% Maastricht University

KNOWLEDGE IN ACTION

Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences

Master's thesis

Unraveling the Brain's Cleanup Crew: the Role of TRPV4 in Mitochondrial Dynamics
during Microglial Phagocytosis

Robin Schellingen
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

SUPERVISOR :
Prof. dr. Bert BRONE

MENTOR :
Mevrouw Elena-Andreea BURLACU

Transnational University Limburg is a unique collaboration of two universities in two
countries: the University of Hasselt and Maastricht University.

www.uhasselt.be

Universiteit Hasselt
Campus Hassel:
Martelarenlaan 42 | 3500 Hasselt

Campus Diepenbeek:
KNOWLEDGE IN ACTION Agoralaan Gebouw D | 3590 Diepenbeek




% Maastricht University

KNOWLEDGE IN ACTION

Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences

Master's thesis

Unraveling the Brain's Cleanup Crew: the Role of TRPV4 in Mitochondrial Dynamics
during Microglial Phagocytosis

Robin Schellingen
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

SUPERVISOR :
Prof. dr. Bert BRONE

MENTOR :
Mevrouw Elena-Andreea BURLACU






»» |UHASSELT| Senior internship- 2" master BUW

Unraveling the Brain's Cleanup Crew: the role of TRPV4 in Mitochondrial Dynamics during
Microglial Phagocytosis.

Robin Schellingen', Andreea Burlacu' and Bert Brone'
'Morphology research group, Biomedical Research Institute, Universiteit Hasselt, Campus Diepenbeek,
Agoralaan Gebouw C - B-3590 Diepenbeek
“Physiology research group, Biomedical Research Institute, Universiteit Hasselt, Campus Diepenbeek,
Agoralaan Gebouw C - B-3590 Diepenbeek

*Running title: TRPV4’s role in microglial mitochondrial dynamics

To whom correspondence should be addressed: Prof. Dr. Bert Brone, Tel: +32 (11) 26 92 37; Email:
bert.brone@uhasselt.be

Keywords: Microglia, mitochondrial movement, mitochondria, TRPV4, phagocytosis

ABSTRACT

Microglia, the resident immune cells of the central nervous system (CNS), play a role in main-
taining brain homeostasis, with their main function being phagocytosis. The transient receptor po-
tential vanilloid 4 (TRPV4) channel is a cation channel involved in calcium homeostasis, influencing
microglial morphology and function. During phagocytosis, a phagocytic cup is formed, which is heav-
ily dependent on cytoskeletal reorganization. This requires energy to facilitate movement of the cell,
which is delivered by mitochondria. However, the typical movement of mitochondria during micro-
glial phagocytosis remains elusive. In this study, the role of TRPV4 in mitochondrial dynamics during
microglial phagocytosis was evaluated. Using wild-type (WT) and TRPV4 knockout (KO) primary
microglia, we assessed mitochondrial distribution and dynamics through immunohistochemistry and
live-cell imaging. Our results demonstrate that TRPV4 activity regulates mitochondrial dynamics
and distribution. Specifically, TRPV4 KO microglia exhibit a more dispersed mitochondrial distri-
bution and increased mitochondrial fission compared to WT microglia. We prove that acute inhibi-
tion of TRPV4 with a specific TRPV4 antagonist directly affects mitochondrial dynamics in WT mi-
croglia, indicative of increased mitochondrial fission. The increased mitochondrial fission observed
in TRPV4 KO microglia could contribute to the pathology of neurodegenerative diseases, where mi-
tochondrial dysfunction and impaired microglial activity are common. Future research should focus
on investigating the role of TRPV4 in microglial phagocytosis in vitro and in vivo, as well as exploring
the effects of TRPV4 modulation on microglial function in disease models.

INTRODUCTION

Microglia are the resident immune cells of the cen-
tral nervous system (CNS) and comprise 10-15% of
all glial cells present in the brain (1-3). They are of-
ten referred to as the macrophages of the brain and
have diverse functions, playing an important role in
brain development and homeostasis, and CNS in-
jury repair (2-4).

Unlike other cells of the CNS, microglia are
derived from erythromyeloid progenitors (EMPs)
that develop in the yolk sac during the embryonic
phase (5). Subsets of these EMPs mature into C-X3-
X Motif Chemokine Receptor 1 (CX3CR1) positive

cells and become microglia progenitors. Microglia
progenitors then migrate to the brain, and this con-
tinues until the blood-brain barrier (BBB) is fully
formed (5, 6). After reaching their final location, the
cells become quiescent (resting) and present a ram-
ified morphology; microglia possess a small, round
cell body with little cytoplasm and numerous
branching processes (7). The microglia population
is maintained by self-renewal, which is the only
source of new microglia in the healthy brain (5).
These ramified microglia possess a level of motility
for surveillance and protection of the CNS. They
constantly survey the surrounding environment by
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process extension and retraction, enabling interac-
tion with neurons, astrocytes and blood vessels ei-
ther through direct contact or through secretion of
mediators (3, 7-9). Because of this process exten-
sion, microglia can swiftly respond to damage or in-
fections in the brain. When harmful molecules are
present, microglia become activated and undergo
morphological and functional transformations from
a ramified state to an amoeboid state (9). Microglia
now show an enlarged cell body with short, thick
pseudopodia that enable them, aided by chemotac-
tic cues, to move swiftly to the site of injury. During
development, microglia contribute to the formation
of the final neuronal network by stimulating vascu-
larization and assisting in synaptic pruning. In the
adult brain, they maintain homeostasis by synaptic
remodeling and by removing proteins and debris
that accumulate in the brain (6, 9). When the CNS
is injured or in order to maintain brain homeostasis,
microglia are responsible for phagocytosis of apop-
totic cells, microbes, and aggregates that can com-
promise homeostasis (2, 8).

Molecular microglia identification

Microglial identification is based on the expression
of specific genes that are enriched in microglia,
commonly named microglia markers. Microglia
markers include surface, intracellular and released
molecules. There are many general microglia mark-
ers that can be detected irrespective of the cell phe-
notype. The most used markers are the cytoplasmic
marker ionized calcium-binding adapter molecule 1
(IBA-1), cluster of differentiation receptors (CD68,

find-me
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eat-me

Engulfment
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CDl11b, CD14, CD45, CD80 and CD115), frac-
talkine receptor CX3CRI1, ferritin, F4/80 and vi-
mentin (7). CX3CR1 is used to generate enhanced
green fluorescent protein (eGFP) positive micro-
glia. The most specific markers are the surface
markers purinergic receptor P2Y12R and trans-
membrane protein 119 (TREM119) (7, 10).

Phagocytic process

When a cell goes into apoptosis, microglia will ini-
tiate phagocytosis to prevent further damage. The
process of phagocytosis was first observed by Elie
Metchnikoff and takes place in different phases: [1]
the find-me phase, [2] the eat-me phase, and [3] the
digest-me phase (Fig.1 ) (11).

Find-me

In the find-me phase, microglia will recognize ex-
posed find-me signals released by the apoptotic
cell, myelin debris or by excessive synapses (12).
These signals can include nucleotide adenosine tri-
phosphate (ATP) and uridine triphosphate (UTP),
attracting microglia by activating the P2Y12 recep-
tor (13, 14). One of the most important chemotactic
signals is CX3C Ligand 1 (CX3CL1), better known
as fractalkine, released by neurons or synapses,
which attracts microglia via the CX3CRI1 receptor
(13, 15). The pro-inflammatory bacterial lipopoly-
saccharide (LPS) is also an important signal, which
drives microglial activation through the toll-like re-
ceptor (TLR)-4 and nuclear factor kB (NF-kB)
pathways (16).

digest-me

phagolysosome

Degradation

Figure 1: Three-step model of microglial phagocytosis. Activated microglia respond to chemoattractant mol-
ecules released by apoptotic cells, such as CX3CL1 and nucleotides such as ATP (‘find-me” phase). Next, a
connection is formed between the microglial receptor and a ligand in the membrane of the apoptotic cell, which
leads to engulfment of the particle (“eat-me” phase). The phagolysosome will be fully degraded by the presence
of an acidic pH and ROS formation (“digest-me” phase).

