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Abstract 


Astrocytes are the most prevalent glial cells in the brain, with foot processes surrounding 
 microvessels and neuronal compartments. Astrocytes are important players in maintenance of 
 water and ion homeostasis, a key feature critical for normal brain function. Two classes of 
 proteins are essential in the homeostatic functions of astrocytes: 1) aquaporin-4 (AQP4) water 
 channels mainly localized at the astrocytic foot processes surrounding the brain microvessels, 
 and 2) astrocytic connexins (Connexin-43 and Connexin-30) forming gap junctions (GJ) 
 between neighboring astrocytes. This master project is based on indications of the 


interconnection and reciprocal regulation between AQP4 and astrocytic gap junctions in the 
 brain.  


This study is a continuation of recent findings in the host laboratory showing an increase in 
 the number of astrocytic gap junctions in the hippocampus of mice with targeted deletion of  
 AQP4. The aim was to investigate whether it is the AQP4’s endfeet localization or its 
 expression level which is responsible for the observed increase in the number of astrocytic 
 gap junctions. We therefore studied two models: 1) mice with heterozygous (Het) and 
 homozygous deletion of AQP4 where AQP4 expression is halved (Het) or completely lost – 
 knockout (KO) at protein and mRNA level, and 2) mice with genetic deletion of syntrophins, 
 where AQP4 is mislocalized from the perivascular membranes, without affecting protein and 
 mRNA expression levels.  


Post-embedding immunogold electron microscopy, using specific antibodies to Connexin 43 
 (Cx43), was used as the method to quantify gap junctions in the mouse models described 
 above. 


A significant increase in the number of gap junctions in mice with concomitant deletion of α- 
and β-syntrophin (αβ-syntrophin KO) was demonstrated. On the other hand, we failed to 
demonstrate any effect of a heterozygous or homozygous deletion of AQP4 on the number of 
gap junctions.  



(8)VIII 
AQP4, as well as Connexin 43, as a structural part of gap junctions in astrocytes, are an 
attractive target for the treatment of a variety of diseases and disorders. However, more 
research is needed to understand all aspects of their functions and effects on physiological and 
pathological processes, as well as their interrelationships, which is what this master project 
deals with. 
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1 Introduction 


In this project, I have studied the possible connection between water channels, their anchoring 
 proteins and the expression of astrocytic gap junctions. Here, I will introduce the cell types 
 we are studying, our main proteins of interest and related diseases and disorders. 



1.1  Types of cells in the Central Nervous  system (CNS) 


1.1.1  Glial cells 


The brain parenchyma mainly consists of two types of cells – neurons and glial cells.  


Neurons are cells responsible for sending and receiving of signals and information in the 
 nervous system.  


Glial cells have different functions depending on the type. There are three types of glial cells: 


oligodendrocytes, microglia and astrocytes. 


Oligodendrocytes are associated with production of the myelin, while microglial cells have a 
 role in the immune system of the CNS.  


Astrocytes are the main focus of this thesis and their functions will be addressed in more 
 detail. 


In addition to neurons and glial cells, other important cell types are part of the CNS. Pericytes 
 are cells present at intervals along the capillary walls. They are important for formation of the 
 blood vessel and maintenance of the blood–brain barrier (BBB) (Attwell et al. 2016). 


Endothelial cells make up the walls of the blood vessels. Brain microvascular endothelial 
cells are located between nervous tissue and circulating blood, and have important role in 
regulating  CNS homeostasis (Yu et al. 2015). 
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 Figure 1 – Astrocytes and endothelial cells in the brain (Iadecola and Nedergaard 2007). 


AQP4 are located in astrocyte endfeet. Gap junctions can be found between neighboring 
astrocytes. Pericytes are present at intervals along the capillary walls. Other protein 
structures also exist in the astrocyte endfeet such as glucose transporters and K+ channels. 
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 1.1.2  Astrocyte function 


Glial cells were identified and for the first time described by the French physician René 
 Dutrochet in 1824. However, we had to wait until 1856 when the German pathologist 
 Rudolph Virchow came up with the term “nervekitt,” (nerve glue) to describe what was 
 considered a  kind of connective tissue of the CNS (Gentile and Colucci D'Amato 2018). The 
 cellular nature of this tissue was soon recognized and different types of glial cells were 
 morphologically characterized (Parpura and Verkhratsky 2012). Astrocytes were mainly 
 considered to be supporting cells in the brain involved in structural and functional support to 
 neurons (Nag 2011; Kimelberg and Nedergaard 2010).  


The name astrocyte (astro meaning “star”) was first used by Michael von Lenhossek in 1891. 


The name comes from the astrocytic processes that give the cell shape of a star. Astrocytes 
 have processes abutting brain microvessels and the pial surface called endfeet, and in addition 
 also processes surrounding the neuronal compartments (Parpura and Verkhratsky 2012). The 
 pia is a delicate, highly vascular layer covering the brain and spinal cord (Adeeb et al. 2013). 


Today we are familiar with different functions of astrocytes in the CNS, such as glutamate, 
 ions (i.e., Ca2+, K+) and water homeostasis, also blood-brain barrier functions (Verkhratsky 
 and Nedergaard 2018).  Astrocyte express a large number of membrane channels including 
 aquaporin water channels, neurotransporter uptake proteins and ion channels, including  
 voltage-gated Ca2+ channels and K+ channels (Kim, Park, and Choi 2019). They are also 
 tightly connected with neuronal functions and synapse modulation, and also have active role 
 in response to CNS injury (Kim, Park, and Choi 2019; Santello, Toni, and Volterra 2019).  


