western blot
analysis of protein expression levels also provides a way to distinguish between M1 and M2
phenotypes. ELISA for quantitative detection of protein levels. Using RT-qPCR (Reverse
transcription quantitative PCR), gene expression analyses can distinguish between M1 and M2

microglia, which activate different inflammation-related genes and signalling pathways (Cosma
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et al., 2021). Quantitative and qualitative analysis of cytokines secreted by cells using ELISA
or cytokine array techniques to determine M1 or M2 polarisation (Maguire et al., 2022). Flow
cytometry is another powerful method that allows phenotypic discrimination of M1 and M2
microglia based on markers expressed on the membrane and intracellularly. Specific markers
(such as CD11b, CD45) and inflammation signalling molecules (such as iNOS or Arginase-1)
can be measured in the cells (Bohlen et al., 2019; Pan and Wan, 2020). Metabolic
characterization M1 polarization is characterized by glycolysis, whereas M2 polarized cells rely
more on oxidative phosphorylation. These metabolic pathways can be investigated by various
molecular assays (e.g. Seahorse Analyzer) (Montilla et al.,2020).

The results of this investigation highlighted the complex beneficial effects of both drugs,
thus classifying them as excellent candidates for preventive neuroinflammatory therapy, with

well-balanced properties of enhanced anti-inflammatory and subdued proinflammatory effects.

4.2 Microglial activation is characterized by changes in calcium homeostasis,
which serve as a target to attenuate neuroinflammation

As introduced above, the intracellular Ca** concentration in microglia regulates the
transition from a quiescent to an activated immune effector state. In resting microglia, Ca** is
present at a low concentration, whereas during activation, intracellular Ca** concentration
increases rapidly (Eichhoff et al., 2011; Saddala et al., 2020). In our experiments, we targeted
microglial Ca** homeostasis from two angles. First, we manipulated Ca®" influx across the
plasmalemma by antagonizing LVGCCs with nimodipine. Second, we pharmacologically
activated intracellular Sig-1Rs with DMT. Sig-1Rs regulate Ca" transport between the MAM
and mitochondria and support mitochondrial ATP production (Fig. 4.1). Both approaches
suppressed microglial activation detected at the level of morphological and functional

phenotypes, by modulating gene expression or protein translation.
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Figure 4.1 Schematic illustration of microglial calcium homeostasis and pharmacological targets.
Intracellular calcium levels are low in resting microglia (A). Activation leads to an increase in intracellular calcium
levels (B). Ca?" influx through L-VGCCs and Ca?" release from the ER via IP;Rs are thought to contribute to the
increase in intracellular Ca®" concentration. Nimodipine inhibits Ca*" influx through LVGCCs (C). Sigma-1
receptor is situated within the ER membrane, specifically at the mitochondria-associated ER membrane (MAM)
(A). DMT targets sigma-1 receptors to stabilize IP3R to maintain Ca?* flow from the ER to mitochondria to support
ATP production (C). Light green indicates low calcium levels, while dark green indicates high calcium levels (scale
to the right).

4.2.1 Benefits of nimodipine application for neuroinflammation

There is a prevailing consensus that the activation of microglia is linked to an increase in
the intracellular concentration of Ca>* when exposed to a range of danger signals (Hopp et al.,
2020), with LPS being one of the most commonly used activators (Hoffmann et al., 2003). Here,
we treated LPS-activated microglia with nimodipine, an LVGCC blocker, to investigate
whether manipulation of microglial Ca** homeostasis via LVGCC antagonism inhibits
microglial activation.

In addition to confirming that LPS exposure causes a shift in microglial morphological
and functional phenotype, we have identified a complex interplay of Ca®" ion channel
expression during microglial activation. Here, we show that LPS upregulates the expression of
purinergic P2X4 receptors and TRPM2 channels, suggesting that Ca®>" accumulation during
microglial activation may be manifested through these pathways. These data of ours are
consistent with the upregulation of P2X4 receptors in neuroinflammatory states of the brain and
spinal cord (Montilla et al., 2020), and the involvement of TRPM2 channels in the promotion
of microglial inflammatory polarization (Raghunatha et al., 2020).

