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ABBREVIATIONS

AQP  aquaporin

Agp4  aquaporin-4 mouse gene

BBB  blood-brain barrier

CAl  cornu ammonis

CNS  central nervous system

CSF  cerebrospinal fluid

DAPC dystrophin associated protein complex

Dp71  short dystrophin isoform (71kDa)

DRE  delayed response enhancement

EAAT excitatory amino-acid transporter (glutamate transporter)
ECS  extracellular space

GABA gamma aminobutyric acid

GAT  gamma aminobutyric acid (GABA) transporter
GFAP glial fibrillary acidic protein

GLUT]1 glucose transporter 1

HRP  horse radish peroxidase

Hz hertz

ISM ion sensitive microelectrode

kDa kilodalton

Kir inwardly rectifying potassium channel

KCC  potassium-chloride cotransporter

KCNIJ10 gene encoding Kir4.1

LTP long term potentiation

MCT  monocarboxylate transporter

NKCCI1 sodium-potassium-chloride (Na-K-Cl) cotransporter
OAP  orthogonal arrays of intramembranous particles

PDZ is a common structural domain found in some proteins



RVD regulatory volume decrease

TMA*  tetramethylammonium
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INTRODUCTION

Homeostasis, the ability to maintain stability and equilibrium of the internal environment in the
face of external changes, is a prerequisite for life. Notably, control of temperature and hydration
is critical for body function, as is maintenance of cellular levels of water, ions, glucose, and
oxygen (Wynsberghe Donna 1995; Boron Walter 2005) .

Water is distributed in intra- and extracellular spaces with a ratio of 55:45. The intra- and
extracellular fluids are separated by the cell membrane.
Ion and water homeostasis is maintained by transporters and channels localized to the plasma
membrane (Cogan 1991; Simard and Nedergaard 2004; Boron Walter 2005). Dysfunction or
lack of these membrane proteins may disrupt ion- and water homeostasis and cause disease. An
example is ischemic brain edema.

Water crosses cell membranes by different means: 1) by slow diffusion through the lipid
bilayer, 2) through cotransporters and uniporters, and 3) through aquaporin water channels (Fig.

1) (Agre 2004; MacAulay, Hamann et al. 2004). Water transport
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glutamate). KCC is an electroneutral cotransporter for K™ and Cl-. In many cell types it is
involved in regulatory volume decrease (RVD) and is colocalized with the Na*/K*-ATPase.
NKCCI is also electroneutral and transports Na* and K* together with 2 CI-. The MCTs transport
protons and monocarboxylates, notably lactate, and are particularly enriched in capillary
endothelial cells. The EAATSs are electrogenic and couple glutamate transport with the transport
of Na*, H* and K". Likewise, GATs are electrogenic and transport GABA, Na® and CI-
(MacAulay, Hamann et al. 2004). The latter two are particularly enriched in glial membranes
ensheating synapses (Danbolt, Chaudhry et al. 1998).

The glucose transporter GLUT1 is abundant in the central nervous system (CNS). It is
expressed at high levels in capillaries and at lower levels in glial membranes (Bergersen,
Johannsson et al. 1999). Since GLUT1 is permeable for water it could play a significant role in
water transport across the blood-brain barrier.

Aquaporin water channels are integral membrane proteins that mediate rapid transport of
water with high selectivity (King, Kozono et al. 2004). The first aquaporin was discovered in
1992 by Peter Agre’s group and was named aquaporin-1 (AQP1) (Preston, Carroll et al. 1992).
For the discovery of aquaporins Agre was awarded the Nobel Prize in Chemistry in 2003.

Aquaporins are ubiquitously expressed and hitherto 13 mammalian aquaporins have been
identified. Aquaporins are divided into 3 subgroups:

1) aquaporins permeable only to water: AQPO, AQP1, AQP2, AQP4, AQP5, AQP6.

2) aquaglyceroporins permeable to water, glycerol and urea: AQP3, AQP7, AQPS, AQP9.

3) Aquaporins with unknown substrate specificity: AQP10-12.
(Badaut, Lasbennes et al. 2002; Gomes, Agasse et al. 2009; Ishibashi, Koike et al.
2009; Badaut 2010).

Aquaporins in the brain

AQP1, AQP4, and AQP9 are the most prevalent aquaporins in the rodent brain (Badaut,
Lasbennes et al. 2002; Amiry-Moghaddam and Ottersen 2003). AQP1 is expressed in choroid
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plexus epithelial cells and is involved in the production of cerebrospinal fluid (CSF) (Nielsen,
Smith et al. 1993; Oshio, Watanabe et al. 2005). AQP4 is expressed in astrocytes and
ependymal cells (Frigeri, Gropper et al. 1995; Nielsen, Nagelhus et al. 1997). Conflicting data
exist on the distribution of AQP9. Elkjar et al. reported that AQP9 is expressed in tanycytes
surrounding the cerebral ventricles, but not in neurons and astrocytes (Elkjaer, Vajda et al.
2000). However, Zelenina et al. reported that AQP9 is expressed in astrocytes, endothelial cells
of the subpial blood vessels, and in a subpopulation of neurons (Zelenina 2010). Amiry-
Moghaddam et al. reported AQP9 expression in mitochondria of some neurons and astrocytes
(Amiry-Moghaddam, Lindland et al. 2005). Other aquaporins are expressed at very low levels
in brain.