The role and function of astrocytes is diverse and has been the subject of much research partly 
because of their potential as a therapeutic targets in relation to a number of neuropathological 
conditions, such as Alzheimer’s disease, Parkinson’s disease, and stroke (Kim, Park, and Choi 
2019). 
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 1.1.3  The Blood-Brain Barrier (BBB) 


The blood-brain barrier (BBB) is a diffusion barrier, which controls transport of most 
 compounds from blood to brain. BBB consist of three elements - endothelial cells, astrocyte 
 end-feet, and pericytes (cells that wrap around endothelial cells throughout the body). Tight 
 junctions, located between the cerebral endothelial cells, form a diffusion barrier (Castro Dias 
 et al. 2019). 


Vascular endothelial cells and pericytes are surrounded by a layer of basal lamina. Basal 
 lamina is made up of extracellular proteins secreted by different vascular and neural cells. 


BBB has significant role in regulating the movement of ions, molecules, and cells between the 
 blood and the central nervous system. This barrier provides the suitable environment for 
 proper neural function, also protects the CNS from injury and disease. Dysfunction of the 
 BBB can lead to a number of neurological diseases and disorders including stroke (Daneman 
 2012; Ballabh, Braun, and Nedergaard 2004). Astrocytic endfeet enwrap almost completely 
 the perivascular basal lamina and is considered as part of the BBB (Mathiisen et al. 2010).  


Figure 2 - The blood-brain barrier (van de Haar et al. 2015). Endothelial cells are marked in 
 purple, pericytes in turquoise, astrocyte endfeet in green. 


This work focuses on important protein molecules involved in water, ion and small molecule 
 transport in the brain, localized in the astrocytic endfeet, namely the water channel 


aquaporin-4 (AQP4) and the gap junction protein Connexin 43 (Cx43). 
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 1.1.4  Regions in the human brain 


Human brain consists of three main parts: 


1.  The Cerebrum is the largest part of the brain. It is composed of the right and left 
 hemisphere and it is in charge of advanced brain functions such as learning, emotions 
 etc.  


2.   The Cerebellum which is located under the cerebrum. Its function is among others to 
 coordinate muscle movements. 


3.  The Brainstem connecting the cerebrum and cerebellum to the spinal cord. It carries 
 out many automatic functions such as breathing and beating of the heart (Ackerman 
 1992). 


Figure 3 – brain regions and subregions (Ackerman 1992). Cerebral cortex occupies the 
greatest surface area of the human brain. Cerebellum are located under Cerebrum, also 
brainstem connecting it with the spinal cord. 



(17)6 
 The hippocampus is a complex brain structure that lies sub-cortically and have important 
 role in learning and memory (Anand and Dhikav 2012). In this study, the hippocampus was a 
 region of interest. This is based on findings that the increase in connexin gap junction 


formation in AQP4 KO mice was more prominent in hippocampus than in parietal cortex 
 (Katoozi et al. 2017). Previous studies have also reported regional differences in the 
 regulation of expression astrocytic gap junctions (Ball et al. 2011; Aberg et al. 2000). The 
 hippocampus is especially suitable for research on mouse models because of its similar 
 neuroanatomy and function with the human brain (Clark and Squire 2013).  Furthermore, we 
 study the hippocampus because it is often damaged by disease. The hippocampus is often 
 affected in neuropathologies such as Alzheimer’s disease and stroke (Halliday 2017; Walha et 
 al. 2013), conditions where astrocytes play an important role in the disease process. 



1.2  Aquaporin-4 (AQP4) – the main water  channel in the brain 


Aquaporins are protein molecules which have a significant role in water transport. Water 
 movement crosswise cell membranes is facilitated by these pores. The first aquaporin was 
 discovered by Peter Agre (Agre 2004; Preston et al. 1992). Agre received the Nobel Prize in 
 Chemistry in 2003 for this finding. There are currently 13 known aquaporins in mammals,  
 involved in many physiological processes such as urinary concentration, body fluid 


homeostasis, brain function and many more (Brown 2017).  


AQP4 is the most abundant aquaporin in the brain and is mainly localized at the perivascular 
astrocyte endfeet abutting brain microvessels (Rash et al. 1998; Nielsen et al. 1997). The 
perivascular pool of AQP4 serves as both an entry route as well as an exit route for water 
molecules (Amiry-Moghaddam, Otsuka, et al. 2003). 
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 Figure 4 - AQP4 structure (Iacovetta, Rudloff, and Kirby 2012). The molecule extends 


through the cell membrane 6 times, arranging 5 loops classified as A, C, and E on the 
 extracellular side and B and D on the intracellular. The aspargine‐proline‐alanine (NPA) 
 segments in loops B and E are in charge of selectivity of the channels. The AQP4 protein is 
 folded in a central hour‐glass shape formed by the N-1-naphthylphthalamic acid (NPA) motif 
 which only allows for passage of water molecules.   


AQP4 is involved in the regulation of ion and water homeostasis (Amiry-Moghaddam and 
 Ottersen 2003). AQP4 is also involved in the development of brain edema and furthermore 
 associated with different disease processes in the brain, such as seizures and tumors. In the 
 course of brain edema, astrocytes are the major cell type that swell due to water influx. The 
 influx occurs primarily at the astrocyte endfeet where AQP4 is mainly located. Manley et al. 


documented a connection between AQP4 and brain edema, where knocking out AQP4 led to  
 reduced extent of edema after experimental stroke and hypo-osmotic stress (Manley et al. 


2000). 


We investigate aquaporins in this project because AQP4 is an attractive pharmacological 
target and consequential significance of understanding the regulations of AQP4. 
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1.3  Syntrophins – the anchoring molecules of  AQP4 


Syntrophins represents a family of various cytoplasmic membrane-associated adaptor 


proteins. They appear for an important element of many signaling events, having a function in 
 various signaling complexes (Bhat, Adams, and Khanday 2013).  


