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Abstract  

This thesis is comprised of four papers that make up my doctoral degree thesis at the 
University of Oslo (UiO). These papers focus on the molecular and functional aspects of the 
brain-blood interface, with special attention on the astrocytes, the predominant glial cell in 
the brain. Water is essential for life, and water dyshomeostasis is a hallmark of many 
diseases that affect the central nervous system (CNS). Astrocytic processes at the brain-
blood and the brain-liquor interfaces - coined endfeet - exhibit a dense expression of 
aquaporin-4 (AQP4) water channels. This thesis aims to provide a deeper insight into the 
roles of astrocytic endfeet in brain water transport and signaling. 

 
In the first study (Paper I), we provided evidence that pericytes regulate AQP4 

anchoring to perivascular astrocytic endfoot membranes.  
 
In the second study (Paper II), we generated and characterized a glial-specific Aqp4 

knockout mouse line, in which the Aqp4 gene is deleted specifically from astrocytes and 
ependymal cells. By characterizing this mouse line and comparing it with controls, we 
provided evidence that endothelial cells are devoid of AQP4. We found that deleting Aqp4 
from glial membranes reduced blood-to-brain water uptake as well as clearance of brain 
interstitial water. We concluded that the astrocytic endfoot sheath can serve as a barrier for 
water transport.  

 

In the third study (Paper III), we investigated whether global and targeted removal of 
AQP4 from perivascular and ependymal membranes affected basal brain water content. We 
found that only global Aqp4 deletion increased brain water content. Measurements of 
intracranial pressure during intracisternal infusion of tracer in wildtype and Aqp4 mutant 
mice suggested that Aqp4 gene deletion does not compromise extracerebral drainage 
pathways.  

Finally, our last study (Paper IV) showed that astrocytes in acute hippocampal slices 
respond to Schaffer collateral stimulation with Ca2+ elevations. The stimulation-evoked Ca2+ 
signals were modulated by the intensity of the stimulation. Experiments in IP3R2 mutant 
mice revealed that the astrocytic Ca2+ response was dependent on Ca2+ release from internal 
stores.  

Through these four projects, we have learned that astrocytes are important for the 
regulation of brain water, that there are different levels of involvement for the different 
pools of astrocytic water channels, and that astrocytic Ca2+ signaling occurs in response to 
neuronal signaling through release from internal stores – possibly triggered by cell swelling. 
Still, more studies are needed to unravel molecular targets in glia for novel treatment of 
neurological disorders with water dyshomeostasis. 
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Abbreviations 

AQP4 – aquaporin-4 water channel protein 

Aqp4 – gene coding for AQP4 

α-DG – alpha-dystroglycan 
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BBB – blood brain barrier 

cAqp4 KO – conditional aquaporin-4 knockout 

CD31 – cluster of differentiation 31 (platelet endothelial cell adhesion molecule (PECAM-1))  

CNS – central nervous system 

CSF – cerebrospinal fluid 
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EAAT1 – excitatory amino acid transporter 1  

EAAT2 – excitatory amino acid transporter 2 
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GFP – green fluorescent protein 
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iGluSnFR – intensity-based glutamate-sensing fluorescent reporter 

K+ - potassium  

Kir4.1 – inwardly rectifying potassium (Kir) channel 4.1 
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PNS – peripheral nervous system 
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INTRODUCTION  

In 1846, Virchow discovered a new element in the central nervous system that 

seemed to embed the rest of the tissue. He called these elements “nervenkitt”, later 

translated to neuroglia. In more recent years, studies have shown that glial cells actually 

outnumber neurons by a ratio of 1:1 up to 10:1, depending on the brain region, species and 

experimental technique (Bignami et al. 1991; Verkhratsky and Butt 2007; Azevedo et al. 

2009).  

Up until a few decades ago, glial cells were believed to have the sole function of 

providing structural support for neurons (Allen and Barres 2009). Today, with advances in 

technologies and new tools to study brain cell function, we know that glial cells serve many 

key regulatory, homeostatic and metabolic functions,  and that they are involved in a 

number of pathological conditions (Kimelberg and Nedergaard 2010; Oberheim et al. 2012). 

The discovery of glial cell functions changed the field of neuroscience dramatically. However, 

glioscience is a research area with many controversies and unanswered questions, which 

need to be investigated in further detail for years to come.     

 

1.1  Cell types of the brain  

 In addition to neurons, ependymal cells and vascular cells, the brain contains glial 

cells. Glial cells are divided into two groups: macroglia and microglia. Microglia are of 

mesenchymal origin and migrates to the brain during prenatal development, where they 

differentiate into the immune cells of the CNS (Kettenmann et al. 2011). Macroglia, on the 

other hand, are of ectodermal origin, and are divided into oligodendrocytes (Schwann cells 

in PNS) and astrocytes. The latter is the most numerous macroglial cell, and also the cell type 

of primary interest in this thesis. 

  

1.1.1  Blood brain barrier  
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 In 1885, the German physician and scientist Paul Ehrlich performed a set of 

experiments where he injected a dye intravenously, and discovered that every organ was 

colored – except the brain. 28 years later, Edwin Goldmann, one of Ehrlich´s students, 

injected dye into the cerebrospinal fluid (CSF), and found that the dye administered by this 

route easily stained the brain. This led to the conclusion that there must exist a barrier 

between the blood and brain compartments – which later became known as the blood brain 

barrier (BBB) (Wolburg et al 2009a).   

The BBB acts as a selective barrier formed by the endothelial cells that line cerebral 

microvessels. It acts as a physical barrier because complex tight junctions between adjacent 

endothelial cells force most molecular traffic to take a transcellular route across the BBB, 

rather than moving paracellularly through the junctions, as in most other endothelia. Tight 

junction proteins between endothelial cells restrict paracellular diffusion of water-soluble 

substances from blood to brain. These tight junctions are intricate complexes of both 

transmembrane proteins (like occludin and claudins) and cytoplasmic proteins (like zonula 

occludens-1), linked to the actin cytoskeleton of the endothelial cells (Hawkins and Davis 

2005). Small gaseous molecules, such as O2 and CO2, can diffuse freely through the lipid 

membranes, which is also a route of entry for small lipophilic agents, like drugs (e.g. 

barbiturates) and ethanol. The presence of specific transport systems on the luminal 

and abluminal membranes regulates the transcellular traffic of small hydrophilic molecules, 

which provides a selective transport barrier, permitting or facilitating the entry of required 

nutrients, and excluding or effluxing potentially harmful compounds (Abbott, Rönnbäck and 

Hansson 2006). 

The traditional definition of the BBB was for many years that it is comprised solemnly 

of the brain capillaries´ specialized endothelial cell tight junction proteins. This definition, 

however, has been shown in several studies to be insufficient. To date, the general 

consensus is that the BBB does not solemnly refer to brain endothelial cells – which are the 

barrier proper – but also that to pericytes, the basal lamina and astrocytes (Figure 1) 

(Abbott, Rönnbäck and Hansson 2006; Wolburg et al. 2009b; Cardoso, Brites and Brito 2010; 

Abbott 2013). The basal lamina is a uniform and narrow matrix-like basement membrane 
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sandwiched between the vessel wall and the astrocyte foot processes ensheathing the 

cerebral microvessel (Li, Yuan and Fu 2010). 

                      

Figure 1. Illustration of the components making up the blood brain barrier (from Abbott 2013). 

   

1.1.2 Pericytes 

Pericytes are contractile, multipotent cells that surround the capillary circumference 

– covered by basal lamina on all sides. Pericytes are interspersed along the abluminal side of 

the endothelial cells in pre-capillary arterioles, capillaries, and the post-capillary venules – 

between the endothelial cells and the astrocytic endfeet (Figure 1) (Krueger and Bechmann 

2010; Abbott 2013).  

The density of pericytes varies along the vessel tree in different tissues, but in the 

brain the pericytes-to-endothelia ratio has been estimated to 1:3 (Dalkara, Gursoy-Ozdemir 

and Yemisci 2011). Pericytes communicate with endothelial cells via a series of signaling 

mechanisms, and are believed to serve several important physiological roles; amongst 

others within BBB formation, regulation of BBB function, formation of tight junctions, 

transendothelial vesicle transport, CNS homeostasis, phagocytosis, angiogenesis, vascular 

maintenance, and blood flow regulation on a capillary level (Daneman et al. 2010; Krueger 

and Bechmann 2010; Winkler, Bell and Zlokovic 2011; Sà-Pereira, Brites and Brito 2012).   
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Pericytes-deficient mice exhibit an increased BBB permeability (with an increased 

endothelial transcytosis), and pericytes seem to work at the BBB in at least two ways; by 

regulating BBB-specific gene expression patterns in endothelial cells, and by inducing 

polarization of astrocyte endfeet surrounding CNS blood vessels (Armulik et al. 2010). Little 

is known about how interactions between blood vessels and astrocytic endfeet are 

established and maintained.  

 

1.1.3 Astrocytes  

The term astrocyte was first used in the late 19th century, simply because the cells 

had a star-shaped appearance with the staining tools scientists had available. Later it 

became clear that there are different subgroups of astrocytes displaying a variety of shapes 

and functions; the spherically bushy form (protoplasmic astrocyte, grey matter) and the less 

bushy process-bearing form (fibrous astrocyte, white matter) (together called the stellate 

astrocytes), and the elongated form (Bergmann glia, cerebellum; Müller cells, retina) (called 

radial astrocytes) (Kimelberg and Nedergaard 2010). The bushy appearance of protoplasmic 

astrocytes is clearly shown when the cells are patched and loaded with fluorescent dye - as 

visualized in Figure 2 – which allows these astrocytes to form distinct domains in the brain. 

 

Figure 2. Micrograph displaying a protoplasmic astrocyte (in green) enveloping the cell body and the processes 
of a neuron (in red). Scale bar 10 μm (from Allen and Barres 2009). 
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Astrocytes hold important functions in the brain, and have been shown to be 

involved in buffering of extracellular K+, control of pH, control of cerebral blood flow, 

metabolic coupling, lactate production, water and ion homeostasis, and uptake of and de 

novo synthesis of neurotransmittors (Glu, GABA) (Kimelberg and Nedergaard 2010; Parpura 

and Verkhratsky 2012b; Seifert, Schilling and Steinhäuser 2015). Uptake of glutamate is 

mediated by two glia-specific transporters —EAAT1 and EAAT2, which in rodents are known 

as glutamate–aspartate transporter (GLAST) and glutamate transporter 1 (GLT1), 

respectively. 