This thesis focuses on AQP4 and associated molecules in the glial cell membrane. AQP4
has a polarized distribution and is concentrated at the interface between brain tissue and the main
fluid compartments of the CNS (Nielsen, Nagelhus et al. 1997; Nagelhus, Veruki et al. 1998)
(Fig. 2). Notably, AQP4 expression is tenfold higher in glial endfoot membranes abutting on
blood vessels and facing the pial surface, than in glial membranes ensheating synapses (Nielsen,
Nagelhus et al. 1997; Nagelhus, Mathiisen et al. 2004). AQP4 is not expressed in neurons,
oligodendrocytes or microglia (Nielsen, Nagelhus et al. 1997; Amiry-Moghaddam and
Ottersen 2003). Expression of AQP4 in brain is very low at birth, but increases in the second
and third postnatal week, concomitant with the maturation of astrocytes (Wen, Nagelhus et al.
1999).

AQP4 has six transmembrane domains and both the amino (N)- and the carboxyl (C)-
termini are intracellular. The protein exists in two major isoforms, as the AQP4 gene has two
transcriptional initiation sites. Isoform M1 has 323 amino acids and M23 has 301 amino acids
(Jung, Bhat et al. 1994). The molecular weight of the isoforms is 34kDa and 32kDa,
respectively. Cerebral expression of M23 is at least 3 times that of M1 (Neely, Christensen et al.
1999).

A general feature of aquaporins is that they form tetramers in the cell membrane (King,
Kozono et al. 2004). AQP4 is unusual in that the tetramers cluster in large assemblies termed

orthogonal arrays of intramembranous particles (OAPs) or square arrays (Rash, Yasumura et al.
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1998; Furman, Gorelick-Feldman et al. 2003). OAPs were discovered by freeze-fracture
electron microscopy several decades ago, but their molecular identity remained unknown for
many years (Wolburg 1995). A breakthrough came with the discovery that OAPs are absent in
AQP4 knockout mice (Verbavatz, Ma et al. 1997). Biochemical studies have shown that the
M23 isoform is critical for the formation of large OAPs in endfeet, while the M1 isoform forms
smaller units (Furman, Gorelick-Feldman et al. 2003; Nicchia, Rossi et al. 2008; Nicchia,

Rossi et al. 2010).

Presynaptic

Perivascular
endfoot

GIuR

o %%

Postsynaptic Astrocyte

Figure 2. Astrocytes are considered important for the regulation of [K*], and [glutamate], in the synaptic cleft.
Astrocytic membranes ensheating synapses are equipped with AQP4, Kir4.1 potassium channels, Na*/K*-ATPase
and glutamate transporters. Perivascular astrocytic endfoot membranes are abundant in AQP4 and also express

Kir4.1. Modified from Amiry-Moghaddam & Ottersen, 2003, with permission.
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Astrocytes

In the human cortex there are 1.4 astrocytes for each neuron (Bass, Hess et al. 1971). The major
types of glial cells are oligodendrocytes, microglia, ependymocytes and astrocytes (Krawczyk
and Jaworska-Adamu 2010). The term astrocyte was introduced in 1893 by Michael von
Lenhossek to describe the star-shaped cells seen with silver staining techniques (Garcia-Marin,
Garcia-Lopez et al. 2007). A similar shape is evident in immunohistochemical sections when
using antibodies against the glial fibrillary acidic protein (GFAP) (Simard, Arcuino et al. 2003).
However, imaging of astrocytes filled with dye through patch-pipettes reveals a much more
complex and bushy architecture (Bushong, Martone et al. 2002). The processes that ensheat the
synapses are thin and leaflet-like, as confirmed by electron microscopy (Nielsen, Nagelhus et
al. 1997). Astrocytic endfeet abutting blood vessels or facing the pial surface also have a
complex morphology, with thin interdigitating processes (Nielsen, Nagelhus et al. 1997;
Simard, Arcuino et al. 2003). In mammals astrocytes are spatially organized into minimally
overlapping domains (Oberheim, Wang et al. 2006; Wilhelmsson, Bushong et al. 2006).