The syntrophin protein family is composed of five known homologous isoforms: alpha-1- 
 (α1-) syntrophin, beta-1(ß1-) syntrophin, beta-2- (ß2-) syntrophin, gamma-1(γ1-) syntrophin, 
 and gamma-2- (γ2-) syntrophin (Ahn and Kunkel 1993; Ahn et al. 1996; Adams et al. 1993).   


Being a member of the dystrophin complex α-syntrophin is responsible for anchoring of 
 AQP4 in the brain (Amiry-Moghaddam, Frydenlund, and Ottersen 2004). Amiry-Moghaddam 
 et al. (2004) used mice deficient in α-syntrophin where the perivascular pool of AQP4 were 
 removed for assessment of its functional roles. Deletion of α-syntrophin caused however a 
 mislocalization rather than a loss of AQP4, by other means redistribution of AQP4 from 
 endfeet to non-endfeet membranes, without affecting its total level. 


Figure 5 - Immunogold analyses reveal two pools of AQP4 at the brain–blood interface. The 
major pool resides in the perivascular membranes of astrocytes (double arrows) and is 
depleted after α-syntrophin knockout. The minor pool resides in the abluminal (arrows) and 
adluminal membrane (arrowheads) of endothelial cells and is independent of α-syntrophin 
(B). (A) Wild type animals; (B) α-syn knockout animals; E, endothelial cell; L, capillary 
lumen; P, pericyte. (Amiry-Moghaddam, Frydenlund, and Ottersen 2004) 
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 The role of β-syntrophin in the brain is not well known. A recent study from the research 
 group in the host laboratory has elucidated a role of β1-syntrophin in the anchoring of AQP4 
 in retinal Müller cells. Müller cells are macroglial cells present in retina. This study has 
 shown that deletion of β1-syntrophin causes a partial loss of AQP4 from perivascular retinal 
 Müller cell endfeet. There has also been suggested that upregulation of perivascular α1-
 syntrophin compensates effect of β1-syntrophin deletion in retina (Katoozi, Rao, et al., 2020), 
 however the roles of β-syntrophin remain to be elucidated. 


Deletion of α-syntrophin has previously been shown to lead to a loss of AQP4 from astrocyte 
 membranes surrounding blood vessels (Amiry-Moghaddam, Frydenlund, and Ottersen 2004). 


In this study we have used different combinations of syntrophin gene knockout mouse 


models. Analysis of α-syntrophin KO mice was part of another ongoing project and therefore 
 this study is focused on β1 and αβ KO which are believed to lead to a similar AQP4 


mislocalization as in α-syntrophin KO. 


1.3.1   Gap junctions 


Proteins known as connexins form so called ‘gap junctions’ between astrocyte perivascular 
 endfeet. Gap junctions consist of two hemichannels of connexin subunits placed in the 
 opposed plasma membranes (Rackauskas, Neverauskas, and Skeberdis 2010).  


Figure 6 - Gap junction structure (Spray and Scemes 2013) showing channels consisting of 
paired connexons (connexin hemichannels) and their organization in the membrane. The six 
connexin hexamer is a connexon. Gap junction is composed of 12 connexin proteins (two 
connexons).  



(21)10 
 These intercellular channels permits the transit of small molecules like ions, second 


messengers, amino acids, glucose and molecules in size up to ∼1 kDa in molecular 
 mass (Yeager and Nicholson 1996; Saez et al. 2003). Three separate connexin types are 
 known in astroglial cells of the mouse brain – Cx43, Cx30 and Cx26 (Theis and Steinhäuser 
 2013). Astrocytic GJ are mainly composed of Cx43 and Cx30 (Nagy et al. 1999; Rouach et al. 


2002; Yamamoto et al. 1990; Yamamoto et al. 1992). 


Figure 7 - AQP4 channels and connexin gap junctions (Iacovetta, Rudloff, and Kirby 2012). 


AQP4 channels in astrocytic endfeet are shown as dots while gap junctions between 
 neighboring astrocytes are shown as lines.  


Astocytic gap junctions could be involved in controlling neuronal activity by having a part in 
 controlling clearance of extracellular potassium and glutamate (Pannasch et al. 2011; Wallraff 
 et al. 2006). Gap junctions in astrocytes are also shown to be involved in calcium signaling as 
 a part of Ca 2+ signaling network (Jorgensen et al. 1997). 


Similarly to AQP4, Cx43 is known to be involved in neuropathologies such as stroke, edema, 
epilepsy and Alzheimer’s disease (Yamasaki 2018; Zador et al. 2009; Boison and Steinhäuser 
2018). 
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1.4  Potential reciprocal regulation of AQP4 and  Gap junctions 


In AQP4 knockout mice, the number of gap junctions in hippocampus and cortex have been 
 shown to increase compared to wild type (WT) mice (Katoozi et al. 2017). Furthermore, a 
 recent study from the research group in the host laboratory has shown that in Cx43/30 double 
 knockout animals (dKO), total AQP4 expression is decreased (Katoozi, Skauli, et al., 2020). 


These findings indicate that AQP4 and gap junctions are reciprocally regulated in the mouse 
 brain.  


The mechanism by which deletion of AQP4 leads to the observed changes in gap junction 
 numbers is not known. It is uncertain whether is it the expression level of AQP4 or loss of its 
 domain specific localization in the astrocyte membrane which leads to that. 


Reciprocal regulation of AQP4 and Cx43 could be explaining why AQP4 deletion has limited 
 effects on brain volume and K + homeostasis (Katoozi et al. 2017). 


