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Abstract

Aquaporin-4 (AQP4) is the predominant brain water channel protein. It is mainly localized at
the astrocytic end-feet abutting brain microvessels or pial surface, where it is believed to be
involved in brain water and ion homeostasis. Mislocalization, combined with up- or
downregulation of AQP4 expression is observed in many neuropathological conditions.
Moreover, recent studies have indicated a pro-inflammatory role of AQP4 in certain disease
models. However, little is known about the causal role of AQP4 in these conditions. A newly
discovered pathogenic Serl11Thr mutation in the AQP4 gene in a Norwegian patient might
shed light on the pathological significance of AQP4 in the brain. This patient has progressive
neurological signs and symptoms including gait ataxia and moderate cognitive impairment
indicating that cerebellum and cortical areas might be involved. This is the only human
mutation found in AQP4 which is known to be pathogenic, and which does not affect the water
permeability of the AQP4 channels. Here, we investigated a novel mouse model with the
Ser111Thr mutation in the AQP4 gene to assess whether this mutation can explain the
pathological phenotype observed in the patient. Specifically, we investigated the expression
and distribution of AQP4, and the extent of inflammation judged by expression of astrocytic
and microglial markers in cerebellum, hippocampus, and parietal cortex of the mutant mice
compared with the wild type littermates. Our results show decreased protein expression of
AQP4 and the microglial marker Ibal in the cerebellum of the mutant mice compared with the
wild type littermates. We also observed changes at the mRNA levels of certain inflammatory
genes in the cerebellum of the mutant mice. Further investigation, including behavioral tests
and more thorough and quantitative analysis are needed to establish whether the Serl111Thr

mutation can explain the pathological phenotype observed in the patient.
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1 Introduction

Transcellular water transport is an important process for all living organisms. To achieve a
stable internal environment in the human body, an efficient water transport is required.
Generally, the movement of water occurs across the lipid bilayer in the plasma membrane
(Amiry-Moghaddam & Ottersen, 2003), but this system alone cannot regulate the water
permeability and the osmotic pressure. The rapid transcellular water movement across the cell
membrane is explained by transmembrane water channels, termed Aquaporins (AQPs). They
were first discovered in 1992 by Peter Agre (Agre et al., 2002). Aquaporins are divided into
two sub-types I) aquaporins only permeable to water, and II) aquaglyceroporins permeable to
small molecules such as glycerol in addition to water (Nagelhus & Ottersen, 2013). In the recent
years, they have brought attention due to their involvement in many pathophysiological

Pprocesses.

1.1 Brain Aquaporins

AQPs are widely expressed throughout the human body to regulate the transcellular water flow
(Day et al., 2014). Currently, thirteen different aquaporins are known to be expressed in the
human body. Three of which have been described at the protein and mRNA levels in the brain;
Aquaporin-1 (AQP1), which is expressed in choroid plexus nearby the brain cavities,
Aquaporin-9 (AQP9) which is expressed in astrocytes and the neuropil, and Aquaporin-4
(AQP4), the predominant brain aquaporin (Badaut et al., 2014; Jung et al., 1994; Prydz et al.,

2020), which is the main focus in this thesis.

1.2 Aquaproin-4: Expression, localization, and function

Aquaporin-4 (AQP4), with a molecular weight of ~37 kDa, is the predominant water channel
found in the central nervous system (CNS). It is widely expressed at the end-feet of the
astrocytes, which are the most abundant glial cells of the brain. Astrocytes form processes
facing the blood interface, termed perivascular end-feet membranes (Mathiisen et al., 2010).
Due to its abundant expression in perivascular astrocytes, AQP4 is considered a marker for
astrocyte polarization (Jing Yang et al., 2011). Recent studies have highlighted their role and
function regarding neurological- and neurodegenerative diseases (Eid et al., 2005; Prydz et al.,

2020; Xu et al., 2015; Xue et al., 2019; Jing Yang et al., 2011).
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1.2.1 Structure and function of AQP4 in CNS

AQP4 is expressed in several tissues of the human body including brain, spinal cord, heart,
retina, inner ear, muscles, gastrointestinal tract, kidney, and lungs (Day et al., 2014).
Structurally, six alpha-helices span trough the membrane and five loops in both the apical and
basolateral surfaces of the water channel are presented (Fig 1). Loop B and E are hydrophobic
regions involving amino acids proline, arginine and asparagine collectively called NPA-motif
(Nagelhus & Ottersen, 2013). The hourglass shape of AQP4 is explained by the fact that loops
B and E overlap each other to form a pore with the narrowest diameter at 2.8 A, which is similar
to the diameter of a water molecule. The pore consists of arginine residue that prevent H;O"
and cations entering the water channel and in addition the proton flow is prevented by positively
charged dipoles, which is important for the ATP synthesis (Nagelhus & Ottersen, 2013; Tani et
al., 2009). These properties of AQP4 makes it extremely selective for transport of water
molecules, not allowing the passage of ions or other substances (Nagelhus & Ottersen, 2013).
Electron crystallography shows that AQP4 are assembled as tetramers in the plasma membrane
(Hiroaki et al., 2006). All aquaporins consist of four monomers that are assembled as tetramers
in the membrane (Nesverova & Tornroth-Horsefield, 2019). The AQP4 tetramers form larger
clusters, referred to as orthogonal arrays of particles (OAPs) (Crane et al., 2009).

Hemipore-1 Hemipore-2

Figure 1: Diagram illustrating a single monomer of AQP4. The six helices (1-6)
are spanning through the membrane and five loops (A-E) are presented both intra-
and extracellularly. Loop B and E, consisting of NPA-motif, overlaps and form the
pore which gives AQP4 the hourglass shape. Adapted from (Nagelhus & Ottersen,
2013).
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A thorough analysis of the rat Agp4 gene, done by Moe et al 2008, shows six cDNA isoforms
encoding for AQP4, referred to as Agp4a-f, (Moe et al., 2008). Isoforms Agp4a and Agp4c, also
referred to as M1 (32 kDa, 323 aa) and M23 (34 kDa, 301 aa) (Amiry-Moghaddam & Ottersen,
2003; Nagelhus & Ottersen, 2013), which are named after different translation initiation
methionine sites (Neely et al., 1999). They are known as the classic isoforms and their
expression, as heterodimers, determines the size of the AQP4 OAPs in the plasma membrane
(Jung et al., 1994; Nicchia et al., 2008). The OAPs are largely composed by M23 isoform and
due to this, M23 is the most important determinant of OAP size (Nicchia et al., 2008).
Moreover, the water permeability appears to be the same in both isoforms (Nagelhus &
Ottersen, 2013). Lately, an extended isoform encoding for AQP4 was discovered by Palazzo et
al 2019, which is involved in anchoring of AQP4 at the astrocytic end-feet. The isoform is
referred to as AQP4ex due to extension of AQP4 with 29-amino-acids at the C-terminal, and

constitute approximately 10% of the AQP4 in the brain (Palazzo et al., 2019).

1.2.2 Expression and localization of AQP4 in the CNS

The areas that are abundant with AQP4 are referred to as primary sites of water flux which is
mainly through astrocytic end-feet. Collectively, enriched expression of AQP4 at astrocytic
end-feet abutting capillaries form important processes, termed perivascular end-feet (Nagelhus
& Ottersen, 2013). AQP4 is also expressed at the astrocytic processes in the neuropil, the region
with the neuronal compartments, where it is suggested to contribute to clearance of K™-ions
(Amiry-Moghaddam & Ottersen, 2003; Nielsen et al., 1997). Electrophysiological studies show
increased seizure duration in AQP4-null animals, and increased extracellular K+ concentration,
suggesting AQP4 is involved in regulation of K" ions (Binder et al., 2006; Vandebroek & Yasui,
2020).

In addition, AQP4 is enriched in the basolateral membrane of ependymal cells lining ventricle
(Nielsen et al., 1997; Palazzo et al., 2019), which are cavities filled with cerebrospinal fluid
(CSF) (Del Bigio, 2010). The CSF has protective role in the brain where it contributes to remove
waste molecules to maintain the brain homeostasis (Telano & Baker, 2021). The abundant
expression of AQP4 in the CSF- and brain-blood interface, allows it to participate in
bidirectional water flux (Mahmood Amiry-Moghaddam et al., 2003; Mader & Brimberg, 2019;
Nagelhus & Ottersen, 2013). This feature of AQP4 is suggested to be beneficial due to removal

of excess water during vasogenic cerebral edema — a condition where water is accumulated in
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the brain ECF (Verkman et al., 2006) and normophysiological water flux, for example recently
shown during sleep (Bojarskaite et al., 2020).
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Figure 2: lllustration of enviched AQP4 (blue) expression at astrocytic end-
feet and subpial membranes. AQP4 in astrocytes are expressed in high
density at the blood interface, forming perivascular astrocytic processes.
Hypothetically, the arrows show water flow in the brain which is mediated
by AQP4. Adapted from (Amiry-Moghaddam et al., 2004).

1.3 Physiological roles of AQP4

The physiological role of AQP4 is not well known, but likely contributes to important processes
such as regulation of extra cellular space (ECS) volume in the brain. During synaptic activation,
accumulation of solutes including glutamate, K*, and bicarbonate occurs in the ECS which are
suggested to co-transport with water through perisynaptic end-feet. ECF volumes are altered
during excitatory synaptic activation, in hippocampus of AQP4 deficient animals, compared to

wild type mice (Haj-Yasein et al., 2012). This evidence suggests that ECS shrinkage is normally
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prevented by AQP4 which facilitates water efflux through perisynaptic end-feet during high

synaptic activation.

In addition, AQP4 facilitate the waste clearance system of CNS, which is referred to as
glymphatic system that resembles the lymphatic clearance system. Importantly, there are two
types of fluid in the brain; the interstitial fluid (ISF) surrounding the brain parenchyma in the
interstitial space, and the CSF, produced by choroid plexus and distributed in the brain through
ventricles (Lun et al., 2015). CSF has a protective role by removing waste and toxins (Silva et
al., 2021). The brain fluids are important components of the glymphatic system and prevent
misaccumulation of waste products in the brain (Nedergaard, 2013). Any disturbance in this
system is pathogenic. Apparently, it shows that AQP4 contributes in the in regulation of the
glymphatic system (Silva et al., 2021) by promoting the CSF flux in the brain. To begin with,
the CSF influx is in the brain mediated through pial vessels that transport fluid down to
perivascular space, which is region between astrocytic end-feet and blood vessel. AQP4s are
highly expressed at the blood interface at astrocytic end feet where it promotes a convective
CSF flux into the intestinal space, where it mixes with the ISF (Nedergaard, 2013). Moreover,
CSF-ISF allows the clearance of waste products, by leaving the brain through perivenous efflux
and into the systemic circulation (Nedergaard, 2013; Silva et al., 2021). AQP4 deficient
animals shows that trace influx of CSF is reduced compared to WT-AQP4 (Mestre et al., 2018).
This evidence strongly provides important knowledge about the role of AQP4 in the brain

clearance system.

1.4 Pathophysiology involving AQP4

1.4.1 Brain edema: cytotoxic and vasogenic

Accumulation of water in the brain can consequently cause disruption of the brain homeostasis,
resulting in a pathogenic condition. AQP4 has been shown to play an important role in the
development of brain edema (Amiry-Moghaddam et al., 2004; Ma et al., 1997), which is brain
swelling due to accumulation of fluid in the ECS (Nehring et al., 2021). The accumulation of
water in the brain is referred as either 1) vasogenic cerebral edema and 2) cytotoxic cerebral
edema. Vasogenic cerebral edema is caused by increased BBB permeability which allows the
plasma fluid — including water and other substances entering brain (Koenig, 2018), and

promoting brain swelling. In contrast, accumulation water within the brain cells without
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disruption of the BBB i.e., mainly caused by astrocytic swelling, is referred as cytotoxic
cerebral edema (Verkman et al., 2006). Both edema types are involved in neuropathologies

such as stroke.

AQP4 deficient animals have been useful to study the role of AQP4 during cerebral edema.
Two important disease models of cerebral edema — 1) ischemic stroke and 2) acute water
intoxication, have provided insight into the importance of the pathogenic role of AQP4 during
development of brain edema (Manley et al., 2000; Verkman et al., 2006). A study done by
Manley et al 2000, shows survival and reduced cerebral edema in AQP4-null mice subjected
with ischemic stroke and acute water intoxication (Manley et al., 2000). In contrast,
upregulation of AQP4 has shown a beneficial role — due to removal of excess water during
development of vasogenic cerebral edema (Chi et al., 2011; Verkman et al., 2006). These
studies indicate that the role and function of AQP4 is both beneficial and harmful depending

on the disease model.