Astrocytes are also believed to contribute to information processing and 

neurovascular coupling in addition to their trophic and supportive roles, and the term 

tripartite synapse recognizes the perisynaptic astrocytic processes as a third active member 

of the synapse (Araque et al. 1999; Haydon and Carmignoto 2006; Santello et al. 2012). The 

theory is that astrocytes can sense and respond to synaptic activity with an  increase in 

intracellular Ca2+ levels, and even release signaling molecules called “gliotransmitters” that 

in turn can influence or modulate the adjacent pre- and/or post-synaptic neurons (Kimelberg 

and Nedergaard 2010; Bergersen et al. 2012; Gundersen, Storm-Mathisen and Bergersen 

2015). A seminal observation that led investigators to believe that astrocytes dynamically 

interact with synapses by signaling to neurons through the Ca2+-dependent release of 

glutamate, was done by Haydon and colleagues in 1994 (Seifert, Schilling and Steinhäuser 

2015). These authors studied astrocyte-neuron co-cultures, and found thatincreasing 

intracellular Ca2+ concentration in astrocytes induced release of glutamate – which in turn 

was found to increase the Ca2+ levels of adjacent neurons (Parpura et al. 1994). 

The traits of astrocytes increase in size and complexity from lower to higher species 

(Figure 3). Recent studies have shown that the human brain may harbor not only more 

complex astrocytes, but also some distinct astrocytes that cannot be recognized in lower 

species and non-human primates (Oberheim et al. 2009). These data have led to 

speculations if highly developed astrocytes are necessary for higher-order neuronal 

networks to function properly (Oberheim et al. 2009; Kimelberg and Nedergaard 2010).  
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Figure 3. The size of astrocytes increases with increasing complexity of brain function over the species. GFAP-
labeled protoplasmic astrocyte from mouse, Rhesus monkey and human. Scale bar 50 μm (from Kimelberg and 
Nedergaard 2010). 

  

An increasing number of studies are showing that astrocytes most likely are highly 

involved in several pathological processes – such as cerebral edema, stroke, gliomas, 

epilepsy and neurodegenerative diseases (Manley et al. 2000; Amiry-Moghaddam and 

Ottersen 2003; Seifert, Schilling and Steinhäuser 2006; Gunnarson et al. 2009; O´Brien, 

Howarth and Sibson 2013; Coulter and Steinhäuser 2015; Phatnani and Maniatis 2015; Pekny 

et al. 2016), mainly through disturbances in clearance of molecules that can be harmful if 

allowed to accumulate in the extracellular space – like glutamate, K+, or even water. An 

improved understanding of astrocyte biology, heterogeneity and physiology, as well as the 

involvement of these cells in pathogenesis can potentially offer development of novel 

strategies to treat neurological disorders (Verkhratsky et al. 2015). 

 

1.1.3.1 Polarization 

Astrocytes are strategically located in the brain - between the neurons and the 

brain´s blood supply. They are highly polarized cells with specialized membrane domains 

tabutting either synapses (i.e., in perisynaptic processes), blood vessels (perivascular 

endfoot processes), or processes of neighboring astrocytes. The latter domain contains gap 

junctional proteins that serve to connect astrocytes into a syncytium. The perisynaptic 

processes are considered important for the regulation of K+ (by local uptake and spatial 
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buffering) and glutamate released into the synaptic cleft during neuronal activity, as 

astrocyte perisynaptic membranes express Kir4.1 potassium channels, glutamate 

transporters, Na+/K+-ATPase, NKCC1, as well as AQP4 water channels (Figure 4) (Kofuji and 

Newman 2004; Kimelberg and Nedergaard 2010; Nagelhus and Ottersen 2013).  

 

Figure 4. Illustration of key channels and transporters expressed in the astrocytic membranes. These molecules 
are believed to hold important functions in maintaining water and ion homeostasis (from Nagelhus and 
Ottersen 2013). 

 

1.1.3.1.1 The perivascular astrocytic endfeet  

Astrocytic endfeet cover approximately 99% of the brain´s capillaries (Mathiisen et al. 

2010), making them important structures in regard to movement of fluid and molecules 

between blood and the brain and vice versa.   

Studies of astrocytic endfoot membranes with immunogold labelling and electron 

microscopy revealed a very prominent feature of the astrocytic endfeet; namely that the 

endfoot membrane densely expresses AQP4 water channels, which are co-localized with 

Kir4.1 potassium channels (Figure 4) (Nagelhus et al. 1999; Nagelhus, Mathiisen and 

Ottersen 2004).  
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1.1.3.1.2 Astrocytic Ca2+ signals 

Astrocytes have been shown to exhibit two distinct forms of Ca2+-signals; intercellular 

Ca2+ waves and spontaneous Ca2+ oscillations in individual cells (Matyash and Kettenmann 

2009). The initiating event that leads to intracellular Ca2+ waves in astrocytes appear to 

primarily derive from the activation of metabotropic G-protein-coupled receptors, activation 

of phospholipase C, and the production of a second messenger inositol 1,4,5-

trisphosphate (IP3), which following IP3 receptor type 2 (IP3R2) activation leads to 

Ca2+ release from the endoplasmic reticulum (ER) (Scemes and Giaume 2006) – where the 

Ca2+ concentration is ~1000 times higher than in cytoplasm. The Ca2+ waves propagate either 

via functional gap junctions or by paracrine ATP-release (Verkhratsky, Rodríguez and Parpura 

2012), while the mechanisms behind the spontaneous Ca2+ oscillations are more enigmatic. 

Astrocytic Ca2+ signals during osmotic swelling have been shown to be significantly reduced 

by Aqp4 deletion, as shown by Thrane et al. (2011). Astrocytic Ca2+ signals are also reduced 

by general anesthesia (Thrane et al. 2012; Ding et al. 2013). Intracellular Ca2+ is tightly 

regulated in all mammalian cell types, as a rapid increase in this ion is, among other things, 

used to mediate programmed cell death (Parpura and Verkhratsky 2012a). 

Despite intense research on astrocytic Ca2+ signals the last decades, the physiological 

importance of astrocyte Ca2+ signaling is still poorly understood. Pioneering discoveries in 

the early 1990ies showed that astrocytes express glutamate-sensitive ion channels that 

respond to locally applied glutamate by generating a spreading wave of elevated 

intracellular Ca2+ – a finding that pointed to a previously unrecognized role in signaling for 

these cells (Cornell-Bell, Finkbeiner and Smith 1990). Following these discoveries were 

studies showing that cultured astrocytes (Cornell-Bell, Thomas and Caffrey 1992), as well as 

dye-loaded organotypically cultured hippocampal slices (Dani, Chernjavsky and Smith 1992) 

and acute hippocampal slices (Porter and McCarthy 1996), responded to glutamate with 

elevations of cytoplasmic Ca2+. These propagating waves of Ca2+ suggested that networks of 

astrocytes may constitute a signaling system within the brain, which communicate through 

the release of Ca2+ from intracellular stores and propagates as waves within the cytoplasm of 



                                                                                                                                  PhD thesis 2016 

 

18 Gry Fluge Vindedal 

 

individual astrocytes and between adjacent astrocytes (Cornell-Bell, Finkbeiner and Smith 

1990).  

 Initial studies were carried out in cell culture preparations using synthetic Ca2+ dyes. 

Subsequently, Ca2+ imaging experiments were performed on acute brain slices. In slice 

experiments, the slices were largely prepared using tissue from pups, as slices from adult 

animals proved to be difficult to load. Recently it was shown that the expression of astrocytic 

receptor believed to mediate the astrocytic Ca2+ signals, differs in young mice as opposed to 

adult mice (Sun et al. 2013). Furthermore, bulk dye loading is a rather inadequate method 

for visualizing the fine astrocytic processes, as seen in Figure 5 (Reeves, Shigetomi and Khakh 

2011). Bulk loading mainly allows visualization of the cell soma and the thickest branches, 

leaving >90% of the astrocytic territory unsampled. The limitations of synthetic Ca2+ dyes 

have been solved by the development of genetically encoded Ca2+ indicators (Shigetomi et 

al. 2013; Tong et al. 2013). 

 

Figure 5. Examples of bulk loaded astrocytes (Fluo-4AM and SR101), as opposed to patch pipette loaded 
astrocytes (Alexa-488). Scale bars 15 μm (from Reeves, Shigetomi and Khakh 2011). 

 

Mice deficient in IP3R2, which is enriched in astrocytes and - once stimulated by IP3 - 

mediates Ca2+ release from the ER, have been used to assess the consequences of removing 
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astrocytic Ca2+ signaling (Zhang et al. 2014). However, a recent study revealed that Ca2+ 

signals in astrocytic processes are largely preserved in IP3R2 knockout (KO) mice (Srinivasan 

R et al. 2015).  

  

1.1.3.2 Aquaporins 

Water can cross cell membranes by different means; by slow diffusion or through 

cotransporters and uniporters (Figure 6) (Agre 2004; MacAulay, Hamann and Zeuthen 2004).  

 
Figure 6. The different means by which water can cross the hydrophilic plasma membrane (from MacAulay, 

Hamann and Zeuthen 2004). 

 

Cotransporters are highly expressed in the brain. In neuropil, we find KCC (K+,Cl-), 

NKCC1 (Na+,K+,2Cl-), MCT (lactate and H+, enriched in endothelial cells), GAT (GABA and 

Na+,Cl-) and EAAT (glutamate and Na+,H+,K+) (MacAulay and Zeuthen 2010). The latter two 

are particularly enriched in perisynaptic astrocyte processes (Danbolt et al. 1998). The 

glucose transporter GLUT1 is also densely expressed in the brain, especially in capillaries 

(Pardrigde, Boado and Farrell 1990; Kawamoto et al. 1995). Because of its ability to transport 

water, the GLUT1 could play a role in water transport across the BBB.  

Water also crosses cell membranes through aquaporin water channels (Agre 2004; 

MacAulay, Hamann and Zeuthen 2004). Aquaporins (AQPs) are a family of proteins that form 

pores through the plasma membrane, and mediate rapid transmembrane transport of 



                                                                                                                                  PhD thesis 2016 

 

20 Gry Fluge Vindedal 

 

water. The first aquaporin was discovered in 1992 (Preston et al. 1992), and the discovery 

defined a new subset of transmembrane pores. To this day, 13 aquaporins have been 

identified in mammals (namely AQP0-AQP12), and over 200 in plants and microbials 

(Johansson et al. 2000; Agre et al. 2002; Santoni et al. 2003). Some aquaporins (AQP0, 1, 2, 

4, 5, 6 & 8) are selective to water molecules, while other aquaporins, like AQP3, AQP7, AQP9 

and AQP10, transport small uncharged solutes such as glycerol, ammonia and urea in 

addition to water molecules, and are termed aquaglyceroporins (Agre et al. 2002). It is worth 

to mention that the endothelial walls of blood vessels in extracerebral organs express AQP1, 

making them highly permeable to water. This is not the case for blood vessels in the brain. 

Three aquaporins are present in the rodent brain; AQP1 (choroid plexus epithelial 

cells) (Nielsen et al. 1993; Oshio et al. 2005), AQP4 (astrocytes and ependymal cells) (Frigeri 

et al. 1995; Nielsen et al. 1997) and AQP9 (expression controversial) (Tait et al. 2008). This 

thesis will focus on AQP4, which selectively mediates transport of water and is concentrated 

at the interface between brain and the major fluid compartments of the CNS (Nielsen et al. 

1997; Nagelhus et al. 1998).  