It was also demonstrated that mice lacking gap junction proteins Cx30 and Cx43 manifest 
 partial loss of the AQP4 in astrocyte endfeet (Ezan et al. 2012). This also supports the 
 reciprocal theory. 


1.4.1  The role of AQP4 and gap junctions in disease 
 There are several diseases where the expression levels and localization of AQP4, and 
 astrocytic connexins/gap junctions have been demonstrated included. 


Stroke, edema, epilepsy and neurodegenerative disorders are diseases in which both AQP4 
 and Cx43 are involved (Katoozi et al. 2020; Amiry-Moghaddam, Williamson, et al. 2003; 


Zador et al. 2009; Yamasaki 2018; Boison and Steinhäuser 2018; Lan et al. 2017). Here, 
reciprocal regulation and understanding of this can be of great importance. Understanding the 
factors regulating the polarized expression of AQP4 is essential in developing pharmaceutical 
interventions in conditions where the polarized expression is lost. 
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 AQP4 has been considered to be associated with the removal of interstitial β-amyloid, protein 
 molecule connected with pathogenesis of the Alzheimer disease (Lan et al. 2017). Preventing 
 or reducing amyloid-β accumulation could be an important therapeutic approach for 


Alzheimer’s disease (Xu et al. 2015). In Alzheimer's disease both Connexin 43 and gap 
 junction expression in the patient brain samples were shown increased (Yamasaki 2018). 


These findings could be indicating important role of connexins in the pathogenesis of the 
 Alzheimer's disease. 


In the course of cerebral edema development, AQP4 has been show to advance astrocyte 
 swelling (“cytotoxic swelling”). AQP4 has also been seen to be in charge of reabsorption of 
 extracellular edema fluid (“vasogenic edema”) (Zador et al. 2009). Cytotoxic edema is related 
 to intracellular water accumulation while vasogenic edema with extracellular water 


accumulation due to cellular injury or BBB breakdown (Klatzo 1967; Unterberg et al. 2004). 


This leads to the conclusion that there is certain potential of AQP4 as a possible therapeutic 
 target in edema associated with stroke (Zador et al. 2009). Agents that block gap junctions 
 appear to be neuroprotective and lead to reduction or deletion of clinical signs of ischemic 
 brain injury (Contreras et al. 2004; Yamasaki 2018). 


There are available data that demonstrates an upregulation of AQP4 which occurs at the site 
 of traumatic brain injury in rat models. These data shows also downregulation in adjacent 
 regions and can be considered as a basis for the development of treatments for cerebral edema 
 that accompanies head injury (Sun et al. 2003). 


AQP4 expressed in astrocytes has important role in water and K+ homeostasis during neural 
 activity. Because osmolarity and K+ have great effect on epileptic seizures, AQP4 may 
 represent therapeutic target for control of seizures (Binder, Nagelhus, and Ottersen 2012). 


Amiry‐Moghaddam et al., (2003) were the first to find a possible connection between 
 syntrophin/AQP4 and epilepsy by demonstrating that deletion of α-syntrophin leads to 


delaying of the K+ clearance after neuronal activation, and intensification of epileptic seizures 
 (Amiry-Moghaddam, Williamson, et al. 2003). There are increasing evidences suggesting that 
 gap junctions between astrocytes could be involved in the pathogenesis of epilepsy (Boison 
 and Steinhäuser 2018; Mylvaganam et al. 2014). Several studies have found Cx43 up-
 regulated with the development of epilepsy (Frederic et al. 2006; Garbelli et al. 2011).  


Astrocytic GJ could be possible target in treatment of epilepsy (Li et al. 2019; Mylvaganam et 
al. 2014).  
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 Neuromyelitis Optica (NMO) is an autoimmune demyelinating disease, which is 


characterized by the manifestation of autoantibody (NMO-IgG) to AQP4 (Pisani et al. 2013). 


NMO-IgG binding to AQP4 leads to astrocyte injury and Blood Brain Barrier breakdown 
 (Hinson et al. 2012; Hinson et al. 2007). NMO affects the spinal cord and optic nerves (Pache 
 et al. 2017).  


To date, few agents targeting AQP4 and Connexin 43 have been developed, but they represent 
 enormous potential for future research.  There are many challenges in the development of 
 AQP4 drugs as they show many homologous AQP isoforms, wide distribution in tissues and 
 function which can give possible side effects, also need for high blood-brain barrier 


permeation. Despite considerable effort, small molecules targeting AQP4 have not been 
 developed (Verkman, Smith, Phuan, Tradtrantip, & Anderson, 2017). 


No connexin-specific drugs targeting Cx43 have received approval yet, but it have been 
 targeted in development of treatment for epidermal wounds using antisense 


oligodeoxynucleotide (AsODN), which is blocking Cx43 expression (Laird and Lampe 2018). 


Biologic medicine Eculizumab is under consideration for treatment of neuromyelitis optica. 


There are data showing that patients who received eculizumab had significantly lower risk of 
 relapse than placebo group (Pittock et al., 2019).  


Understanding the reciprocal regulation of AQP4 and Cx43 could open new avenues for 
 interventions in neuropathologies and guide development of pharmaceutical agents. 


1.4.2  Aims of the thesis 


This master project is based on indications of the interconnection and reciprocal regulation 
 between AQP4 and astrocytic and gap junctions in the brain.  