Cerebral edema is associated with neurological diseases including ischemic stroke and brain
tumors (Manley et al., 2000). Surprisingly, the expression of AQP4 during disease has been
stated to be both harmful and protective, suggesting a complicated regulation. The regulatory

mechanism governing AQP4 expression and localization is currently unknown.

1.4.2 Neurological and neurodegenerative diseases related to AQP4

One important feature of AQP4 which is observed during pathological conditions is
mislocalization of this water channel in perivascular end-feet membranes. This feature is a
common denominator found in diseases including Alzheimer’s disease, temporal lobe epilepsy,

and Parkinson disease. We will briefly discuss the role of AQP4 in these disease conditions.

Epilepsy

Epilepsy is neurological disorder that disturbs the brain activity causing seizures in the patient.
As earlier reported, astrocytes contribute to regulate the K ions in the ESC, which is extremely
important for neuronal homeostasis. Previous studies have shown that mislocalization of AQP4
has caused delay in K* and enhances epileptic seizures in mice (M. Amiry-Moghaddam et al.,

2003).
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Mesial temporal lobe epilepsy (MTLE) is caused by accumulation of K*- ions in the ECS which
make the neurons highly excitable. The disease triggers seizures from mesial temporal lobe
including mainly hippocampus, termed MTLE hippocampus (Eid et al., 2005). During MTLE,
hippocampus undergoes changes and becomes more hardened, a process termed sclerosis
(Dudek & Rogawski, 2005). A study by Eid et al 2005, shows that AQP4 expression at protein
level in MTLE hippocampus is upregulated. Investigation of localization of AQP4 resulted loss
of AQP4 polarity in the perivascular end-feet in CA1 region of MTLE hippocampus compared
to non-MTLE hippocampus. Furthermore, the expression of dystrophin which is an important
component in anchoring AQP4 leading to its polarized expression was investigated. Reduction
in DP71, a major isoform of dystrophin, was observed in CA1 region of MTLE hippocampus
(Eid et al., 2005). Mislocalization of AQP4 from the perivascular end-feet in CA1 region is
suggested to cause alteration in water permeability and disturbance in regulation of K*- ions
mediated by astrocytes, which eventually enhances epileptogenesis in the brain (Dudek &

Rogawski, 2005).
Alzheimer’s disease

Alzheimer’s disease (AD) is a type of dementia leading to cognitive and memory dysfunction.
The disease is characterized by brain atrophy likely due to upregulation of a protein called
amyloid beta. Accumulation of this protein in CNS contribute to neuronal death by forming
plaques in the synaptic cleft causing lack of communication between the neurons, which
eventually lead to neuronal death. A study done by Yang et al 2011 shows that plaques formed
by amyloid beta deposits at the perivascular end-feet lead to loss of astrocytic polarity —
mislocalization of AQP4 (J. Yang et al., 2011). This study might provide important insight into
the involvement of AQP4 during development of AD, since it clearly shows that the loss of
astrocytic polarity is found at the perivascular end-feet, while AQP4 expression at the neuropil

plaques is upregulated (J. Yang et al., 2011).
Parkinson disease

Parkinson disease (PD) is a neurological disorder which affects the motor system in the CNS
The disease mainly affects the basal ganglia and substantia nigra regions of the brain (Blandini
et al., 2000). Most cases are idiopathic and are characterized by extensive loss of dopamine-
producing neurons in the substantia nigra together with slowness of movement, tremor, and

bradykinesia (Zhang et al., 2020). A recent study done by Prydz et al 2020, shows abundant
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expression of AQP4 on protein- and mRNA levels in the substantia nigra during development
of PD. To create a PD model and study the role of AQP4 in PD, both wild type and AQP4
knockout animals were injected with a parkisonogenic toxin leading to selective loss of
dopaminergic neurons in the substantia nigra, simulating the human disease process. Here, it
was found that AQP4 played a pro-inflammatory role and enhanced the severity of PD (Prydz
et al., 2020). Normally, during pathological neuroinflammatory processes reactive astrocytes
are induced by microglia activation (Liddelow et al., 2017). Prydz et al 2020, shows that the
genes which are normally highly expressed during microglia activation including 7rem2, Cd14,
Cxcrl and Itgam were not upregulated in AQP4KO animals treated with MPP+ (Prydz et al.,
2020). Additionally, the decreased inflammatory response in AQP4-null mice has been shown
to be related to the downregulation of expression of important immunosuppressive regulators
which exacerbates PD pathogenesis in mice (Chi et al., 2011). This evidence suggests that both
microglial activity is strongly affected by the disturbed communication between astrocytes and

microglia in AQP4KO animals.

1.4.3 Regulation of AQP4 expression in the brain

AQP4 expression, and its polarized distribution is altered in several neurological and
neurodegenerative disorders (Eid et al., 2005; Frydenlund et al., 2006; Jing Yang et al., 2011)
It is important to understand how AQP4 expression and polarization in astrocytes is regulated,

and several studies has tried to clarify this question.

Protein Kinase C (PKC) is a kinase triggering a major transduction cascade that regulates
various intracellular responses including growth, expression, and localization of various
proteins. Normally, protein kinases are involved in regulation of various proteins by
phosphorylating the hydroxyl group of serine and threonine residues (Sun & Alkon, 2012).
Serine/threonine kinases are abundantly found in the CNS, and neurodegenerative diseases such
as ischemia and AD have shown dysregulation of the serine/threonine kinases mediated by PKC
activation (Domanska-Janik, 1996; Sun & Alkon, 2012). Previous studies (Nakahama et al.,
1999; Yamamoto et al., 2001) suggest that protein kinase C (PKC) is involved in the regulation
of AQP4 expression (Amiry-Moghaddam & Ottersen, 2003) through an unknown mechanism.
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Regulation of AQP4 expression mediated by PKC is an interesting topic that remains unclear.
Nakahama et al 1999 was the first study to show that tissue plasminogen activator (TPA) treated
astrocytes result a significant decrease in the mRNA levels of AQP4 that is mediated by PKC
activation. The astrocytes were pretreated with a PKC inhibitor, 1-(5-isoquinoline sulfonyl)-2-
methylpiperazine (H7). A control group, with untreated astrocytes, was also included.
Surprisingly, the TPA cells, with H7 treated astrocytes showed a significant decrease in AQP4
mRNA levels (Nakahama et al., 1999). This study provides an insight into how PKC activation

play a role in the regulation of AQP4 expression in astrocytes.

Considering the absence of inhibitors and regulatory mechanisms for AQP4, mutations are the
most important tool for investigation of the role and function of the water channel. Important
amino acid residues in AQP4 have been studied to determine the regulatory mechanism of the
water channel. Phosphorylation of the Serinel11 residue, found in the cytoplasmic loop B of
AQP4 (Nesverova & Tornroth-Horsefield, 2019), has not shown significant changes in the
water permeability of AQP4 (Assentoft et al., 2013). Notably, this serine is a highly conserved

residue found in almost all aquaporins (Berland et al., 2018).

Mutations of the Ser111 residue in AQP4 indicates to be important for stability and function of
AQP4 in in vitro experiments. A study by Silberstein et al 2004 shows that when the S111
residue is mutated with glutamic acid (S111E) there is observed upregulation of OAPs formed
by M23-AQP4 isoform. Hypothetically, this have led researchers to speculate that Ser111 could
potentially be a phosphorylation site targeted by PKA (Silberstein et al., 2004).

Previous studies strongly suggest that phosphorylation of Serl11 contribute to regulation of
glutamate and potassium in the brain. Both studies; Gunnarson et al 2008 and Song &
Gunnarson, 2012, shows that substitution of Serl11 to alanine (Serl11Ala) has an impact on
the levels of glutamate and potassium (Gunnarson et al., 2008; Song & Gunnarson, 2012). The
true function of serine residues in AQP4 still remains a debated topic. Increase of extracellular
potassium correspond to increase astrocytic water permeability. Phosphorylation of Ser111 in
AQP4, showed a significant increase of potassium concentration in ECS while Ser111A did not

show any significant changes (Song & Gunnarson, 2012).

Interestingly, AQP4 is not the only protein that mediates water flux in the brain. Another class
of proteins called connexins form gap junctions between cells in the CNS. In astrocytes,

connexin-43, and Connexin-30 (Cx30) are expressed. The gap junctions generated by these
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connexins connect astrocytic cytoplasm to form networks mediating water and ion flux. In
AQP4-KO animals, Cx43 and Cx30 have been shown to be upregulated to compensate for the
loss of AQP4 (Katoozi et al., 2017).

1.4.4 Regulation of AQP4 localization in the brain

The expression of AQP4 in the perivascular end-feet membranes is crucial for maintaining the
brain homeostasis. As reported, the water channel contributes to formation of an extremely
selective BBB, which prevent dangerous substances from entering the brain. Any disturbance
in this system can be pathogenic. Loss of astrocytic polarity i.e., mislocalization of AQP4 is
often found in several neurological- and neurodegenerative diseases including Alzheimer
disease, stroke, and epilepsy (Eid et al., 2005; Frydenlund et al., 2006; Jing Yang et al., 2011).
The involvement of dystrophin-associated protein complex (DAPC) shows to be an important
determinant for localization of AQP4 in the perivascular end-feet membranes (Mahmood
Amiry-Moghaddam et al., 2003; John D. Neely et al., 2001). These studies along with other
showed that anchoring of AQP4, in the end-feet membranes, is mediated by a-syntrophin and
dystrophin (J. D. Neely et al, 2001). In absence of a-syntrophin, judged by
immunohistochemistry and immunogold labeling of AQP4, reveals loss of astrocyte polarity
which signifies mislocalization of the water channel from perivascular membranes (Amiry-

Moghaddam et al., 2004).
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Figure 3: Schematic illustration of AQP4 anchoring at perivascular end-feet.
An indirect linkage between a-syntrophin and AQP4 (M23) through PDZ
binding domains is illustrated, while other syntrophins are anchoring M1
isoform. The major isoform of a-syntriohin is represented as Dp-71 and linked
to a-dsytrobervin through motif interaction, termed HI. Dystrophin complex
binds to AQP4 by being anchored to basal lamina by Laminin and Agrin.
Adapted from (Amiry-Moghaddam et al., 2004).

A novel isoform of AQP4 termed AQP4ex was recently discovered by Palazzo et al. 2019. This
isoform is involved in the proper membrane localization of AQP4 in the mouse brain. The study
shows an assessment of the effect AQP4ex has on the perivascular end-feet in blood interface.
By generating AQP4ex-KO mice, several functions of AQP4 were observed including the main
function — the water transport, expression, and localization of the water channel. There was not
observed significant changes in the water permeability of AQP4 in AQP4ex-KO mice (Palazzo
et al., 2019). Interestingly, two important discoveries were provided to give an insight into the
function of the large OAPs. To begin with, a significant change in the size of AQP4-OAPs was
shown in AQP4ex deficient mice. Smaller size of OAPs was observed, while the number was
unaltered. Most importantly, AQP4ex-KO mice resulted mislocalization of AQP4 from the

perivascular end-feet membranes. The expression of dystrophin was unaltered, while a
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significant decrease was observed in the expression of a-syntrophin (Palazzo et al., 2019).
These findings suggest that AQP4ex, together with a-syntrophin, is an important determinant
for the localization of AQP4 in the brain.

1.5 Non-channel functions of AQP4

The function and role of AQP4 has been investigated in the neurological- and
neurodegenerative diseases mentioned above. It has become clear that AQP4 has several
functions not related to water permeability. For example, they are involved in regulating
neuroinflammation in addition to water transport (Chi et al., 2011; Prydz et al., 2020). In
pathological conditions, the brain undergoes neuroinflammatory processes which is important
hallmark for many neurological and neurodegenerative diseases. In a mouse model of intratarsal
injection of parkinsonian toxin, AQP4-null showed significantly less inflammation and
microglial activation compared to the WT (Prydz et al., 2020). AQP4-null mice have been

beneficial to study e.g., astrocytes and microglia which shows an interaction with AQP4.

Since AQP4 is mainly expressed in astrocytes, knowledge about their function may shed light
on possible mechanisms by which AQP4 can become pathogenic. Furthermore, we will discuss
the physiological and pathophysiological role of astrocytes which are the abundant glial cells

of the brain, additionally look at the role of microglia, the immune cells of the brain.