CX3CLI= C-X3-C Motif Chemokine Ligand 1, ATP= adenosine triphosphate, ROS= reactive oxygen species
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Eat-me

Once microglia reach the target cell, contact is es-
tablished through a receptor-ligand interaction to
initiate the eat-me phase (17). The process of en-
gulfment is the most important phase in phagocyto-
sis. Microglia have several complementary mem-
brane receptors that recognize the target to engulf
them and distinguish them from living cells, which
express do-not-eat-me signals such as CD47 (15,
17). A crucial eat-me signal is phosphatidylserine
(PS), which is exposed on the cell surface of apop-
totic cells (13, 18). To take up the particle, a phag-
ocytic cup must be formed around the particle. This
requires changes to the actin-myosin complex,
which is formed by F-actin and non-muscle myosin

DAG PI(4,5)P2

PKC

Ca* PI(4,5)P2 —> PI(34,5)P3

y
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IT (19). Various pathways are involved in control-
ling the movement and localization of proteins and
organelles within the cell. The most well-known re-
ceptors for intracellular signaling of phagocytosis
are Fc receptors (FcR) and complement receptors
(CRs) (figure 2).

Fc receptor signaling

Following recognition by FcR, FcR crosslinking
and phosphorylation of immunoreceptor tyrosine-
based activation motif (ITAM) on the cytoplasmic
tail of FcR is induced by tyrosine kinases of the Src
family (19, 20). This phosphorylation is responsible
for the recruitment and phosphorylation of Spleen

phagocytic cup microglia

F-actin
\ G-actin
Actin

polymerization
Rl

\
O

Microtubules

(ROCK )

Myosin Il

I F-actin
G-actin
& TAM
Indirect interaction
Direct interaction

Figure 2: FcR-mediated and CR-mediated signaling for phagocytosis. Left: following recognition by FcR,
FcR crosslinking and phosphorylation of ITAM on the cytoplasmic tail of FcR is induced by tyrosine kinases of
the Src family. This phosphorylation is responsible for the recruitment and phosphotylation of Syk. Syk then
triggers the conversion of PI(4,5)P2 to PI(3,4,5)P3 through PI3K. PI(3,4,5)P3 activates Rac, which contributes
to actin polymerization together with cdc42. Phosphorylated Syk also generates DAG and IP3 from PI(4,5)P2.
DAG induces PKC-mediated activation of p38 and ERK signaling. IP3 triggers Ca2+ release from the ER to the
cytosol. Right: CR binds to a complement component and initiates the signaling cascade via Rho. Rho activated
ROCK, which induces myosin II phosphorylation and recruits the Arp2/3 complex, leading to actin polymeriza-
tion. Activated Rho also recruits mDia, which mediates actin polymerization. mDia also interacts with CLIP-
170, which in turn interacts with microtubules to promote further actin polymerization.

FcR= Fc receptor, CR= complement receptor, ITAM= immunoreceptor tyrosine-based activation motif, LAT=
linkerfor activation of T-cells, PI3K= phosphatidylinositol 3 kinase, PLCy= phospholipase Cy, DAG= diacyl-
glycerol, IP3= inositol triphosphate, ER= endoplasmic reticulum, PKC= protein kinase C, ROCK= Rho-asso-
ciated kinase, mDia= mammalian diaphanous-related formin-1.
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tyrosine kinase (Syk). Syk then triggers the conver-
sion of PI(4,5)P2 to PI(3,4,5)P3 through phosphati-
dylinositol 3 kinase (PI3K) (15, 21, 22). P1(3,4,5)P3
activates Rac, which contributes to actin polymeri-
zation together with Cdc42 (20, 22). Phosphory-
lated Syk also generates diacylglycerol (DAG) and
inositol triphosphate (IP3) from PI(4,5)P2. DAG in-
duces protein kinase C (PKC)-mediated activation
of p38 and ERK signaling. IP3 triggers Ca*" release
from the ER to the cytosol(20, 22).

Complement receptor signaling
Complement-mediated phagocytosis is accom-
plished by recognition of bound complement com-
ponents by their corresponding CRs (20, 23). Un-
like FC-mediated phagocytosis, the actin and mi-
crotubule cytoskeleton are required to engulf parti-
cles during CR-mediated phagocytosis (20, 24).
CR3 binds to a complement component C3b and in-
itiates the signaling cascade via Rho, leading to F-
actin polymerization. Rho activates ROCK, which
induces myosin II phosphorylation and recruits the
Arp2/3 complex, leading to actin assembly at the
phagocytic cup (11, 20). Activated Rho also recruits
mDia, which also mediates actin polymerization.
mDia also interacts with CLIP-170, which interacts
with microtubules to promote further actin
polymerization (11).

Digest-me

Once the edges of the phagocytic cup reach the apex
of the particle, they make contact and merge, lead-
ing to fission of the membrane to release the phag-
osome (25, 26). Ingestion of the target is then fol-
lowed by maturation of the phagosome by interact-
ing with other endocytic compartments, ending
with fusion between the phagosome and the lyso-
some, forming a phagolysosome (12, 25, 27). The
phagosome is transported to the lysosome by
dynein-mediated movement of the phagosome
along the microtubules (28). Microtubules serve as
tracks for the transport of the phagosome to reach
the lysosome positioned at the center of the cell to
enable membrane fusion (28). Once the phagolyso-
some is formed, the engulfed particle is broken
down. The phagolysosomal content is not only very
acidic due to proton pumps such as vacuolar
ATPases, but it also contains hydrolytic enzymes,
proteases, and reactive oxygen species (ROS) to di-
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gest the target (11, 25). Eventually, the phagolyso-
some decreases in size, undergoes fragmentation
and disappears (25).

The transient receptor potential vanilloid 4
channel

To maintain a healthy state in the brain and for mi-
croglia to properly perform their function, constant
cell movement is required through process exten-
sion and migration (29). This requires cytoskeletal
rearrangement, which is regulated at subcellular
levels. Process motility and extension is mediated
by Ca*" (30). Because of this, microglia present a
plethora of proteins that mediate the Ca®" uptake
and its trafficking. Local Ca" increase can be initi-
ated by the transient receptor potential (TRP) chan-
nel family. The transient receptor potential vanil-
loid 4 (TRPV4) is a nonselective cation channel
permeable for Ca®* and plays a role in the regulation
of microglial morphology. TRPV4 can be activated
by moderate temperature changes, cell swelling and
stretch, making it a thermo- and mechanosensitive
channel (31). This channel is located on the mem-
brane of microglia and has been identified along
proteins that are part of the cytoskeleton, such as
actin, making it an important player in Ca** home-
ostasis of microglia (32).

When phagocytosis of a particle occurs, actin
polymerization will drive the rearrangement of the
cytoskeleton and plasma membrane of the micro-
glia to surround the phagocytic target, forming the
phagocytic cup (33). Because of the stretching of
the membrane, the TRPV4 channel becomes acti-
vated, and the intracellular Ca®" concentration in-
creases, contributing to cell movement (34). The
closing of the phagocytic cup is thus heavily de-
pendent on cytoskeletal reorganization. A lot of en-
ergy is required to facilitate this movement, which
is provided by mitochondria.

Mitochondria and their function

Phagocytic cup formation is heavily dependent on
cytoskeletal reorganization, and this requires en-
ergy to facilitate movement of the cell to take up a
particle. This energy is delivered by mitochondria,
maternally inherited organelles that produce most
of the cell’s energy in the form of ATP via oxidative
phosphorylation (OXPHOS) (35-37). They consist
of two distinct and functionally separate mem-
branes: the outer membrane (OM) and the inner
membrane (IM), which enclose the intermembrane

4
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space and matrix compartments, respectively (29).
Mitochondria also possess their own genome
(mtDNA), which replicates independently of the
nuclear genome (38). Beyond their role in energy
production, they are also critical organelles for
many other processes, such as production of ROS
and cell survival (35, 39). Mitochondria are im-
portant Ca*'storage sites and shape the distribution
of Ca?" by buffering Ca®" flux from the plasma
membrane and endoplasmic reticulum (ER), thus
regulating intracellular calcium responses, one of
the most omnipresent signaling second messengers
employed in living cells (35, 38, 39). Mitochondria
can perform multiple activities such as mitochon-
drial motility, fission and fusion, and tethering (35,
38). These activities decide the overall shape, con-
nectedness, and location of mitochondria within
cells (38).

Mitochondrial movement

Appropriate distribution of the mitochondrial net-
work is essential for cell survival. Mitochondria
form a dynamic network in the cell, responsible for

Milton

Microtubule

Anterograde
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energy production, Ca** homeostasis and cell sig-
naling (40). In most cells, they form a branched tub-
ular network that is distributed throughout the cell.
This mitochondrial population can move in differ-
ent directions along microtubule tracks; movement
away from the nucleus is termed anterograde
transport, while movement toward the nucleus is
known as retrograde transport (Fig. 3) (40, 41). Mi-
tochondrial movement depends on actin filaments
and microtubules, primarily driven by molecular
motors along cytoskeletal elements. They utilize
microtubule motors, which include plus-end kine-
sin motors mediating anterograde movement, and
minus-end dynein motors mediating retrograde
movement. An example of a plus-end kinesin is ki-
nesin-1, also known as KIF5, which is critical for
mitochondrial transport. Additionally, two mem-
bers of the kinesin-3 family are associated with mi-
tochondria: KIF1Ba and Kinesin-Like protein 6
(KLP6) (41). These motor proteins are anchored to
mitochondria by adaptor proteins. The best-known
motor/adaptor complex of anterograde mitochon-
drial transport is the kinesin heavy chain

Actin

Mitochondria

—

N
qQ

Dynein

Retrograde

transport.