This study is a continuation of recent findings in the host laboratory showing that an increase 
in the number of astrocytic gap junctions in the hippocampus of mice with target deletion of 
AQP4 (Katoozi et al. 2017). 
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 The aim was to investigate whether it is the localization of AQP4 in astrocyte endfeet or its 
 expression level which is responsible for the observed increase in the number of astrocytic 
 gap junctions in AQP4 KO. We therefore studied two models:  


1) Mice with heterozygous and homozygous deletion of AQP4 where AQP4 expression is 
 halved (Het) or completely lost (KO) at protein and mRNA level  


2) Mice with genetic deletion of syntrophins - β1-syntrophin knockout and αβ-syntrophin 
knockout (KO) mice, where AQP4 is mislocalized from the perivascular membranes, without 
affecting its protein and mRNA expression levels. 
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2 Methods 



2.1  Animals 


Samples from adult (3- to 6-month old) mice were used in this study with:  


1.  Targeted deletion of the genes encoding β1-syntrophin or both α and β-syntrophin. 


The αβ-syntrophin double knockout (αβ-syn KO) mice were created by crossing 


individual knockouts of α-syntrophin and β-syntrophin (Kim et al. 2018; Rao et al. 2019; 


Adams et al. 2000). 


2.  Homozygous AQP4 knockout (AQP4 KO) and AQP4 heterozygous knockout (Het). 


Wild type mice were used as controls. Different forms of a gene are referred to as alleles. 


Diploid organisms carry two copies of each gene, they can have identical alleles - be 
 homozygous for a gene, or can carry different alleles - be heterozygous for a gene (Lodish 
 H 2000). Homozygous deletion refers to the loss of both alleles (100% loss of gene 
 expression), while heterozygous deletion refers to the single allele deletion  typically 
 resulting in halved expression of the gene (Liu et al. 2008). We used adult male mice of 
 the C57/BL6J strain (Salameh 2019). The AQP4 Het and WTs were littermates, whereas 
 AQP4 KO samples were from a different litter of previously generated AQP4 KO mice 
 .which can have some impact on results.This will be discussed later in the discussion 
 section.  



2.2  Perfusion fixation 


Mice were anesthetized and transcardially perfused with a solution of 4% formaldehyde (FA) 
in 4% FA and 0.1% glutaraldehyde in 0.1 M PB for immunogold cytochemistry. The brains 
were taken out and post-fixed overnight in the fixation solution and stored in a 1:10 dilution 
of the same solution in 0.1 M PB  (Katoozi et al. 2017). 



(27)16 



2.3  Electron microscopy 


Electron microscopy produces images of the ultrastructure of cellular components and have a 
 much higher resolution than images taken with light microscopes. Properties of electron 
 microscopes (e.g. high-vacuum) requires specific preparation and staining techniques to 
 provide us images showing the ultrastructure of cells and tissues. 


Combined with immunocytochemical methods, electron microscopy is a reliable and useful 
 method to label single, specific protein molecules providing a connection of the ultrastructure 
 and its function (Kaech 2002). 


Figure 8 shows resemblance of an transmission electron microscope (TEM) with a light 
 microscope. An electron beam is created with help of a heated filament. Electrons are further 
 speed up with high voltages (60 – 1200 kV decided by the type of TEM) and guided through 
 the microscope column using electromagnetic lenses. The electron beam goes through and 
 interacts with the sample giving us an image. The image can be monitored on a 


phosphorescent screen or specially designed CCD camera and recorded on the computer 
 connected with the microscope by a special software. 


Figure 8 (Kaech 2002) – showing similarity between electron microscope (EM) and the 
conventional light microscope. Main difference is that EM use an electron beam instead of 
visible light.  
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 Figure 9 – EM picture of brain blood vessel taken at 8.000x magnification; 


E; endothelial cells, L; vessel lumen, arrow is pointing at dots representing gold labeling of 
gap junctions, P; pericyte  
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 Figure 10 – EM picture of brain blood vessel taken at 20.500x magnification. The arrow is 
 pointing at the immunogold particles marking the gap junction E; endothelial cells, L; vessel 
 lume, P; pericyte  


Brain tissue from mouse hippocampus was been labeled by the immunogold method and I 
 peformed image acquisition in the electron microscope. Pictures were analyzed by 


quantifying gap junctions and significance interpreted using statistic tests. 


A TECNAI 12 TEM electron microscope was used to examine the sections at 80 kV. 20-30 
capillaries depending on the sample quality were randomly selected at low magnification 
(8 000x) and at 20 500x magnification. 
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 The size of the blood vessels was used as the elimination criterion. The aim was to take 


images of the capillaries that are entirely in the field of view at a magnification of 8 000 x. 



2.4  Immunogold method 


Immunogold method is combining the power of the electron microscope with the localizing 
 accuracy of immunocytochemistry. By using gold particles as markers in this method, 
 proteins can be identified at notable precision followed by opportunities for its quantitation 
 (Amiry-Moghaddam and Ottersen 2013). 


Figure 11 – showing principles behind a two-step, postembedding immunogold method. 


Triangles appearing on the surface of ultrathin section represents the antigen which the 
primary antibody (A) is up against. The secondary antibody (B) is connected to a colloidal 
gold particle (Au). Effective antibody diameter is 8 nm (Amiry-Moghaddam and Ottersen 
2013).  
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 When labeled by the immunogold method, the individual Connexin 43 proteins are labeled 
 with a gold particle. In theory, each gap junction hemichannel contains six Cx43 proteins and 
 each gap junction twelve Cx43 proteins. In practice, not all these proteins are present in each 
 section containing gap junctions. Thus, our inclusion criteria for GJ were the following: all 
 apparent gap junctions at high magnification (20 500x) were counted, regardless of distance 
 from the capillary, but only if the membranes were clear and a minimum of 4 gold particles 
 are detected in the gap junction.   