1.6 Astrocytes — the housekeepers of the brain

Astrocytes were named after their star-shaped appearance by Michael von Lenhossek in 1891
(Parpura & Verkhratsky, 2012). As previously mentioned, they contribute to many functions,
including regulation of the extracellular fluid composition and waste removal (Haj-Yasein et
al., 2012; Mestre et al., 2018). Astrocytes are classified according to their morphology which
vary per type. The most common structure of the astrocytes consists of a cell body (soma),
from which many branches are extended. These branches are often called «processes» or
«astrocytic endfeet». The extensions of these branches endow the astrocytes with perisynapitc
processes. The endfeet of astrocytes surrounding the brain capillaries are known as perivascular
endfeet. Astrocytic processes can extend to the brain surface, abutting pia mater ; such

processes are referred to as subpial end-feet (Mathiisen et al., 2010).
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Astrocytes are widely represented in the CNS and constitute approximately 80% of the glial
cells. During the last 20 years, research on astrocytes has received more attention due to the
roles and functions of these cells in health and disease. The classical star shaped morphology
of astrocytes relies on the expression of its intermediate filament proteins which are crucial in
formation of the cytoskeleton. The Glial Fibrillary Acidic Protein (GFAP) and vimentin are the
intermediate filament proteins highly expressed in astrocytes (Wilhelmsson et al., 2019). GFAP
in particular is a specific marker for astrocytes and is not expressed in other cell types in the

adult brain.

1.6.1 The many functions of astrocytes in CNS

In many ways, astrocytes act as supportive cells of the neurons, that are extremely excitable
cells needing to be protected in a stable environment (Banerjee & Bhat, 2007). The
microenvironment in the CNS is maintained by astrocytes, where they mainly contribute to
balance the concentration of ions (i.e., K) and neurotransmitters (i.e., glutamate and GABA).
In addition, astrocyte are involved in the repair of brain injury and modulation of synapses (Kim

et al., 2019) which will be further discussed.

The neuronal excitability depends on formation of the K*-gradient, where the concentration of
K" is low in the extracellular space and higher inside the neurons. To prevent excessive K* in
the extracellular space, the astrocytes act as a spatial buffer by taking up K*ions through inward
rectifying potassium channels, termed Kir.4.1 channels (Kim et al., 2019). In addition,
astrocytes also regulate homeostasis of important neurotransmitters, such as glutamate which
is an major excitatory transmitter (Zhou & Danbolt, 2014). Accumulation of glutamate in the
extracellular space (ECS) leads to a process called «excitotoxicity» which eventually cause
death of nerve cells (Zhou & Danbolt, 2014). Excitotoxicity, caused by excessive glutamate in
the ECS, is associated with neurodegenerative disease e.g., Alzheimer’s disease (AD) ischemia,
epilepsy, and Parkinson disease (PD) (Pajarillo et al., 2019). Astrocytes ensure that the
excessive glutamate, assembled in synaptic cleft, is recycled back to the neurons (Kim et al.,
2019). Furthermore, glutamate is recycled back to neurons in form of glutamine, and thereby
converted to glutamate inside the neurons by an enzyme called glutamine synthase (Underhill
& Amara, 2009). Additionally, astrocytes along with microglia also contribute to synapse
remodeling during brain development where they act as highly phagocytic astrocytes (Chung
etal., 2013).
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Besides being supportive cells of the neurons, astrocytes are involved in forming an important
structure in the brain which is a highly selective barrier between the capillary system and the
brain, referred to as blood-brain barrier (BBB). The formation of the BBB requires astrocytic
end-feet, a basal lamina composed of endothelial cells, extracellular matrix, and pericytes
(Abbott et al., 2006), which are contractile cells of the capillaries and embedded in the walls of
the vessels (Attwell et al., 2016).

The selectivity for the transport of substances within the brain is regulated by important
structure formed by the endothelial cells known as tight junctions (TJs). These play an
important role in formation of BBB by decreasing its permeability (Haseloff et al., 2015).
Diffusible molecules including O, CO; and lipid soluble substances pass through the plasma
membrane meanwhile transport of other substances e.g., ions (i.e., Na®, CI"), amino acids and

glucose need specialized transmembrane proteins to pass the barrier (Fong, 2015).
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Figure 4: Diagram illustrating components of the blood-brain barrier. The endothelial cells form the BBB
with perivascular end-feet that surround the blood vessel. Tight junctions are presented between the

endothelial cells by limiting supply of substances to brain. Adapted from (Zhou et al., 2021)
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1.7 The role of astrocytes in pathophysiology

Neuropathology is a term describing disease processes in the nervous system, such as
neurodegeneration and brain injury. Astrocytes along with microglia are responsible for
generating neuroinflammatory environments in the CNS. In response to an insult or injury, both
pro- and anti-inflammatory phenotypes are induced (Liddelow & Barres, 2017). Interestingly,
astrocytes undergo changes in their morphology, expression, and function as a response to
pathogenesis or brain injury. The transformation of the expression and morphology in
astrocytes , is referred to as «astrogliosis» and transformed astrocytes are referred to as
«reactive astrocytes» (Liddelow et al., 2017). Reactive astrocytes are among others, identified
by their upregulation of GFAP, which is often studied by immunolabeling of GFAP. GFAP
labeling shows during pathogenies astrocytes undergo an alteration where they result in
«aggressive» phenotype by receiving remarkable transformation in their morphology and
expression pattern (Liddelow & Barres, 2017). GFAP expression is upregulated both on
protein- and mRNA levels during various pathological conditions e.g., late stages in
Alzheimer’s disease (Middeldorp & Hol, 2011; Zhou et al., 2019). These features of GFAP

makes it an important hallmark protein in reactive astrocytes and during neuroinflammation.

In the healthy brain astrocytes are main contributors of creating homeostasis for neuronal
activity. However, it has been suggested that reactive astrocytes can play a neurotoxic role
during pathogenesis, inhibiting the function of neurons and leading to neuronal death. The true
function of reactive astrocytes is debatable. Previous studies suggest that there are, at least, two
main types of reactive astrocytes, termed Al and type A2 (Liddelow & Barres, 2017). Type
Al is considered to induce inflammatory environment and has a neurotoxic role by releasing
neurotoxic factors during disease. The A1 phenotype is primarily induced by cytokines (IL-1a,
TNFa and C1g) produced and secreted by microglia. Type A2 has been suggested to be a «non-
harmful» phenotype which secretes neurotrophic factors to promote neuronal homeostasis

(Liddelow & Barres, 2017).

Some important features of astrocytes appear to be absent in the A1 types, including their highly
phagocytic function and their support to neuronal growth (Liddelow & Barres, 2017). Liddelow
et al 2017 show that type Al astrocytes are highly involved in neurodegenerative diseases
including Alzheimer’s disease (AD), Parkinson disease (AD) and multiple sclerosis (MS). One
analysis of tissues from patient with AD showed that 60% of astrocytes constituted of type A

(Liddelow et al., 2017). Currently, the mechanisms involved in neuronal death mediated by
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astrocytes during pathological conditions is being widely investigated and is not completely

understood.

1.8 Microglia

Microglia are small cells often considered the innate immune cells of the CNS, now known to
originate from the hematopoietic stem cells (Nayak et al., 2014). Structurally, they resemble
astrocytes but are smaller in size and consist of several shorter processes. Microglial activity
depends on production of pro-inflammatory cytokines to prevent further brain damage but can
also have detrimental effect in the brain (Smith et al., 2012). Similarly, to astrocytes, the
microglia are expressed as subtypes, termed M1 and M2. The M1 type has protective role
during pathological conditions by inducing anti-inflammatory response whereas while M2

microglia induces pro-inflammatory factors and exuberates pathogenesis (Tang & Le, 2016).

So far there is no completely specific method available to differentiate the heterogenous
microglia (Salter & Stevens, 2017). However, certain genes are known as «risk genes» e.g.,
Cx3crl which is a gene coding for chemokine receptors. During AD, deficiency of Cxc3rl/
induce detrimental conditions (Wolf et al., 2013). Investigation of this gene expression can be

used to determine if the microglial activity is beneficial or detrimental during pathogenesis.

Hoechst GFAP AQP4 Hoechst GFAP AQP4 Hoechst Ibal AQP4

Figure 5: Immunolocalization of AQP4 GFAP and Ibal in the brain. A) Shows the star-like shape of GFAP-labeled

astrocytes (red) which are abundantly expressed in the brain. The arrows indicate nucleus (blue) of astrocytes and

neurons which are stained with Hoechst. B) The abundant expression of AQ4 (green) and GFAP (red) abutting the

capillaries shows astrocytic end-feet along with AQP4 forming perivascular processes. C)  Shows the

immunolocalization of Ibal-labeled microglia (red) nearby capillaries, which are surrounded by AQP4 (green).

Normally, astrocytes and microglia are co-localized and facilitate communication with each other. Confocal microscope

images. Scale bar = 20 um.
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1.9 A novel human disorder due to a Ser111Thr mutation
in AQP4

Recently, a novel genetic disease was discovered in a Norwegian patient where the disease-
causing mutation was found to be a heterozygous de novo mutation in AQP4 at the Serl111
residue. Here, the highly conserved Ser111 residue is changed to Thr on one allele (Berland et
al., 2018). The patient exhibits several progressive disabilities including intellectual disabilities,
transient signs of cerebral brain ischemia, transient cardiac hypertrophy, hearing loss and
progressive gait disturbance (Berland et al., 2018). The presentation of this patients suggests
that AQP4 is involved in the phenotype, especially brain ischemia detected after birth and
progressive gait disturbance. Interestingly, some visual disturbance and hearing loss was also
observed. AQP4 is highly expressed in retina (Amann et al., 2016) and AQP4KO mice exhibit
hearing loss (Li & Verkman, 2001). The patient exhibits mild intellectual disability, which has
also been shown in some strains of AQP4KO mice (Woo et al., 2018). Interestingly, this is the

first case of a deleterious AQP4 mutation leading to a clear disease phenotype.

In the original study by Berland et al. 2018, it is shown that Ser111Thr does not affect the water
permeability of AQP4. The wild type and Serl11Thr mutated AQP4 were introduced in
Xenopus laevis oocytes, to compare the water permeability. There was not observed significant
changes in the water permeability between wild type- and Ser111Thr AQP4 (Berland et al.,
2018). As reported earlier, phosphorylation of serine residue in AQP4 mediated by PKC or
PKA is suggested to be involved in regulation of AQP4 expression. Berland et al 2018 suggest
that Ser111 might be a phosphorylation site that is targeted by PKA and involved in regulation
of AQP4 expression and function (Berland et al., 2018).

1.10 Aims of the thesis

The objective of this project is to characterize mice with a pathogenic Ser111Thr mutation in
the Agp4 gene, described in a patient with a wide range of symptoms from the CNS. The aim
is to see whether the mutation leads to pathological changes, mimicking the patient’s clinical
signs. According to Berland et al. 2018, the water permeability of AQP4 is not affected by
Ser111Thr mutation, in oocytes (Berland et al., 2018). Since AQP4 function depends on its

proper localization at the astrocytic end-feet, and that it has a pro-inflammatory function, we
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hypothesized that: Ser111Thr mutation leads to mislocalization of AQP4 and/or increased

inflammation in the brain.

Importantly, the pathogenic Ser111Thr mutation leads to an interesting question about the non-
channel functions of AQP4. Studying this mutation may give an insight into these non-channel
functions, especially considering serinel11 being a highly conserved residue in AQP4 (Berland

etal., 2018).

In this project, the non-channel functions of AQP4 will be assessed. One of the non-channel
functions is AQP4’s pro-inflammatory role. Therefore, we study the extent of astrogliosis and
microgliosis in the three respective regions: cerebellum hippocampus and parietal cortex were

selected for investigation.
Cerebellum

The motor skills of the patient is highly affected and makes cerebellum important region to
study due to its involvement in motor control and cognition (Koziol et al., 2014). Cerebellum,
also termed as «little brain» contains Bergmann cells that form «tunnels» by surrounding a
single purkinje neuron (Verkhratsky & Butt, 2007). Cerebellum is involved in execution of
movement and cognitive functions (Brodal, 2004) and symptoms of injury or disease in that are
area include gait ataxia. Considering that the patient has a gait disturbance, this region is

important to investigate.
Hippocampus

Hippocampus is found in temporal lobe of the brain and is mainly divided in four main regions:
Cornu Ammonial-4 (CA1-A4). This brain region is involved in processing large amount of
information due to its neocortical connections (Brodal, 2004). The patient exhibits mild
intellectual disabilities, which make the hippocampus a relevant region to focus due to its
association with development of intellectual cognitive skills and short-term memory (Brown &

Aggleton, 2001; Latal et al., 2016).
Parietal cortex

Parietal cortex is one of the four major lobes in the brain involved in several process including

cognition, motor and sensory — vision and hearing (Freedman & Ibos, 2018). The patient
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exhibits some disturbance in the vision and hearing loss and parietal cortex was examined. The
latter symptoms could be due to disturbances in the inner ear and retina, which are regions

outside the scope of this master project.