The exact roles of the astrocytes in the central nervous system are still not fully
understood. Despite the fact that the word glia is derived from the greek word for glue, the
functions of glial cells extend far beyond adhesion and support (Nedergaard, Ransom et al.
2003). Astrocytes maintain homeostasis through uptake of neurotransmitters and ions released
during neuronal activity, detoxification of ammonium, and regulation of extracellular pH. Recent
studies suggest that astrocytes are actively participating in synaptic transmission, hence the term
tripartite synapse (Haydon and Carmignoto 2006). Notably, astrocytes sense synaptic activity,
respond with increases in intracellular Ca?* concentration, and release signaling molecules
(“gliotransmitters”) that in turn influence pre- and/or postsynaptic neurons (Kimelberg and
Nedergaard 2010). Astrocytes also play a role in pathological conditions such as cytotoxic
edema, glioma formation, and neuroinflammation (Ransom, Behar et al. 2003; Simard and

Nedergaard 2004; Pekny, Wilhelmsson et al. 2007).
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Anchoring of AQP4

The clustering of AQP4 in glial endfoot membranes depends on dystrophin and the dystrophin
associated protein complex (DAPC), in particular a-syntrophin (Frigeri, Nicchia et al. 2001;
Neely, Amiry-Moghaddam et al. 2001) (Fig.3). The dystrophin gene is the largest gene in the
human genome, making up 1.5% of the X chromosome. Most of the gene is composed of introns
although it contains as many as 86 exons. There are several long and short isoforms of this
protein. Dystrophin is expressed in skeletal muscle, cardiac muscle, and brain. Mutations in the
dystrophin gene can lead to variety of muscular dysfunction disorders — including muscular
dystrophy - and some of these disorders are also associated with neurological symptoms
(Muntoni, Torelli et al. 2003). It is the short dystrophin isoform Dp71 (71kDa) that is expressed
in astrocytes (Lumeng, Hauser et al. 1999; Muntoni, Torelli et al. 2003).

Dystrophin (or its autosomal homologue utrophin) assembles with five proteins, each
having isoforms; dystroglycan, syntrophin, dystrobrevin, sarcoglycan and sarcospan. It has been
reported that syntrophin requires dystrophin or utrophin to assemble the DAPC and to target it to
the membrane. Notably, the cytoskeleton and extracellular matrix connect through the DAPC
(Vajda, Pedersen et al. 2002).

The syntrophin family is composed of five proteins (a, B1, B2, y1, y2). All syntrophin
isoforms express two PDZ domains and a unique C-terminal region which can bind to different
proteins so as to generate functional protein complexes (Adams, Mueller et al. 2001; Neely,
Amiry-Moghaddam et al. 2001). AQP4 has a Ser-Ser-Val (S-S-V) sequence on the C-terminus.
This sequence has the capacity to bind to a PDZ domain of syntrophin. Deletion of a-syntrophin
reduces the perivascular and subpial pool of AQP4, pointing to a role of a-syntrophin in the
anchoring of AQP4 (Neely, Amiry-Moghaddam et al. 2001; Amiry-Moghaddam, Otsuka et al.
2003; Amiry-Moghaddam, Williamson et al. 2003).
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Figure 3. The dystrophin-associated protein complex (DAP) is a large membrane assembly that connects the
cytoskeleton to the extracellular matrix. The short dystrophin isoform Dp71 binds the transmembrane protein B-
dystroglycan (B-DG), which connects to the laminin/agrin-binding protein o-DG. On the cytoplasmic side of the
complex, dystrophin binds to a-dystrobrevin. Each dystrophin and o-dystrobrevin molecule can bind up to two
syntrophins. Syntrophins contain a PDZ domain that serves as an adaptor for the recruitment of membrane channels.
a-syntrophin is the main syntrophin expressed in astrocytic endfeet and is thought to be responsible for the

clustering of AQP4 in endfoot membranes, through an indirect interaction of the AQP4 sequence Ser-X-Val with its
PDZ domain (Figure and modified legend are from Amiry-Moghaddam and Ottersen, 2003, with permission).

Kir4.1

The inwardly rectifying potassium channel Kir4.1 is expressed in glia and is colocalized
with AQP4 in glial endfoot membranes (Nagelhus, Horio et al. 1999; Amiry-Moghaddam,
Williamson et al. 2003). In a-syn’ mice — in which perivascular AQP4 expression is
significantly reduced — expression of Kir4.1 in glial endfeet in retina and hippocampus is not
significantly reduced (Amiry-Moghaddam, Williamson et al. 2003; Puwarawuttipanit, Bragg
et al. 2006). The latter study indicates that a-syntrophin is not the primary anchoring protein for
Kir4.1. However, a biochemical study indicates that Kir4.1 associates with the DAPC via a-
syntrophin in brain (Connors, Adams et al. 2004). The reason for this discrepancy is unknown.