Figure 3: Mitochondria can move in different directions. Mitochondria can move
along microtubule tracks and actin filaments through two mechanisms: anterograde
and retrograde movement. Anterograde movement: the motor/adaptor complex
KHC/Milton/Miro allows for anterograde movement away from the nucleus. Miro
links the mitochondrial surface to Milton, which in turn binds to KHC that associated
with microtubules. Retrograde movement: the dynein/dynactin complex allows ret-
rograde movement towards the nucleus. Dynactin can bind to dynein and microtu-
bules directly. Mitochondria can also be transported along actin filaments, where
Myo19 was identified as a myosin motor the regulate actin-based mitochondrial

KHC= kinesin heavy chain, Myol9= myosin 19
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(KHC)/Milton/Miro complex (40, 41). Miro, a mi-
tochondrial Rho GTPase, functions as a receptor
that links the mitochondrial surface of the mito-
chondria to the microtubule motor protein kinesin
Milton, which in turn binds to KHC (38, 41). This
complex allows mitochondria to associate with mi-
crotubules and closely regulates mitochondrial
movement. As for retrograde movement, the mech-
anisms are less clear. It has been shown that dynein
is the motor for this type of transport and dynactin
can bind to dynein and microtubules directly (41).
Mitochondria can also be transported along actin
filaments, but little is known of actin motors or their
adaptors. Myo19 was identified as a myosin motor,
exclusively localized to mitochondria regulating ac-
tin-based mitochondrial transport (41, 42).

Mitochondrial motility can be regulated by cyto-
solic Ca?". Resting levels of Ca®" permit mitochon-
drial movement, while an increase in cytosolic cal-
cium is coupled to an inhibition of mitochondrial
motility in neurons (38, 40, 41). Miro can serve as
a Ca’" sensor that controls mitochondrial motility;
Ca”" binds to Miro in the motor/adaptor complex,
interfering with the KHC motor/microtubule bind-
ing. This will lead to dissociation of the mitochon-
dria from the microtubules, halting movement (41).

Mitochondrial fission and fusion

Being a vital cellular organelle, the maintenance of
mitochondrial homeostasis is crucial (43). Mito-
chondria continuously undergo changes in their
number and morphology through the process of fis-
sion and fusion. These processes are mediated by
GTPases to remodel membranes in cells. Fission is
the process where a mitochondrion divides itself
into two mitochondria. This process plays different
roles, such as proper distribution of mitochondria,
cytochrome c release during apoptosis and most im-
portantly, the removal of impaired mitochondria by
mitophagy (43). In mitochondrial fusion, two mito-
chondria are joined at the OM and IM interfaces via
three membrane GTPases, mitofusion 1 (MFN1),
MFN?2 and optic atrophy protein 1 (OPA1) (35, 43).
Fusion is crucial as it allows the exchange of genes
and metabolites between the fusing mitochondria to
enhance their overall function.

Glial mitochondria in neurodegenerative diseases
Mitochondrial dysfunction can contribute to the de-
velopment of many neurological diseases. A review
by Zhou et al. (2018) discusses mitochondrial
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dysregulation in several neurological disorders,
such as Alzheimer’s disease (AD) and epilepsy
(37). In AD, amyloid B (AB) deposition, a peptide
that forms extracellular senile plaques, can damage
mtDNA, alter mitochondrial metabolism, and
change the mitochondrial membrane permeability,
leading to microglial activation and neuroinflam-
mation (37, 44). Further, microglia could release
ROS and reactive nitrogen from damaged mito-
chondria that were not properly removed by mi-
tophagy. This further damages the surrounding en-
vironment and amplifies the neuroinflammation, ul-
timately leading to AD (44).

To date, much of the work on mitochondrial prop-
erties in the CNS has focused on neuronal ap-
proaches (45, 46). However, the typical movement
of mitochondria during microglial phagocytosis re-
mains elusive. It is necessary to consider the im-
portance of mitochondria in microglia, as these cells
comprise a significant portion of cells in the CNS
and perform essential functions in the development
and function of the brain (36). Microglia play a sig-
nificant role in various diseases such as multiple
sclerosis, AD, and schizophrenia (37, 47). In such
diseases, their motility plays an important role in
the phagocytosis of harmful particles. Beeken et al.
(2022) recently showed that after acute inhibition of
microglial TRPV4 with the TRPV4 antagonist
GSK21, cytoskeletal dynamics were decreased
alongside a decrease in morphological complexity
and brain surveillance (48). As TRPV4 is a Ca®'
channel, the inhibition of TRPV4 could have a pos-
sible effect on mitochondrial dynamics and micro-
glial phagocytosis, offering an opportunity to study
the molecular mechanisms underlying mitochon-
drial movement during phagocytosis. This project
aims to determine the mitochondrial distribution in
microglia and whether TRPV4 is present at the
phagocytic cup. Additionally, the role of TRPV4 in
mitochondrial dynamics and movement during mi-
croglial phagocytosis is investigated using TRPV4
WT and KO microglia and a TRPV4 antagonist.
We therefore hypothesize that TRPV4 and mito-
chondria are present at the phagocytic cup site,
and that mitochondrial dynamics and movement
in mouse microglia during phagocytosis will in-
crease when TRPV4 is absent.

By understanding the molecular mechanisms of mi-
tochondrial movement in microglial phagocytosis,
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valuable insights can be obtained into potential dis-
ease mechanisms associated with mitochondrial
and microglial dysfunction, such as schizophrenia,
where microglial function is altered.

EXPERIMENTAL PROCEDURES

Animals — All experiments were conducted us-
ing 21-day-old WT and TRPV4 KO C57BL/6]J lit-
termates (in-house breeding). All used experi-
mental animals express eGFP under the CX3CR1
promotor. Animals were housed in the animal facil-
ity on a 12h light/dark cycle with free access to food
and water. All experimental procedures were per-
formed by following the EU Directive 2012/63/EU
law for animal testing and were approved by the lo-
cal ethical committee (Ethical Commission for An-
imal Experimentation, UHasselt, Diepenbeek, Bel-
gium, ID 202033B).

Genotyping — The genotype of mice was con-
firmed by PCR. DNA was extracted from toe biop-
sies using the KAPA Hotstart Mouse Genotyping
Kit (KAPA Biosystems inc., Wilmington, MA,
USA). Extraction buffer was added to the DNA
samples whereafter they were placed on a 75° C
thermocycler for 10 minutes to lyse the cells and re-
lease the DNA, followed by 5 minutes at 95° C to
activate the enzyme. The DNA sample was then
1:10 diluted in MilliQ. The sample was added to the
Fast Genotyping PCR mix (Kapa Biosystems inc.,
Wilmington, MA, USA). The used primer se-
quences can be found in supplementary table 1.
PCR for TRPV4 was performed for 36 cycles with:
[1] 3 min of denaturation at 95°C, [2] primer an-
nealing for 15s at 95° C, 15s at 60°C and 15s at 72°
C for 35 cycles, and [3] 60s of elongation at 72° C.
The DNA was held at 12° C and run on a 2% aga-
rose gel for 1h30 minutes at 145V. PCR for
CX3CRI1 was performed for 36 cycles with: [1] 3
min of denaturation at 94° C, [2] primer annealing
for 30s at 94° C, 30s at 64° C with an increment of
-0.2° C and 1 min at 72° C for 35 cycles, and [3] 7
min of elongation at 72° C. The DNA was held at
4°C and run on a 3% agarose gel for 1h30 min at
145V.