Along with the upregulation of P2X4 receptors and TRPM2 channels, the expression of
ryanodine and IP3 receptor genes and SERCA pump genes (Atp2a2 and Atp2a3) at the
endoplasmic reticulum (ER) were altered in a compensatory manner. Ryanodine and IP3

receptors, which release Ca** from the ER into the cytoplasm, were downregulated, whereas
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SERCA, which pumps Ca?" from the cytoplasm into the ER lumen, was upregulated. These
changes suggest that the Ca?" concentration, which presumably increases via P2X4 receptors
and TRPM2 channels upon microglial activation, is counterbalanced by mechanisms at the ER.

Nimodipine consistently inhibited the phenotypic shift of microglia in co-cultures and
monocultures, suggesting that microglia were reliably targeted by the treatment. In addition, we
previously demonstrated that nimodipine suppressed microglial activation in live brain slice
preparations challenged by metabolic stress (Frank et al., 2024). Driven by these data, we
explored DEGs underlying these microglial morphological and functional phenotypic changes.
Based on our findings, we suggest that nimodipine finely modulates intracellular signaling
pathways (e.g., expression of protein kinases) by inhibiting LVGCC to induce the gene
expression changes. Because Ca?" is a well-known intracellular second messenger involved in
the control of gene expression, we suggest that nimodipine achieved its anti-inflammatory
effect by the modulation of intracellular Ca*" signaling (Barbado et al., 2009). Indeed, Barbado
et al. (2009) reviewed three Ca’'-dependent gene transcriptional pathways regulated by
VGCCs. These pathways include a calmodulin-dependent kinase and cAMP response element
binding protein (CREB)-dependent pathway, a signal transduction pathway initiated by Ca*'-
sensitive proteins that are associated with the VGCC signaling complex, and a pathway
regulated by Ca?'-binding transcription factors (e.g., DREAM). Finally, the intracellular
carboxyl terminus of the a subunit of LVGCCs contains a proteolytic fragment. This fragment
has been identified to act as a transcription factor by its translocation to the cell nucleus
(Gomez-Ospina et al., 2006; Lu et al., 2015).

Although in our hands nimodipine was applied according to its widely accepted action as
an agent to block LVGCCs, Ca®" channel blockers belonging to the class of dihydropyridines
may target alternative cellular sites. These alternative targets are Kv1.3 voltage-gated potassium
channels (Kazama et al., 2013), mineralocorticoid receptors (Dietz, Du et al., 2008), and CFTR
chloride channels (Pedemonte et al., 2005), raising the possibility that suppressed activation of
these pathways contributes to the effect of nimodipine seen here.

In conclusion, in addition to the approved use of nimodipine to achieve cerebral
vasodilation in aneurysmal subarachnoid hemorrhage, our data point in the direction of
expanding the medical field of indication of nimodipine to attenuate neuroinflammation in acute

brain injury or chronic neurodegeneration.
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4.2.2 The therapeutic potential of DMT for neuroinflammation

DMT is a fascinating compound in its own right, not only for its psychedelic properties
but also for its noteworthy neuroprotective effects and potential therapeutic applications
(Carbonaro and Gatch, 2016). It plays a critical role in the central nervous system, especially
under conditions of stress, by protecting neurons, reducing inflammation, and promoting
neuroplasticity through mechanisms such as the elevation of brain-derived neurotropic factor
(BDNF) (de Almeida et al., 2019). Sig-1Rs are intracellular receptors that localize to a specific
region of the endoplasmic reticulum (ER) membrane that is connected to the outer
mitochondrial membrane (mitochondria-associated ER membrane, MAM). These receptors
have been shown to regulate Ca*" balance within cells, inhibit ROS production, and promote
cell survival in conditions of stress (Hayashi, 2015; Penke et al., 2018). A substantial body of
experimental evidence indicates that Sig-1R activation exerts neuroprotective effects in the
context of ischemic stroke.

In experimental cerebral ischemia, DMT has been shown to be neuroprotective (Szabd et
al., 2021), reducing brain infarct size, improving motor function and inhibiting the transcription
of mRNA for pro-inflammatory cytokines in the brain (Nardai et al., 2020). In previous studies,
researchers attributed the beneficial effects of DMT to Sig-1R activation. In vivo studies have
also demonstrated that, in addition to neurons, microglia also express the target of DMT, Sig-
IR (Nardai et al., 2020; Szab¢ et al., 2021). However, in the intact brain, the effect of DMT is
complex, and the effect on microglia is difficult to isolate.