The colocalization of AQP4 and Kir4.1 in retina and brain led to the assumption that

these proteins are functionally coupled. Notably, it was proposed that K* clearance is coupled
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with water flux through AQP4 (Nielsen, Nagelhus et al. 1997; Nagelhus, Horio et al. 1999;
Amiry-Moghaddam, Williamson et al. 2003). In support of this hypothesis deletion of a-
syntrophin delayed K* clearance following high frequency activation of excitatory pathways in
acute hippocampal slices (Amiry-Moghaddam, Williamson et al. 2003). Moreover, seizure
severity was increased in these mutant mice. Later it was shown that deletion of Agp4 also
delayed K* clearance (Binder, Yao et al. 2006). Somewhat surprising, a higher seizure threshold
was found in Agp4”- mice, but this probably reflects widening of the extracellular space (ECS) in
these mice (Yao, Hrabetova et al. 2008). Whether and how AQP4 and Kir4.1 interact remains
controversial. A recent study concluded that Kir4.1 is sensitive to volume changes and hence
influenced by AQP4 (Soe, Macaulay et al. 2009). On the other hand, Miiller cells obtained from
Agp4”- mice retained their ability to handle K* (Ruiz-Ederra, Zhang et al. 2007).

Regulation of extracellular [K*] during synaptic activity

It is well known that K* is released to the extracellular space from active synapses. Clearance of
K*is critical as K* accumulation in the extracellular space will lead to neuronal depolarization
and cause epileptiform discharges (Higashi, Fujita et al. 2001; Amiry-Moghaddam,
Williamson et al. 2003). Extracellular K* concentration in brain is ~3 mM. Synaptic stimulation
increases the K* concentration until it reaches a plateau (ceiling level) at about 10-12 mM. This
ceiling level is exceeded only in pathophysiological conditions such as cortical spreading
depression (Kofuji and Newman 2004).

A role for glial cells in K* clearance from activated synapses was suggested by Orkand et
al. (1966). Two decades later Eric Newman and colleagues showed that retinal Miiller cells
cleared excess K* by spatial redistribution (Newman, Frambach et al. 1984). The clustering of
K* channels in glial endfeet caused excess K* to be directed to specific compartments (i.c. the
perivascular and vitreous spaces), and hence the term K* siphoning was introduced (Newman,
Frambach et al. 1984; Karwoski, Lu et al. 1989). Spatial redistribution of K* was ascribed to

inwardly rectifying channels, but the exact identify of the channels was unknown for many years.
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The discovery of Kir4.1 channels in glial endfeet (Nagelhus, Horio et al. 1999) resolved the
molecular identity of the channels responsible for K* siphoning.

Glial cells are considered to play an important role in extracellular K* homeostasis.
Removal of K from the extracellular space occurs by net uptake and K* spatial buffering (Fig.

4).

Uniform: [K‘]l\ increase Localized [K*], increase

Figure 4. Principal modes of K- clearance by glial cells.

In K" net uptake, K™ accumulates in glial cells mainly due to the activity of the Na*,K™—
ATPase or the Na*,K*,CI- cotransporter (Orkand 1986; Kofuji and Newman 2004). Uptake of
K* and CI- through separate channels is also possible.

In K* spatial buffering, K* is redistributed from an area with high [K*], to an area with
lower [K*]o. The K™ fluxes through the syncytium of gap junction-coupled astrocytes. The
driving force for K™ fluxes is the difference between the local K™ equilibrium potential (Ex) and
the syncytium membrane potential (Vm). A special form of spatial buffering is K* siphoning,
where K* is directed to blood vessels or the surface of nervous tissue through K* channels

clustered in glial endfeet (cf. Fig. 2).

Brain edema

Brain edema is defined as accumulation of excess water in the intracellular and/or extracellular

spaces of the brain. In the 1960s Igor Klatzo suggested to classify brain swelling into cytotoxic
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edema and vasogenic edema. Later hydrocephalic edema was added as a major edema type
(Papadopoulos and Verkman 2007). Cytotoxic edema is characterized by cellular swelling and
is typically seen in hyponatremia and the early phase of cerebral ischemia. In the latter situation
transmembrane ionic gradients and cell volume are disturbed due to energy failure. Vasogenic
edema is characterized by extracellular fluid accumulation due to opening of the blood brain
barrier (Papadopoulos and Verkman 2007). It is typically seen in brain injury and
inflammation or is associated with brain tumors.

The seminal discovery that Agp4 knockout reduced brain edema in experimental stroke
and hyponatremia suggested that AQP4 regulates water transport between blood and brain
(Manley, Fujimura et al. 2000). Similar data obtained in animal models with targeted deletion
of the perivascular pool of AQP4 confirmed this concept (Vajda, Pedersen et al. 2002; Amiry-
Moghaddam, Otsuka et al. 2003). Since it is well documented that AQP4 aggravates cytotoxic
brain edema, AQP4 is now regarded as a promising target for new therapies in edematous states
(Verkman 2009). However, whereas Agp4 deletion reduced cytotoxic brain swelling it proved
to have the opposite effect on vasogenic brain edema (Papadopoulos, Manley et al. 2004).
Thus, in situations where the blood brain barrier (BBB) is disrupted and there is extracellular
fluid accumulation, AQP4 function should be enhanced rather than inhibited. Our limited
knowledge on the precise roles of AQP4 in various disease states and in physiology are

obviously calls for further investigations.