   

1.1.3.2.1 Aquaporin-4  

In 1994, cloning and molecular characterization of a brain aquaporin (aquaporin-4; 

AQP4) was reported in two independent studies (Hasegawa et al. 1994; Jung et al. 1994). 

Subsequently, the AQP4 protein was found to be widely expressed throughout the neuropil, 

localized to glial and ependymal cells (Frigeri et al. 1995; Nielsen et al. 1997). Although AQP4 

is present in all astrocytic processes, including the processes that envelope synapses, AQP4 

has been found to be highly concentrated in astrocyte endfeet at the interface between 

brain tissue and the main fluid compartments of the CNS (Nielsen et al. 1997; Nagelhus et al. 

1998). In fact, AQP4 expression is tenfold higher in the perivascular endfoot processes 

abutting onto blood vessels and facing pia limitans externa, than the synaptic glial processes 

(Nielsen et al. 1997; Nagelhus et al. 1998; Nagelhus et al. 2004). Thus, astrocytes are highly 

polarized cells, functionally as well as anatomically.  



                                                                                                                                  PhD thesis 2016 

 

21 Gry Fluge Vindedal 

 

 AQP4 has been shown to be absent from neurons, oligodendrocytes and microglia. 

Some studies have indicated AQP4 protein expression in endothelial cells (Kobayashi et al. 

2001; Amiry-Moghaddam, Frydenlund and Ottersen 2004), in contrast to earlier reports 

(Nielsen et al. 1997; Nagelhus et al. 1999).  

AQP4 is anchored to the perivascular membrane via the dystrophin-associated 

protein complex (DAPC), through interaction with α-syntrophin (Figure 7).  

 

Figure 7. The DAPC binds the transmembrane protein β-dystroglycan (β-DG), which connects to the 
laminin/agrin-binding protein α-DG. On the cytoplasmic side of the complex, dystrophin binds to α-
dystrobrevin. Each dystrophin and α-dystrobrevin molecule can bind up to two syntrophins. α-syntrophin is the 
main syntrophin expressed in astrocytic endfeet, and is thought to be responsible for the clustering of AQP4 in 
endfoot membranes (from Amiry-Moghaddam and Ottersen 2003). 

 

The interaction between AQP4 and α-syntrophin was shown in a study where it was 

demonstrated a significant loss of AQP4 immunogold labelling in α-syntrophin KO mice 

(Neely et al. 2001; Amiry-Moghaddam et al. 2004), quantified to 88% in the perivascular 

membrane (Amiry-Moghaddam et al. 2004).  

 

1.1.3.2.1.1 Physiological and pathophysiological functions of AQP4  
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The discovery of clustered AQP4 expression in perivascular astrocyte endfeet opened 

a new field in molecular medicine, and it is now well established that AQP4 is involved in the 

pathophysiology of brain edema (Amiry-Moghaddam and Ottersen 2003; Papadopoulos and 

Verkman 2007). Aqp4 gene deletion, as well as α-syntrophin gene deletion, reduces 

cytotoxic brain swelling and infarction volume in experimental stroke (Manley et al. 2000; 

Amiry-Moghaddam et al. 2003a). On the contrary, it has been demonstrated that Aqp4 

deletion aggravates vasogenic brain edema (Papadopoulos et al. 2004).  

However, after more than a decade of intense research, the mechanisms underlying 

neuroprotection following Aqp4 KO are not fully understood, and the physiological roles of 

AQP4 in brain water transport are still enigmatic. In the absence of an AQP4 inhibitor, 

studies assessing roles of AQP4 have largely relied on Aqp4 KO mice and models where AQP4 

anchoring to perivascular endfoot membranes has been disrupted.  

From Aqp4 KO studies, there is evidence of reduced seizure threshold and prolonged 

seizure activity (Binder et al. 2006). This also held true for studies in the model of loss of 

polarized AQP4 expression – the α-syntrophin knockout model – suggesting that functional 

integrity of perivascular endfeet is required to handle the excessive amounts of extracellular 

K+, as increased [K+]o tends to depolarize neurons and facilitate development of epileptiform 

seizures. However, the role of AQP4 in K+ buffering is highly controversial (Zhang and 

Verkman 2008; Jin et al. 2013; Assentoft, Larsen and MacAulay 2015), and recent evidence 

points towards indirect effects of AQP4 through volume changes, as described below in 

Section 1.2.2 (Haj-Yasein et al. 2012; Haj-Yasein et al. 2015). 

 

1.2 Fluid dynamics in the brain 

The brain consists of ~80% water (Tait et al. 2008), and large water fluxes 

continuously take place between the different compartments of the brain, as well as 

between the brain parenchyma and the blood or cerebrospinal fluid (MacAulay and Zeuthen 

2010). In order for the brain to function optimally, this transport and movement of fluid 

must not be compromised. Water and ion homeostasis is, under normal conditions, 
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maintained by transporters and channels localized in the plasma membrane of the cellular 

participants (Simard and Nedergaard 2004). Any dysregulation or lack of these membrane 

associates can cause the homeostasis to be compromised and may lead to disease.  

The fluid in the brain moves between the major fluid compartments; the blood, the 

CSF, the interstitial fluid and the intracellular fluid. This movement is generally accepted to 

be a passive event, driven by hydrostatic and osmotic pressure gradients (Papadopoulos and 

Verkman 2007), although cotransporters and the glucose transporter GLUT1 have an 

inherent ability to transport water against an osmotic gradient (MacAulay and Zeuthen 

2010).  

 
Figure 8. Illustration of volume fractions of the major fluid constituents in the brain as representation of the 

total brain volume: blood 3% (purple), cerebrospinal fluid (CSF) 2% (orange), interstitial fluid (ISF) 20-25% 

(blue), intracellular fluid (ICF) 70% (green) (illustration by Vindedal 2015, based on Lehmerkülher et al. 1993; 

Syková and Nicholson 2008; Akdogan et al. 2010). 

 

1.2.1 Water homeostasis at the blood brain interface 

In astrocytic endfeet, water can move bidirectionally through the abundantly 

expressed AQP4 water channels (Nielsen et al. 1997). The intrinsic water permeability of the 
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other layers of the BBB that do not express AQPs is largely unknown, but it is believed that 

water transport in these structures is co-transported with other molecules – such as 

electrolytes, amino acids, glutamate or lactate – through transporter proteins such as 

uniports or cotransporters, as mentioned above (Zeuthen and MacAulay 2002a; Zeuthen and 

MacAulay 2002b).  

Water within the brain parenchyma can be cleared to the extra-cerebral systems via 

three routes; across the BBB into the blood stream, across the pial surface into the 

subarachnoid space, and across ependymal cells into the ventricles (Papadopoulos and 

Verkman 2007). A widely appreciated concept of fluid movement in the CNS claims that CSF 

is produced in choroid plexi in the lateral ventricles, flows through the 3rd and 4th ventricle 

before it enters the subarachnoid space and is resorbed by arachnoid granulations into 

venous sinuses (Abbott 2004). Yet, the precise mechanisms behind endogenous fluid 

production – as well as the flux routes and clearance pathways of CSF and excess interstitial 

fluid – remain poorly understood. The fact that the brain lacks a lymphatic circulation, and 

that all metabolically active tissues must dispose of waste, suggests that the brain must clear 

excess fluid and waste products by an alternative mechanism. Several studies have shown 

that CNS fluid can move along the perivascular space (Virchow-Robin space) surrounding 

cerebral blood vessels (Szentistványi et al. 1984; Rennels, Blaumanis and Grady 1990; Abbott 

2004), but the findings are highly debated. In any case, it should be noted that the three 

routes by which fluid can be cleared  to the extra-cerebral systems are all lined with glial 

cells that express AQP4 water channels (i.e., astrocytic endfeet, glia limitans and ependymal 

cells) (Papadopoulos and Verkman 2007). 

 

1.2.2 Water homeostasis at the synaptic level 

 About thirty-five years ago, it was observed that when neurons are active, reversible 

changes occur in the intracellular and extracellular space, manifested as shrinkage of the 

extracellular space (ECS) and swelling of cellular components (Dietzel et al. 1980; Sykova and 

Nicholson 2008). The dynamic volume changes are thought to reflect redistribution of water 
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co-transported with ionic fluxes and transmitter uptake as a consequence to neuronal 

activity – such as K+ and glutamate (MacAulay and Zeuthen 2010). The exact contribution of 

ion channels and transporters probably depend upon different parameters – such as 

stimulation strength, duration and brain region. In 2012, Haj-Yasein and colleagues showed a 

more pronounced activity-induced shrinkage of the ECS in Aqp4 KO mice compared to 

wildtypes (WTs), indicating that AQP4 counteracts ECS shrinkage during neuronal firing. The 

data is consistent with the idea that water move into astrocytes through cotransporters 

along with the transported substrates and flows back into the ECS through AQP4, the latter 

pathway likely driven by the osmotic gradients set by the Na+, K+-ATPase.    

 

1.3 Unresolved issues  

 The idea that astrocytes can be the target for future treatment of neurological 

disease is relatively new, as our knowledge about astrocytes and their functional significance 

is still rather limited and lags behind that of neurons. Recent technological advances, 

however, have greatly expanded the approaches to unravel the secrets of astrocytes. As 

these techniques are being developed, we keep seeing more sophisticated and complex 

astrocytic functions. Although brain water transport is disrupted in many neurological 

conditions, we are not yet familiar with the underlying mechanisms. Since the brain is the 

only organ in the body that does not have a lymphatic system, one intriguing question is how 

excess fluid is drained from the brain, and which molecules are involved. When we learn 

more about the molecular mechanisms that underlie this brain water transport, we will in 

turn be able to investigate the macroscopic fluid circulation of the brain and its regulation.  

 

1.4 Overall aim of the thesis 

 With the studies included here, we wanted to identify important mechanisms behind 

regulation of brain fluid transport in and out of the brain, if and how astrocytic water 

channels are involved, and the regulation and kinetics of astrocytes Ca2+ signals. Firstly, we 



                                                                                                                                  PhD thesis 2016 

 

26 Gry Fluge Vindedal 

 

wanted to investigate if adjacent cell types beyond the DAPC complex could be involved in 

the regulation of AQP4 anchoring to the perivascular endfoot membranes, specifically in 

regards to pericytes. We also wanted to establish once and for all if AQP4 is expressed in 

other cells associated with the BBB, or if in fact AQP4 expression in the gliovascular unit is 

exclusive to the astrocytic endfoot membranes. After investigating this, the next step was be 

to study if this perivascular pool of AQP4 had a functional role in water transport occurring 

at this site – i.e. in water transport from blood to brain. Naturally, this led us to wanting to 

study the exit routes of water transport as well – i.e. transport of water from brain to blood, 

and to establish any role for the different pools of AQP4 water channels. Finally, we wanted 

to investigate the functional aspects of mechanisms behind the astrocytic Ca2+ signals, more 

specifically to determine the predominant source of these signals, as well as the dynamics 

between neuronal and astrocyte activation – both in regards to the temporal dynamics and 

the glutamatergic involvement.        