In our microglia cultures, the administration of DMT has been demonstrated to induce
alterations in microglial morphology and functionality. DMT when added to activated microglia
cultures at concentrations of 20 and 50 uM resulted in more ramified cell shapes. Also, at the
same concentrations, DMT reduced the proportion of phagocytosing cells in the culture, as
visualized by fluorescent synthetic polymer microbeads. Taken together, these results suggest
that DMT reduces microglial activation. Furthermore, proteomic analysis here has revealed
substantial changes in the concentrations of proteins, with DMT reversing the expression of
specific pro-inflammatory proteins that have been previously induced by LPS.

The inhibition of microglial activation observed here is consistent with previous findings
that DMT was protective in macrophage cultures of monocyte origin exposed to hypoxia (Szabo
et al., 2016). Agonism of Sig-1R, the target of DMT with other synthetic agents (SKF10047)
also inhibited microglial activation and M1 polarization (Ooi et al., 2021). In cultures exposed

to microglia-damaging levels of hypoxia, agonism of Sig-1R with pentazocine prevented
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microglial death (Heiss et al., 2016). Thus, agonism of Sig-1R with DMT may be protective for
microglial cells under lethal conditions. In the presence of a stimulus that induces microglial
activation as demonstrated by the present experiments, DMT appears to inhibit microglial
activation. Finally, in a rodent model of focal cerebral ischemia, DMT inhibited the mRNA
transcription of pro-inflammatory cytokines, including TNF-o0, and thus an anti-
neuroinflammatory effect was reported (Nardai et al., 2020). Our results suggest that the
protective effect of DMT against neuroinflammation in experimental stroke may have been
exerted directly on microglial cells by inhibiting microglial activation.

DMT alone did not affect phagocytosis, but reduced the proportion of phagocytosing cells
in LPS-activated microglia. There is no prior experimental evidence to support that Sig-1R
agonism should limit microglial phagocytosis, but the transfer of Sig-1R intact macrophages to
recipient Sig-1R knockout mice highlighted the essential role of Sig-1R in phagocytosis (Zhang
etal., 2023).

The shift from 111 upregulated proteins in the presence of LPS to just 21 with co-
administration of DMT suggests a regulatory role for DMT in protein expression dynamics.
This suggests that DMT mitigates the inflammatory response possibly by the downregulation
of certain proteins. Among the proteins whose expression is increased by LPS and then inhibited
by DMT, we identified inducible nitric oxide synthase (iNOS) and phospholipase A2 (PLA2).
INOS catalyzes the production of the bioactive free radical nitric oxide (NO). In vivo, microglia
do not express iNOS, but under inflammatory conditions, activated microglia in mice, rats and
humans express iNOS as part of their response to inflammation and injury (Galea et al., 1992).
As with iINOS, upregulation of PLA?2 is a hallmark of inflammatory conditions. PLA2 catalyzes
the release of arachidonic acid, which is then utilized in the production of inflammatory lipid
mediators, such as prostanoids. This process is of crucial importance in various inflammatory
processes. Pharmacological inhibition of PLA2 in microglial cells has been shown to prevent
ROS production and secretion of pro-inflammatory cytokines (Yang et al., 2009).

In addition, the exonuclease phospholipase D family member 3 (PLD3) was identified
among the proteins whose downregulation by LPS was counteracted by DMT. PLD3 5'-3'
exonuclease, a lysosomal nucleic acid degradation enzyme, has been implicated in autoimmune
inflammatory diseases. PLD3 has been shown to inhibit autoimmune inflammatory responses
by cleaving nucleic acids (Gavin et al., 2021). In the context of our microglial cultures, the
presence of LPS resulted in a decrease in PLD3 protein levels. However, the subsequent
addition of DMT resulted in an increase in PLD3 protein levels, suggesting an enhanced anti-

inflammatory action. From the observations made here, it is clear that DMT treatment in
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inflammatory processes exerts an anti-microglial activation effect reflected by the modulation
of the levels of the proteins involved.