Blood-brain barrier

In 1885 Paul Ehrlich injected a dye intravenously and noted that all organs were colored except
the brain and the spinal cord. Almost 30 years later Edwin Goldmann, one of Ehrlich’s students,
observed that brain tissue was stained if the same dye was injected into the cerebrospinal fluid
(Wolburg, Noell et al. 2009; Cardoso, Brites et al. 2010). These observations led to the
conclusion that there must be a blood-brain barrier (BBB)(Wolburg, Noell et al. 2009; Abbott,

Patabendige et al. 2010; Cardoso, Brites et al. 2010). After the advent of the electron
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microscope it became clear that endothelial tight junctions constituted an essential morphological

substrate for the barrier (Reese and Karnovsky 1967).

The BBB has various functions, including:
1) regulation and maintenance of ion and neurotransmitter homeostasis in the CNS
2) restriction of fluid movement between the brain and blood
3) protection of the CNS from neurotoxins
4) controlling permeability of macromolecules and solutes
5) supplying the brain with nutrients
6) removing waste and harmful products
(Abbott, Ronnback et al. 2006; Abbott, Patabendige et al. 2010; Cardoso, Brites et al. 2010).

The BBB has many components; the main and essential one is the endothelial cell layer.
In addition, pericytes, astrocytes, microglia and the basal lamina are also important parts of the
BBB (Wolburg, Noell et al. 2009; Cardoso, Brites et al. 2010).

Tight junctions between the endothelial cells reduce the movement of solutes through the
intercellular space, and thus force substances to use transcellular routes in order to pass the BBB
(Abbott, Ronnback et al. 2006; Saunders, Ek et al. 2008). Gases such as Oz, CO2 and small
lipophilic molecule (such as barbiturates and ethanol) can diffuse quite easily through the lipid
cell membrane. Luminal and abluminal membranes have transporters that regulate movement of
small hydrophilic molecules and discharge toxic material. Another feature of brain endothelial
cells is their lower capability for endocytosis compared to endothelium in extracerebral organs
(Abbott, Ronnback et al. 2006).

Astrocytes are considered to be important for the integrity of the BBB, as loss of
astrocytic proteins, notably dystrophin, is associated with BBB dysfunction (Nico, Paola Nicchia
etal. 2004).
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CNS fluid dynamics at the macroscopic level

CNS water is distributed in different compartments: blood, cerebrospinal fluid (CSF), interstitial
fluid, and intracellular fluid. It moves according to hydrostatic and osmotic gradients
(Papadopoulos and Verkman 2007), but the precise routes of the fluid movements are still
poorly characterized.

CSF is a clear fluid that is localized within and surrounding the CNS. It is acting both as
a fluid cushion and drainage route for metabolic products (Moody 2006). Also, it provides a
specialized extracellular environment where transport of nutrients, peptides, and hormones can
take place (Oshio, Watanabe et al. 2005).

The major production of CSF occurs in the different choroid plexi localized to the
ventricles. The fluid enters the subarachnoid space from the ventricle system through three holes
in the ceiling of the fourth ventricle and is drained out to the sinus venosus through the arachnoid
granulations. From the subarachnoid space CSF will spread over the brain and the spinal cord.
The production of brain interstitial fluid is less clear, but likely derives both from blood as well
as CSF within ventricles(Kimelberg 2004).

Water within the brain parenchyma can be cleared via three major routes:

1) Across the BBB to the blood stream

2) Across the ependymal cells to the ventricles

3) Across the pial surface to the subarachnoid space
The three routes are lined up by glia (astrocytic endfeet, ependymal cells) that express AQP4
(Papadopoulos and Verkman 2007).

Brain fluid dynamics at the synaptic level
Reversible changes in the size of the intracellular and extracellular spaces occur during neuronal
activation. Following stimulation, shrinkage of the ECS and swelling of the cellular compartment

are observed (Sykova and Nicholson 2008). The dynamic volume changes are thought to reflect

20



water redistribution due to ion fluxes between the respective compartments. The exact
contribution of the various channels and transporters (cf Fig. 2) probably depends on the
intensity of stimulation and the region studied. Very few studies have attempted to resolve these

issues.