All in all, selected brain regions correlate with phenotypes found in the patient and their

abundant expression of AQP4.

Parietal cortex

Cerebellum

Hippocampus

Hippocampus \
Cerebellum
Mouse brain Human brain

Figure 6: Midsagittal sections of mouse and human brain illustrating cerebellum, hippocampus, and parietal cortex.
Cerebellum (light green) is located dorsal to the brain stem. Structurally, cerebellum constitute of specialized glial
cells, termed Bergmann glia. These cells form a tunnel structure in cerebellum by surrounding a single purkinje neuron.
Cerebellum is important for execution of movement and muscle coordination. The hippocampus (green) is found in the
temporal lobe and divided in four regions: CAl, CA2, CA3 and CA4. It regulates important functions including short-

term memory. Lastly, parietal cortex (red) is one of the four major lobes in brain and is mainly involved in sensory

perception. Figure made in BioRender.com

We used immunoblotting, immunohistochemistry, and quantitative polymerase chain reaction
(qPCR) to characterize the mutation. The goal of this project was to gain an understanding of

the importance of the Ser111 residue in relation to the non-channel functions of AQP4.
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2 Materials and methods

2.1 Developing an AQP4 S111T mouse model through
gene modification

In order to investigate the S111T mutation, we generated transgenic animals through a widely
used gene editing technique, known as Clustered Regulatory Interspaced Short Palindromic
Repeats and CRISPR-associated protein 9 (CRISPR-Cas9). This technique is inspired by a
genome editing system found in bacteria, to defend itself against bacteriophages (Jiang &
Doudna, 2017). The system is based on two major components, a guide RNA and endonuclease
referred to as Cas9. The guide RNA recognizes the specific sequence in the DNA that is further
cleaved by Cas9. This system allows to alter the genome of animals, by inserting or deleting

genomic DNA.

The CRISPR-Cas9 technique was used to generate an animal model of the pathogenic
Ser111Thr missense point mutation. The mutation was generated by substituting serine at

position 111 to threonine.

The pathogenic mutation found in the patient is a heterozygote missense mutation. To get a
comprehensive overview of the effects of Serl11Thr AQP4 mutation in the mouse brain, we
generated two different AQP4 genotypes in C57BL/6NRj mice (JANVIER laboratories,
France) in collaboration with the Transgene Center at institute of Basic Medical Sciences at the
University of Oslo.: heterozygote (wt/Serl11Thr) and homozygous (Ser111thr/Ser111thr) and

compared these to wild type littermates.
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The table below gives an overview of number (n) of animals used for this project with their

respective genotypes:

Table 1 — Number of animals and genotype used for immunohistochemical studies.

Genotype Wild type Heterozygote Homozygote
(wt/wt) (Wt/S111T) (SI1IT/S111T)
Animals (n) 4 4 4

*wt= wild type, m = single mutation of Ser111Thr, mm= double mutation of Ser111Thr

Table 2 — Number of animals and genotype used for protein and transcript studies.

Genotype Wild type Heterozygote Homozygote
(wt/wt) (Wt/S111T) (SI1IT/S111T)
Animals (n) 4 4 4

*Heterozygote and Homozygote of Serl111Thr mutation and their respective wild types

2.2 Experimental animals

Ethical consideration of experiment animals

All experiments conducted on animals were performed regard to guidelines approved by
Norwegian food safety authority (NFSA). Everyone involved in handling and euthanasia of
animals were certified for working with animals, which is required from NFSA. FOTS id of

experimental animals used in this project; 12076.

2.2.1 Regional dissection of mouse brains

The regional dissection of parietal cortex (pcx), hippocampus (hc), and cerebellum (cb) were
conducted. For protein analysis, twelve animals were used with their respective genotypes (n=4
per group). The animals were decapitated under isoflurane (Baxter, Deerfield, IL, USA) and
the brains were dissected. The tissue from the brain regions were dissected out from both

hemispheres. The tissues were snap frozen and stored in -80°C.
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2.2.2 Perfusion-fixation of animals

To preserve the cytoarchitecture of the brain fixation perfusion was performed. Each animal
was perfused and fixed with 4% paraformaldehyde (PFA) diluted in 0.1 M sodium phosphate
(NaPi) buffer. The 4% PFA is used to fix tissues by preserving the structures of the proteins.
The PFA attaches the molecules within the tissue by forming crosslinks between the molecules
(Kim et al., 2017). Prior to perfusion, the animals were completely anesthetized by being
injected with zirconium fluoride (ZRF). Once the animal was completely anesthetized, it was
placed on a styrofoam platform for the surgical procedure and perfusion to take place. Prior to
perfusion, the blood was rinsed with 2% dextran in 0.1 M NaPi by placing the perfusion needle
in a 2% dextran solution thereby reversing the perfusion pump for 20 seconds. Further, the
perfusion was conducted by inserting the perfusion solution in normal direction, consisting of
the 4% PFA in 0.1 M NaP4i, into the left atrium of the animal. An incision was made in the right
atrium for the blood to drain out which inhibited pressure in the circulatory system during
perfusion. By directly performing perfusion-fixation with a perfusion pump, the fixative
solution is effectively distributed throughout the tissues (Au - Gage et al., 2012). After
perfusion, the brain was taken out from the skull. The brain was fixed in 4% PFA overnight and

further stored in 0.4 % PFA until cryostat sectioning.

2.3 Immunofluorescence and light microscopy

The immunofluorescence staining technique uses antibody as probes to detect specific
structures within a cell or tissue. The detection is achieved by amplifying fluorescent dye,

directly or indirectly, to the antibody.

Direct and indirect immunofluorescence

Antibodies or immunoglobulins (Ig) are glycoproteins which are specialized cells of the
immune system. They act as a defense system by binding to foreign substances through
antigens. Antibodies are widely used for immunohistochemistry studies which are harvested

from various organisms.

The antibodies can be produced as polyclonal or monoclonal. The difference lies in the binding

affinity of the antibodies to the epitopes. The surface of antigens consists of a highly specific
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molecule called epitope, also referred to as antigenic determinant. For production of polyclonal
antibodies, the organisms are injected with an antigen that result formation of antibodies from
different immune cells and entails the antibodies to bind to multiple epitopes. In contrast,
monoclonal antibodies have a high binding affinity toward one specific epitope (Buchwalow &

Bécker, 2010).

For immunoassays, the antibodies are either directly or indirectly bound to the targeted
molecule. The primary antibody is labelled with fluorescent dye and directly bind to the antigen
of the molecule. This process is known to be direct. An indirectly labelling occur when
fluorescent dye is labelled to a secondary antibody. This process is as follows, the primary
antibody, without labelled dye, binds to a specific molecule. The secondary antibody, with
labelled dye, binds to the primary antibody. The high labeling and detection sensitivity of the

indirect labeling makes it the most common method used for immunodetection (Burry, 2009).

2.3.1 Tissue preparation for light microscopy

The perfusion fixed brains were cryo-protected in 10% for 2 hours, 20% for 2 hours and 30 %
overnight. Soaking the brain in sucrose avoids formation of ice crystal formation in the tissue
when cryosectioning. The brain was cut in midsagittal plane which divided the brain in left and
right hemispheres. Each hemisphere was embedded in OCT for cryostat sectioning at -19°C.
The thickness of the sections was 14 um and the sections were collected on microscopic slides.
Along the way, the sections were stained with crystal violet and observed under the microscope
to confirm the tissue integrity. All slides were stored in -20°C until immunofluorescence

staining experiments.

2.3.2 Immunofluorescence staining with AQP4, GFAP and Ibal

The sections were washed in 0.1 M phosphate buffered saline (PBS) for 3x5 minutes and further
incubated for 1 hour with blocking solution, also known as pre-incubation solution. The
sections were incubated with primary antibody solution diluted with primary antibodies.
Incubation with primary antibodies was kept overnight at room temperature. The sections were
washed 3x10 minutes in PBS and kept for incubation with secondary antibodies for 1 hour. The

sections were again washed in PBS for 3x10 minutes. Lastly, the sections were incubated with
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a nuclear stain (Hoechst 1:5000) for five minutes, and further washed in dH>O for 3x5 minutes.

The sections were mounted on glass slides with a coverslip for microscopic studies.

Table 3 — Primary and secondary antibodies with their respective concentrations used for staining

aquaporin-4 (AQP4), astrocytes (GFAP), microglia (Ibal) and nucleus (Hoechst)

Staining Primary antibody Concentration ~Secondary antibody = Concentration
AQP4 Rabbit anti-AQP4 1:500 Donkey Cy2 1:250

GFAP Chicken anti-GFAP  1:500 Donkey Cy5 1:250

Ibal Goat anti-Ibal 1:100 Donkey Cy3 1:250
Hoechst 1:5000

2.3.3 Light microscopy imagining

Confocal microscopy (Zeiss, Jena, Germany) imagining was conducted on sagittal cryosections
incubated with respective primary- and secondary antibodies. The images were collected with

magnifications: 20x and 63x.

2.4 Protein analyses with Western Blotting

To identify the protein expression of AQP4 and other proteins of interest, immunoblotting was
performed. Western blotting is considered a semi-quantitative method to analyze protein
expression. Initially, proteins are separated according to their size or charge, through a
technique called sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). For
the identification of the protein of interest, a standard ladder is included which indicate the
molecular weight (MW). Further, the proteins are transferred by Western Blotting to a
membrane which makes the protein of bands visible after being labelled with a specific antibody

(Mahmood & Yang, 2012).

24.1 Protein purification and western blot analysis

Sample preparation

For this project, proteins from cerebellum, parietal cortex, and hippocampus were extracted and

used for experiments. These regions exhibit high AQP4 expression, and correlate with
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phenotypes observed in the patient with Serl11Thr mutation. For each brain region (cb, hc and
pcx) there was dissected twelve animals with their genotypes (wt/wt, wt/S111T, m/S111T, n=4

for each group).

For lysate preparation, twelve samples were prepared from each brain region. The brain tissues
were dissolved in RIPA buffer and inhibitors such as phosphatase inhibitor cocktail PhosSTOP
and protease inhibitor cocktail SigmaFAST, to prevent protein degradation. Each brain tissue
was homogenized with respective amount of RIPA buffer and thoroughly vortexed. The
samples were further kept on ice for 30 minutes and centrifuged at 14000 rpm at 4°C for 15

minutes. The supernatant containing solved protein was collected.
Estimation of Protein concentration

Pierce™ bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, USA) was used
to perform for quantitation of proteins. A microplate was prepared and proteins with 1:10
dilution of RIPA buffer and added into each well. Duplicate of samples were included. Lastly,
200 pl BCA standard solution was added in each well. The microplate was kept for incubation

at 37°C for 30 minutes.