In more overall terms, the rationale behind the studies that constitute this thesis was 

to increase our understanding of astrocytes in brain fluid dynamics, specifically the 

involvement of astrocytic processes and the abundantly expressed glial AQP4, and in a 

signalling aspect. 
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2.  MATERIALS AND METHODS  

Gene knockout models and transgenic mice: 

Gene knockout animal and transgenic animal techniques have proven extremely 

valuable in medical sciences, by allowing researchers to study the function of specific gene 

products (Gareriaux-Ruff and Kieffer 2007; Bockamp et al. 2008). To overcome the potential 

problem of a lethargic phenotype, it is also possible to knock down proteins using the cre-

mediated LoxP-specific recombination, as we did in Paper II and III (conditional astrocyte-

specific Aqp4 KO and ependymal-specific Aqp4 KO, respectively). By exclusively eliminating 

proteins of interest under a cell-specific promotor, we are able to pinpoint functional 

characteristics of single proteins in different cell populations. 

In the projects included in this thesis, we have used both global KO mouse lines (Aqp4 

KO, α-syntrophin KO, IP3R2 KO), conditional KO mouse lines (cAqp4-GFAP KO, cAqp4-FoxJ1 

KO), as well as a transgenic mouse line (GLT1-eGFP/NG2-DsRed double reporter mice). The 

GLT1-eGFP/NG2-DsRed transgenic double reporter mice were generated by crossing 

bacterial artificial chromosome (BAC) promoter reporter transgenic mice that express the 

fluorescent proteins eGFP (cf. Figure 8) and DsRed under the control of the natural GLT1 

(Regan et al. 2007) and NG2 BAC promoters (Zhu et al. 2008), respectively.  

None of these mouse models exhibit any abnormal growth, development, reduced 

survival or abnormal phenotype characteristics if not physiologically or artificially stressed.  

 

Immunohistochemistry (IHC) for light microscope (LM) and immunogold cytochemistry for 

electron microscopy (EM): 

Immunohistochemistry (IHC) allows for detection of specific proteins by introducing 

and recognizing antibodies specific to certain epitopes, and visualization by 

immunofluorescence – showing the distribution of proteins of interest within anatomical 

structures. We used indirect immunofluorescence, meaning that a primary antibody is linked 
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to the target-protein, and it recognized by a secondary antibody covalently attached to a 

fluorescent dye. When exposed to photons of the proper wavelength, the fluorescent dye 

emits light and is visualized in a confocal microscope (1PLSM). IHC protocols for labeling of 

AQP4, CD31 and DAPI were utilized in Paper I, II and III in this thesis.   

The EM technique allows for detection of specific proteins at a subcellular level, 

demanding a resolution that confocal microscopy cannot fulfill due to limitations of light 

waves visible to the human eye. The procedure used in Paper I and II was postembedding 

immunogold cytochemistry, where a primary antibody is linked to the target-protein. 

Subsequently, a secondary antibody, which is connected to a gold particle, binds to the 

primary antibody. The gold particle is electron-dense and can therefore be visualized in the 

electron microscope. Immunogold cytochemistry was employed using antibodies against 

AQP4 and α-syntrophin.  

 

Western Blotting (WB): 

Western blotting is used to detect specific proteins in a biological sample by 

separating native or denaturated proteins by their molecular size by gel electrophoresis. To 

quantify the amount of expressed proteins, SDS-PAGE with subsequent immunoblotting was 

run on gels of an appropriate concentration. For this thesis, Western blots were run on 

AQP4, with β-actin as an internal control protein (Paper II). 

To verify the conditional Aqp4-/- mice, quantitative SDS-PAGE/immunoblotting was 

run on homogenized whole-brain tissue samples from the respective mouse lines. After 

determining the total protein concentration for each homogenate, every loading sample was 

added 10 μg total protein from each sample and the gels were loaded. For the titration 

series, WT homogenate was diluted in a constitutive Aqp4-/- sample in set concentrations to 

determine the sensitivity of the immunoblotting.  
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  Blots were blocked and then incubated with goat-anti-AQP4 antibody (Santa Cruz; 

sc-9888, 0.2μg/mL) at a dilution of 1:1000 in blocking solution overnight at room 

temperature, before washing and  incubation with alkaline phosphatise-conjugated rabbit-

anti-goat IgG at a dilution of 1:10.000 in blocking solution for 1h at room temperature. After 

scanning the blots, they were then reprobed using mouse-anti-β-actin (Abcam;ab-8226, 

1.3μg/mL) in a dilution of 1:1000 in blocking solution overnight at room temperature. Finally, 

the blots were scanned for final results.  

 

Evans Blue extravasation (EB): 

             EB (~0.96 kDa) is a chemical dye that binds to albumin (~68 kDa when bound) in the 

blood, which under normal circumstances will not cross the BBB. For this reason, systemic 

administration of EB can be used as an assay to evaluate the permeability of the BBB in 

pathological conditions. EB fluoresces at 680 nm when excited between 470-540 nm (Vise et 

al. 1975), and can therefore give a quantitative measure after homogenization and 

spectrophotometry. Freeze lesions were used as positive controls (Paper II), as such a cold 

injury will cause opening of the BBB (Ikeda et al. 1994).   

 

Brain water content measurements and hypo-osmotic stress model: 

The wet/dry brain weight method is a method where the brain is removed from the 

animal and freshly weighed, then weighed again after all liquid has evaporated in a vacuum 

for a certain time period (giving the dry weight), allowing for a calculation that states the 

percentage of water content (performed in Paper II and III). Animals were sacrificed by 

cervical dislocation and the brains were immediately dissected out intact in a standardized 

fashion to ensure a non-biased brain mass sample collection. Each brain sample was massed 

in a pre-weighed 10 mL glass vial, before being manually homogenized with a spatula against 

the inside of the same vial. The vial was then massed with the brain sample once again, and 

wet brain sample mass was calculated from the difference. The samples were dried in a 

Fistreem vacuum oven (Fistreem International) for 24 h at 80 °C and −1.000 mbar. After 
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drying, each vial with dried brain was again massed. Percentage brain water content was 

calculated as (wet mass − dry mass) × 100/(wet mass).  

Brain water accumulation after hypo-osmotic stress was assessed for each genotype 

by comparing values for baseline brain water content with brain water content measured on 

mice decapitated 40 min after intraperitoneal injection of distilled water (150 mL/kg) (Paper 

II). Intraperitoneal injection of water lowers the blood´s concentrations of solutes, creating 

an osmotic pressure gradient between blood and brain, forcing water to be taken up by 

astrocytes and causing them to swell – thereby being a model for cytotoxic brain edema 

(Nase et al. 2008; Risher et al. 2009).   

 

Acute hippocampal brain slices:  

For the slice experiments in Paper IV, the acute hippocampal slices were prepared as 

previously described (Haj-Yasein et al. 2015). WT mice were euthanized with Isoflurane 

(Baxter) and the brains quickly removed and placed in ice cold artificial cerebrospinal fluid 

(aCSF, 0°C, bubbled with 95 % O2 and 5 % CO2, containing (in mM): 124 NaCl, 2 KCl, 1.25 

KH2PO4, 2 MgSO4, 1 CaCl2, 26 NaHCO3 and 12 glucose). Coronal sections of 400 μm thickness 

were made from the dorsal half of each hippocampus perpendicular on the longitudinal axis.  

The slices were transferred to a humidified interface chamber. In the chamber the slices 

were continuously exposed to humidified gas at 32°C and perfused with aCSF (pH 7.3 and 

2mM CaCl2). 50 μM DL-2-amino-5-phosphonopentanoic acid (NMDA receptor antagonist DL-

AP5 (Tocris)) was applied to the aCSF to inhibit glutamate binding to post-synaptic NMDA-

receptors. After a period of rest, approximately one hour, single slices were transferred to 

the submerged recording chamber (32°C) for further experimentation. Extracellular synaptic 

responses were monitored by a glass electrode filled with aCSF (1-5MΩ), placed 200 μm 

from a similar constructed stimulation electrode. Following a period of stable synaptic 

responses (prevolley at ~1 mV), we selectively stimulated the Schaffer collaterals in stratum 

radiatum at different frequencies and durations. 
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Virus injection:  

The basic concept of the viral transduction approach is to use virus as a media to 

deliver genes of interests into cells by virus infection (Robbins and Ghivizzani 1998; Verma 

and Weitzman 2005), such as the recombined adeno-associated virus (rAAV) in our study. 

With this method, the DNA sequences from our genes of interest could be included in the 

viral vectors, and further expressed in the specific target cell types in the mouse brain. The 

utilized indicators in Paper IV (iGluSnFR, jRGECO1a, GCaMP6f, respectively) were introduced 

under the glia-specific promotor glial-fibrillary acidic protein (GFAP) to target astrocytes or 

the neuronal promotor synapsin (Syn) to target neurons. The rAAV delivery approach allows 

the monitoring of cellular functions, observing the physiological states of specific cell 

populations (Davidson and Breakefield 2003). The corresponding rAAVs were delivered 

stereotactically into the hippocampus bilaterally, thereby providing a local, virus-mediated 

delivery of different sensors in aimed cell types. The stereotactic injection method also 

enables us to express both green fluorescent Ca2+ indicator GCaMP6f and red Ca2+ indicator 

jRGECO1a simultaneously, in order to monitor the interaction between these two cell types 

of interest; astrocytes and neurons respectively. The rAAVs were produced and purified as 

described before (Tang et al. 2015), and the viruses were stereotactically and bilaterally 

injected into the brains of deeply anesthetized (mixture of zolazepam (188 mg/kg body 

weight), tiletamine (188 mg/kg body weight), xylazine (4.5 mg/kg body weight) and fentanyl 

(26 μg/kg body weight)) 12 to 20 week old male C57BL/6J mice (Jackson Laboratories), as 

described previously (Tang et al., 2009). For virus transduction in adult mouse hippocampi, 

stereotactic coordinates relative to Bregma were: anteroposterior -2.0 mm, lateral ±1.5 mm. 

During each injection, a total of ~0.6 μl of purified rAAVs were delivered into each 

hemisphere, by a 2-step injection with 1.0 mm and 1.6 mm in depth, respectively. 
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Intracranial pressure measurements (ICP):  

 If water is allowed to accumulate in the brain – e.g. due to brain edema – high 

pressure builds up and compresses the brain within the rigid confines of the skull cavity. This 

can eventually lead to herniation and a potentially lethal outcome. Measuring the ICP in an 

experimental setting allows us to investigate how other manipulations affect the ICP.  

In order to measure the intracranial pressure during intracisternal infusions (Paper 

III), C57BL/6J mice (n=8) and Aqp4 KO mice (n=8) were anesthetized with an i.p. injection (10 

mg/kg) of a zoletil cocktail (zolazepam (188 mg/kg), tiletamine (188 mg/kg), xylazine (4.5 

mg/kg), fentanyl (26 μg/kg) body weight). Body temperature was monitored with a rectal 

probe and kept at 37°C by a temperature-controlled heating pad (Harvard Apparatus). 