In conclusion, morphological and functional characterization of microglial activation and
proteomic analysis showed that DMT inhibited microglial activation in LPS-activated primary
microglial cultures. These observations may be useful in the development of drugs for the
treatment of diseases in which neuroinflammation impairs the chances of recovery. DMT has
also recently attracted the attention of pharmaceutical companies, with Canada's Algernon
Pharmaceuticals (https://www.algernonpharmaceuticals.com/about) testing DMT in the
treatment of stroke (https://www.algernonpharmaceuticals.com/pipeline/ap-188-dmt), and the
use of DMT is currently being evaluated in Phase 1 clinical trials. Our experimental results thus
have clinical potential and will contribute to a better understanding of the mechanism of action

of DMT.

4.3 The suppression of microglial autophagy is coincident with an increase in
p62/SQSTMI1 protein

The present study investigates the role of autophagy regulation in microglial functions,
with a particular focus on the protein p62/SQSTMI. The results demonstrate that while LPS
treatment did not result in a significant alteration of microglial cell numbers, pretreatment with
Baf led to a substantial reduction in microglial proliferation, with a decrease of 45-50%.

Autophagy and microglial cells are integral to maintaining cellular homeostasis and
responding to various stressors in the central nervous system. (Peng et al., 2022). Autophagy
facilitates the degradation and recycling of damaged cellular components, particularly under
pathological conditions like ischemia and hypoxia, while also influencing neuroinflammation
through the polarization of microglial cells. (Parzych and Klionsky, 2014; Lian et al., 2021). In
mammals, autophagy frequently converges with the endocytic pathway, whereby the process of
formation of autolysosomes occurs, resulting from the fusion of the two other types of vesicle,
namely the autophagosome and the lysosome. The final outcome of this process is the
degradation of cytoplasmic cargoes by hydrolases (Klionsky, 2007). It is evident that autophagy
and inflammatory processes are closely linked, with critical regulatory molecules such as
p62/SQSTMI1 playing pivotal roles. Inhibition of autophagy has been observed to result in
increased p62/SQSTMI1 levels, while its activation has been shown to lead to reduced protein
levels. p62/SQSTMI1 plays a crucial role in the proteasomal degradation process and the
regulation of protein aggregates (Ye et al., 2020). Consequently, variations in p62/SQSTM1
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levels can serve as a marker for monitoring autophagy flux, underscoring its significance in the
dynamic interplay of these biological processes (Pesti et al., 2024).

The present study highlights the intricate role of p62/SQSTMI in regulating autophagy
within microglial functions, particularly under inflammatory conditions induced by LPS. While
the absence of significant changes in microglial cell numbers suggests that LPS treatment does
not directly influence proliferation, the notable reduction in microglial proliferation upon
bafilomycin pretreatment underscores the complex interactions between autophagy and
inflammation. The observed effect on proliferation is likely attributable to the inhibition of
autophagy, which is known to be dependent upon the inhibition of vacuolar ATPase (V-ATPase)
(Lu et al., 2015). Bafilomycin is well known to possess both cytostatic and apoptotic properties
(Xie et al., 2014) but, to the best of our knowledge, this is the first occasion on which an effect
of this kind on microglia proliferation has been reported. The observed increase in p62 protein
levels in response to LPS, alongside its stable concentration with bafilomycin pretreatment,
suggests a nuanced role of p62 in inflammatory states that warrants further investigation. The
uniform presence of p62/SQSTMI1 across the cytoplasm highlights its fundamental role in
microglial function, while the concentrated perinuclear localization of autophagosomes
signifies a nuanced response to inflammatory stimuli. The slight decrease observed in the
number of autophagosomes after LPS treatment compared to the control group is analogous to
that seen in BV2 cells (He et al., 2017), although this change did not reach statistical
significance, in contrast to the group that had been pre-treated with bafilomycin. The results
obtained in this study corroborate earlier research findings regarding the impact of bafilomycin
on the regulation of autophagy. Furthermore, the present study provides additional evidence to
support the role of bafilomycin in modulating autophagic processes, highlighting its potential
effects on cellular responses and autophagy-related pathways.