In this study, the hippocampus was the region of interest. This is based on findings that 
 increase in connexin gap junction formation in AQP4 KO mice was more prominent in 
 hippocampus than in parietal cortex (Katoozi et al. 2017). Previously have also been reported 
 regional differences in the regulation of expression astrocytic gap junctions (Ball et al. 2011; 


Aberg et al. 2000). 


The researchers performing the analysis were always blinded to the genotype of the animals. 


The quantitation was performed separately by two investigators, the numbers compared and a 
 consensus reached according to the established inclusion criteria. 


Brains were harvested and cut into 0.5–1 mm tissue blocks; hippocampus war dissected, cryo-
 protected, quick-frozen in liquid propane (−170 °C), and subjected to freeze substitution. 


Specimens were embedded in methacrylate resin (Lowicryl HM20) and polymerized by UV 
 light below 0 °C (Amiry-Moghaddam et al. 2005). 


Sections were incubated overnight with primary antibody diluted in Tris-buffered saline with 
 Triton X-100 (TBS-T) with 2% (w/v) human serum albumin (HSA) at RT.  


Sections were then rinsed with TBS-T (3 × 10 min) and incubated in TBS-T containing 2% 


(w/v) HSA (10 min) before incubation with goat anti-rabbit (GAR) secondary antibody 
 coupled to 15 nm colloidal gold particles for 2 h. The sections were then rinsed with distilled 
 H2O, dried and contrasted with 2% uranyl acetate for 90 s and 0.3% lead citrate for 90 s 
 (Katoozi et al. 2020). 


The sections were examined with a TECNAI 12 transmission electron microscope. In each 
 animal, 20-30 images of capillaries from hippocampus were randomly taken at the 


magnification of 8.000× and 20.500×. The investigators were blinded to the genotype of the 
animals when taking and analyzing the pictures. 
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2.5  Statistical analysis 


The SPSS software was used for statistical analysis (version 26, IBM). The purpose of the 
 statistical analysis was to analyze whether there were significant differences in the number of 
 gap junctions between the different groups. ANOVA with Fisher’s Least Significant 


Difference (LSD) post hoc test was performed to determine whether the probability (P)-value 
is 0.05 or less, which we considered to be the significance level.  
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3 Results 



3.1  Non-significant difference in GJ number 



between AQP4 he and AQP4 KO mice compared to 

WT 
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 Figure 12 - a), c), e) shows pictures taken at 8.000x magnification respectively from from WT, 
 AQP4 Het and AQP4 KO samples while b), d), f) shows pictures taken at 20.500x 


magnification respectively from from WT, AQP4 Het and AQP4 KO samples. Arrows are 
pointing at gold labeling of the gap junctions. g) shows statistical analysis; E; endothelial 
cells, L; vessel lumen 
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 Figure 13 – Table containing information number of gap junctions in individual blood vessels 
 were used for further processing and analysis of data.  


Statistical analysis showed no significant differences between the number of gap junctions in 
the three groups in this experiment. This was surprising as Katoozi et al reported an increase 
in the number of gap junctions in AQP4 KO compared to WT (Katoozi et al. 2017). Possible 
explanations will be discussed under discussion section. 
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3.2  Increased number of GJ  in αβ -syntrophin 

KO  mice compared to β1  KO and WT 
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 Figure 14 - a), c), e) shows pictures taken at 8.000x magnification from WT, β1 KO and αβ 
 KO samples while b), d), f) shows pictures taken at 20.500x magnification from WT, β1 KO 
 and αβ KO samples. Arrows are pointing at gold labeling of the gap junctions. g) shows 
 statistical analysis; E; endothelial cells, L; vessel lumen; * - significant increase of 


expression of gap junctions in  αβ-syntrophin KO mice compared to both β1-syntrophin KO 
model and the wild type. 
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 Figure 15 – Table containing information number of gap junctions in individual blood vessels 
 were used for further processing and analysis of data.  


The highest number of gap junctions was observed in αβ-syntrophin knockout (KO) mice.  


Statistical tests showed significant increase of expression of gap junctions in αβ-syntrophin 
 knockout mice compared to both β1-syntrophin knockout model and the wild type. 


On the other hand, increased expression of gap junctions in β1-syntrophin KO compared to 
the wild type is not shown to be significant. 
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4 Discussion 



4.1  Methodological considerations 


The main purpose of this study was to investigate the effect of either AQP4 knockout or 
 knockout of AQP4-anchoring molecules (syntrophins) on number of astrocytic gap junctions.  


The reciprocity between AQP4 and gap junctions has been explored in two separate 


experiments, only one of which has been able to produce sufficiently clear results as expected.  


Genetic deletion of αβ-syntrophin, the molecules responsible for anchoring AQP4, led to a 
 significant increase in the number of gap junctions. On the other hand, deletion of AQP4 did 
 not produce the expected results, ie. did not lead to the expected significant increase in the 
 number of gap junctions – an doubling of gap junctions in hippocampus of AQP4 KO mice 
 compared to wild type has been previously shown (Katoozi et al. 2017). However, the validity 
 and accuracy of the results obtained in AQP4 project for several reasons can be brought into 
 question. In short, it is likely that the impact of animals from different litters was decisive for 
 the inconsistency of these results. As previously stated, mice used in this part of project were 
 not littermates. The AQP4 Het and WTs were littermates, but the AQP4 KO samples used in 
 this study were from a different litter of animals in an earlier breeding setup. There are some 
 data showing that relatively small differences in breeding conditions could have significant 
 effects on certain aspects of brain development in mice (Wahlsten 1982). This part of the 
 project leaves few questions open and leaves room for future analysis. In future studies, it 
 would be advisable to examine the effect of AQP4 deletion on animals from the same litter. 