Tracheostomy was performed and mice mechanically ventilated (model “SAR-1000” 

ventilator, CWE Inc.) with room air at 100 bpm, volume 0.25-0.35 ml/min (depending on size 

of the mouse). Blood gases, blood pressure and oxygen saturation were monitored using 

Mouseox (StarrLife Sciences) with thigh sensor for mice. Oxygen saturation was at all times 

above 90%. An incision in the neck region was made and muscle was bluntly dissected to 

localize the cisterna magna. A 30 GA needle connected to tubing and a 50 μl Hamilton 

syringe was inserted into the cisterna magna and fixed with tissue adhesive (LiquiVet 

Adhesive, Oasis). A small craniotomy (1mm in diameter, -3 mm Bregma, -2 mm lateral from 

midline) was made in the skull and the ICP catheter (SPR-1000, Millar) connected to a 

pressure transducer (PCU 2000) was inserted 2 mm under the dura (towards Bregma); above 

brain and underneath skull. After the pressure measurements stabilized, baseline values 

were recorded for 1 min, before an infusion of 2 μl/min of sterilized 0.9% saline was 

delivered by a syringe pump (kdScientific, model 100 series). 

  

 

Two-photon laser scanning microscopy 

Fluorescence imaging relies on the interaction between photon and molecule, raising 

the molecule to an excited state as it absorbs the energy from the photon. The molecule, 
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called a fluorochrome, lose the excess energy through mechanical vibration (phenomenon 

called the Stokes shift), and as a result it emits a new photon before returning to its basal 

unexcited state (Figure 9). The emitted photon is always of lower energy (red-shifted) 

compared to the excited molecule, i.e. it has a longer wavelength (Kimelberg and 

Nedergaard 2010). In a biological setting, fluorochromes are often bound to macromolecules 

to attain desired chemical properties (i.e. lipid solubility), and are then called fluorophores 

(Paredes et al. 2008). Fluorescent molecules are generally either chemicals (e.g. rhodamine 

dyes) or proteins (e.g. green fluorescent protein (GFP) from jellyfish). 

 

Figure 8. Two-photon image of cortical astrocytes (green: eGFP) with processes stretching into the neuropil, 
and several endfoot processes abutting onto capillaries (red: Texas Red injected i.v.). The black stripes in the 
vessels represent red blood cells. Scale bar 30 μm (Vindedal 2012, unpublished). 

 

In vivo optical imaging is a relatively new technique that allows microscopic analyses 

of the living brain (Denk et al. 1990). Traditionally, in vivo imaging has been the domain of 

technologies such as functional magnetic resonance imaging (fMRI) and positron emission 

tomography (PET), which suffer from relatively poor anatomical resolution. In contrast, high 

resolution analyses typical of light microscopy and electron microscopy have been restricted 

to tissue sections or slices. In other words, high anatomical resolution at the light 
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microscopic level has been incompatible with analyses of living animals. This changed with 

the introduction of 2PLSM. With this technique, anatomical structures down to a size of 0.45 

μm can be studied in living brains (Ottersen and Helm 2002). 

 

Figure 9. Sketch comparing one-photon laser scanning microscopy to two-photon laser scanning microscopy 
(Courtesy of Thrane and Thrane 2012).
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3. SUMMARY OF FINDINGS 

3.1 Paper I 

Background: AQP4 water channels are concentrated in astrocytic endfoot membranes at the 

brain-blood and brain-cerebrospinal fluid interfaces. The mechanisms underpinning this 

polarized distribution of AQP4 are poorly understood.  

Aims: The aim of Paper I was to investigate whether endfoot AQP4 expression depends on 

the adjacent cell type. Specifically, we wanted to provide evidence that pericytes regulate 

AQP4 anchoring to perivascular astrocytic endfoot membranes. 

Methods: Cortical tissue from transgenic reporter mice and KO mouse models was 

transcardially fixed and underwent immunofluorescence protocols and quantitative 

immunogold experiments, before being analysed.  

Results: AQP4 immunofluorescence of brain sections obtained from novel transgenic double 

reporter mice expressing enhanced green fluorescent protein (eGFP) in astrocytes and 

Discoma Red (DsRed) in pericytes revealed strong AQP4 signal in astrocytic processes 

adjacent to pericytes. Quantitative immunogold analysis of C57BL/6J mice showed that the 

AQP4 expression was higher in endfoot membranes abutting pericytes than in those facing 

endothelial cells. Similar findings were made for α-syntrophin, a member of the DAPC. The 

enrichment of α-syntrophin in membranes ensheathing pericytes persisted after Aqp4 gene 

deletion. 

Conclusion: Our data support the concept that pericytes are involved in the regulation of 

AQP4 polarization. 

 
 

3.2 Paper II 

Background: Our knowledge about the function of AQP4 has largely relied on the use of 

global Aqp4 mutant mice, which do not allow conclusions on specific cellular and subcellular 

pools of AQP4.  
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Aims: The aims of Paper II were 1) to assess whether AQP4 is expressed in endothelial cells; 

2) to investigate whether the astroglial pool of AQP4 controls water exchange across the 

blood-brain interface. 

 

Methods: By using the GFAP promoter to drive gene excision we generated a glial-

conditional Aqp4 KO mouse line, which was then used for a battery of experiments. 

Immunofluorescence and immunogold quantitative electron microscopy analyses were 

performed on fixed cortical tissue sections from the glial-conditional Aqp4 KO, the global 

Aqp4 KO and WTs of C57BL/6J background. Whole-brain homogenates were blotted by gel 

electrophoresis from both KO models and compared. Brain water measurements were 

performed, as was a hypoosmotic stress model with injection of water i.p. with subsequent 

wet weight/dry weight measuring procedure. Evans Blue freeze lesion positive control 

experiments were performed to test the integrity of the BBB after gene deletion.  

Results: Brains from glial-conditional Aqp4 KOs were devoid of AQP4 as assessed by Western 

blots, ruling out the presence of a significant endothelial pool of AQP4. In agreement, 

quantitative analyses of ultrathin sections in electron microscope revealed no AQP4 signals 

in capillary endothelia. Compared with litter controls, glial-conditional Aqp4 KO mice showed 

a 31% reduction in brain water uptake after systemic hypoosmotic stress and a delayed 

postnatal resorption of brain water. Deletion of astroglial Aqp4 did not affect the barrier 

function to macromolecules.  

Conclusion: We found no evidence for endothelial expression of AQP4 and conclude that 

glial AQP4 mediates drainage of brain water, as well as facilitates uptake of water, from 

blood. These conclusions were not confounded by altered vascular permeability to 

macromolecules. Taken together, the paper challenges the traditional concept of the BBB, 

and shows that the astrocytic covering of cerebral vessels is rate limiting to water 

movement. 

 

3.3 Paper III 
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Background: We wanted to follow up on Paper II by looking further into the tissue- and cell-

specific deletion of Aqp4. We generated an ependymal-specific Aqp4 KO mouse model, and 

compared this model to the global Aqp4 KO, to the loss-of-polarity model (α-syntrophin KO), 

and to WTs. 

Aims: To investigate the exit routes of brain water and involvement of the different AQP4 

pools in this process.  

 

Methods: We measured brain water content by the wet weight/dry weight method on a 

novel ependymal-selective Aqp4 KO mouse line, as well as on the global Aqp4 KOs, the α-

syntrophin KOs, and C57BL/6J WTs. We progressed with ICP measurements on the group 

that showed positive findings in brain water content and brain weight, i.e. the global Aqp4 

KOs, using C57BL/6J as a control group.  

Results: We found that removal of AQP4 from ependymal cells did not affect basal brain 

water content, nor was the water content altered in α-syntrophin KO mice. We did, 

however, find that global deletion of Aqp4 increased basal brain water content. This water 

accumulation was not due to extracerebral drainage problems, as global Aqp4 KOs and WTs 

showed similar ICP responses to intracisternal fluid infusion.  

Conclusion: Basal brain water content was increased in mice with global loss of AQP4, but 

not in mice with selective depletion of perivascular AQP4 or ependymal AQP4. Unique for 

the global Aqp4 KO mice is the loss of the AQP4 pool subjacent to the pial membrane. By 

using basal brain water content as a proxy for the capacity of water exit in the mouse brain, 

we conclude that water accumulates in brain when subpial AQP4 is missing, pointing to a 

critical role of this pool of water channels in brain water drainage. 

 

3.4 Paper IV 

Background: Astrocytes are known to respond to neuronal activity by elevation of 

intracellular Ca2+; however the kinetics and mechanisms of activity-evoked signals in 

astrocytic processes of mature mice are poorly understood. In this article, we performed 
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dual color 2-photon Ca2+ imaging of neurons and astrocytes in acute hippocampal slices 

during electrical stimulation.  

Aims: The aims of Paper IV were 1) to determine the temporal relationship between Ca2+ 

signals in neurons and astrocytes during activation of CA3-CA1 glutamatergic synapses; 2) to 

reveal the source of the astrocytic Ca2+ signals; and 3) to determine the dynamics of 

extracellular glutamate levels following activation of the CA3-CA1 synapses. 

Methods: C57BL/6J WTs, IP3R2 KOs and littermate control WTs were injected in the 

hippocampus bilaterally either with jRGECO1a and GCaMP6f Ca2+ indicators, or with 

iGluSnFR glutamate sensor under the GFAP promotor. Virus transduction was allowed to 

progress for two weeks, before the animal was sacrificed and the brain rapidly removed for 

preparation of acute hippocampal slices. The slices were allowed to recuperate for 1h, 

before two-photon laser scanning imaging was performed. Electrophysiological stimulation 

of neurons was performed simultaneously to evoke responses in astrocytes. To avoid 

induction of neuronal plasticity in the slices under stimulation paradigms, the NMDA 

antagonist DL-AP5 was added to the aCSF bath for the duration of the experiments. 

Results: We report that the latency of astrocytic Ca2+ signals depended on the stimulation 

protocol, with shorter latencies during theta burst stimulation. Also, extracellular glutamate 

levels reached higher levels following theta bursts than after 20 Hz stimulation. The 

stimulation-evoked Ca2+ transients in all astrocytic compartments were prominently reduced 

in mice lacking the IP3R2 receptor.   

Conclusion: We demonstrate that both the level of extracellular glutamate and the latency 

of the astrocytic Ca2+ signal depend on the intensity of neuronal activation, and that Ca2+ 

release from internal stores are the predominant source of astrocytic Ca2+ signals at 

activated CA3-CA1 synapses.  
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4.  DISCUSSION  

 

a. Impact of results 

Recent studies have shown that astrocytes are a heterogeneous population of cells, across 

species, between brain regions, and that astrocytes in humans appear to be significantly 

more complex than in other model organisms, like rodents (Oberheim et al. 2009; Oberheim, 

Goldman and Nedergaard 2012). Also, it has come to light that when studying astrocytes, 

what occurs in the cell soma is not always representative for the whole cell, and that there is 

a need for studies of astrocytic microdomains (Tong et al. 2013) – like the endfeet. This 

thesis has provided new insight into the molecular and functional specialization of astrocytic 

endfeet, as discussed below.    