Animal models

Gene knockout animals have greatly increased our knowledge of the function of the respective
gene products (Gaveriaux-Ruff and Kieffer 2007; Bockamp, Sprengel et al. 2008). A potential
drawback of the conventional knockout approach - gene deletion at a one cell stage - is the lethal
phenotype when the deleted gene is important for the development and survival (Gaveriaux-Ruff
and Kieffer 2007). To overcome this problem conditional knockout models have become more
popular, especially the Cre mediated LoxP-specific recombination (van der Neut 1997;
Gaveriaux-Ruff and Kieffer 2007; Bockamp, Sprengel et al. 2008). Cre recombinase is
encoded by the E. Coli bacteriophage P1 and has the ability to do induce recombination between
two recognition sites called LoxP sites (van der Neut 1997; Nagy 2000; Gaveriaux-Ruff and
Kieffer 2007; Morozov 2008). The strategy to generate a conditional knockout mouse using the
Cre loxP approach involves three steps:

1) Insertion of LoxP sites around the gene of interest or the essential exons by homologous
recombination in embryonic stem cells. Gene function should not be influenced by the LoxP
sites, as they are localized to introns.

2) Generation of a transgenic mouse line with the Cre recombinase gene under control of a cell
type specific promoter (many such Cre lines are commercially available). In some strains the Cre
recombinase can be turned on by the use of tetracyclin or tamoxifen.

3) Breeding of floxed mice with mice carrying the Cre gene and intercrossing of offspring. Mice
homozygous for the floxed allele and positive for Cre recombinase will undergo irreversible
excision of the gene located between the loxP sites. The recombination will only take place in
cells expressing the promoter that drives Cre (Lodish H 2000; Gaveriaux-Ruff and Kieffer
2007).
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AIMS OF THE THESIS

The overriding goal of the present work was to identify functional roles of the two astrocytic
proteins, Kir4.1 and AQP4. These proteins are considered essential for ion and water
homeostasis in brain and are colocalized at the cellular and subcellular levels. A number of
genetically manipulated mouse lines, one generated specifically for this work, were used to
delineate molecular function (Fig.5).

In paper 1, using a glia specific Kir4.1 knockout, we aimed to establish whether astrocytic
Kir4.1 mediates K* spatial buffering in brain. If so, this would provide a mechanistic
underpinning of the epilepsy phenotype associated with mutations in KCNJ10 — the gene
encoding Kir4.1.

The fine astrocytic processes ensheathing excitatory synapses in brain might not only be
involved in K* homeostasis (an issue addressed in Paper I), but also in the regulation of
extracellular volume. Specifically, we asked whether deletion of the Agp4 gene would affect
extracellular volume dynamics following high frequency stimulation of excitatory pathways. A
global Agp4”- mouse line was used for this purpose.

Moving from the synaptic region to the brain-blood interface, the aims of papers III and IV
were to resolve the roles of AQP4 in regulating barrier function and water transport between
blood and brain.

In paper III, we asked whether deletion of the Agp4 gene led to changes in the expression
of other proteins at the gliovascular junction — including dystrophin and dystrophin associated
proteins, and proteins known to be involved in the endothelial barrier (occludins and claudins).
We also performed tracer studies to resolve whether Agp4 deletion interfered with the endothelial
barrier function.

In paper IV we sought to clarify whether astrocytes regulate water transport at the blood-
brain interface. A glial conditional Agp4 knockout mouse was engineered for this purpose. As a
secondary aim we tested whether loss of astrocytic AQP4 interfered with the brain water

resorption that normally occurs in the first postnatal weeks.
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Figure 5. The papers included in the thesis focus on AQP4 and Kir4.1 in glial processes around synapses (Paper I &
1I) and at the blood-brain interface (Paper III & IV).
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RESULTS OF THE INDIVIDUAL PAPERS

Paper I: Evidence that compromised K* spatial buffering contributes to the epileptogenic effect
of mutations in the human Kir4.1 gene (KCNJ10)

Immunofluorecence, immunogold cytochemistry and immunoblotting showed that AQP4
expression was not significantly affected by glial-conditional deletion of Kir4.1.
Immunofluorescence confirmed Kird.1 labeling of astrocytes in the stratum radiatum of the
hippocampal cornu ammonis (CAl) region where the K*-selective electrodes were placed.
Conditional deletion of Kir4.1 delayed clearance of extracellular K* following 20 Hz stimulation
of the afferent fibers, and also increased the [K*], undershoot after multiple stimulation trains.
Extracellular volume changes, assessed by ion-sensitive microelectrodes (ISMs) and the
membrane-impermeable cation tetramethylammonium (TMA®), did not differ between the
genotypes.

We concluded that astrocytic Kir4.1 channels mediate K* spatial buffering in brain and
that compromised K* spatial buffering could contribute to the epileptogenic effect of KCNJ10

mutations.