The biggest challenge in the methodological part was to reach consensus on counting gap 
 junctions. There is no universal rule that accurately defines the distance of gap junctions from 
 a blood vessel. Non-specific staining also created great interference. Consequently, it was 
 necessary to rely, for the most part, on the anatomical structure. 


As a precautionary measure, the two researchers counted independently of each other. The 
researchers performing the analysis were blinded to the genotype of the animals. However, to 
avoid individual differences in the interpretation of distance from the blood vessel, the 
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 following rule was adopted: all GJ at high magnification (zoom) were counted, regardless of 
 distance from the capillary, but only if the membrane is clear and there are 4 or more dots.  


Figure 16  – Boxplot shows interpretation of results by different researchers in AQP4 
 Het/knockout model. The different colors represent respectively results from researcher 1, 
 researcher 2 and the final results about which agreement was made. On the x axis we can see 
 the grid number and on the y axis the average number of GJ per micrograph. A1-A4 are WT, 
 B1-B4 are AQP4 Het and C1-C4 are AQP4 KO samples  


There were more challenges in performing this analysis. The idea was to take about 20-30 
pictures of capillaries from each sample. Four samples were used for three different genotypes 
for each project. In practice, however, in some cases it was difficult to find enough capillaries, 
because simply some of the samples were not stable enough during microscopy. However, 
duplicates of each sample were made as a precaution. This turned out to be very useful, 
because duplicates were used instead of two samples in the AQP4 project. 



(41)30 
 Figure 17 – Boxplot shows interpretation of results by different researchers in syntrophin 
 knockout model. The different colors represent respectively results from researcher 1, 


researcher 2 and the final results about which agreement was made. On the x axis we can see 
the grid number and on the y axis the average number of GJ per micrograph. A1-A4 are WT, 
B1-B4 are β1 KO and C1-C4 are αβKO samples.  
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4.2  AQP4 heterozygous/knockout model 


This experiment showed no significant difference between AQP4 heterozygous and knockout 
 model versus wild type. These results should be interpreted with caution. 


One of the central questions in this study is why no significant increase in the number of gap 
 junctions was found in AQP4 knockout models. Earlier it was found that targeted deletion of 
 Aqp4 promotes the formation of gap junctions in astrocytes (Katoozi et al. 2017). 


Accordingly, the number of gap junctions in the AQP4 knockout model is expected to 
 increase.  


The expected increase did not take place, and a likely explanation is because the AQP4 KO 
 samples we used in the experiment were not from the same litter as WT and AQP4 Het (not 


"litter mates").  This can be considered as a problem in basic research (animals from different 
 labs could have greater differences in protein expression than expected). This could be 


influenced by differences in breeding conditions which may have significant effects on certain 
 aspects of brain development in mice (Wahlsten 1982). 


Certainly, in future analyzes this element should be considered ahead of time. 


In short, this part of the analysis failed to answer the questions that were raised as the goal of 
 this thesis. 


However, we did not find a significant difference in the number of gap junctions between the 
WT and Het mice, which were littermates. Unpublished data from our laboratory have shown 
that the expression level of AQP4 is significantly reduced (to about 40%) in the Het brains 
compared to the WT. The fact that we didn’t see a significant increase in the number of gap 
junctions in Het brains might indicate that the increase in the number of gam junctions 
observed by Katoozi et al in the AQP4KO mice might not be due to the changes in the AQP4 
expression level, but rather its loss from the perivascular membrane domains. This need to be 
explored in the future studies. 
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4.3  Syntrophin knockout model 


This part of the analysis was based on association between perivascular AQP4 expression and 
 α-syntrophin that has been previously demonstrated (Neely et al., 2001). Due to the role of 
 syntrophin in anchoring AQP4 (Amiry-Moghaddam, Frydenlund, and Ottersen 2004) and the 
 hypothesis of the mutual regulation of AQP4 levels and gap junctions (Katoozi et al. 2017; 


Katoozi et al. 2020), one might expect an increase in the number of gap junctions in the 
 syntrophin knockout models.  


As stated above, the challenge was to determine the criteria for quantification, as well as the 
 different quality of the samples used in microscopy. The animals used in the syntrophin KO 
 model experiments were all littermates or closely related mice, including WT animals. 


In this project, we found that there was not a significant increase in the number of gap 
 junctions in β1-syntrophin knockout model compared to the wild type. It has been indicated 
 that β1-syntrophin might also play a role in the anchoring of aquaporin 4 (Puwarawuttipanit et 
 al. 2006), which in turn would theoretically lead us to expect an increased number of gap 
 junctions. However, the results of this analysis do not support this hypothesis. Also, one part 
 of the premise about the possible role of β1-synthrophin may be based on the findings of a 
 study of its role in the retina. Deletion of this syntrophin caused a loss of Kir4.1 potassium 
 channels from Müller cell endfeet in the retina (Rao et al. 2019). However, it is possible that  
 β1-synthrophin may not play an as central role in brain AQP4-anchoring compared to retinal 
 AQP4 anchoring..Recent data by Katoozi, Rao et al have shown that deletion of β1-


syntrophin causes a partial loss of AQP4 from perivascular retinal Müller cell endfeet. It has 
 been suggested that upregulation of perivascular α1-syntrophin compensates effect of β1-
 syntrophin deletion. (Katoozi, Rao, et al., 2020). This kind of regulation could be explaining 
 no influence of β1-syntrophin deletion on the number of GJ. 


The comparison of the groups showed significant increase of expression of gap junctions in 
 the αβ-syntrophin knockout mice compared to both β1-syntrophin knockout model and the 
 wild type. The significance of these results was confirmed by statistical analysis.  