After incubation, the concentration of protein samples is estimated by measuring the absorbance
with a spectrometer. The spectrometer collected all the data and resulted a BCA standard curve

with a linear range of proteins.

y=04611x + 0,162
Standardkurve R*=0,9888
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Figure 8: BCA standard curve with linear range of protein. The protein concertation (x-
axis) and its absorbance (y-axis) spotted on the graph. The highest protein concertation
measured in the standard curve is 2,0 mg/ml. R? = 0.9888
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Loading buffer (LB) was added into protein samples, which consist of a dye that visualize the
protein migration during electrophoresis. In addition, it consists of B-mercaptoethanol breaks
down the disulfide band (S-S) and denatures the proteins structure. After adding the LB, the
samples heated at 37°C for 10 minutes. Polyacrylamide gels (4-20% and 10%) (BioRad,
Hercules, California, USA) was used for all experiments. The gel was placed in a gel-apparatus
filled with 1x Laemmli running buffer. Prior to protein loading, the wells were rinsed to prevent
bubbles. The wells were loaded with 10 pl of samples and a standard solution was included.
Further, for the separation of proteins the gel was run with a voltage at 160 V for 60 minutes

until the dye ran to the bottom.
Blotting

The aim of blotting is to transfer proteins from the gel to a hydrophilic polyvinylidene fluoride
(PVDF) membrane. After SDS, a blotting «sandwich» is created. The PDVF membrane was
activated with 100% ethanol/methanol, and further placed in Towbin blotting buffer. The PVDF
membrane is, carefully, placed on the gel and ensure to prevent any air bubbles. The membrane
is covered with three filter papers and a blotting pad. Finally, the blotting «sandwichy is placed
in a blotting chamber. An ice pack and a magnet are placed in the chamber and filled with 1x

transfer blotting buffer. The blotting was run with a voltage of 100V for 30 minutes.
Immunodetection

The membrane was again activated in 100% methanol/ethanol for Ponceau S staining. The
Ponceau S staining is suitable for visual inspection of the blotting. The solution was added, to
the membrane, for approximately one-minute and washed with water until the bands are visible.
For immunodetection, the membrane was blocked with 5% Bovine Serum Albumin (BSA) for
1 hour. After blocking, the membrane was rinsed with TBST and further incubated with primary
antibody (1 ml 5% BSA + 4 ml TBST) overnight. Next, the membrane was incubated with
secondary antibody (1 ml 5% BSA + 4ml). Furthermore, the membrane was washed 3x10
minutes with TBST and developed with SuperSignal, West Pico (Thermo Scientific) for 5

minutes. For imaging a BioRad Touch ChemiDoc digital imaging system was used.
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2.4.2 Densitometric analysis

Prior to statistical analysis, the signal intensity of immunoblots were measured with Image
Studio Lite software version 5.0. The signal intensities of the protein of interest were divided
with its respective housekeeping control band signal intensity for normalization. Group
averages were used for statistical analysis, and numbers are presented as percentages of the
average WT control values. Statistical analysis was performed with SPSS version 27 using
Analysis of variance (ANOVA) along with LSD post hoc test. The values are presented as mean
+ and standard error is included. A p-value < 0.05 was considered as significant. GraphPad

Prism 9 (San Diego, USA) was used to create graphs.

2.5 mRNA transcript analysis with RT-qPCR analysis

2.5.1 RNA isolation from brain tissues

Samples from cerebellum, hippocampus and parietal cortex were prepared. The samples were
homogenized with a lysis buffer consisting of phenol and guanidine isothiocyanate that lyses
the cell membranes to access the RNA. After homogenization, the samples were centrifuged
for 3 minutes at maximum speed. The supernatant was removed and transferred to a genomic
DNA (gDNA) eliminator spin column (QIAGEN, Hilden, Germany). The lysate was
centrifuged for 30 seconds at maximum speed thereby flow-through was collected. For RNA
isolated there was used Rneasy plus mini kit (QIAGEN, Hilden, Germany). One volume of 70%
ethanol was added to the flow-through and loaded into a RNeasy spin column. It consists of
silica gel membrane which isolates the RNA molecules while eluting the remaining structure.
The centrifugation was performed for 15 seconds at maximum speed, the flow-through was
discarded. The samples were washed with RW1 washing buffer and thereby centrifuged for 15
seconds at maximum speed. During this step, the remaining contaminants bounded to the silica
gel membrane are removed, only RNA molecules are bound to the membrane. The flow-
through was discarded and the samples were again washed with a mild washing RPE buffer and
thereby centrifuged for 2 minutes at maximum speed. Optionally, the samples were centrifuged
dry for one minute at maximum speed. The RNeasy spin column, containing RNA, was placed
into a new tube, and eluted with RNeasy free water. Lastly, centrifugation was performed for
one minute at maximum speed. The water isolates the RNA by loosening the RNA molecules

from silica membrane. The flow-through, containing the RNA, was collected for synthesis of
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complementary DNA (cDNA). Prior to the cDNA synthesis, the concertation and purity of
RNA samples was measured with Nanodrop® spectrophotometer (Thermo Scientific,

Waltham, Massachusetts, USA).

2.5.2 cDNA synthesis from total RNA

The synthesis of cDNA from RNA was performed by using GoScript™ Reverse Transcription
System (Promega, Madison, WI, USA).

To begin with, we prepared 500ng RNA from each sample, and combined with Oligo dtl5
primer and Nuclease-Free water to ensure equal volumes across samples. The samples were
heat blocked at 70°C for 5 minutes and cooled on ice. A mastermix containing reverse
transcriptase enzyme (Promega, Madison, WI, USA) was added to the heat blocked samples
and cDNA synthesis was performed. For annealing, the reaction samples were kept at 25°C for
5 minutes and extension was performed at 42°C in a thermocycler for one hour. Prior to RT-

qPCR, the reverse transcriptase was inactivated by heat block at 70°C for 15 minutes.

253 Real-time quantitative polymerase chain reaction — qPCR

The Quantitative polymerase chain reaction (qQPCR) is method used for quantitative analysis of
gene expression. It differs from the regular PCR by quantifying amplified DNA after each cycle
while regular PCR detect the amount of DNA at the end of the reaction (Jalali et al., 2017).
During qPCR assay, the amplification of DNA is measured and differences in gene expression
level is quantified (Taylor et al., 2010). For this project, we performed SYBR Green based
qPCR for detection of the genes of interests: Agp4, Gfap, Ibal with gene name Aif-1, and
microglia markers (/tgam, Cd14, Cxcl10, Cx3crl). The SYBR green consist of fluorescent dye
which interact with DNA bases and the technology is based on two hybridization events, that

are forward and reverse primers.

The qPCR reaction is directed by a thermocycler which requires optimal conditions for a
successful DNA amplification. There are three major steps in qPCR where the first step is
denaturation, the DNA is heated with 95°C. During this process the double helix is separated
into single-stranded DNA. The second step is annealing, the temperature is decreased to 60°C.

The respective primers are annealed to the single stranded DNA thereby synthesize a new
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strand. The last step is elongation, the temperature is heated to 72°C. The DNA is synthesized
by thermostable polymerase that adds the dNTPs and extends the newly synthesized DNA.

254 qPCR reaction preparation

There was performed SYBR Green based qPCR analysis on samples from cerebellum, parietal
cortex, and hippocampus. The samples were loaded in the wells of a microplate. master mix
solution was added into each well containing power SYBR Green PCR Master mix (Applied
Biosystems, Oslo, Norway), forward primers (10 uM) and reverse primers (10uM) and cDNA.
In addition, no template control (NTC) was included as negative control. A schematic
illustration of the plate set-up is shown in figure 9. Thermal cycler from StepOnePlus system

(Applied Biosystems) was used for qPCR reaction.

Figure 9: Schematic illustration of microplate set-up for qPCR machine. Cerebellum,
hippocampus, and parietal cortex samples with genotypes (wt/wt, wt/S111T and
S111T/S111T). Duplicate from each sample was included. The transcript mRNA levels of
AQP4, GFAP, Ibal and microglia markers were analyzed. No control template (NTC) was
included. The DNA was amplified in in optimal conditions, by PCR. Figure made in

BioRender.com
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Table 4 — Genes and respective forward and reverse primer sequences

Gene Name Forward Primer Reverse Primer
Aqp4 AGCAATTGGATTTTCCGTTG TGAGCTCCACATCAGGACAG
Aifl CTGCCAGCCTAAGACAACCA GGAATTGCTTGTTGATCCCCT
Gfap GCACTCAATACGAGGCAGTG GCTCTAGGGACTCGTTCGTG
Cx3crl TGCTCAGGACCTCACCATGTC CTCAAGGCCAGGTTCAGGAG
Itgam TGCGCGAAGGAGATATCCAG GCCTGCGTGTGTTGTTCTTT
Cdl4 CAGAGAACACCACCGCTGTA CACGCTCCATGGTCGGTAGA
Cxcll0 ATGACGGGCCAGTGAGAATG TCGTGGCAATGATCTCAACAC
Ubc CGTCGAGCCCAGTGTTACCACC CCCCCATCACACCCAAGAACA
AAGAAGG AGCACAAG

*Aifl= ibal

2.5.5 Analysis of qPCR data

The NormFinder software (Aarhus, Denmark), was used to analyze the stability of the gene

expression. To determine the correct housekeeping gene, set of various genes were analyzed:

Ubc, H2afz and Pgkl. The Ubc gene was selected due its stability compared to other genes. For

statical analysis, we used SPSS version 27 and one-way ANOVA along with LSD post hoc test.

Group averages was used for the statistical analysis. The values are presented as mean + and

standard error is included. A P-value < 0.05 was considered as significant.
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3 Results

Although a functional study of the pathogenic S111T-AQP4 shows that the water permeability
is not affected by the mutation. (Berland et al., 2018), the focus in this project is to give a
molecular characterization of S111T-AQP4 mutation. For the first time, non-channel functions
of SI11T-AQP4 will be assessed. Both protein- and mRNA transcript levels of AQP4 were
investigated to see if the S111T/S111T mutation affects the AQP4 expression. There was
performed immunoblotting and RT-qPCR analysis. Our hypothesis implies that the localization
of AQP4 might be affected by S111T-AQP4 mutation. To see if the mutation influences the
distribution of AQP4 in the brain, immunofluorescence staining on sagittal brain sections was
performed. The expression and subcellular localization of AQP4 with Ser111Thr mutation was
investigated in two genotypes for immunofluorescence experiments (WT vs S111T/S111T) and
all three genotypes for protein and qPCR analysis (WT, WT/S111T, and S111T/S111T). The

regions investigated were cerebellum, parietal cortex, and hippocampus.

To answer our hypothesis regarding inflammation caused by S111T-mutation, we investigated
GFAP and Ibal on protein and mRNA transcript levels, to see if they initiate a pro-
inflammatory response of AQP4 in the brain. Important microglial markers which are important
for microglial activation, were also investigated on mRNA transcript level. Along with AQP4
IF staining, the distribution of GFAP and Ibal was observed under light microscope with

magnifications; 20x and 63x.

3.1 Immunofluorescence localization of AQP4, GFAP and
Ibal in WT vs S111T-AQP4 animals

The expression and cellular localization of proteins of interest; AQP4, GFAP and Ibal was
investigated in cerebellum, hippocampus, and parietal cortex from animals with each genotype;
WT/WT, WT/SI11T and S111T/S111T. Observation of AQP4 expression was investigated
nearby the astrocytic end-feet where they contribute to form perivascular processes and close

to neuropil where synaptic activation occurs.

Taken into consideration that homozygous mutation will lead to severe phenotypes than
heterozygous, therefore only two genotypes; WT and S111T/S111T animals were included in

immunofluorescence analysis and to investigate the subcellular distribution of AQP4 in the
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respective brain regions. In addition, to investigate neuroinflammatory response of S111T-
AQP4, the astrocyte marker GFAP and microglia marker Ibal was included in the analysis. The
images, taken by light microscope (Zeiss, Jena, Germany) with 20x and 63x magnification to

gain overview of the distribution.
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3.1.1 Localization of AQP4 in WT and S111T/S111T-AQP4
mice brain
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50 um 50 um
— p—

S50 pm
b—

Hoechst AQP4

Figure 10 — Localization of AQP4 in WT and S111T/S111T-AQP4 mice brain. Immunolocalization of
AQP4 (green) is shown at the astrocytic end-feet surrounding blood vessel in all regions in both
genotypes of mice brains. Bergmann glia in the Purkinje layer of cerebellum show dense AQP4
labelling, in both genotypes (a, b). In cortex AQP4-labeling is strong near subpial membranes, in WT
and mutated animals (e, f). No visible differences are observed between the genotypes. Co-staining of
Hoechst (blue) visualize nuclei in mice brain. Images are obtained with 20x magnification. Scale bar =

50 pm.
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Figure 10 shows AQP4 (green) and co-staining of Hoechst (blue) labeling in cerebellum,
hippocampus, and parietal cortex. IF staining showed an overview of localization and
distribution of AQP4 in the three brain regions. The expression of AQP4 is highly concentrated
at perivascular end-feet abutting blood vessels and dense expression is observed in the subpial
membranes, mainly in cortex (Figure 10). Restricted expression of AQP4 is represented nearby

neuropil that is found nearby nuclei (blue).

Involvement of IF staining, which is semi-quantitative method, was important to consider for
gaining an insight into the subcellular localization and distribution of AQP4 in the brain. While
the figure suggests weak labeling of AQP4 in S111T/S111T in cerebellum compared to wild
type, we performed a blind test of each section, which confirmed that AQP4 expression seemed
unchanged in S111T/S111T-animals compared to wild type. This might be due to the intensity

of fluorescent labeling varying between the sections.