Paper II: Aquaporin-4 regulates extracellular space volume dynamics during high-frequency
synaptic stimulation: a gene deletion study in mouse hippocampus

Immunofluorescence and immunogold cytochemistry revealed AQP4 labeling of astrocytic
processes in the stratum radiatum and stratum pyramidale of the hippocampal CA1l region.
Global deletion of Agp4 did not change the morphology of astrocytic processes in hippocampus.
ECS shrinkage during 20 Hz stimulation of the Schaffer collateral/commissural pathway was
significantly increased in Agp4”~ mice compared to the wild-type. In both genotypes the ECS

shrinkage was more pronounced in the stratum pyramidale compared to the stratum radiatum.
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Excitatory synaptic transmission, frequency facilitation, delayed response enhancement
(DRE) and long term potentiation (LTP) were similar in the two genotypes.

We concluded that AQP4 regulates ECS volume dynamics during synaptic activity and
serves to counteract activity-dependent ECS shrinkage. The pronounced ECS shrinkage in the

stratum pyramidale most likely reflects as expansion of the neuronal compartment.

Paper III: Deletion of aquaporin-4 changes the perivascular glial protein scaffold without
disrupting the endothelial barrier.

Using quantitative immunogold cytochemistry and immunoflurescence we showed that
perivascular a-syntrophin labeling was reduced in Agp4’- mice. Immunofluorescence also
revealed that perivascular dystrophin was also reduced in mutant mice. In contrast, Agp4 deletion
did not change the ultrastructure of astrocytic endfeet or endothelial cells. Notably, tight
junctions appeared normal in Agp4”- mice.

Qualitative and quantitative assessment of the blood-brain barrier permeability using
horseradish peroxidase (HRP) and Evans blue albumin dye showed no differences between
genotypes.

We concluded that global deletion of Agp4 changes the perivascular glial protein scaffold

without disrupting the endothelial barrier.

Paper IV: Glial-conditional deletion of aquaporin-4 (4gp4) reduces blood-brain water uptake

and confers barrier function on perivascular astrocyte endfeet.

The strategy to use the GFAP promoter to drive recombination in glia resulted in a complete loss
of glial AQP4 in the mutants, as measured by immunofluorescence, and quantitative
immunoblotting. Glial-conditional Agp4”~ mice displayed normal AQP4 expression in kidney

and muscle. Quantitative immunogold cytochemistry of wild-type, glial-conditional, and global
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Agp4”- mice revealed that endothelial membranes are devoid of AQP4 labeling. Having resolved
the controversy regarding the endothelial expression of AQP4, we went on to study whether the
glial pool of AQP4 regulates blood-brain water uptake. Indeed, systemic hypo-osmotic stress
caused significantly less water accumulation in the brain of glial-conditional Agp4 knockout
mice than in control animals. We also found that basal brain water content was elevated in glial-
conditional and global Agp4’- mice. This effect was evident already at postnatal day 8,
suggesting that AQP4 facilitates water resorption in early postnatal life. The permeability of the
blood-brain barrier was assessed by Evans blue dye extravasation and did not differ between
glial-conditional and control mice.

We concluded that the blood-brain barrier is more complex than anticipated and that the
glial covering of brain microvessels in certain circumstances acts as a functional barrier to water
movement. Moreover, our data do not support the hypothesis that AQP4 is expressed in

endothelial cells.
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DISCUSSION

Astrocytes have enjoyed a renaissance over recent years propelled by new insight regarding their
intimate coupling to synaptic transmission and a number of neurological disorders. It has long
been surmised that the involvement of astrocytes in physiological and pathophysiological
processes depends heavily on their key roles in K* and water homeostasis. Precise regulation of
[K*]o and volume is a prerequisite for normal brain function and a key element in the
maintenance of an appropriate milieu interne.

A major step towards a better understanding of the mechanisms of K* and water
homeostasis came with the identification of two families of proteins — the inwardly rectifying K*
(Kir) channels and aquaporin (AQP) water channels. These proteins had properties that made
them uniquely qualified as putative mediators of K* and water handling in the CNS. The present
work was initiated to substantiate the idea that Kir and AQP proteins serve as molecular
correlates of brain K* and volume homeostasis. Emphasis was placed on the predominant Kir
and AQP isoforms in brain: Kir4.1 and AQP4.

Genetic manipulation was considered essential for realizing the ambitious goals of the
present work. To differentiate between astrocytic Kir4.1 and AQP4 and other pools of these
proteins it was deemed necessary to have access to glial-conditional knockouts of the proteins in
question. A glial-selective knockout of Kird.1 was made available while a glial-selective
knockout of Agp4 had to be made de novo in our own laboratory. Used in conjunction with other
knockouts, engineered in house or elsewhere, the glial-selective knockouts enabled us identify
specific functional roles of Kir4.1 and AQP4 in the rodent CNS.