 

Mechanisms underlying AQP4 polarization      

It is well documented that AQP4 water channels are clustered in glial endfoot 

membranes around vessels. However, it is poorly understood how AQP4 polarization is 

induced and maintained. Could specific vascular cells regulate AQP4 anchoring to endfoot 

membranes? If so, it could be conjectured that endfoot membranes adjacent to the cell type 

in question exhibit particularly high levels of AQP4. To study mechanisms underlying AQP4 

polarization, we in Paper I performed quantitative immunogold analysis of AQP4 expression 

in WT mice and found higher AQP4 density in endfoot membranes abutting pericytes than in 

those facing endothelial cells. Similar findings were made for α-syntrophin, and the 

clustering of α-syntrophin in the vicinity of pericytes persisted after Aqp4 gene deletion. 

Thus, our study suggests that pericytes regulate AQP4 polarization through regulating the 

expression of the AQP4 anchoring molecule α-syntrophin. In line with our observation, 

Armulik and colleagues (2010) found that pericytes that were detached from endothelial 

cells showed intense lining with AQP4 and α-syntrophin immunostaining, indicating that 

pericytes express cues that mediate attachment of astrocytic endfeet. Also, gene array data 
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indicated down regulation of astrocyte markers in the pericyte-deficient brain 

microvasculature. The authors also found abnormal AQP4 distribution in pericyte-deficient 

mice; specifically, the perivascular AQP4 immunolabeling was weaker than in controls, 

indicating loss of AQP4 polarization to endfeet. Taken together, pericytes emerge as key 

regulators of AQP4 clustering in perivascular astrocytic endfeet. One could speculate that 

pial cells similarly regulate AQP4 expression in endfoot membranes along the cortical 

surface, but this has not yet been investigated. 

 

Is there an endothelial pool of AQP4?  

In order to assess the function of astroglial AQP4 by using mutant mouse models it is 

necessary to know the protein’s cellular and subcellular distribution. To investigate AQP4’s 

precise distribution at the blood-brain interface we constructed a novel glial-conditional 

cAqp4 KO mouse line (Paper II). The glial specificity of the KO was confirmed by immunoblots 

and immunohistochemistry, showing a lack of AQP4 immunoreactivity in brain, but not in 

other organs like muscles and kidneys. Earlier studies have indicated that endothelial cells 

may express AQP4 (Kobayashi et al. 2001; Amiry-Moghaddam, Frydenlund and Ottersen 

2004), but as we show in Paper II, AQP4 is completely removed from brain when the GFAP 

promotor is used to drive gene excision. These findings indicate that AQP4 is exclusively 

expressed in astrocytes and ependymal cells - cells expressing the GFAP promoter. This 

finding is important as it would imply that altered brain function in global AQP4 mutants in 

most settings can be ascribed to perturbed function of astrocytes and ependymal cells. . 

Furthermore, it means that pharmaceutical compounds targeting AQP4 must be designed to 

cross the BBB and reach astrocytes and ependymal cell.  

The finding that water uptake from blood during hypo-osmotic stress is slowed in 

mice lacking AQP4 in glial endfeet challenges the concept that transport is regulated at the 

level of endothelial cells. Our data indicate that astrocytic endfeet should be considered as a 

component of the BBB, as discussed below, being able to control water passage between 

blood and brain. The increased basal brain water content in mice lacking AQP4 suggests that 
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AQP4 is necessary for efficient clearance of brain water. Thus, loss of perivascular AQP4, as 

seen in Alzheimer’s disease, stroke, traumatic brain injury and epilepsy (Yang et al. 2011; 

Steiner et al. 2012; Ren et al. 2013; Alvestad et al. 2013), could potentially be associated 

with brain water dyshomostasis.  

 

Roles of distinct pools of AQP4 

AQP4 is known to be anchored to the perivascular membrane by α-syntrophin, and 

deleting α-syntrophin has been shown to reduce AQP4 expression in the perivascular 

endfeet by 88% (Eilert-Olsen et al. 2012). To investigate the roles of the different pools of 

AQP4 on brain water homeostasis, we in Paper III employed different KO models; 1) the 

global Aqp4 KO mouse model lacking AQP4 in all cells; 2) the α- syntrophin KO model, 

showing loss of AQP4 polarization to perivascular endfeet; and 3) a novel ependymal-specific 

KO model lacking AQP4 in the basolateral membrane domains of ependymal cells. The 

rationale for comparing these three KO models was that each of these three pools of AQP4 

could be responsible for the effects observed in our glial-conditional Aqp4 KO animals. 

Surprisingly, we found no change in basal brain water content in α- syntrophin KO mice. 

Neither did removal of AQP4 from ependymal membranes affect the brain water content. 

Taken together our data suggest that a large portion of brain water leave the brain across 

subpial endfoot membranes – containing a pool of AQP4 deleted only in the global Aqp4 KO 

model. 

 

 Barrier properties of astrocytic endfeet      

Astrocytes are considered to be important for inducing BBB properties in the 

endothelial cells (Janzer and Raff 1987), and for maintaining the integrity of the BBB. 

However, it has been shown that the BBB forms in the embryonic stage, before the 

formation of astrocytes, indicating that the functional barrier properties for other molecules 

than water actually establish in the neonatal stages (Daneman et al. 2010). Also, the integrity 

of the BBB is not compromised by deleting the perivascular pool of AQP4 (Eilert-Olsen et al 

2012). However, it does affect the basal water content in the brain. Loss of AQP4 also leads 
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to widening of the extracellular space (Binder et al. 2004; Yao et al. 2008). Taken together, 

these findings indicate important physiological roles for AQP4 water channels; namely 

clearance of brain interstitial water and regulation of extracellular space volume.   

Also, we show in Paper II that the increased brain water content first manifested 

itself around the time AQP4 expression starts, i.e. approximately postnatal day 15, and that 

it persisted throughout adulthood. These findings point to that a removal of AQP4 from 

endfeet gives rise to delayed water transport from blood to brain, but also from brain to 

blood/CSF.  

Since astrocytic endfeet express AQP4, water can move bidirectionally through these 

processes (Nielsen et al. 1997). The finding in Paper II that endothelial cells are devoid of 

AQP4 suggests that other molecules mediate water transport across the the BBB. The 

glucose uniporter GLUT1 is likely involved, as it also conducts water and is abundantly 

expressed in both luminal and abluminal endothelial membranes (MacAulay and Zeuthen 

2010. The intrinsic water permeability of CNS membranes that do not express AQPs remains 

unknown.  

The animals that lack AQP4 have 1% higher basal brain water content (Paper II), 

without having a compromised BBB (Eilert-Olsen et al. 2012). Our finding in Paper III that the 

pressure profile following intracisternal ACSF injections is unaltered in Aqp4 KO mice speaks 

against any involvement of AQP4 in drainage of CSF through arachnoid villi or any other 

efflux route downstream of the subarachnoidal space.  

Several studies have shown that tracers that are injected intracortically or into the 

cisterna magna eventually ends up in cervical lymph nodes (Kida, Pantazis and Weller 1993; 

Plog et al. 2015), meaning that – one way or another – the tracer crosses over to the 

peripheral bloodstream. The exact mechanisms by which fluid clearance occurs are not 

known. The fact that the brain lacks a lymphatic system makes these questions even more 

intriguing, in particular since the brain is a highly metabolically active organ and thus in high 

need of an efficient waste removal system. Several studies have shown that brain fluid can 

move along the perivascular space (Virchow-Robin space) surrounding cerebral blood vessels 

(Szentistványi et al. 1984; Rennels, Blaumanis and Grady 1990; Abbott 2004), proposing that 

fluid enters the perivascular space along penetrating arteries from the cortical surface, 
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driven by arterial pulsations, and that the fluid enters either cells or the extracellular space, 

before being cleared through a gliovascular pathway to venules (Rennels et al. 1985; 

Kimelberg 2004). A recent paper from Iliff and colleagues (2012) supports these findings and 

implicates a role for AQP4 in paravascular fluid transport, CSF recycling and parenchymal 

solute clearance. The authors coined the drainage route for the glymphatic pathway, 

referring to its function analogue to that of lymphatic vessels and dependency on glial water 

channels. In fact, they show that Aqp4 knockout mice exhibits a slowed CSF influx through 

this pathway, and a ~70% reduction in interstitial solute clearance, as well as a significantly 

reduced clearance of [3H] mannitol (Iliff et al. 2012). However, there are conflicting data 

concerning this hypothesized pathway. In 1985, Rennels and colleagues showed that within 

6 minutes of tracer infusion the entire microvasculature (arteries, capillaries and veins) was 

outlined by tracer. From the 1990s till present day, Weller and Carare with colleagues have – 

in several studies – provided data indicating that tracers exit the brain along the basement 

membranes of arteries Weller, Kida and Zhang 1992; Carare et al. 2008; Weller et al. 2008; 

Weller et al. 2009). Our finding in Paper III that intracisternal infusion of ACSF – 2 μl/min for 

5 min; the same volume and speed as in Iliff et al., 2012 – temporary increases ICP could 

imply that the reported influx of CSF tracer along arteries is due to unphysiological 

pressures. Thus, more research is needed to fully understand paravascular fluid flow 

patterns and clearance routes for interstitial waste. Further, our claim in Paper III that a 

significant portion of water exits the brain across the pial surface, needs to be substantiated.    

 

Astrocytic Ca2+ signals       

Despite the growing realization of the importance of glial cells in brain signaling, we 

are still in the initial stages of understanding the physiological consequences of the intriguing 

bidirectional communication between glial cells and the brain´s blood vessels, and between 

glial cells and neurons. 

Most of our knowledge on astrocytic Ca2+ signals derives from studies using cell 

cultures, brain slices or anesthetized (young) animals. The limitations of these techniques, as 



                                                                                                                                  PhD thesis 2016 

 

44 Gry Fluge Vindedal 

 

well as the fact that young mice express a different subset of receptors than adult mice (Sun 

et al. 2013), raises the question what can we interpret from these data? What has emerged 

in later time is the definite need for studies that focus on the different microdomains of the 

astrocytes, which has become possible with the use of genetically encoded Ca2+ indicators. 

One of the proposed functions of astrocytic endfeet is that they are involved in or 

responsible for neurovascular coupling. It seems intuitively logical to assume there is some 

involvement of endfeet, as they are strategically located anatomically for such a function. 

However, any regulation of blood flow should be swift, to efficiently follow any change in 

physiological demand. The Ca2+ wave has been observed in vitro and in vivo to travel a lot 

slower than neuronal signals; 4-20 μm per sec, as opposed to 10-100 m per sec in axons 

(Hartline and Colman 2007). Conversely, one could argue that this fact implicates astrocytic 

Ca2+ signals to be significant for a modulatory effect over time and distance, which could be 

more relevant for neurovascular coupling. However, as we show in Paper IV with dual color 

imaging of activity-induced astrocytic Ca2+ signal latency, the kinetics of the astrocytic Ca2+ 

signals rely on the intensity of the neuronal stimulation, and can be significantly modified 

according to the strength of the input. This implies that the astrocytic Ca2+ signal potentially 

can have more impact in physiological settings.  