Overall, AQP4 expression does not show any changes between two genotypes in cerebellum,

hippocampus, and parietal cortex.
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3.1.2 Extent of  astrogliosis judged by GFAP
immunofluorescence staining of brain from WT and
S111T/S111T-AQP4 mice
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Figure 11 — Extent of astrogliosis judged by GFAP immunofluorescence staining of brain from WT
and S111T/S111T-AQP4 mice. Inmunolocalization of GFAP (red) is shown in WT and S111T/S111T. In
both genotypes, the Bergmann glia processes are extending to the subpial membranes in cerebellum (a, b).
The CAT1 region of hippocampus is focused to show GFAP in both genotypes (¢, d). Dense expression of
GFAP (red) is shown at the subpial membrane in cortex in both genotypes (e, f). No visible changes are found
in expression of GFAP between the genotypes. Co-staining of Hoechst (blue) labelling visualize the nuclei.

Images are obtained 20x magnification. Scale bar = 50 pm.
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It is has been shown that AQP4 facilitates a pro-inflammatory response during pathological
conditions (Prydz et al., 2020). GFAP is often used as a marker for reactive astrocytes involved

in neuroinflammation.

Immunolocalization of GFAP was investigated to see if the pathogenic S111T-AQP4 mutation
facilitates inflammation. In both genotypes, GFAP staining was observed in cerebellum,
hippocampus, and cortex. In cerebellum, both genotypes show the long Bergmann glial
processes that reaches to the subpial membranes. A dense expression of astrocytes was observed
in the subpial membranes of cortex, respectively in both genotypes. The CAl region of
hippocampus was focused due to its involvement in important processes and is also affected
during MTLE pathogenesis (Eid et al., 2005). The distribution of GFAP in CAl remains the
same in both genotypes. Our results indicate there were no noticeable changes of GFAP-labeled

astrocytes observed in the three brain regions (Figure 11).
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3.1.3 Assessment of microglia judged by Ibal immunostaining
in brain from WT and S111T/S111T-AQP4 mice
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Figure 12 — Assessment of microglia judged by Ibal immunostaining in brain from WT and
S111T/S111T-A1P4 mice. Immunolocalization of microglia (red) is shown in the three brain
regions. Fewer Ibal-labeled positive microglia is shown in all the three regions of the
S111T/S111T-animals (b, d, €) compared with the WT. In cortex, there is possible to see some
labeling of Ibal but strong enough. Co-staining of Hoechst (blue) is included. Images are obtained

from 20x magnification. Scale bar = 50 um.
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3.14 Ibal-positive cells in brain of WT-AQP4 and
S111T/S111T-AQP4 mice

Cerebellum WT/WT Cerebellum S111T/S111T

A
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Figure 13 — Ibal-positive cells in brain of WT-AQP4 and S111T/S111T-AQP4 mice.
Immunolocalization of Ibal-labeled microglia (red) are investigated with 63x magnification, only in
cerebellum. Showing there is positive microglia expressed in both genotypes. Co-staining of Hoechst

(blue) is included. Images are obtained from 63x magnification.

Ionized calcium-binding adaptor protein-1 (Ibal) was used to detect microglia in the brain. Ibal
is expressed in both resting and activated microglia, which makes it a specific marker to detect
microglia activity during healthy brain and inflammation (Hopperton et al., 2018).
Immunostaining of the brain sections with Ibal showed Ibal positive microglia across all the
three regions investigated in both the genotypes (Figure 12 and 13). There was observed fewer
Ibal positive microglia in all brain regions of S111T/S111T-animals (figure 12). To confirm
the presence of microglia in S111T/S111T animals, we performed imaging at 63x magnification
only in cerebellum (Figure 13). The results actively indicate that microglia are present in both
genotypes. Qualitatively, we observed a tendency towards less microglial labeling in

ST111T/S111T animals compared to wild type.
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3.2 Ser111Thr mutated AQP4: AQP4 expression on
protein and mRNA level

3.2.1 AQP4 is decreased on the protein level in cerebellum of
S111T/S111T animals, while an unknown high molecular weight AQP4
positive band is observed
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Figure 14 — AQP4 is decreased on the protein level in cerebellum of S111T/S111T animals, while an unknown high
molecular weight AQP4 positive band is observed. (A) Immunoblot assessment of AQP4 protein lysates shows decreased
AQP4 on the protein level only in S111T/S111T animals. A higher molecular weight band is especially apparent in
ST1I1T/SI11T animals. (B-C) Densitometric analysis of the immunoblots confirms significantly downregulated AQP4
compared to WT cerebellum (B), while the high molecular weight bands are significantly upregulated (C). *Sig ANOVA
LSD post hoc test; error bars: SEM; P <0.05;n=4

Cerebellum

Immunoblotting of AQP4 in cerebellum resulted AQP4 bands with a molecular weight of ~ 37
kDa. In addition, there was observed higher bands of AQP4 which had molecular weight of
~200 kDa. The higher molecular weight bands were observed a dramatically larger extent in
the homozygous mutation (specially mm2, mm3 and mm4) of AQP4, possibly indicating AQP4
protein aggregates in this genotype. a-tubulin (50 kDa) was used as housekeeping protein to
normalize the expression of AQP4 in the cerebellum. The densitometric analysis revealed a
significant decrease of AQP4 in homozygous mutation compared to wild type. In addition,
analysis from the higher bands resulted significant increase of AQP4 (~200 kDa) in

homozygous mutation compared with both wild type and heterozygous mutation. The higher
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molecular bands of AQP4 (~200 kDa) are most prominent in animals with ST11T/S111T
mutation. Simultaneous, the downregulation of AQP4 expression is also found in the same
animals with that genotype. The aggregation of AQP4 in this genotype may indicate AQP4
binding to a higher molecule caused by the S111T/S111T mutation.

3.2.2 AQP4 in parietal cortex and hippocampus are not significantly
altered on the protein level
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Figure 15 — AQP4 in parietal cortex and hippocampus are not significantly altered on the protein level.
Immunoblot assessment of AQP4 protein lysates shows no change in AQP4 expression on the protein level, in both

brain regions. *Sig ANOVA LSD post hoc test; error bars: SEM; P> 0.05; n=4

Parietal cortex and hippocampus

Immunoblotting assessment of AQP4 (37 kDa) in parietal cortex and hippocampus was
conducted. The expression of AQP4 was normalized with a-tubulin (50 kDa). Densitometric
analysis did not show significant changes of AQP4 expression between the genotypes, showing

that expression of AQP4 at protein level is not altered by the mutation in between the genotypes.
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3.2.1 AQP4ex is decreased on protein level in cerebellum of
S111T/S111T animals
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Figure 16 — AQP4ex is decreased on protein level in cerebellum of S111T/S111T animals. Immunoblot assessment
of AQP4ex shows decreased AQP4ex on protein level only in SI11T/S111T animals. AQP4-KO is included to determine
the non-specific bands (*). Densitometric analysis of the immunoblots confirms significantly downregulated AQP4ex

compared to both genotypes. *Sig ANOVA LSD post hoc test; error bars: SEM; P <0.05; n=4

To investigate the downregulated AQP4 in cerebellum there was performed immunoblotting
analysis of AQP4ex, which is necessary for AQP4 anchoring in the plasma membrane.
Densitometric analysis of AQP4ex immunoblots confirms AQP4ex is decreased on protein
level in cerebellum of S111T/S111T animals. Figure 16 shows, together with AQP4ex (35
kDa) bands, non-specific bands were observed with a molecular weight of 37 kDa. identical as
AQP4. To investigate the unknown bands there was included AQP4-KO lysate, labeled as
«KO» (Figure 16). AQP4-KO was included to show if the bands are an isoform of AQP4, since
it resulted same molecular weight as AQP4. The lysate with AQP4-KO still resulted a non-
specific band concluding that the bands do not include AQP4.

AQP4ex isoform constitutes 10% of AQP4 and shows to be important for its anchoring (Palazzo
et al., 2019). The highest expression of AQP4ex was found in the cerebellum compared to other
brain regions, which is consistent with the finding shown in the study done by Palazzo et al
2019 (Palazzo et al., 2019). Interestingly, similar changes in AQP4ex expression were not seen
in hippocampus or parietal cortex. The downregulation of AQP4ex of S111T/S111T animals
suggests that protein level of AQP4ex in cerebellum is most affected, which may indicate

importance of the serine residue during AQP4 anchoring in cerebellum.
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3.2.2 Agp4 is increased on transcript mRNA level in cerebellum and
hippocampus of S111T/S111T animals
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Figure 17 — Agp4 is increased on transcript mRNA level in cerebellum and hippocampus of S111T/S111T
animals. Quantitative-PCR analysis of SI11T/SI111T animals shows an increased transcript mRNA expression in
cerebellum and hippocampus, while transcript of Agp4 in parietal cortex is unaltered. Densitometric analysis confirms
significantly upregulated Agp4 transcript expression in cb compared to WT and WT/S111T. Upregulated Agp4
transcript mRNA in Hc is also observed compared to only WT/S111T. *Sig ANOVA LSD post hoc test; error bars:

SEM; P<0.05;n=4

For the investigation of the mRNA levels of Agp4 in the respective brain regions we performed
qPCR analysis from cerebellum showed significant increase in Agp4 transcript levels in
homozygous mutation compared with both wild type and heterozygous mutation. In addition,
in hippocampus there was observed a significant increase in Agp4 on transcript level in
homozygous mutation compared with heterozygous mutation. Parietal cortex showed no

significant changes in Agp4expression on transcript level. The data obtain suggest that mRNA

levels of Agp4 in cerebellum and hippocampus are altered in SI11T/S111T animals.
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3.3 Ser111Thr mutated AQP4: GFAP expression

3.3.1 GFAP is increased on protein level in parietal cortex of
S111T/S111T animals
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Figure 18 GFAP is increased on protein level in parietal cortex of S111T/S111T animals. B) Immunoblot assessment
of GFAP (~50 kDa) in parietal cortex shows upregulated GFAP only in S111T/S111T animals. The expression of GFAP
was normalized with GAPDH (~36 kDa). Densitometric analysis of the immunoblots confirms significantly upregulated

GFAP compared to two genotypes. *Sig ANOVA LSD post hoc test; error bars: SEM P < 0.05; n=4.

The expression of astrocytes was investigated due to their neuroinflammatory response during
pathological conditions. To investigate the protein levels of astrocytes, immunoblot assessment
of GFAP (~50 kDa) in cerebellum, parietal cortex and hippocampus was performed in the
respective regions. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (36 kDa) was
selected as housekeeping protein. Figure 18 shows significant upregulated GFAP on protein
levels only in parietal cortex which suggest that the parietal cortex of SI11T/S111T animals is
the only region affecting GFAP expression on protein level. It may also indicate that an

inflammation in this brain region is in progress.
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3.3.2 Transcript mRNA levels of Gfap in cerebellum, hippocampus,
and parietal cortex remains unchanged
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Figure 19 Transcript mRNA levels of gfap in cerebellum, hippocampus, and parietal cortex remains
unchanged. qPCR analysis and densitometric analysis of mRNA levels in cerebellum, hippocampus, and parietal
cortex with respective genotypes did not show significant changes. *Sig ANOVA LSD post hoc test; error bars:
SEM; P>0.05;n=4

Quantitative-PCR analysis showed that transcript levels of Gfap in cerebellum, hippocampus

and parietal cortex is not significantly changed between the genotypes.
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3.4 Ser111Thr mutated AQP4: Ibal expression

34.1 Ibal is decreased on protein level in cerebellum of S111T/S111T
animals
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Figure 20 Ibal is decreased on protein level in cerebellum of S111T/S111T animals. A) Immunoblot assessment of Ibal
protein lysates shows decreased Ibal on the protein level only in cerebellum of S111T/S111T animals. Densitometric analysis
of the immunoblots confirms significantly downregulated Ibal compared to two the genotypes (A). *Sig ANOVA LSD post
hoc test; error bars: SEM; P <0.05:n=4

