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ABBREVIATIONS

AQP    aquaporin

Aqp4   aquaporin-4 mouse gene

BBB    blood-brain barrier

CA1     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

GLUT1 glucose transporter 1 

HRP       horse radish peroxidase

Hz    hertz

ISM        ion sensitive microelectrode

kDa     kilodalton

Kir     inwardly rectifying potassium channel

KCC    potassium-chloride cotransporter

KCNJ10 gene encoding Kir4.1

LTP    long term potentiation 

MCT    monocarboxylate transporter

NKCC1  sodium-potassium-chloride (Na-K-Cl) cotransporter 

OAP     orthogonal arrays of intramembranous particles

PDZ      is a common structural domain found in some proteins
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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  .  

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 . 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) . Water transport 

is generally considered to be passive, i. e. driven by  hydrostatic 

and osmotic gradients. Thus, transport of water is intimately 

linked to transport of solutes. Water transport by cotransporters 

constitutes a special case, as some studies indicate that these are 

capable of moving water even against osmotic gradients. Such an 

active transport of water is thought to rely on conformational 

changes during the transport cycle, causing release of water 

molecules that are forming a shell around the transported solutes. 

Up to 590 water molecules can follow the solutes during each  

transport cycle .

Cotransporters are highly expressed in the brain. The main 

cotransporters in neuropil are KCC (K+-Cl-), NKCC1 (Na+-
+-    K+-2Cl-), MCT (H+-lactate), GAT (Na+-GABA), and EAAT (Na+-

9

Figure 1. Moods of water transport 
through the cell membrane



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. 

NKCC1 is also electroneutral and transports Na+ and K+ together with 2 Cl-. The MCTs transport 

protons and monocarboxylates, notably lactate, and are particularly enriched in capillary 

endothelial cells. The EAATs are electrogenic and couple glutamate transport with the transport 

of Na+, H+ and K+. Likewise, GATs are electrogenic and transport  GABA, Na+ and Cl- 

. The latter two are particularly enriched in glial membranes 

ensheating synapses .

 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 

. 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  . The first  aquaporin was discovered in 

1992 by Peter Agre’s group  and was named aquaporin-1 (AQP1) . 

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: AQP0, AQP1, AQP2, AQP4, AQP5, AQP6.

2) aquaglyceroporins permeable to water, glycerol and urea: AQP3, AQP7, AQP8, AQP9.

3) Aquaporins with unknown substrate specificity: AQP10-12.

.

Aquaporins in the brain 

AQP1, AQP4, and AQP9 are the most prevalent aquaporins in the rodent brain 

. AQP1 is expressed in choroid 
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plexus epithelial cells and is involved in the production of cerebrospinal fluid (CSF) 

. AQP4 is expressed in astrocytes and 

ependymal cells . Conflicting data 

exist on the distribution of AQP9. Elkjær et al. reported that  AQP9 is expressed in tanycytes 

surrounding the cerebral ventricles, but not in neurons and astrocytes 

. However, Zelenina et al. reported that AQP9 is expressed in astrocytes, endothelial cells 

of the subpial blood vessels, and in a subpopulation of neurons . Amiry-

Moghaddam et  al. reported AQP9 expression in mitochondria of some neurons and astrocytes 

. 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  

(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 

. AQP4 is not expressed in neurons, 

oligodendrocytes or microglia 

. 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 

.

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 

. The molecular weight of the isoforms is 34kDa and 32kDa, 

respectively. Cerebral expression of M23 is at least 3 times that of M1 

.  

A general feature of aquaporins is that they form tetramers in the cell membrane 

. AQP4 is unusual in that the tetramers cluster in large assemblies termed 

orthogonal arrays of intramembranous particles (OAPs) or square arrays 
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. OAPs were discovered by freeze-fracture 

electron microscopy several decades ago, but their molecular identity remained unknown for 

many years . A breakthrough came with the discovery that OAPs are absent in 

AQP4 knockout mice . 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 

.

Figure 2. Astrocytes are considered important for the regulation of [K+]o and [glutamate]o 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 . The major 

types of glial cells are oligodendrocytes, microglia, ependymocytes and astrocytes 

. The term astrocyte was introduced in 1893 by Michael von 

Lenhossek to describe the star-shaped cells seen with silver staining techniques 

. A similar shape is evident in immunohistochemical sections when 

using antibodies against the glial fibrillary  acidic protein (GFAP) . 

However, imaging of astrocytes filled with dye through patch-pipettes reveals a much more 

complex and bushy architecture . The processes that ensheat the 

synapses are thin and leaflet-like, as confirmed by electron microscopy  

. Astrocytic endfeet abutting blood vessels or facing the pial surface also have a 

complex morphology, with thin interdigitating processes 

. In mammals astrocytes are spatially organized into minimally 

overlapping domains . 

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 

. 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 . Notably, astrocytes sense synaptic activity, 

respond with increases in intracellular Ca2+ concentration, and release signaling molecules 

(“gliotransmitters”) that in turn influence pre- and/or postsynaptic neurons 

. Astrocytes also play a role in pathological conditions such as cytotoxic 

edema, glioma formation, and neuroinflammation 

.
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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 α-syntrophin 

 (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 

. It is the short dystrophin isoform Dp71 (71kDa) that is expressed 

in astrocytes .

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 

.