Findings from several laboratories indicate that astrocytes only express IP3R2, and 

initially it was reported that knocking out IP3R2 completely obliterates the astrocytic Ca2+ 

responses (Petravicz, Fiacco and McCarthy 2008; Agulhon, Fiacco and McCarthy 2010; 

Agulhon et al. 2013). While the astrocyte Ca2+ signals appeared to have been completely 

abolished, the genetic manipulation had no effect on behavioral (Petravicz, Boyt and 

McCarthy 2014), neuronal (Petravicz, Fiacco and McCarthy 2008; Agulhon, Fiacco 

and McCarthy 2010) or vascular functions (Nizar et al. 2013; Takata et al. 2013; Bonder and 

McCarthy 2014) – leading investigators to conclude that astrocyte Ca2+ signals have no role 

in these functions. The preponderance of findings indicated that most, if not all, receptor 

dependent Ca2+ signals within astrocytes are due to release of Ca2+ through IP3 receptors in 

the endoplasmic reticulum (Petravicz, Boyt and McCarthy 2014). On the other hand, studies 

utilizing similar or complementary approaches have suggested that astrocyte Ca2+ signals are 

indeed involved in blood vessel and neuronal functions (Straub et al. 2006; Wang et al. 2012; 
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Srinivaran et al. 2015). Also, a general assumption has been that the loss of Ca2+ signals in 

the cell soma reflects a similar loss in astrocyte processes. However, when this was 

investigated by Srinivasan and colleagues (2015) using more sensitive tools than what has 

been available in earlier years, they found diverse types of Ca2+ signals in astrocytes, with 

most occurring in processes rather than in somata. These signals were preserved in IP3R2 

knockout mice in brain slices and in vivo, and occurred in endfeet. These findings contribute 

to the current controversies in the field on the relevance of and the mechanisms behind 

Ca2+ signaling, and present a new form of Ca2+ signaling in astrocytes that are found to occur 

in the processes and that is, in fact, independent on IP3R2. An important take home 

message is that astrocytic Ca2+ signals are not necessarily uniform within the astrocytic 

territory but rather show variations within microdomains (Shigetomi et al. 2013). 

In Paper IV, we investigated the Ca2+ signals in different astrocytic microdomains and 

found that they did indeed persist to some degree in the IP3R2 KO mice – also in 

perivascular endfeet, although the activity was reduced. This finding leads us to contemplate 

what other mechanisms are involved in astrocytic Ca2+ signaling, and if there are separate 

mechanisms present in the perivascular endfeet, like plasma membrane channels taking up 

Ca2+ from the extracellular space, which in turn leads to a Ca2+-activated Ca2+ release. A 

previous study by Simard and colleagues in 2013 showed that neuronal stimulation can 

induce Ca2+ transients that spread along vessels. The involvement of astrocytic Ca2+ signals in 

neurovascular coupling was rejected after studies concluded that there were no Ca2+ signals 

in astrocytes after IP3R2 deletion. This has now been disproved in newer studies using more 

sensitive imaging tools, and there is a current hypothesis that Ca2+ signals in astrocytic 

endfeet most likely work through separate mechanisms than Ca2+ release in/near the soma - 

allowing us to revisit the hypothesis that these Ca2+ signals are involved in neurovascular 

modulation in the brain, perhaps even across a distance along the longitudinal axis of blood 

vessels. That being said, both vasodilatation and vasoconstriction as response mechanisms 

of astrocytic Ca2+ signals as controller of neurovascular coupling are under intense debate 

because different experimental paradigms and designs have generated contradictory results 

(Takano et al. 2006; Iadecola and Nedergaard 2007; Attwell et al. 2010).  Others believe that 

pericytes are the cells that control cerebral blood flow (Hall et al. 2014). Another issue that 
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must be taken into consideration is that several anesthetizing agents show vasoconstricting 

or vasodilating properties, which in turn could have biased in vivo studies on blood flow 

regulation in anesthetized animals. Furthermore, astrocytic Ca2+ signals are severely 

suppressed by anasthetics (Thrane et al. 2012). Taking these findings into account, it seems 

the future lays in awake animal imaging as far as astrocytic Ca2+ signaling goes.  

One most interesting question is whether activity-induced astrocytic Ca2+ signals – as 

those we demonstrate in Paper IV – are triggered by swelling and functionally coupled to 

volume regulation and brain water clearance. Notably, the delicate astrocytic processes 

around synapses have a large surface to volume ration and should easily swell during 

glutamate uptake. Another molecule that has to be cleared during neuronal activity is K+. 

AQP4 is co-expressed with Kir4.1 – a potassium channel that is claimed to be involved in K+ 

removal from the extracellular space during neuronal activity (Nagelhus et al. 1999). There is 

also evidence that this co-expression of AQP4 and Kir4.1 is due to a functional coupling, and 

that the two molecules are acting in concert by clearing activity-dependent K+ fluxes 

accompanied by water (Amiry-Moghaddam et al. 2003b; Amiry-Moghaddam and Ottersen 

2003). Also, it has been shown that adding K+ to an astrocyte cell line transfected with AQP4 

caused an immediate >40% increase in astrocyte water permeability, which sustained in 5 

min (Song and Gunnarson 2012). When Kir-channels were blocked, however, the addition of 

K+ also induced a Ca2+ increase in the astrocytes, and the water permeability increase no 

longer persisted. This is in line with earlier findings demonstrating that high neuronal activity 

is associated with shrinkage of the ECS, indicative of a redistribution of water – to which 

AQP4 is likely involved. Furthermore, a link has been created between brain swelling, 

astrocytic Ca2+ signals and AQP4, as shown by Thrane et al. in 2011. In a model for edema, 

they reported that brain swelling triggered Ca2+ signals in astrocytes, and that deleting the 

Aqp4 gene led to a distinct reduction of these Ca2+ signals. Taken together, these data can be 

indicative of a role for astrocytic Ca2+ signals in volume regulation. 

 

AQP4 as a potential therapeutic target  
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 The opposing effects of AQP4 on the two types of brain edema described above 

make it difficult to predict whether AQP4 inhibiting drugs will in fact be beneficial or harmful 

in clinical settings of brain injury. Also, any attempt to inhibit or block AQP4 to counteract 

edema development must take into account possible side effects relating to the role of 

AQP4 in maintaining K+ homeostasis (Amiry-Moghaddam and Ottersen 2003) and clearing 

waste, as described earlier. Given the limited knowledge on AQP4 regulation, targeting the 

molecules anchoring AQP4 to the plasma membrane might also be an approach for 

therapeutic modulation of water transport.  

We lack efficient treatment strategies based on a molecular understanding of brain 

water transport. Modulation of AQP4 could therefore prove to be therapeutically useful, e.g. 

to avoid the invasive surgical procedures used today to release pressure in the brain caused 

by water accumulation intracranially. In any case, any potential drug modulating AQP4 

function must be able to cross the BBB, as endothelial cells do not express AQP4 (Paper II).  

 

b. Methodological considerations  

The use of genetically modified animal models or transgenic models is a vast benefit 

when investigating the potential function of specific proteins and structures. The possibility 

of knocking out or in proteins permits researchers to study the isolated effect of the 

knockout/knockin. However, we need to keep in mind that the brain is a plastic organ, and 

there is a possibility that genetically modifying the DNA of an animal model might trigger 

some compensatory effects. Some genetic modulations, like deleting Kir4.1, are not 

compatible with life, leading to a lethargic phenotype. In some of these cases, or simply in 

the cases where it is not favorable to lack a protein of interest throughout development, it 

can be wise to make use of the conditional knockout strategy with cre recombinase to 

overcome any such issue. By adding a cell- or tissue-specific promotor to the gene construct, 

the genetic modification can be pinpointed to the exact region of interest in the model 

organism.   
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A limitation of the immunohistochemistry technique is its spatial resolution on the 

micrometer scale, and that it is a snapshot of the tissue at the time it was fixated. Further, 

tissue processing inevitably leads to a change in tissue morphology. Also, membrane 

proteins are of such small size that EM cannot visualize them unless they are labeled with 

gold particles. For this reason, the resolution of immunogold cytochemistry is determined by 

the size of the antibody complex employed. This also means that the gold particle is not in 

the exact same position as the protein of interest. Furthermore, antibodies are not able to 

penetrate the resin that is used to embed the EM tissue before cutting. This means that, in 

all cases, there will be a limited number of epitopes available for the primary antibodies. 

 The success of all immuno-protocols is determined by the sensitivity and specificity of 

the antibodies used, making it extremely important to run control experiments and take 

steps to ensure antibody specificity (or run parallel experiments with knockout samples). 

Moreover, great care must be taken when preparing your samples, as the ultrastructure and 

biological composition can be compromised during the course of the treatment. The use of 

antibodies requires thorough testing to ensure that there is no cross-reactivity or unspecific 

binding. The antibodies we have used in Paper I-IV have all been extensively tested in earlier 

projects, and because we also have knockout models we had tissue from these models as 

negative control experiments.  

 A limiting factor of the EB method for assessing BBB integrity is that not all BBB 

opening may be associated with increased permeability to macromolecules (such as 

albumin). In principle, several dyes should be employed in order to let the dye bind to 

macromolecules of different molecular sizes. A drawback with the HRP technique is that it is 

not a quantitative measure, meaning that findings are based on gross, macroscopic analyses.  

An issue to take into consideration for the brain water content measurements is to 

carefully extract the brain quickly, as water starts evaporating immediately after it is 

removed from the skull. However, allowing a large number of samples in each group and 

doing statistics and calculations in order to catch any fluctuations that might arise from 

inconsistencies caused by methodology, can secure reproducibility. 



                                                                                                                                  PhD thesis 2016 

 

49 Gry Fluge Vindedal 

 

 Slices are easy to work with, and one great advantage is that electrodes can be 

placed in a precisely chosen spot under visual control (Andersen 1981), in our case stratum 

radiatum – allowing us to stimulate axons of the pyramidal neurons, to evoke a response in 

adjacent astrocytes. Under normal experimental circumstances, acute brain slices can live 

for approximately 8-15 hours post-dissection with the correct care (Andersen 1981; Buskila 

et al. 2014). They can also easily be manipulated, e.g. by drugs applied into the aCSF. In our 

slice experiments we added the NMDA receptor antagonist DL-AP5 (Tocris), by these means 

altering the external milieu and ensuring a block of any neuronal plasticity. These slices also 

allow for investigation of neuronal and astrocytic signals without the influence of an 

anesthetic agent present. Although this in vitro slice technique can be very useful in some 

studies, extrapolation of findings to an in vivo situation should be done with caution. There 

are also several points to be aware of with this technique. The oxygen concentration which is 

continuously added to the aCSF is unnaturally high at 95% compared to the atmosphere. 