Microglia are the resident immune cells in the CNS and play a key role in regulating brain
development by inducing phagocytic activity during brain injury and inflammation. Any
disturbance in the microglial activity has detrimental consequences. Immunoblot assessment of
microglia — marked with Ibal in respective genotypes showed a downregulated Ibal (17 kDa)
at the protein level only in cerebellum of S111T/S111T animals. Figure 20 C) immune blotting
assessment also revealed several bands in hippocampus of S111T/S111T animals, suggested to
be isoforms of Ibal, and were included in analysis of Ibal in hippocampus. The mice displayed

reduced microglia in cerebellum which may indicate reduced phagocytic activity.
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34.2 Ibal (Aif-1) transcripts are increased in hippocampus and
parietal cortex
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Figure 21 Ibal (Aif-1) transcripts are increased in hippocampus and parietal cortex. RT-qPCR analysis of /bal shows
increased /bal on mRNA level in S111T/S111T-animals in hippocampus compared to WT and WT/S111T. /bal transcript
were also significantly increased in WT/S111T (m) animals in parietal cortex compared to WT. *Sig ANOVA LSD post
hoc test; error bars: SEM; P <0.05;n=4

Hypothetically, high expression of Ibal — a marker of resident CNS immune cells is expected
during neuroinflammation in pathological conditions. Investigation of Iba-1 (Aifl) shows
upregulated /bal transcripts in cerebellum of S111T/S111T animals compared with two
genotypes. Additionally, upregulated /bal was shown in hippocampus of WT/S111T animals

compared with WT. The homozygous- and heterozygous mutation in AQP4 influences the

mRNA expression of /bal.
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343 Itgam and Cx3crl transcripts are upregulated in cerebellum of
S111T/S111T animals
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Figure 22 Itgam and Cx3crl transcripts are upregulated in cerebellum of S111T/S111T animals. RT-qPCR analysis of
microglial markers shows increased gene expression of /tgam and Cx3crl in cerebellum only in S111T/S111T animals,

compared to wild type. *Sig ANOVA LSD post hoc test; error bars: SEM; P <0.05;n=4

Figure 20 shows the protein levels of Ibal were affected by SI111T/S111T mutation in AQP4
in cerebellum, the transcript levels of microglia markers were further investigated by qPCR. It
was reasonable to look at the transcript levels of the genes which are important for microglia
activation, since their expression has previously shown remarkable downregulation during PD

development and induced a pro-inflammatory response of AQP4. (Prydz et al., 2020).

We observed a significant upregulation of /tgam and Cx3crl transcripts only in cerebellum.

Itgam is a marker that code for microglia receptor named CD11b, and is involved in microglial
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adhesion and migration (Prydz et al., 2020). Cx3crl is fractalkine chemokine receptor, which
is highly expressed in microglia. Deletion of Cx3crl gene has previously been shown to induce
a protective role during pathogenies (Wolf et al., 2013). Taken together with the observation
that Ibal is decreased on the protein level in cerebellum, the upregulation of /zgam and Cx3crl
in cerebellum indicates a differential regulation of microglia in S111T/S111T animals which

may indicate an inflammation in progress.

3.5 Ser111Thr mutated AQP4: Cx43 expression and
subcellular localization

As reported earlier, the AQP4-KO mouse model shows that connexin-43 is upregulated and
compensate the loss of AQP4 by contributing to water transport in the brain (Katoozi et al.,
2017). To see whether the astrocytic gap junctions are affected by the S111T mutation in AQP4
gen we performed an immunoblot analysis of this Cx43 in the three respective brain regions.
Densitometric analysis revealed there was no significant changes in the expression on Cx43 at

protein level between the genotypes (Appendix I).
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4 Discussion

Despite more than 25 years after the first demonstration of AQP4 in the brain, there are still
many questions regarding its pathophysiological function. Discovery of an AQP4 mutation in
patient with pathological phenotype has given us an opportunity to investigate the causal role
of AQP4 in the disease processes in the brain. For the first time, transgenic mice were generated
using CRISPR/Cas9 technology to assess the effect of the S111T-AQP4 mutation shown to be

pathogenic in a human patient.

Mutations affecting the function of AQP4 are crucial to provide knowledge about the role of
AQP4 in the CNS. In this project, we chose to investigate the homozygous S111T/S11T
mutated mouse model, as a homozygous mutation typically leads to a more severe phenotype.
For immunofluorescence analysis, we only compared WT and homozygous mutated mice.
When performing analysis on the molecular level, we included the heterozygous S111T mouse

— which simulates the mutation identified in the patient.

It is notable that few significant changes were observed in the heterozygous mouse, which
emulated the genotype of the patient. However, investigation of cerebellum, hippocampus, and
parietal cortex revealed that majority of the findings are related to homozygous animals in
cerebellum. Immunoblotting analysis showed downregulation of AQP4 and in addition higher
molecular weight moiety of the water channel (Figure 14), while qPCR analysis revealed
upregulated transcript levels of AQP4 (Figure 17). It is plausible that the mutation induces a
change in the structural stability of AQP4 without affecting water permeability (Berland et al.,
2018). Simultaneously, there was observed significant downregulation of the AQP4-ex isoform
(Figure 16) which is necessary for the anchoring of AQP4 in perivascular end-feet. These
findings support the fact that AQP4 stability might be affected due to low AQP4 turn-over in
the plasma membrane only in cerebellum of SI11T/S111T animals. Immunofluorescence of
AQP4 along with protein of interest did not show any observable changes in the expression and
subcellular localization. In addition, immunofluorescence does not have the sufficient
resolution to assess subcellular regulation. Quantitative immunogold cytochemistry will be

necessary to investigate whether subcellular localization of AQP4 is changed.

Interestingly, observation of downregulated microglia and upregulation of «risk gene» Cx3crl,
may suggest pro-inflammatory response of AQP4 in cerebellum. Taken together with the

observation that both Agp4 and microglia markers were affected in the homozygous mutation
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model, need to be discussed. One possibility for that might be due to high concentration of
AQP4 in cerebellum which implies changes of the water channel in this region. Since no
significant changes have so far been observed in the hippocampus and parietal cortex can be
explained by the fact the disease is progressive, suggesting the condition worsens over time and

changes in expression of AQP4 along with protein of interest may be age dependent.

4.1 Effects of S111T/S111T-AQP4 mutation in cerebellum

Upregulated APQ4 expression is a common denominator found in several neurological- and
neurodegenerative diseases including MTLE, PD and AD (Eid et al., 2005; Prydz et al., 2020;
Jing Yang et al., 2011). Investigation of SI11T/S111T-AQP4 mutation revealed that AQP4 is
downregulated on protein level in cerebellum (figure 14) while transcript levels are upregulated
(figure 17). There was no correlation between protein- and transcript levels of Agp4, suggesting
that stability of AQP4 might be affected by the homozygous mutation in cerebellum. An
immunolocalization of AQP4 was performed, no remarkable changes were observed between

the two genotypes.

Berland et al 2018 suggest Ser111 is a phosphorylation site targeted by protein kinase A due to
the amino acid sits in a motif that resembles the PKA phosphorylation site (Berland et al., 2018).
The study also report that previous studies has shown that phosphorylation of Ser111-AQP4 in
rat brain does not affect the function and expression of AQP4 (Assentoft et al., 2013; Berland
et al., 2018; Kitchen et al., 2015) which in some extent contradicts with our findings. We
observed no correlation between mRNA and protein levels of AQP4 (Figure 14 and 17) which
possibly may indicate its expression is not regulated on gene levels but preferably on protein
level. Theoretically, protein- and mRNA concentrations correlate to some extent, but such
correlation is not always present. Post-transcriptional regulation is important for protein
modification and its function, and approximately 40% of protein concentration is explained by
mRNA abundances (Vogel & Marcotte, 2012). One possibility may be that higher turn-over
may affect AQP4 synthesis which further affect the stability of AQP4 in the plasma membrane.

Notably, Silberstein et al 2004 shows that S111E-AQP4 mutation led to increased expression
of M23-OAPs where they also concluded that Ser111 is phosphorylation site targeted by a PKA
in regulation of AQP4 expression (Silberstein et al., 2004). This evidence contradicts the
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findings in this project where S111T-AQP4 is downregulated and could possibly be explained

by the difference in the mutated residues.

In the immunoblotting analysis, several higher bands of AQP4 (~200 kDa) were observed in
cerebellum in S111T/S111T- animals (figure 14). Notably, so far, these higher bands have not
been shown in any studies done while investigating S111-AQP4 mutations. Hypothetically, it
might be that AQP4 is not downregulated but rather formed a complex with a higher molecular
weight. The higher bands were only found in cerebellum (Figure 14) and not presented to that
extent in the other regions which leads to an investigative question whether S111T/S111T-

AQP4 mutation has an impact on the formation large clusters of AQP4.

The C-terminus of AQP4 is suggested to be important for AQP4 anchoring and astrocytic
polarization due to its association with a-syntrophin and AQP4ex, which is important for AQP4
anchoring and localization. Additionally, M23-AQP4 is responsible to form the abundant OAPs
in the plasma membrane while M1-AQP4 is not able to do that, due to extension of NH> group
at the C-terminus that presumably prevent the OAPs formation (Nagelhus & Ottersen, 2013).
Due to loss of AQP4 stability of S111T/S111T mice in cerebellum, we investigated the
expression of AQP4ex only in that region. SI11T/S111T animals displayed reduced AQP4-ex
protein level in cerebellum (Figure 16). Regarding AQP4 anchoring, downregulated AQP4ex
(Figure 16) could perhaps lead to less perivascular anchoring of S111T/S111T-AQP4, although

we could not determine this by immunofluorescence microscopy.

4.2 Effects of S111T-AQP4 mutation on the expression of
GFAP and Ibal

Microglia and astrocytes are two key cells in the brain and responsible for neuroinflammation.
Neuroinflammation is an important hallmark observed in neurodegenerative diseases. Previous
studies have shown an effect on the activation of microglia and its markers during pathological
conditions including PD. Prydz et al 2020, is the first study to show that deletion of AQP4
results in less activation of microglia in a toxin-induced mouse model of PD, which further
concluded that AQP4 plays a neuroinflammatory role during PD (Prydz et al., 2020). The pro-
inflammatory role of AQP4 is explained by its involvement in the astrocyte-dependent
activation of microglia. Also another study has suggested that AQP4 is important for the release

of microglia-activating cytokines from astrocytes (Li et al., 2011).
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To investigate if the pathogenic S111T-AQP4 mutation results a pro-inflammatory response,
the expression of astrocytes and microglia markers (GFAP and Ibal respectively) were
investigated. Further investigation, immunofluorescence staining of GFAP of WT and
S111T/S111T-animals did not reveal changes in the expression or localization, in the three
respective brain regions. Immunoblotting analysis of GFAP in parietal cortex showed increased

expression in S111T/S111T-AQP4 animals, compared to hippocampus and cerebellum.

Microglia are immune cells of the human brain and play an important role in maintaining
neuronal homeostasis as they promote protective role during the development of
neurodegenerative diseases including PD and AD. The presence of microglia during
pathogenies is debatable due to their heterogenous expression which are termed as type M1 and
M2. Presumably, these two types are shown to have opposite effect during neuroinflammation,
where M1 are considered protective while M2 are involved in exacerbating detrimental
conditions (Akhmetzyanova et al., 2019). Immunoblotting analysis of SI11T/S111T-AQP4
animals showed downregulated microglia expression on protein level in cerebellum compared
to WT (Figure 20). Usually, M1 type initiate phagocytic activity where they reduce aggregation
and cellular toxicity in the brain. A downregulation of M1 can have major consequences and
facilitate brain damage. It has been that depletion of microglia disrupt the neuronal
development in olfactory bulb, indicating the importance of microglia for neural circuits

(Wallace et al., 2020).

The inflammatory responses of microglia can be both beneficial and detrimental during
pathogenesis depending on types of microglia are activated. So far there are no specific method
available to distinguish the M1 and M2 types. However, investigation of microglial markers
can indicate whether anti- or pro-inflammatory response is in progress. Important microglial
genes revealed a global change in regulation of microglial activation in SI111T/S111T-AQP4
animals which are only observed in cerebellum (Figure 22). Importantly, there was observed
upregulation of Cx3crl gene, which has both neuroprotective and neurotoxic role depending
on the disease model (Lauro et al., 2015). Previous studies have showed that deficiency of
CX3CRI in microglia induce neuroprotective activity (Liu et al., 2010; Ridderstad Wollberg et
al., 2014). During development of AD, absence of CX3CRI1 increases the phagocytic activity
of microglia nearby amyloid deposits which entails decreased amyloid levels (Liu et al., 2010).