Isolation of primary microglia — Primary mi-
croglia cultures were prepared from the brains of
postnatal day (P) 21 C57BL/6J mice. Pups of both
sexes were included in each culture. Mice were sac-
rificed by decapitation. Brains were then removed
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and dissected under a sterile ventilation hood in
Hanks’ Balanced Salt Solution (HBSS) to obtain
the cortex. The tissue was mechanically dissociated
in cold Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 1% penicillin/streptomy-
cin (p/s, Sigma-Aldrich, Saint-Louis, MO, USA)
using different sized pipets. 110 mg/ml of DNase
and 16 units/mg protein of papain were added, fol-
lowed by 30 minutes of incubation at 37°C for en-
zymatic cell dissociation. The sample was then fil-
tered through a 70 pm strainer, washed with
DMEM + 1% p/s and centrifuged to obtain the cell
suspension. After centrifugation, cells were placed
in a Percoll gradient to isolate the macrophages and
remove the myelin and blood cells. The cell suspen-
sion was then centrifuged at 650 g for 25 min at
room temperature (RT). The supernatant containing
myelin was discarded and the cells were collected
from the interphase between the 30% and 70% Per-
coll gradient, after which they were resuspended in
PBS to aid the removal of the density gradient me-
dium. After centrifugation at 500 g for 5 min at 4°
C, the cells underwent Magnetic-Activated Cell
Sorting (MACS) to select microglia. Briefly, the
pellet was resuspended in cold MACS buffer (1x
PBS supplemented with 0,05% FBS and 0,05%
EDTA) and incubated with CD11b magnetic mi-
crobeads (Miltenyi Biotec, Bergisch Gladbach,
Germany), a microglial marker, at 4° C for 15 min.
The cell suspension was then run through an MS
separation column (Miltenyi Biotech, Bergisch
Gladbach, Germany) fitted into an OctoMACS cell
separator (Miltenyi Biotech, Bergisch Gladbach,
Germany). Unlabeled cells passed through the col-
umn while CD11b-labeled cells remained in the
magnetic field of the MS column. After washing the
column with MACS buffer, the column was re-
moved from the OctoMACS separator and flushed
with MACS buffer to collect the CD11b-positive
cell suspension, later referred to as microglia. Mi-
croglia were then brought into culture to use in fur-
ther experiments.

Culture of primary microglia — After MACS
sorting, the microglia were seeded onto Poly-D-Ly-
sine (PDL, 1:5 dilution in PBS 1x, A3890401,
Thermo Fisher Scientific, Waltham, MA, USA) and
collagen coated glass coverslips in a 24 well plate
at a density of 200.000 cells per well or onto PDL
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and collagen coated 2 well-inserts mounted on a
MatTek dish at a density of 23.200 cells/well. Cells
were maintained in 10:10:1 culture medium
(DMEM supplemented with 10% Horse Serum,
10% Fetal Bovine Serum and 1% p/s) at 37°C in an
incubator with 5% CO, for 7 days. After one week,
the medium was changed to TIC medium (short for
TGF-B, IL-34, and Cholesterol) consisting of
DMEM F12 (M22426, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 5pg/ml
Insulin, 5pg/ml N-acteyl-Cystein, 100 pug/ml Apo
Transferrin, 1 pg/ml Heparan sulphate, 2 pg/ml Hu-
man TGF B, 100 ng/ml murine IL-34, 100 ng/ml
Na+-Selenite, 1.5 pg/ml cholesterol, and 2 mM L-
glutamine to induce microglial branching.

Induction of phagocytic cup — When RAW
264.7 cells reached 90% confluence, cells were de-
tached using a cell scraper and centrifuged at 400g
for 5 minutes. The pellet was then resuspended in
Optimem (31985062, Thermo Fisher Scientific,
Waltham, MA, USA) and 2% paraformaldehyde
(PFA, prepared in-house) was added for 10 min at
RT for apoptotic cell generation. After 10 min incu-
bation, the apoptotic cells were centrifuged at 400g
for 5 minutes and washed with PBS to remove PFA
residue. Cells were centrifuged, supernatant was re-
moved, and the cells were incubated with WGA-
647 (W32466, Invitrogen, Waltham, MA, USA)
prepared in Optimem (1:200) for 10 min at RT to
stain the membrane. Cells were centrifuged and
washed twice with PBS. After washing, the apop-
totic cells were counted and resuspended in Opti-
mem. Apoptotic cells were incubated with WT and
KO microglia at a 1:1 ratio for 15 min to induce
phagocytosis. After incubation, microglia were
washed twice with PBS to remove excess apoptotic
cells and fixated with 4% PFA for 15 min at 4°C.

Immunocytochemistry — After culturing and
branching the cells, the medium was removed, and
the cells were washed with PBS to remove all traces
of serum. Cells were fixed with 4% PFA for 15
min. After fixation, cells were washed and incu-
bated with blocking buffer (BB, 5% BSA in PBS)
for 1h at RT. Primary antibodies were prepared in
BB at the following dilutions: anti-hsp60 (HB7863,
1:2000, HelloBio, Dunshaughlin, Republic of Ire-
land) and anti-TRPV4 KO validated (ACC-034,
1:500, Alomone Labs, Jerusalem, Isracl). Cells
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were then incubated with primary antibodies over-
night at 4°C on an orbital shaker. Secondary anti-
bodies were prepared in BB at the following dilu-
tions: goat anti-mouse 1:1000 (A11019, Life Tech-
nologies, CA, USA), donkey anti-rabbit 1:1000
(A10042, Life Technologies, CA, USA). Cells were
incubated with the secondary antibodies for 1h at
RT on an orbital shaker. After incubation, nuclei
were stained with DAPI for 15 minutes and washed.
Coverslips were mounted on a microscope slide us-
ing Fluoromount G (00-4958-02, Thermo Fisher
Scientific, Waltham, MA, USA). Images were ac-
quired using Plan-ApoChromat 20x/0.8 NA air, and
Plan-ApoChromat 63x/1.4 NA oil immersion ob-
jectives on the LSM900 confocal microscope (Zeiss
Group, Oberkochen, Germany).

Mitochondria tracking — One week after TIC
medium change, WT and KO microglia were incu-
bated with MitoTracker prepared in DMEM F12
(1:10°) for 20 min at 37°C and 5% CO,. After incu-
bation, cells were switched to Optimem. Images
were acquired using a C-ApoChromat 63x/1.20 NA
water immersion objective on the LSM880 confo-
cal microscope (Zeiss Group, Oberkochen, Ger-
many). During imaging, focus was put on the
branches, and Z-stacks were chosen such as to en-
compass the thickness of the branch to investigate
the movement of mitochondria in these structures.
Images were acquired every 35s for 30 cycles. After
baseline measurements, GSK2193874 (GSK21, 10
uM, Tocris Bioscience, Bristol, UK), a TRPV4 in-
hibitor, was added to investigate the effect on mito-
chondrial dynamics.

Mitochondrial analysis — Obtained images
were processed in Fiji Imagel. Z-stacks were used
to create a maximum intensity projection of each
channel. For mitochondrial distribution, a sholl
analysis was performed. Briefly, a binary image
was created of the red (mitochondria) and green
(eGFP) channels. On the eGFP binary image, the
center of the nucleus was selected as a reference
point and concentric shells were drawn with a step
size of 2 um until the end of the cell was reached.
The concentric shells were overlaid onto the binary
image of the mitochondria, and the white pixel
value was calculated for each shell. Each shell was
subtracted from the previous shell to obtain the
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number of pixels per ring band. To obtain the per-
centage of mitochondrial pixels per ring band, the

following formula was used:

mitochondrial white pixels
x 100

total white pixels

The complexity of the mitochondrial network was
investigated using the Fiji plugin ‘Mitochondrial
Analyzer’. Z-stacks of the mitochondria channel
were grayscaled and preprocessed using the plugin.
3D and 4D analysis was performed per cell, and
several mitochondrial parameters were obtained
(suppl. table 2).

Statistical analysis — For all statistical analyses,
GraphPad Prism 10 (San Diego, California, USA)
was used. Data was checked for outliers using the
Grubb’s test. Normality of the data was checked us-
ing the Shapiro-Wilk test. Normally distributed data
were analyzed by a one-way ANOVA test followed
by a Tukey’s post-hoc test or by the student’s t-test.
If data were not normally distributed, a Kruskal-
Wallis test followed by the Dunn’s multiple com-
parisons test was performed, or the Mann-Whitney
test was performed. When comparing phenotypes
between WT and KO, a two-way ANOVA test fol-
lowed by the Sidak's multiple comparisons test was
performed. Data are shown as mean =+ standard er-
ror of the mean (SEM). All values of p < 0.05 are
considered statistically significant.