Moreover, the interplay between ion homeostasis and signaling pathways, notably
through TLR4 and VGCCs, underscores microglia cells regulatory roles in inflammatory
responses post-injury. Ultimately, understanding the nuanced behavior of microglia and their
modulation represents a promising therapeutic avenue for addressing central nervous system
disorders, particularly in optimizing responses following ischemic strokes (Cojocaru et al.,

2021; Jin et al., 2019).
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5. Main observations and conclusions

This study explores the pharmacological modulation of microglia and highlights potential

therapeutic strategies to suppress their activation in neuroinflammatory conditions. Three key

interventions were investigated: nimodipine, dimethyltryptamine (DMT), and LPS-induced

autophagy inhibition.

1.

The study demonstrated that nimodipine, a selective blocker of L-type voltage-gated
calcium channels (LVGCCs), attenuates microglial activation. Through morphological
and functional profiling, as well as transcriptomic analysis, the data revealed that
nimodipine suppresses microglial activation by modulating intracellular Ca** signaling.
LPS exposure typically triggers microglial activation, accompanied by an increase in
intracellular Ca®*, which is hypothesized to occur through P2X4 receptors and TRPM2
channels. However, nimodipine's action on LVGCCs reduces calcium influx, leading to
altered gene expression and a dampened inflammatory response. This modulation of
calcium signaling provides a mechanism for nimodipine’s anti-inflammatory effect,
suggesting its potential for mitigating neuroinflammation in acute brain injury or
chronic neurodegenerative diseases.

The study also explored the effects of DMT on microglial activation. DMT
administration resulted in significant changes in microglial morphology, shifting them
towards more ramified shapes and reducing their phagocytic activity, which indicates a
decrease in microglial activation. Proteomic analysis further revealed that DMT
reversed the upregulation of pro-inflammatory proteins induced by LPS, such as
inducible nitric oxide synthase (iNOS) and phospholipase A2 (PLA2). This shift in
protein expression, from 111 upregulated proteins with LPS to only 21 with DMT,
suggests that DMT exerts anti-inflammatory effects, possibly through its action on the
Sig-1R receptor, a known intracellular target. The reduction in pro-inflammatory protein
expression reinforces DMT's potential to regulate microglial activation in inflammatory
conditions.

The study further examined the relationship between autophagy and inflammation in
microglia. LPS exposure, when combined with Bafilomycin A1 (Baf) pretreatment,
inhibited microglial autophagic activity, evidenced by increased levels of p62/SQSTM1
protein. This suggests a disruption in autophagy that could contribute to sustained
inflammation. The findings underscore the importance of autophagy in regulating

microglial function and inflammation, and highlight the complex interplay between ion
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homeostasis, signaling pathways, and autophagic activity in microglial responses post-
injury.

In conclusion, the study demonstrates that nimodipine and DMT can modulate microglial
activation through distinct cellular mechanisms, offering potential therapeutic strategies for
managing neuroinflammatory diseases. Additionally, the interplay between autophagy and
inflammation provides further insights into how microglia can be targeted for therapeutic

benefit in central nervous system disorders.
6. Summary

Background: Microglia exhibit elevated intracellular Ca®" concentrations in response to acute
brain injury. In turn, intracellular Ca?" transients have been postulated to regulate microglial
activation which initiates neuroinflammation and pro-inflammatory cytokine production.
Microglia are endowed with L-type voltage-gated Ca*" channels (LVGCCs), which have been
implicated in microglial Ca** accumulation. Microglia also express sigma-1 receptors (Sig-1R)
on the mitochondria-associated membranes (MAM) of the endoplasmic reticulum (ER), which
have been implicated in the cellular stress response.

Here, we tested whether pharmacological inhibition of L-type voltage-gated Ca®" channels with
nimodipine suppresses the shift of microglia from a quiescent to an activated phenotype and
how it modulates microglial gene expression. We also tested whether pharmacological
activation of Sig-1R with N, N-dimethyltryptamine (DMT) suppresses the shift of microglia
from a quiescent to an activated phenotype and how it modulates microglial proteomics.
Autophagy also impacts microglia function, with TLR4 acting as an upstream regulator.
Lipopolysaccharide can activate the PI3K/AKT/mTOR pathway in microglia, inhibiting
autophagic flow and enhancing the inflammatory response. We tested whether Bafilomycin A1
can block this process.