When both α and β are removed, compensation mechanisms or reciprocal upregulation of 
either α and β1-syntrophin is not possible. This could be why virtually no AQP4 will be 
anchored perivascularly, and therefore many more gap junctions are formed in the membrane.  
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 Analysis of αβ-syntrophin KO mice have shown that the perivascular AQP4 is completely lost 
 from perivascular endfeet without affecting its total expression levels according to 


unpublished data from host laboratory.  


In summary, the results that showed an increased number of gap junctions in αβ-syntrophin 
 knockout models were consistent with the expected results. 



4.4  General discussion of the findings 


The possible reciprocal regulation between gap junctions and AQP4 is of great importance for 
 understanding the connection between the two and for better understanding their function and 
 their role in treating of several diseases.  


Interconnection between AQP4 and Connexin 43/gap junctions might actually be more 
 complicated than expected basic hypothesis of this paper. Recent work published by research 
 group from host laboratory has shown a much more complex relationship between the two. In 
 this study, deletion of astrocytic connexins Cx43 and Cx30 is shown to leads to a reduction of 
 perivascular AQP4, but isoform expression analysis shows that the level of the predominant 
 AQP4 M23 isoform is reduced, while the levels of M1, and the alternative translation 
 AQP4ex isoform protein levels are increased (Katoozi et al., 2020). Future investigations 
 should further examine the roles of isoforms and their potentials as targets for specific drugs 
 (Li et al. 2019; Mylvaganam et al. 2014). 


Both AQP4 and Cx43 play important roles in CNS homeostasis as well as in the development 
 of various diseases and disorders. In particular AQP4 is a significant potential target in the 
 study of possible drugs that could be used in the treatment of brain diseases.  


The main challenges in the development of AQP4 drugs are that they show many homologous 
AQP isoforms, wide distribution in tissues and function, possible side effects in the CNS and 
other tissues, and the need for high blood-brain barrier permeation. Despite considerable 
effort, small molecules affecting AQP4 have not been developed (Verkman et al. 2017).  
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 However, biologic medicine Eculizumab is under consideration for treatment of neuromyelitis 
 optica, an autoimmune inflammatory disease of the CNS initiated by binding of anti-AQP4 
 autoantibodies to astrocytic AQP4 (Pittock et al. 2019; Verkman et al. 2017). 


Connexin 43 could also in the future become significant target in development of epilepsy 
 medicines (Li et al. 2019; Mylvaganam et al. 2014). Currently there are treatment targeting 
 Connexin 43 which is under development for epidermal wounds using antisense 


oligodeoxynucleotide (AsODN). This treatment is based on blocking of Cx43 expression 
 (Laird and Lampe 2018).  


Regardless of the potential difficulties and risks in the development of therapies that would 
have AQP4 and Cx43 as a target, it should be recognized the great potential. However, more 
research is needed on these molecules, which are most likely in a reciprocal relationship.  
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5 Conclusion 


The purpose of this study was to determine the association between AQP4 water channels in 
 the brain and their anchoring proteins syntrophins with the number of astrocytic gap 


junctions. Two aspects have been studied, AQP4 deletion and syntrophin deletion.  


We have shown significant increase of expression of gap junctions in αβ-syntrophin knockout 
 (KO) mice compared to the wild type. This confirms hypothesis that deletion of syntrophin 
 and subsequent loss of AQP4 in perivascular membrane domains leads to an increased 
 number of gap junctions in the same domains.  


The other part of the study leaves much more uncertainty and material for future research. In 
 any case, the interrelationships between AQP4, syntrophins, and gap junctions could be even 
 more complicated than expected. 


Importance of the molecules studied in this study as a target in the treatment of various 
diseases and disorders in the CNS is under development and is expected to be confirmed in 
the years to come. 
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6  Appendix 



6.1  List of abbreviations 


ANOVA: Analysis of variance 
 AQP: Aquaporin 


AQP4: Aquaporin-4 


AsODN: Antisense oligodeoxynucleotide  
 BBB: Blood-brain barrier 


CCD: Charge-coupled device 
 CNS: Central nervous system 
 Cx: Connexin 


dKO: Double knockout 
 EM: Electron microscope 
 FA: Formaldehyde 
 GJ: Gap junctions 
 Het: Heterozygous 
 KO: Knockout 


LSD: Fisher’s Least Significant Difference (LSD) 
 NMO: Neuromyelitis Optica 


NPA: Aspargine‐proline‐alanine  
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 ODDD: Oculodentodigital dysplasia  


PB: Phosphate buffer 


SPSS: Statistical Package for the Social Sciences 
 TEM: Transmission electron microscope 


WT: Wild type 



(49)38 



6.2  TEM procedyre 


The correct way to extract the specimen holder from the Compustage 


Since the compustage is made of high precision mechanics, inserting and retracting the 
 specimen is somewhat delicate operation. To ensure trouble free operation, please follow the 
 instructions to avoid damage to the airlock, the specimen holder or the specimen stage. 


Please note the following general principles: 


1.  Read the full handling instructions before you start. 


2.  Never use excessive force, it’s a sign that something is wrong. 


3.  Never extract the holder while the airlock is being pumped. 


4.  Always carry out the full procedure, never leave the specimen holder in the retracted 
 position. 


Removing the holder 


1.  Close the column valves. 


2.  Make sure the specimen holder is in a safe position, reset all axes to zero, go to the 
 Stage folder and in the control folder press the Holder button. The red compustage 
 light should be off (do not remove the holder if the red light is on). 


3.  Carefully extract the holder form the compustage. Press on the purple plate with your 
 fingers during the whole extraction procedure. 


Press the Holder button to set all axes to zero. Do this EVERY time the holder is removed 
from the Compustage. 
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