RESULTS

Mitochondria are located more distally from the
nucleus in TRPV4 KO microglia compared to WT —
Microglia are highly motile cells and need ATP to
facilitate movement of their processes. This energy
is primarily generated by mitochondria. More en-
ergy is needed at the dynamic structures of the cell,
which suggests that mitochondria are distributed
more densely in these areas. However, how these
mitochondria are specifically distributed through-
out microglia remains unknown. Additionally, it re-
mains unknown whether there is a difference in mi-
tochondrial distribution between microglial pheno-
types. In accordance with their functional state,
three distinct microglial phenotypes were chosen to
investigate the mitochondrial distribution: (1)
branched microglia, characterized by three or more
branches, (2) bipolar microglia that have two
branches on opposite ends of the cell body, and (3)
microglia with a lamellipodium and one branch, or
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a trailing edge (LTE) (Fig. 4A). Microglial reactiv-
ity increases from branched to LTE, which is the
least reactive. To investigate the mitochondrial dis-
tribution in microglia, an immunohistochemical
staining was performed on WT and TRPV4 KO
eGFP" microglia. A HSP60 staining was done to
visualize mitochondria in the microglia, and nuclei
were stained with DAPI. To assess mitochondrial
distribution, a sholl analysis was performed in Fiji
ImagelJ (Fig. 4B-H). The center of the nucleus was
chosen as a reference point. No significant differ-
ence was observed between the phenotypes within
the WT and KO groups, respectively (Fig. 4D-E).
In WT microglia, the branched and LTE phenotypes
tend to have a higher mitochondrial pixel value
closer to the nucleus compared to bipolar microglia
(Fig. 4D). In TRPV4 KO microglia, branched cells
showed a similar trend (Fig. 4E). Additionally, the
difference in mitochondrial distribution between
WT and TRPV4 KO microglia was assessed (Fig.
4F-H). No significant difference between WT and
KO was observed in branched and bipolar microglia
(Fig. 4F, 4H). In branched KO microglia, mitochon-
dria tend to be slightly more dispersed compared to
WT. Additionally, branched KO microglia exhib-
ited longer branches compared to WT, although cell
size did not differ significantly (Fig. 4C, Suppl. Fig
1A). WT and KO microglia had a significant differ-
ence in mitochondrial distribution for the LTE phe-
notype (Fig. 4G). WT LTE microglia show a signif-
icantly higher mitochondrial pixel value closer to
the nucleus, while in the KO, mitochondria are dis-
tributed further throughout the cell. Taken together,
these findings suggest a more widespread mito-
chondrial distribution in TRPV4 KO microglia
compared to WT, particularly in LTE microglia.

TRPV4 KO microglia display a higher mitochon-
drial count and a larger surface area compared to
WT — As previously mentioned, TRPV4 KO micro-
glia display a more dispersed mitochondrial distri-
bution compared to WT microglia. Since mitochon-
dria serve as critical Ca*" storage sites, the knockout
of the TRPV4 channel could potentially affect mi-
tochondrial dynamics, such as fission and fusion.
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Figure 4: Mitochondrial distribution is equal between phenotypes in WT and KO microglia. (A) Representa-
tive immunohistochemical images of mitochondrial distribution (hsp60, red) in WT and KO microglia (eGFP,
green). Nuclei were stained with DAPI (blue). Three distinct phenotypes were observed; branched, bipolar and
lamellipodium with trailing edge (LTE). (B) Representative images of each phenotype for Sholl analysis. Con-
centric circles were drawn starting from the nuclei (reference point) until the end of the cell was reached. (C-
D) Quantification of the difference in mitochondrial distribution between phenotypes for WT (ng= 9, nLre= 7,
mbip=9) (C) and KO microglia (ns= 9, nLte = 9, nvip= 8) (D). (E-G) Quantification of the difference in mito-
chondrial distribution between WT and KO microglia for branched (E), LTE (F), and bipolar (G) microglia.
Scalebar represents 5 um. Statistical significance was assessed using the Kruskal-Wallis test (*p <0.05). Data
represent mean =SEM.

WT = wild-type, KO= knockout, eGFP= enhanced green fluorescent protein, B= branched, bip= bipolar
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Additionally, it remains unclear whether different
microglial phenotypes influence mitochondrial pa-
rameters. Accordingly, mitochondrial dynamics
among branched, bipolar, and LTE phenotypes in
WT and KO microglia were investigated using mi-
tochondrial network analysis performed in Fiji Im-
agel (Fig. S5A-C). Phenotypic differences in mito-
chondrial dynamics were assessed for both WT and
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KO microglia (Suppl. Fig. 2). Bipolar WT micro-
glia exhibited a significantly higher number of mi-
tochondria compared to branched microglia (Suppl.
Fig. 5A). LTE WT microglia had a significantly
larger mean surface area than bipolar microglia,
suggesting a bigger cell size (Suppl. Fig 2H). No
other significant differences in mitochondrial dy-
namics were observed between phenotypes in both

WT and KO microglia.

HSP60, grayscaled
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Figure 5: Mitochondrial analysis in WT and KO microglia. (A) Representative immunohistochemical im-
age of mitochondria (hsp60, red) in WT and KO microglia (eGFP, green). Nuclei were stained with DAPI
(blue). Three distinct phenotypes were observed; branched, bipolar and lamellipodium with trailing edge
(LTE). (B) Representative image of mitochondria stained with hsp60, grayscaled. (C) representative image
of the mitochondrial network analysis performed using Mitochondrial Analyzer in Fiji ImageJ. Mitochon-
dria are outlined in yellow. (D-I) Quantification of the difference in total branch length (D), mean branch
length (E), number of branches (F), branch junctions (G), branch end points (H), and number of mitochon-
dria (I) between WT (ng=9, nLte= 7, nvip= 9) and KO microglia (ns=9, nLte= 9, nvip= 8) for each phenotype.
Scalebar represents 5 um. Statistical significance was assessed using a two-way anova mixed effects anal-
ysis. Normality was checked using the Shapiro-Wilk test (*p <0.05, **p<0,01, ***p<0,001). Data represent
mean +SEM.

WT = wild-type, KO= knockout, eGFP= enhanced green fluorescent protein, B= branched, bip= bipolar,
ns= non-significant.
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Figure 6: TRPV4 is present in the phagocytic cup of WT microglia. (A) Representative immunohistochemical
images of TRPV4 (anti-TRPV4, orange) in WT and TRPV4 KO microglia (eGFP, green). Microglia were in-
cubated with apoptotic RAW264.7 cells (WGA-647, red) for 15 min to induce phagocytic cup formation. Nuclei
were stained with DAPI (blue). (B-C) orthogonal view of RAW264.7 cell and microglia indicates phagocytic
cup formation in WT (B) and KO (C) microglia. Scalebar represents 5 um.

WT = wild-type, TRPV4= transient receptor potential vanilloid 4, KO= knockout, eGFP= enhanced green flu-
orescent protein, WGA= wheat germ agglutin.
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Various mitochondrial parameters were com-
pared between WT and KO microglia (Fig. 5D-K).
No significant differences were found in total
branch length, mean branch length, number of mi-
tochondrial branches, or branch junctions (Fig. SD-
E, 5G, 2J). However, KO branched microglia
tended to have a higher total branch length and
fewer mitochondrial branches compared to WT mi-
croglia of the same phenotype (Fig. 5D, 5G). In KO
microglia, the number of mitochondrial branch
junctions tended to be decreased in LTE and bipolar
phenotypes (Fig. 5J). All KO phenotypes showed a
significant increase in the total number of mito-
chondria (~300 per cell) compared to WT (~200 per
cell). Branched KO microglia exhibited a higher to-
tal mitochondrial surface area, while their mean sur-
face area was significantly decreased (Fig. SH-I).

Additionally, branched and LTE KO microglia had
significantly more branch endpoints compared to
WT (Fig. 5K). These findings suggest that TRPV4
KO microglia have a significantly higher mitochon-
drial count and more branch endpoints.

eGFP/WGA-647/.
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TRPV4 is present at the phagocytic cup site of WT
microglia — Phagocytosis is a highly dynamic pro-
cess that requires energy to facilitate phagocytic
cup formation. TRPV4 is a calcium channel present
on the microglial membrane, which is activated by
stretch of the membrane. To investigate whether
TRPV4 influences microglial phagocytic cup for-
mation and further on investigate whether blocking
of TRPV4 influences mitochondrial dynamics, it
first must be validated if TRPV4 is present at the
phagocytic cup site. Immunohistochemical staining
of TRPV4 in WT and TRPV4 KO eGFP" microglia
have shown a clear signal of TRPV4 in WT micro-
glia surrounding apoptotic cells (Fig. 6A). Unex-
pectedly, TRPV4 expression was also detected in
TRPV4 KO cells, where no expression should be
present. Control images indicated that the TRPV4
signal was localized within the apoptotic
RAW?264.7 cells and not in the microglia (Fig. 6A).
To ensure that microglia effectively engulf apop-
totic cells, orthogonal views were reconstructed
(Fig. 6B-C). Both WT and KO microglia exhibited
cytosolic eGFP signal underneath and around the
apoptotic cells, indicating phagocytic cup for-

WGA-647/.

represents 5 pm.