There is also the disadvantage that the cells in the slices are isolated from blood flow, the 

BBB, physiological ICP and the circuitry of the intact brain. Furthermore, morphological 

changes can be induced during incubation, like swelling and retraction of fine astrocytic 

processes (Fiala et al. 2003). In spite of this, the use of acute hippocampal brain slices is a 

well-known and highly characterized experimental model, and constituted valuable for us in 

Paper IV.  

All interventions on tissue can cause damage. This is a limiting factor when working 

with the 2PLSM technique in vivo; the surgical procedures are complex and takes time to 

master. Insufficiently executed preparations will have detrimental effects – not only on the 

imaging quality, but also on physiological processes (such as increased Ca2+ signaling in 

unhealthy tissue). The same goes for making slices; unhealthy slices will not exhibit normo-

physiological processes. For the in vivo experiments, it is also of great importance that the 

animal is kept at physiological parameters throughout the course of the experiment. For 

instance can suboptimal ventilation lead to hypoxic condition, which can trigger a 

pathological signaling cascade in the brain, which is prone to damage induced by hypoxic 

conditions. We avoided this issue by placing the mice on a ventilator maintaining a steady 
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and controlled respiration. Another technical issue is that removing a piece of the skull can 

lead to herniation of the brain through the craniotomy. This could potentially be of greater 

risk to the Aqp4 KO animals, which we provided evidence for exhibit megalocephaly as 

compared to wild types and littermate controls (Paper III). Such herniation can compress 

vessels near the edges of the craniotomy, leading to a stop in the blood flow of these vessels 

near the surface. A possible solution to this problem would be to perform a thinned skull 

preparation instead of a craniotomy. Also, any bleed or even heat from the drill can cause 

damage to the cortical tissue, and it is not always evident from gross inspection. Therefore, 

the surgical procedures should be done as elegantly and quickly as possible.  

As for the viral vector injections, the number of transduced cells after injection is 

limited by volume constraints; for example can only a volume of 1-5 μl be injected into 

mouse parenchyma (Davidson and Breakefield 2003). Furthermore, the titer of the viral 

vector and the efficiency of the vectors infection are limiting factors. Therefore, the 

efficiency of transfection, and also the expression of the fluorescent indicators in the brain, 

will depend on the quality of the injection. The degree of successful transfection and 

accuracy of injection site can differ somewhat between experiments.  

2PLSM is based on the principle that if a pulsed laser emits a high enough 

concentration of coherent, monochromatic photons, two or more photons may excite the 

same molecule simultaneously (see right panel figure 10). Since multiple photons are used to 

excite the target, each individual photon can have a relatively low energy, i.e. a longer 

wavelength (Denk et al. 1990; Kimelberg and Nedergaard 2010). This has several advantages 

compared to conventional confocal microscopy; longer wavelengths (800-1000 nm) achieve 

deeper tissue penetration (500-1000 um) and exert much less photo damage, causing the 

fluorophores to generate fewer free radicals when stimulated, and thereby producing less 

phototoxicity (Kimelberg and Nedergaard 2010). Finally, the transfer of light energy in 

2PLSM is non-linear, meaning that photons will only excite the tissue in the focal point, not 

in the entire light cone. There are some issues to consider when it comes to the 2PLSM 

technique. The resolution limit of 2PLSM is theoretically close to one-half the wavelength of 

the exciting light (Kimelberg and Nedergaard 2010), meaning that 2PLSM currently cannot 
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resolve structures smaller than ~0.45 um, which is still quite large compared to the 

resolution limit for e.g. transmission EM (Nedergaard, Ransom and Goldman 2003). In 

practice the resolution limit is often much higher due to other limitations, such as optical 

aberrations caused by the tissue. Furthermore, due to the denseness of biological tissue, 

2PLSM is usually unable to image deeper than ~500 um below the tissue surface. Maximum 

imaging depth is a factor of the wavelength used to excite the specimen, meaning that the 

laser sets the limit for how deep it is possible to image. Not being able to image below ~layer 

IV of the cortical surface naturally creates limitations to which areas of the brain and what 

biological processes one is able to visualize. An example of this is Paper IV, where we 

investigate Ca2+ signals in astrocytes in the Schaffer collaterals. Because of the location of 

the hippocampal formation, the imaging depth is too far from the surface of the brain for an 

imaging strategy in intact animals, leaving us with the slice experimental approach. Also, 

2PLSM has a technical limit on its temporal resolution, because 2PLSM (like confocal 

microscopy) relies on the movement of galvanometric mirrors to raster scan the laser beam 

across the tissue. These mirrors are not able to move on a millisecond timescale, making the 

temporal resolution a lot slower than many of the biological processes it is supposed to 

image; like the iGluSnFR glutamate sensor we used in Paper IV.  

            

c. Ethical considerations  

There are always ethical issues that must be taken into strict consideration in animal science, 

especially when the experimental protocols in question include in vivo procedures. Several 

key agreements, including Nuremberg (1947) and Helsinki (1974), have highlighted the need 

for an ethical framework to regulate the conduct of medical research. All experiments 

referred to in this thesis have been executed in a manner that complies with Norwegian 

laws, and all protocols were approved by the Animal Care and Use Committee of the 

Institute of Basic Medical Sciences, University of Oslo, Norway. Every protocol has been 

designed after the 3R-principle, stating that all experimental protocols involving research 

animals must be established under these three guidelines; replacement, refinement and 

reduction (Russell and Burch 1959; Laboratory Animal Handling course, UiO). In order to 
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investigate hypotheses dealing with the regulation of blood flow, BBB integrity, changes in 

ICP, paravascular transport and brain waste clearance, it is detrimental to study these 

phenomena in a healthy brain situated in an intact system. Therefore, we were not able to 

substitute the mouse models with other techniques for our experiments (replacement). The 

ethical handling of the research animals is always prioritized, and is essential for obtaining 

trustworthy and for setting the standard for basic medical research. When designing the 

experiments, we always kept the groups of animals to a bare minimum where statistical 

analyses are possible (reduction). This was obtained by careful planning in the initial stages 

of designing the studies. Also, by injecting animals with viral vectors instead of breeding 

them in colonies, we avoided having to sacrifice a large number of mice that would have 

been surplus due to incorrect genotype. By doing our last project in slices (Paper IV), we 

were able to reduce the number of animals even further, as each brain gave us several slices, 

thereby allowing the slice number to increase the “n” without using additional animals. 

Finally, we put a lot of effort into refining our experiments. We designed an optimal 

anaesthesia/analgesia paradigm, and perfected the surgical and termination techniques, so 

that all experiments were done as fast as possible with as little stress as possible for the 

research animals. Also, every measure was taken to ensure physiological parameters 

throughout the course of the experiment – including the surroundings – preventing any loud 

noises, bright lights, unnatural temperatures etc. that could evoke a response in the animals. 

              

d. Philosophy of science  

My projects aimed to test the validity of the neurophysiological hypotheses as described 

above, through the collection of empirical observations and the analysis of these 

observations. All hypotheses were designed to be testable and falsifiable, in line with the 

concept of critical rationalism introduced by Karl Popper (Faludi 1983), thereby determining 

the projects as scientific studies. By collecting and analyzing these observations, I have 

interpreted these data into credible inductive theories, which served to falsify or validate the 

hypotheses I started out with.  
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e. Future perspectives                

Our results demonstrate that astrocytes perform homeostatic and signaling functions in the 

brain, optimizing the conditions in the brain. However, in experimental design there are 

always limitations and challenges to overcome, making it important to always evaluate the 

employed techniques for a continuous improvement of experimental design. One likely 

improvement for future experiments will be to eliminate the use for anaesthesia, which 

needless to say has a grave impact on the brain and its dynamic environment. Therefore, any 

future experiments allowing for the use of awake animal models will probably make 

important contributions to our knowledge of astrocytic functions in health and disease. Also, 

since the α-syntrophin knockout model does not exhibit AQP4 expression in perivascular 

endfeet without having increased basal brain water content, this model seems to be 

preferential in projects where the aim is to study the gliovascular unit. 
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5.  CONCLUDING REMARKS 

This thesis provides evidence that pericytes are involved in the regulation of AQP4 

anchoring in the perivascular astrocytic endfoot membrane, and that AQP4 expression is 

exclusive to astrocytes and ependymal cells in the brain. Taking into consideration the 

abovementioned and the fact that removing AQP4 from perivascular endfeet does not 

significantly affect basal brain water content, we propose that an important exit route for 

excess brain fluid is transmembrane drainage across the subpial astrocytic membranes into 

the CSF. Knocking out the ependymal pool of AQP4 does not affect the basal brain water 

content. Furthermore, we show that removing AQP4from the astrocytic perivascular endfoot 

membrane slows uptake of water from blood to brain, implicating that the astrocytic 

endfeet act as a barrier for entry of water at the BBB, and that the perivascular endfeet 

should be considered as an integrated component of the BBB.  

The astrocytic Ca2+ signals are in large part reduced in mice lacking IP3R2. Thus, Ca2+ 

release from internal stores (i.e. the ER) are the predominant source of astrocytic Ca2+ 

signals following stimulation of the Schaffer collateral system. We also provide findings that 

indicate that the response of these Ca2+ signals depended on the stimulation protocol, being 

modulated more strongly, and perhaps relying upon other mechanisms, at stronger 

stimulation paradigms. These response patterns were also reported for extracellular 

glutamate levels, which reached higher extracellular levels following stronger neuronal 

stimulations. The functional significance of the astrocytic Ca2+ signals remains unknown. We 

do, however, speculate if these signals can be involved in volume regulation and volume 

homeostasis.  
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THE CANDIDATE´S EXPERIMENTAL CONTRIBUTION 

Paper I: “Evidence that pericytes regulate aquaporin-4 polarization in mouse cortical astrocytes”. 

  

- breeding of double transgenic reporter mice 

- fixated all tissue for further experiments  

- planned and performed the light microscopic part of the study 

- wrote corresponding parts of the manuscript 

Paper II: “Glial-conditional deletion of aquaporin-4 (Aqp4) reduces blood-brain water uptake and confers 

barrier function on perivascular astrocyte endfeet”. 

- breeding of astrocyte-specific Aqp4 knockout mouse model  

- planned and performed all Western blot experiments  

- contributed to basal brain water measurements  

- contributed to Evans Blue experiments 

- prepared “Figure 1” and wrote corresponding parts of the manuscript 

 

Paper III: “Basal brain water content is increased in mice with global deletion of aquaporin-4, but not in mice 

with a selective loss of perivascular or ependymal aquaporin-4”. 

 

- breeding of the Aqp4 KO, α-syntrophin KO and Aqp4 FOXJ1 cre transgenic mouse line 

- planned and performed basal brain water measurements and brain weight experiments 

- planned and performed the light microscopic part of the study 

- prepared “Figure 1”  

- wrote corresponding parts of the manuscript 

 

Paper IV: “Origin of astrocytic Ca2+ signals at activated hippocampal CA3-CA1 synapses of adult mouse”.  

- breeding of the IP3R2 knockout mouse line 

- planned and performed in vivo virus injection experiments 

- performed two-photon imaging and electrophysiology brain slice experiments 

- wrote parts of the manuscript 
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