Methods: Primary microglial cultures were prepared from the cortex of neonatal Sprague-
Dawley rats. On day 6, the plated cells were activated with lipopolysaccharide (LPS; 20 ng/ml)
to activate microglia. In the first set of experiments, cultures were treated with nimodipine alone
(5-10-20 uM) or in combination with LPS for 24 h. In the second set of experiments, cultures
were treated with DMT (Sig-1R agonist) alone (5-10-20-50 uM) or in combination with LPS
for 24 h. In the third set of experiments, microglial cultures were pre-treated with Baf Al
(50nM) for 3h, and activated with LPS for 24h. Microglial activation was evaluated by Ibal

immunolabeling. The degree of arborization was expressed by a transformation index (TI)
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calculated from the cell perimeter and surface area. Ibal protein levels were quantified by
Western blot analysis, and the phagocytic activity was visualized with fluorescent microbeads.
TNF-a cytokine levels in the cell culture medium were measured with ELISA. Total RNA was
isolated from collected cells and processed for RNA sequencing (RNA-seq) to determine
differentially expressed genes (DEGs). Proteins were isolated from harvested cells and
processed for proteomic analysis with mass spectrometry.

Results: When the LPS-challenged cell cultures were treated with nimodipine, significantly
more ramified cells were seen at the 10 uM and 20 puM concentrations. Increased Ibal signal
intensity in Western blot analysis confirmed microglial activation due to LPS treatment, which
was decreased particularly by 10 and 20 pM nimodipine. Control microglia engulfed a few
microbeads. In contrast, LPS challenge increased microglial phagocytic activity, which was
significantly attenuated by nimodipine. Nimodipine produced a stepwise reduction in TNF-a
levels along its increasing concentration, although without statistical significance. The RNA-
seq data here identified the expression of the Cacnalc and the Cacnald genes in primary
microglia cultures, which encode Cavl.2 and Cav1.3 subtypes of the al subunit of LVGCCs.
As expected, LPS treatment resulted in robust transcriptomic changes in rat microglia affecting
3554 genes including proteins of the TLR4 intracellular signaling cascade, chemokines and
interleukins. Nimodipine treatment of LPS-activated microglia altered the expression of 110
genes compared to LPS treatment alone.

When the LPS-treated cell cultures were treated with DMT, significantly more ramified cells
were observed. Increased Ibal signal intensity in Western blot analysis confirmed microglial
activation by LPS treatment, which was also increased by DMT. LPS challenge increased
microglial phagocytic activity, which was significantly attenuated by DMT. The proteomics
data identified a total of 2793 proteins, of which 244 were altered in abundance. The combined
administration of DMT and LPS resulted in the upregulation of 21 proteins and the
downregulation of 84 proteins compared to LPS given alone. Importantly, DMT treatment
counteracted the LPS-induced synthesis of proteins implicated in pro-inflammatory signaling
(e.g. iNOS and PLA?2).

In the regulation of autophagy, LPS treatment did not significantly affect microglial cell
numbers, but Baf pretreatment reduced microglial proliferation. LPS treatment resulted in a
small increase in p62 protein, but bafilomycin pretreatment did not change the amount.
p62/SQSTM1 immunoreactivity was uniform throughout the cytoplasm, with autophagosomes

predominantly localized in the perinuclear cytoplasm.
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Conclusions: Nimodipine is used to alleviate delayed ischemic deficit after aneurismal
subarachnoid hemorrhage. Our data suggest that nimodipine may also be applicable to attenuate
microglial activation. Nimodipine appears to exert its anti-inflammatory effects by modulating
microglial Ca** homeostasis. In conclusion, the effect of nimodipine goes beyond cerebral
vasorelaxation and its anti-inflammatory potential may be considered in cerebral ischemia,
where progressive neuronal injury is thought to be associated with neurotoxic microglial
activation.

DMT promoted the quiescent state of microglia compared to LPS. We hypothesize that DMT
exerts its effect by modifying the ER stress response and microglial Ca** homeostasis. This
hypothesis is supported by previous findings that microglial activation is associated with
increased intracellular Ca?* concentration and that Sig-1R in the MAM regulates Ca** transport
between the ER and mitochondria.

LPS treatments suppressed autophagic activity, leading to an increase in p62/SQSTMI1 protein.
Pretreatment with BAF improved regulatory effects, revealing the complexity of autophagy

regulation in inflammation and microglial cell modulation.
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