Figure 7: TRPVA4 is present in the phagocytic cup of WT microglia. Representative 3D images of
TRPV4 (anti-TRPV4, orange) in WT and TRPV4 KO microglia (eGFP, gray). Microglia were incu-
bated with apoptotic RAW264.7 cells (WGA-647, purple) for 15 min to induce phagocytic cup for-
mation (red arrow). TRPV4 is present in the phagocytic cup of WT microglia (green arrow). Scalebar

WT = wild-type, TRPV4= transient receptor potential vanilloid 4, KO= knockout, eGFP= enhanced
green fluorescent protein, WGA= wheat germ agglutin.
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mation. Further validation of phagocytic cup for-
mation was achieved using 3D reconstruction (Fig.
7). The reconstruction revealed a layer of eGFP sig-
nal around apoptotic cells, highlighted by red ar-
rows. In WT microglia, a distinct TRPV4 signal
was observed between apoptotic cells, indicating
TRPV4 presence at the phagocytic cup (green ar-
row). In KO microglia, although TRPV4 was de-
tected in KO microglia, it was not localized at the
phagocytic cup. These findings confirm the for-
mation of clear phagocytic cups in microglia and
demonstrate that TRPV4 is present at the phago-
cytic cup site in WT microglia.

Mitochondrial dynamics increase after acute
TRPV4 inhibition — Having established that mito-
chondrial dynamics differ between WT and TRPV4
KO microglia, it was essential to examine how mi-
tochondria behave upon acute TRPV4 inhibition
and if this affects their dynamics (Fig. 8A). Live
cell imaging after GSK21 addition has revealed a
significant increase in all mitochondrial parameters
(Fig. 8B-F). The higher mitochondrial count and in-
creased surface area suggest enhanced mitochon-
drial fission (Fig. 8C, F). These results indicate that
mitochondrial dynamics are significantly influ-
enced by TRPV4 modulation, with acute TRPV4
inhibition leading to increased mitochondrial fis-
sion.

DISCUSSION

In this research, the aim was to investigate whether
mitochondrial dynamics and movement in micro-
glia increase when TRPV4 is absent. TRPV4 is a
mechano-thermosensor permeable for Ca®" im-
portant in microglial morphology. Despite the im-
portance of TRPV4, its role in mitochondrial dy-
namics and movement in microglia remains to be
elucidated. Using immunohistochemical staining
and live-cell imaging techniques in vitro, we con-
firm that TRPV4 activity regulates mitochondrial
dynamics in primary microglia. In homeostatic mi-
croglia, mitochondrial parameters, such as number
of mitochondria and total mitochondrial surface
area, significantly increase in TRPV4 KO microglia
compared to WT microglia. More importantly, we
demonstrate that acute inhibition of TRPV4 directly
affects mitochondrial dynamics in WT microglia.
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Appropriate distribution of the mitochondrial
network is essential for cell survival. TRPV4 activ-
ity is known to regulate microglial morphology and
migration, but how it affects mitochondrial distri-
bution and its dynamics remains unknown (48). To
get insights into the mitochondrial distribution, we
analyzed the mitochondrial network obtained from
immunohistochemical staining in WT and TRPV4
KO primary microglia using a sholl analysis.
Knockout of TRPV4 caused a more widespread dis-
tribution of mitochondria from the nucleus com-
pared to WT, particularly in LTE microglia. This
suggests a shift in energy requirements. Wang et al.
(2009) described the mechanism of Ca**-dependent
regulation of mitochondrial motility in neurons
(49). This study found that in neurons, Ca** binding
permits Miro to directly interact with KHC, pre-
venting interactions between the motor and micro-
tubules, stopping mitochondrial movement. Conse-
quently, when ATP is low, Ca®" transport mecha-
nisms are compromised, leading to an increase in
cytosolic Ca?". Mitochondria will stop at these lo-
cations and are thus recruited to regions with low
ATP to generate energy until normal levels are re-
stored. This led the researchers to believe that this
mechanism assists in balancing the distribution of
mitochondria throughout the cell. With this
knowledge, our findings can be interpreted; mito-
chondria are halted less because of lower Ca*" lev-
els, enabling further movement throughout the cell.
Additionally, Goswami et al. (2010) discovered that
TRPV4 modulates the microtubule stability in
CHO-KI cells. The microtubule cytoskeleton pro-
vided an anterograde force, while the actin cyto-
skeleton provides retrograde movement, determin-
ing the net movement of neurites (50). As TRPV4
is closely linked to actin, TRPV4 knockout could
lead to disruption of the actin cytoskeleton, and thus
partly retrograde movement. These findings are in
line with our observations, as we see a more dis-
persed distribution of mitochondria away from the
nucleus (anterograde) in TRPV4 KO microglia. It is
worth noting that the mitochondrial distribution in
microglia and neurons can differ. In terms of the in-
tracellular localization of mitochondria, microglia
have been found to have a higher proportion of mi-
tochondria in the perinuclear region compared to
neurons. This is thought to be related to the micro-
glial role in monitoring the brain parenchyma and
responding to changes in neuronal activity (51).
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Figure 5: Mitochondrial analysis before and after administration of GSK21. (A) Representative im-
munohistochemical images of mitochondria (Mito Tracker deep red) in WT microglia (eGFP, green) be-
fore and after administration of the TRPV4 antagonist GSK21. (B-E) Quantification of mitochondrial
parameters; difference in total branch length (B), number of branches (C), branch junctions (D), and num-
ber of mitochondria (E) (n = 3). Scalebar represents 5 um. Statistical significance was assessed using the
Mann-Whitney test *p <0.05, **p<0,01, ***p<0,001, ****p<0,0001). Data represent mean +SEM.

WT = wild-type, eGFP= enhanced green fluorescent protein, TRPV4= transient receptor potential vanil-

Furthermore, these results led us to believe that
TRPV4 influences not only the mitochondrial dis-
tribution, but their dynamics as well. Accordingly,
several mitochondrial dynamic parameters were in-
vestigated using a mitochondrial network analysis
performed in Fiji Image]. A brief overview of the

results of the mitochondrial network analysis can be
found in table 1. Our research suggests that TRPV4
KO microglia have a significantly higher mitochon-
drial count, more branch endpoints, and a bigger to-
tal surface area, indicative of more and smaller mi-
tochondria in TRPV4 KO microglia. The number of
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branch junctions was not significantly different be-
tween WT and KO. This parameter is critical for
maintaining the structural integrity and functional
efficiency of the mitochondrial network. More
branch junctions suggest a higher degree of mito-
chondrial fusion, contributing to a more complex
network (52). Taken together, these results point to
increased mitochondrial fission in TRPV4 KO mi-
croglia. Mitochondrial fission and fusion are im-
portant processes that simultaneously and continu-
ously occur, and these processes create a balance
that regulates the overall morphology of the mito-
chondria (53, 54). During mitochondrial fusion, two
or more organelles will fuse together to exchange
mitochondrial material. Mitochondrial fission will
divide a single organelle into two or more independ-
ent structures to allow redistribution of mitochon-
dria or facilitation of segregation of damaged mito-
chondria (53, 54). As we observe a higher number
of mitochondria in TRPV4 KO microglia together
with a smaller mean surface area, we can conclude
that fission allows for the formation of smaller mi-
tochondria that efficiently redistribute throughout
the cell to more energy demanding regions. A re-
cent study by Acharya et al. (2022) found that
TRPV4 interacts with MFN1/MFN2, two important
dynamin-related GTPases in mitochondrial fusion
(55). Upon TRPV4 activation in CHO-K1-V4 cells,
mitochondria fuse together, and form aggregated
mitochondria (55). These findings are in line with
our results. TRPV4 was inactivated in primary mi-
croglia, thus likely leading to impaired fusion as the
interaction between MFN1/MFN2 and TRPV4 is
disrupted. This creates an imbalance between mito-
chondrial fission and fusion, which likely results in

+
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fragmented mitochondria because of higher fission.
Fission will occur during cellular dysfunction and
allows for redistribution of mitochondria through-
out the cell. It could be that due to the absence of
TRPV4, fission is increased to be able to handle mi-
tophagy of damaged mitochondria. Mitophagy is
better known as the removal of damaged mitochon-
dria through autophagy (56).