In paper I we provide strong evidence that astrocytic Kir4.1 is critically involved in
removing K* from active synapses by way of a process termed spatial buffering. By definition,
removal of K* by spatial buffering is not associated with any water movement. We could show
that this criterion was satisfied by demonstrating that Kir4.1 deletion failed to affect extracellular
volume dynamics. Mutations in the gene encoding Kir4.1 are known to be associated with
epilepsy. Thus, our paper reinforces the link between dysfunctional K* handling and neuronal

hyperexcitability.
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A question that has intrigued neuroscientists for years is what mechanisms are responsible for
regulating extracellular space volume in brain. Electron micrographs and functional analyses tell
us that baseline volume is rather constant across time and brain region. While control of baseline
volume is essential, it is also of interest to identify those mechanisms that are responsible for the
rapid changes in extracellular space volume that occur in the wake of high frequency synaptic
stimulation. Our hypothesis was that AQP4 is involved in both types of volume regulation.

In paper II we provided evidence that astrocytic AQP4 serves to shunt water into the
extracellular space so as to dampen the rapid extracellular volume decrease that follows on the
heels of synaptic activation. A priori, we were open as to the direction of AQP4 mediated water
flow. Given the bidirectional water flux through AQP4, AQP4 could just as well be held
responsible for mediating rather than counteracting the activity-dependent volume decrease.
When the experimental data were indicative of a water flux that served to conserve extracellular
volume, this is very much in line with the very definition of a homeostatic role.

To demonstrate a role of AQP4 in regulating baseline extracellular volume is a more
challenging task. In paper IV we decided to take advantage of the fact that baseline extracellular
volume is much decreased in the first postnatal weeks. If AQP4 is involved in controlling
extracellular volume, a deletion of this protein would delay postnatal water resorption from the
extracellular space. Our findings in a glial- conditional Agp4”- mouse line were consistent with
this idea. Further, Agp4”- mouse lines, both glial-conditional and global, show increased brain
water content consistent with an increased extracellular space volume. Taken together, our data
suggest that AQP4 sets baseline extracellular volume and helps preserve extracellular volume in
the face of high frequency synaptic stimulation.

Another key question is whether AQP4 is involved in the regulation of water exchange
across the blood brain interface. To address this issue we had to resort to an experimental
situation — hypo-osmotic stress - that affords a large flux of water across this interface. Even if
this must be considered a pathophysiological condition, it should be informative as to the
mechanisms that govern exchange of water in a physiological context. The glia-conditional 4gp4

knockout was indispensable, as earlier studies failed to resolve whether AQP4 is also expressed
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in endothelial cells. In the glial-conditional Agp4”~ mice, no signal for AQP4 remained in
immunoblots, nor was there any residual AQP4 immunogold signal at the blood-brain interface.
Thus we could conclude that endothelial signals for AQP4 — observed in previous studies — were
likely to represent contamination from the astrocytic pool. Brains of glial- conditional Agp4”-
animals showed reduced uptake of water after hypo-osmotic stress, indicating that the astrocytic
endfoot pool of AQP4 regulates water exchange at the brain-interface. This finding changes in a
fundamental way our view of the blood-brain barrier as it confers a barrier function on the
perivascular astrocytic endfeet.
Global Agp4 knockout altered the organization of the perivascular protein scaffold (paper
IIT), but this perturbation did not affect endothelial permeability and expression of tight junction
proteins. These data were critical for an appropriate understanding of the functional role of AQP4
in the CNS and for a correct interpretation of the physiological and pathophysiological effects
observed after Agp4 deletion.
In conclusion, our studies have provided new insight in the roles of astrocytes in the CNS
and demonstrated that the astrocytic pools of Kir4.1 and AQP4 serve key roles in brain K* and

water homeostasis.
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THE CANDIDATE’S EXPERIMENTAL CONTRIBUTION

Paper 1: Evidence that compromised K* spatial buffering contributes to the epileptogenic effect
of mutations in the human Kir4.1 gene (KCNJ10)

- Immunofluorescence experiments

- Confocal microscopy

- Recordings of extracellular K* and TMA™ in acute hippocampal slices
- Analysis of the K* and TMA™ data

- Provided text for the manuscript

Paper II: Aquaporin-4 regulates extracellular space volume dynamics during high-frequency
synaptic stimulation: a gene deletion study in mouse hippocampus

- Immunofluorescence experiments

- Confocal microscopy

- Recordings of extracellular TMA® in acute hippocampal slices
- Analysis of the TMA* data

- Contributed text to the Discussion of the manuscript

Paper III: Deletion of aquaporin-4 changes the perivascular glial protein scaffold without
disrupting the endothelial barrier

- Immunofluorescence experiments

- Confocal microscopy
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Paper 1V: Glial-conditional deletion of aquaporin-4 (Agp4) reduces blood-brain water uptake

and confers barrier function on perivascular astrocyte endfeet

- Immunofluorescence experiments
- Confocal microscopy
- Measurements of whole brain basal water content and data analysis

- Contributed text to the manuscript
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