In addition, inhibition of chemokine receptors CX3CR1 reduces inflammation and degradation
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of CNS in rat model for multiple sclerosis (MS) (Ridderstad Wollberg et al., 2014). In addition,
ST111T/S111T mice display upregulated /tgam, which is involved in microglial adhesion, in
cerebellum. Other studies show that fly homolog of the human ITGAM receptor might be
involved in modification of Tau proteins toxicity during development of AD (Shulman et al.,
2014). Given this evidence, the upregulated Cxc3r/ and ltgam, may indicate progression of
neurotoxic activity in S111T/S111T-animals, and the mutation might entail pro-inflammatory
response. Notably, there was not observed any significant changes in Cd/4 — key organizer of
microglial inflammation (Janova et al., 2016). The downregulation of Ibal on protein level in
cerebellum (Figure 20) may display an immunosuppressive effect which is explained by the

fact that phagocytic activity in the microglia is reduced in that brain region.

4.3 S111T-AQP4 might induce pro-inflammatory
response in brain

The main findings of this project are regarding downregulated AQP4ex expression and
increased expression of Cx3crl cerebellum. CX3CRI1 is a chemokine receptor involved in
leukocyte adhesion and migration (Ridderstad Wollberg et al., 2014). In addition, upregulation
of ltgam was observed in cerebellum. It encodes for Cdl1b receptor, that is involved in
microglial adhesion and migration (Prydz et al., 2020). Both genes are important for modulating
microglial activity. It is possible that an inflammation in progress, since one can speculate that
AQP4 is not well anchored due to a downregulation of AQP4-ex and microglia activity is

changed, both at protein- and mRNA levels in cerebellum.

Our results shows that AQP4ex is more strongly affected by the S111T/S111T-AQP4 mutation
(Figure 16) compared to the common AQP4 isoforms M1 and M23, which may have
consequences for AQP4 anchoring. Previous studies have shown that AQP4ex deficient
animals have resulted in smaller size of OAPs while the number is unaltered, simultaneous there
was observed loss of astrocytic polarity in AQP4ex-KO animals (Palazzo et al., 2019).
Concluding, the role of AQP4ex is important for AQP4 stability and polarization. In
S111T/S111T-AQP4 animals, there was observed loss of AQP4 stability in cerebellum due to
observation of no correlation between protein- and transcript levels of Agp4, indicating an
increased instability of AQP4 in the membrane (Figure 14 and 17). This actively indicates that
Serl11 residue is involved in post-transcriptional regulatory mechanism in modification of

AQP4. 1t is possible the Serl11 residue is involved in regulating AQP4ex expression where
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downregulation of this isoform in cerebellum results in loss of AQP4 stability of SI11T/S111T-
animals. Evidence from in vitro studies of S111E mutated animals could support this, as it has

been shown that the Serl11 residue is involved in AQP4 stability (Silberstein et al., 2004).

Immunolocalization of AQP4 (Figure 10) did not reveal any visible changes between the
genotypes. Conducting quantitative immunogold analyzes where one can quantify the amount
of AQP4 at the subcellular levels, and at the same time clarify the higher molecular weight
found in the cerebellum of S111T/S111T-AQP4 animals will be an important for future works.

The changes observed in genes involved with microglia activity in the cerebellum suggest that
non-channel functions of AQP4 is affected by S111T/S111T-AQP4 mutation. Changes in
microglial genes have an inflammatory effect in the brain. (Prydz et al., 2020).

Pro-inflammatory response of AQP4 appears to be involved in exacerbating pathogenesis
(Prydz et al., 2020). As previously reported, our findings suggest there might be an
immunosuppressive response due to higher expression of Cx3cr/ and displayed downregulated
microglia protein level in cerebellum (Figure 20 and 22), suggesting reduced phagocytic
activity in cerebellum. This findings is in line with previous study which showed that absence
of CX3CRI during AD lead to higher phagocytic activity of microglia (Liu et al., 2010).

Hypothetically, a chronic over-activation of CX3CR1 may lead to long-term brain damage.

Interestingly, a novel assessment of CX3CR1 in hippocampus shows the importance of the
receptor during physiological conditions. Absence of CX3CR1 shows impairment cognitive
function motor learning and associative memory in animals (Rogers et al.,, 2011). The
involvement of CX3CR1 in physiological conditions raises an investigative question; whether
phenotypes observed in the patient with S111T-AQP4 mutation are due to disturbances in the
microglial activity. Although our findings are mainly related to cerebellum, but the involvement
of CX3CRI1 in physiological conditions suggests one possible hypothesis; that changes in
microglial activity, due to upregulated Cx3cr!/ risk gene and downregulated microglia on
protein level, may eventually result in changes in the physiology of the cerebellum including
reduced motor control and cognition. The clinical presentation of the patient emphasizes that
motor skills are most affected by the mutation which is strongly related to this brain region.
Given that the role of AQP4 along with microglia and astrocytes in cerebellum is not well

investigated, the S111T-AQP4 mutation may shed light on the important functions and roles of
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this region for future work. It is difficult to speculate on anything yet. The disease is progressive

which means the condition may worsen in other regions over time.

It is noteworthy to consider the significant increase in Agp4 on transcript levels in hippocampus
compared to WT/S111T (Figure 17) and S111T/S111T mice displayed increased Ibal (Aif-1)
on transcript level in hippocampus compared to two genotypes (Figure 21). In addition,
upregulation of GFAP on protein level is observed in parietal cortex only in S111T/S11T
animals (Figure 18) along with upregulated /bal on transcript level in WT/S111T compared to
WT (Figure 21). Altogether, these findings suggest that expression of Agp4 and
neuroinflammatory processes might also be altered in these regions, which might worsen over

time.
Methodological considerations

For an overall assessment of the observable changes in Agp4 and microglial markers, it is
important to acknowledge the methodological considerations. Mix gender animals were used
in these experiments and due to the biological differences between the genders may affect the
scientific output. In some cases, there was observed high variance in data which can be
explained by the low numbers of animals (n = 4), from each genotype, were used to investigate

the three respective regions.

4.4 Conclusion

The highly conserved serine residue in AQP4 has made researchers aware of its importance in
terms of function and stability of the water channel. Mutations in S111 residue have previously
shown no evidence to affect the stability and function of AQP4 in animal brain (Assentoft et
al., 2013; Berland et al., 2018; Kitchen et al., 2015). Our assessment, of the first human
pathogenic S111T-AQP4 mutation, shows that changes in AQP4 and AQP4-ex expression in
cerebellum suggest that S111T-AQP4 mutation might influences stability and the non-channel
functions of AQP4. AQP4-ex is most affected by mutation in Serl111 residue which indicates
that downregulated AQP4-ex has a consequence for AQP4 stability and anchoring. Presumably,
no correlation between transcript and protein levels of AQP4 (Figures 14 and 17) suggest that
the Serll1 residue might be involved in post-transcriptional regulatory mechanism which

determines the water channel stability.
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Other study has suggested CX3CR1 might be involved in physiological conditions (Rogers et
al., 2011), which lead to one possible unifying hypothesis that reduced motor control and
cognition observed in the patient might be due to upregulation of microglial «risk gene»;
Cx3crl in cerebellum. SITIT/S111T mice displayed reduced microglial expression on protein
level in cerebellum (Figure 20), suggesting upregulation of the «risk gene» might decrease
phagocytic activity and pro-inflammatory response may be in progress due to altered microglial
activity in cerebellum. However, immunofluorescence showed fewer Ibal positive microglia
were observed in one of the S111T/S111T mice compared to the brain sections from other mice
of both genotypes. More quantitative analysis must be conducted to assess whether the number

of microglia is different in the two genotypes.

Overall, the findings correspond to phenotypes addressed in the patient with heterozygous
Ser111Thr mutation, but in mice the severity of phenotypes seemed to be higher in animals
with homozygous mutation compared to heterozygous mutation. It could also be possible that
a heterozygous mutation in AQP4 leads to a more severe phenotype in the human brain, due to

inter-species differences and different levels of CNS complexity.

4.5 Future studies

One could hypothesize that the wild-type allele in the heterozygous mouse compensate for the
mutated AQP4 to some degree. The ratio of wild-type AQP4 and mutated AQP4 on the protein

level should be investigated in future studies.

Since it seems like the anchoring of AQP4 is affected by S111T-AQP4 mutation further studies
should include quantitative analysis by e.g., immunogold labeling where one can count the
AQP4 expression in specific membrane domains. In addition, it would be interesting to look at
other components involved in AQP4 anchoring such as dystrophin and a-syntrophin which may

confirm if the astrocytic polarization if affected by this mutation.

The homozygous and heterozygous mice showed no overt phenotype, however behavioral and
motor function tests were outside the scope of my project. The disease in the patient is
progressive, and as we used 3—6-month-old adult mice in our study it will be important to study
older mice, and to perform behavioral tests to shed light on whether the mutation model leads

to motor and intellectual disability.
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Due to downregulated microglia expression observed in cerebellum, a stereological cell count
of microglia may reveal insights into the pro-inflammatory response of AQP4 in that brain
region. For future work, it is necessary to have specific methods for differentiate heterogenous
microglia and focus on research related to modifying microglial gene expression. The
physiological role of microglial markers in cerebellum should be closely investigated to see if
the functions of this region are affected by the changes in microglial genes expression. In
addition, «risk genes», which are involved in development of neurodegenerative diseases, must
be examined to confirm that microglial activity in cerebellum is detrimental. Considering all
this, future studies may provide more insight into the effects of the pathogenic S111T-AQP4

mutation.
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6 Appendix I

6.1 Cx43 protein levels in cerebellum, hippocampus,

parietal cortex is not significantly altered.
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Figure 23 — Cx43 protein levels in cerebellum, hippocampus, parietal cortex is not significantly altered.

Immunoblot assessment of Cx43 protein lysates shows no change in Cx43 expression on the protein level, in

the three brain regions. *Sig ANOVA LSD post hoc test; error bars: SEM P > 0.05; n=4
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7 Appendix |l

Reagents and solutions

Immunofluorescence solutions

4% PFA

Solution I:

11.5 g Na,HPOy in 800 mL dH»O

40 g paraformaldehyde

Solution II:

2.3 g NaH,HPO4in 200 mL dH,O

1L 0.01 M phosphate buffer saline (PBS)

8.76 g NaCl
0.20 g KCI
100 mL 0.1M phosphate buffer pH 7.4

900 mL dH,O

Primary antibodies

e Rabbit anti-AQP4 antibidy Sigma-
Aldrich

e  Chicken anti-GFAP antibody Nordic

Biosite AB

e QGoat anti-Ibal antibody Abcam

20 mL pre-incubation solution
2 mL Normal donkey serum (NDS)
0.2 g Bovine serum albumin (BSA)
2 mL Trition X-100
16 mL PBS
20 mL Primary antibody solution
2 mL NDS
0.2 g BSA
2 mL Trition X-100
16 mL PBS
20 mL Secondary antibody solution
600 ul NDS
0.2 g BSA
2 mL Triton X-100
17.4 mL

Secondary antibodies

e (Cy2 anti-rabbit Jackson ImmunoResearch

Laboratories

e CyS5 anti-chicken Jackson

ImmunoResearchlLaboratories

e Cy3 anti-goat Jackson ImmunoResearch

Laboratorie
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Solutions for western blot and RT-qPCR

RIPA buffer
0.8766 g NaCl
0.18612 g EDTA
0.5 gDOC

0.1 g SDS
Inhibitors:

cocktail PhosSTOP

protease inhibitor cocktail SigmaFAST

Master mix solutions for qPCR
2x Master mix: 10 pl

Forward Primer 10 uM: 0.4 pul
Reverse primer 10 uM: 0.4 pl
Template cDNA/Standards: 2 pl

H>O: 7.2 ul

1x Laemmeli running Buffer

10x Laemmeli running buffer (30.3g Trizma
base, Glycine, 10g SDS dissolved in 800ml
dH>0). To prepeare 1x Laemmeli running
buffer: 100 ml of 10x Laemmeli running buffer

dissolved in 900 ml dH,O

1x Towbin transfer blotting buffer

10x Towbin blotting buffer (30.3 g Trizma base
and 144.1 g Glycine, dissolve in 800 ml dH20).
To prepare 1x Towbin transfer blotting buffer:
100 mL of 10x Towbin buffer dissolved in 200
mL ethanol/methanol and 700 mL H>O

6x loading buffer
e 1.6 mL 1.5M Tris-HCI
e 0.42¢gSDS
e 2.4 mL glycerol
e Trace amount of bromophenol blue
¢ 0.4 mL B-mercaptethanol

e 3.6mL dH,O
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