An important function of microglia is phago-
cytosis, which requires a lot of energy provided by
the mitochondria. TRPV4 is a mechanosensitive ion
channel, which is activated upon stretching of the
membrane during phagocytic cup formation. When
TRPV4 becomes activated, there is an influx of
Ca®". As mitochondria are important Ca®" storage
sites, we were interested to see if there is a correla-
tion between the formation of the phagocytic cup,
TRPV4 and mitochondrial distribution. We first
confirmed that the eGFP signal seen in Fig. 3 orig-
inated from microglia, as minimal autofluorescence
was detected in apoptotic RAW264.7 cells, proving
the formation of a microglial phagocytic cup
(Suppl. Fig. 3). Secondly, we had to validate that
TRPV4 was actually present in the phagocytic cup.
Using immunohistochemical staining and 3D ren-
dering of the phagocytic cup, we prove that TRPV4
is present on the membrane in the inner leaflet of
the phagocytic cup of WT primary microglia.

Even though these results are promising, sev-
eral factors must be considered. Firstly, TRPV4 sig-
nal is still visible in RAW264.7 cells in the respec-
tive control images for WT and KO, even though
only the secondary antibody is present. No signal
was detected in the microglia itself, which led us to

Table 1: Summary of the main findings of the mitochondrial network analysis in WT and KO
TRPV4 microglia. Three microglial phenotypes were investigated: (1) branched microglia with three or
more branches, (2) bipolar microglia, with two branches opposite of each other, and (3) microglia with a
lamellipodium and one branch, or a trailing edge (LTE). Table shows the results of the KO phenotypes

compared to WT.
TRPV4 Total Mean | #mitoch | #branch | Total Mean Branch | Branch
KO vs branch | branch | ondria es surface | surface | junctions end
WT length length area area points
Branched ns ns i ns 1 l ns 1
Bipolar ns ns i ns ns ns ns ns
LTE ns ns 1 ns ns l ns 1

WT= wild-type, KO= knockout, TRPV4= transient receptor potential vanilloid 4, ns= non-significant
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believe that there is aspecific binding of the second-
ary antibody in RAW264.7 cells. As no aspecific
binding is visible in the microglia itself, we can con-
clude that the TRPV4 signal present in the WT im-
ages is indeed TRPV4 present in the phagocytic
cup.

Secondly, TRPV4 signal is detected in the im-
ages of the TRPV4 KO microglia. This could be due
to aspecific binding of the antibody, but it seems
unlikely as no TRPV4 signal was detected in con-
trol images of KO microglia. The apoptotic cells
that were used in these experiments are RAW264.7
cells, macrophages with a lower expression of
TRPV4 (57). It could be that in these images, the
microglia already started breaking down the apop-
totic cells and started taking up parts of the mem-
brane, where TRPV4 is located. This motivates why
TRPV4 signal is detected inside the microglia and
not inside the lower RAW?264.7 cell. A recent study
by Holloman et al. (2023) proved that loss of
TRPV4 increases microglial phagocytosis in vitro
(58). As TRPV4 KO microglia show faster uptake
of apoptotic cells, it is logical that at the same incu-
bation times, KO microglia already show degrada-
tion of the apoptotic cells, while this is not yet visi-
ble in WT microglia at 15 min incubation. Taking
these factors into account, these experiments should
be repeated to better validate the presence of
TRPV4 in the phagocytic cup. As RAW264.7 cells
have TRPV4 expression, even though its expression
is lower, it is difficult to determine if the TRPV4
signal present in the phagocytic cup is from the mi-
croglia or from the apoptotic cell (57). Conse-
quently, a cell type that does not express TRPV4
should be used. According to Jin et al. (2011) RT-
PCR and Western blot did not detect TRPV4 in WT
HeLa cells, making this cell type a good candidate
for apoptotic cell generation to use in further exper-
iments (59). Additionally, more research must be
performed to ensure there is no aspecific binding of
the secondary antibody to the apoptotic cell.

Current research has mostly focused on how
mitochondria move using microtubule tracks. It is
known that mitochondria can also be transported
along actin filaments. During phagocytic cup for-
mation, actin becomes polymerized to facilitate
phagocytic cup formation (11). As phagocytosis re-
quires a lot of energy, it would be interesting to in-
vestigate whether mitochondrial distribution differs
during phagocytosis and if mitochondria localize
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towards the phagocytic cup. Due to technical issues
related to the microglial cultures, we were not able
to include experiments of mitochondrial distribu-
tion and dynamics in phagocytic microglia during
this study. These experiments should be performed
to investigate possible differences in distribution
between homeostatic and reactive microglia, and if
there is a difference between TRPV4 WT and KO
phagocytic microglia. Additionally, little is known
of actin motor proteins and their adaptors. TRPV4
can directly interact with tubulin and actin, and
TRPV4 inhibition leads to a decrease of actin-rich
filopodia and tubulin dynamics (48). During phag-
ocytosis, the Arp2/3 complex is recruited, which
leads to actin assembly at the phagocytic cup to-
gether with mDia (11). As mitochondria can use ac-
tin for their movement, we expect mitochondria to
be present in the phagocytic cup of microglia.

Lastly, we investigated mitochondrial dynam-
ics in homeostatic WT microglia upon acute inhibi-
tion of TRPV4 with GSK21. Here, we prove that
acute inhibition of TRPV4 directly affects mito-
chondrial dynamics in WT microglia. A significant
increase in all investigated mitochondrial parame-
ters was found after addition of GSK21, indicative
of higher mitochondrial fission. When TRPV4 is in-
hibited, less Ca*" is taken up in the cell, which could
lead to cellular dysfunction. Several studies inves-
tigated mitochondrial movement in neurons, and
found that resting levels of Ca*" allow mitochon-
drial movement, while elevated Ca>" levels inhibit
mitochondrial motility in neurons (49, 60). A study
by Wang et al. (2009) found that in neurons, Ca*'-
binding permits Miro to directly interact with the
motor domain of kinesin 1, preventing interactions
between the motor and microtubules. The best-
known motor/adaptor complex of anterograde mi-
tochondrial transport is the KHC/Milton/Miro com-
plex (40, 41). Under normal conditions, KHC is re-
cruited to mitochondria by the interaction of its C-
terminal tail to the motor protein milton, which in
turn binds to the mitochondrial surface by interact-
ing with Miro, a mitochondrial Rho GTPase on the
OM. In this confirmation, the N-terminal motor do-
main of KHC remains free to bind to microtubules
to accomplish anterograde movement. However, in
neuronal synapses, there is a high energy demand to
maintain action potential firing. This is accompa-
nied by a high Ca®" influx at the synapse. Elevated
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Ca®" concentrations cause the KHC to lose its asso-
ciation with microtubules. KHC is thus switched to
an inactive state where it directly binds to Miro and
prevents interactions with microtubules, dissociat-
ing the mitochondria from the microtubules and
halting the movement (41, 49). This mechanism in
neurons could be alike in microglia. We have now
demonstrated that there is a significantly higher
number of mitochondria when less cytosolic Ca*" is
present due to blocking of the TRPV4 channel,
which is in line with the findings in neurons (40, 41,
49). In this experiment, GSK21 was dissolved in
MilliQ to obtain the correct concentration. To en-
sure our results are not due to the addition of Mil-
1iQ, this compound was used as a vehicle control
(Suppl. Fig. 4). After addition of MilliQ, a signifi-
cant decrease of all investigated mitochondrial pa-
rameters was visible (Suppl. Fig. 4A-E). This indi-
cates that the significant increase in mitochondrial
parameters is effectively due to the addition of
GSK21. For the analysis, data was normalized by
dividing the mitochondrial parameters by the vehi-
cle control. Another method of analysis was per-
formed to investigate how to effectively normalize
the data (Suppl. Fig. 5). For this analysis, we first
divided all values by the last datapoint obtained be-
fore adding GSK21 to normalize the data. The same
was done for the vehicle control by dividing by the
last datapoint obtained before adding MilliQ. The
normalized values for GSK21 were then divided by
the normalized values of the vehicle control (Suppl.
Fig. 5A-E). With this method of analysis, error bars
are higher, leading us to believe that the first
method of analysis is more reliable. Due to tech-
nical issues related to the microglial cultures, we
were not able to include the influence of TRPV4 in-
hibition in TRPV4 KO microglia. As TRPV4 is
fully knocked out in these microglia, no significant
effect would be expected when GSK21 is added.
Additionally, we wanted to investigate differences
in mitochondrial motility, speed, and fission/fusion
rates when TRPV4 was blocked using MitoMeter.
MitoMeter is a MATlab based application created
by Lefebvre et al. (2022) to track mitochondria in
live-cell time-lapse images (61). However, the ap-
plication is still being optimized to use for our spe-
cific application. Further optimization of the Mi-
toMeter application is necessary to extensively in-
vestigate the effect of GSK21 on the dynamics of
mitochondria. Furthermore, conducting mitochon-
drial tracking in brain slices would provide valuable
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insights into in situ processes, which can be com-
pared to the observations made in cell culture. A
challenge in this type of experiment would be that a
dense network of cells will have stained mitochon-
dria. However, this can be circumvented by using
animals with microglia specific labeled mitochon-
dria (31). Interestingly, Chakraborty et al. (2023)
showed formation of homotypic tunneling nano-
tubes (TNTs) between microglia, and heterotypic
TNTs between microglia and neurons (62). These
TNTs are functional and allow the movement of mi-
tochondria from a healthy cell to a burdened cell,
exerting a protective function. It is worth investigat-
ing whether microglia show a higher transfer of mi-
tochondria and other cargo to other microglia and
neurons, respectively, in the presence of GSK21.
Additionally, it would be interesting to investigate
the cytosolic Ca®" levels using ratiometric time-
lapse Ca®" imaging to further strengthen that Ca®*
decreases while mitochondrial dynamics increase
(31). It would be beneficial to also investigate the
effect of acute inhibition of TRPV4 on microglial
phagocytosis, and whether this affects phagocytic
cup formation and mitochondrial dynamics around
the phagocytic cup. Lastly, it would be interesting
to repeat these experiments using a TRPV4 agonist
to investigate the effect of acute TRPV4 activation
on mitochondrial dynamics and phagocytosis.

Growing evidence has demonstrated a close
association between mitochondrial dysfunction and
microglia-driven neuroinflammation (44, 63, 64).
In AD, accumulation of neurotoxic AP species can
damage mitochondrial DNA, triggering mitochon-
drial dysfunction. A range of mitochondrial dys-
functions in microglia are already identified, in-
cluding overproduction of mitochondrial ROS, ele-
vated mitochondrial fragmentation, and reduced
ATP levels, resulting in defective mitophagy (51,
65). When these mitochondria are not properly re-
moved by mitophagy, it could lead to the activation
of microglia that release harmful mitochondrial
content into the extracellular environment (66).
This in turn damages surrounding cells, which am-
plifies the inflammatory response, worsening dis-
ease progression. By further investigating the role
of TRPV4 in mitochondrial dynamics, potential
new therapeutic targets can be revealed. As GSK21
induces fission of mitochondria in our study, it
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could enhance mitophagy of damaged mitochon-
dria, and potentially reduce microglia-driven neu-
roinflammation in patients with AD.

CONCLUSION

To summarize, our study highlights the role of
TRPV4 in regulating mitochondrial dynamics and
distribution in mouse primary microglia. The in-
creased mitochondrial fission observed in TRPV4
KO microglia could contribute to the pathology of
neurodegenerative diseases, where mitochondrial
dysfunction and impaired microglial activity are
common. Future research should focus on investi-
gating the role of TRPV4 in microglial phagocyto-
sis in vitro and in vivo, as well as exploring the ef-
fects of TRPV4 modulation on microglial function
in disease models. Additionally, studies using ad-
vanced imaging techniques to track mitochondrial
movement in real-time during phagocytosis could
provide deeper insights.
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SUPPLEMENTARY MATERIALS

Culture of RAW264.7 — RAW 264.7 cells (19™ passage) were cultured in DMEM F12 medium supple-
mented with 10% Fetal Calf Serum (FCS) and 1% L-glutamine and maintained in an incubator at 37°C
with 5% COa.. Cells were passaged after reaching 90% confluence, detached with a cell scraper and subcul-

tured in 1:6 ratio in T-175 flasks.

Suppl. Table 1: primer sequences for PCR

TRPV4

F1 5’ - GCT CCT GTT GAA CAT GCTTATCG -3’
F2 5’ - CAT GAA ATC TGA CCT CTT GTC CCC - 3°
R1 5’ -CTG TCC CAG CCT CCCCTCCT -3’
CX3CR1

F1 5’ -GTCTTC ACG TTC GGT CTG GT -3°

F3 5’-CTCCCCCITGAACCTIGAAAC-¥

R1 5’-CCCAGA CACTCGTIGTCCTT -3

F1 = WT forward primer F2 = KO forward primer F3= mutant forward
primer R1 = Reverse primer

network analysis.

Suppl. Table 2: Mitochondrial parameters used in mitochondrial

Total branch length | Sum of the length of all branches present in the
image.
Mean branch length | The total branch length divided by the number of

branches.

Number of mito-
chondria

Number of mitochondria present in the image.

Number of mito-
chondrial branches

Total number of branches present in the image.

Total surface area

Sum of the surface area of all mitochondria in the
image

Mean surface area

Total surface area divided by the number of mi-
tochondria

Branch junctions

The number of junctions within all skeletons in
the image. A junction is a point where 2 or more
branches meet.

Branch end points

The total number of end points, which is where a
branch ends without connecting to another
branch.
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Supplemental Figure 1: No differences in cell area were found between WT and KO microglia.
Cell area was measured using the binary eGFP signal of each cell in Fiji ImageJ. Three distinct
phenotypes were chosen: (1) branched microglia, (2) bipolar microglia, and (3) microglia with a
lamellipodium and a trailing edge (LTE). (A) Quantification of the difference in cell area for WT
and KO microglia. No significant difference was observed. (B) Quantification of the difference in
cell area for different phenotypes in WT and KO microglia. No significant differences in cell size
were observed between phenotypes. Analysis was performed for each phenotype in WT (ng= 9,
nLte= 7, mvip= 9) and KO microglia (ng= 9, nLte = 9, nvip= 8). Normality was checked using the
Shapiro-Wilk test. Statistical significance was assessed using a two-way anova to compare WT vs
KO, a one-way anova for normally distributed data, or the Kruskal-Wallis test for not normally
distributed data to compare between phenotypes (*p <0.05). Data represent mean =SEM.

WT = wild-type, KO= knockout, eGFP= enhanced green fluorescent protein, B= branched, bip=
bipolar, ns= non-significant.
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Supplemental Figure 2: Mitochondrial analysis between phenotypes in WT and KO microglia. Mitochon-
drial network analysis was performed using Mitochondrial Analyzer in Fiji ImageJ. Three distinct pheno-
types were chosen: (1) branched microglia, (2) bipolar microglia, and (3) microglia with a lamellipodium
and a trailing edge (LTE). (A) Quantification of number of mitochondria present in each phenotype for WT
and KO microglia. (B) Quantification of the number of mitochondrial branches. (C) Quantification of the
branch end points. (D) number of branch junctions. (E) Total mitochondrial branch length. (F) mean mito-
chondrial branch length. (G) Total surface area. (H) Mean surface area. Analysis was performed for each
phenotype in WT (np=9, nLte= 7, nvip= 9) and KO microglia (ns=9, nLte= 9, nvip= 8). Normality was checked
using the Shapiro-Wilk test. Statistical significance was assessed using a one-way anova for normally dis-
tributed data, or the Kruskal-Wallis test for not normally distributed data (*p <0.05) Data represent mean
+SEM.

WT = wild-type, KO= knockout, eGFP= enhanced green fluorescent protein, B= branched, bip= bipolar,
ns= non-significant.
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WGA-647 autofluorescence merged
Supplemental figure 3: green autofluorescence in RAW264.7 cells. The membrane of RAW264.7
was stained with WGA-647 (red). Green autofluorescence was checked on the LSM900. Scalebar
represents 1 pm.
WGA= wheat germ agglutin
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Supplemental figure 4: Mitochondrial analysis before and after administration of the vehicle. MilliQ was

used as a vehicle control. (A-E) Quantification of mitochondrial parameters; difference in total branch length
(A), number of mitochondria (B), number of mitochondrial branches (C), number of branch junctions (D), and
total surface area (E) (n = 1). Statistical significance was assessed using the Mann-Whitney test *p <0.05,
**p<0,01, ***p<0,001, ****p<0,0001). Data represent mean +SEM.
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Supplemental figure 5: Mitochondrial analysis before and after administration of GSK21. Mitochon-
drial network analysis in WT microglia (A-E) Quantification of mitochondrial parameters; difference in
total branch length (A), number of mitochondria (B), number of mitochondrial branches (C), number of
branch junctions (D), and total surface area (E) (n = 3). Statistical significance was assessed using the
Mann-Whitney test *p <0.05, **p<0,01, ***p<0,001, ****p<0,0001). Data represent mean +SEM.

WT = wild-type, eGFP= enhanced green fluorescent protein, TRPV4= transient receptor potential vanil-
loid 4.
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