The syntrophin family  is composed of five proteins (α, β1, β2, γ1, γ2). 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 

. 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 α-syntrophin 

reduces the perivascular and subpial pool of AQP4, pointing to a role of α-syntrophin in the 

anchoring of AQP4 

.
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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 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. Syntrophins contain a PDZ domain that serves as an adaptor for the recruitment of membrane channels. 
α-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 

. In α-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 

. The latter study  indicates that  α-syntrophin is not the primary anchoring protein for 

Kir4.1. However, a biochemical study indicates that Kir4.1 associates with the DAPC via α-

syntrophin in brain . 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 

. In support of this hypothesis deletion of α-

syntrophin delayed K+ clearance following high frequency activation of excitatory pathways in 

acute hippocampal slices . Moreover, seizure 

severity was increased in these mutant mice. Later it was shown that deletion of Aqp4 also 

delayed K+ clearance . Somewhat surprising, a higher seizure threshold 

was found in Aqp4-/- mice, but this probably reflects widening of the extracellular space (ECS) in 

these mice . 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 . On the other hand, Müller cells obtained from 

Aqp4-/- mice retained their ability to handle K+ .

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 

. 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 .

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 Müller cells 

cleared excess K+ by spatial redistribution . The clustering of 

K+ channels in glial endfeet caused excess K+ to be directed to specific compartments (i.e. the 

perivascular and vitreous spaces), and hence the term K+ siphoning was introduced 

. Spatial redistribution of K+ was ascribed to 

inwardly  rectifying channels, but the exact identify of the channels was unknown for many years. 

16



The discovery of Kir4.1 channels in glial endfeet  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).

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+,Cl- cotransporter . Uptake of 

K+ and Cl- through separate channels is also possible. 

In K+ spatial buffering, K+ is redistributed from an area with high [K+]o 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 (Ek) 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 

. 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 . It is typically  seen in brain injury and 

inflammation or is associated with brain tumors.

 The seminal discovery that Aqp4 knockout reduced brain edema in  experimental stroke 

and hyponatremia suggested that AQP4 regulates water transport  between blood and brain 

. Similar data obtained in animal models with targeted deletion 

of the perivascular pool of AQP4 confirmed this concept 

. 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 

. However, whereas Aqp4 deletion reduced cytotoxic brain swelling it proved 

to have the opposite effect on vasogenic brain edema . 

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 

. These observations led to the 

conclusion that there must be a blood-brain barrier (BBB)

. 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 .

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

.

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 .

 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 

. Gases such as O2, 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 

.

Astrocytes are considered to be important for the integrity of the BBB, as loss of 

astrocytic proteins, notably  dystrophin, is associated with BBB dysfunction 

. 
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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 

, 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 . Also, it provides a 

specialized extracellular environment where transport of nutrients, peptides, and hormones can 

take place .

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 .

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 

.

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 . The dynamic volume changes are thought to reflect 
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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 . 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 

. To overcome this problem conditional knockout models have become more 

popular, especially  the Cre mediated LoxP-specific recombination 

. 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 

. 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 

.
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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 I, 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 Aqp4 gene would affect 

extracellular volume dynamics following high frequency stimulation of excitatory pathways. A 

global Aqp4-/- 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 Aqp4 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 Aqp4 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 Aqp4 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 & 
II) 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 Kir4.1 labeling of astrocytes in the stratum radiatum of the 

hippocampal cornu ammonis (CA1) 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+]o 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 CA1 region. 

Global deletion of Aqp4 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 Aqp4-/- 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 α-syntrophin labeling was reduced in Aqp4-/- mice. Immunofluorescence also 

revealed that perivascular dystrophin was also reduced in mutant mice. In contrast, Aqp4 deletion 

did not change the ultrastructure of astrocytic endfeet or endothelial cells. Notably, tight 

junctions appeared normal in Aqp4-/- 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 Aqp4 changes the perivascular glial protein scaffold 

without disrupting the endothelial barrier. 

Paper IV: Glial-conditional deletion of aquaporin-4 (Aqp4) 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 Aqp4-/- mice displayed normal AQP4 expression in kidney 

and muscle. Quantitative immunogold cytochemistry of wild-type, glial-conditional, and global 
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Aqp4-/- 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 Aqp4 knockout 

mice than in control animals. We also found that basal brain water content was elevated in glial-

conditional and global Aqp4-/- 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 Kir4.1 was made available while a glial-selective 

knockout of Aqp4 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 Aqp4-/- mouse line were consistent with 

this idea. Further, Aqp4-/- 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 Aqp4 

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 Aqp4-/- 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 Aqp4-/- 

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 Aqp4 knockout altered the organization of the perivascular protein scaffold (paper 

III), 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 Aqp4 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 IV: Glial-conditional deletion of aquaporin-4 (Aqp4) 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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ABSTRACT 

 

Little is known about the physiological roles of aquaporin-4 (AQP4) in the central nervous 

system. AQP4 water channels are concentrated in endfeet membranes of astrocytes but also 

localize to the fine astrocytic processes that abut on central synapses. Based on its pattern of 

expression we predicted that AQP4 could be involved in controlling water fluxes and changes 

in extracellular space (ECS) volume that are associated with activation of excitatory 

pathways. Here we show that deletion of Aqp4 accentuated the shrinkage of the ECS that 

occured in the mouse hippocampal CA1 region during activation of Schaffer 

collateral/commissural fibres. This effect was found in the stratum radiatum (where 

perisynaptic astrocytic processes abound) but not in the pyramidal cell layer (where astrocytic 

processes constitute but a minor volume fraction). For both genotypes the ECS shrinkage was 

most pronounced in the pyramidal cell layer. Our data attribute a physiological role to AQP4 

and indicate that this water channel regulates extracellular volume dynamics in the 

mammalian brain.     

 

 



INTRODUCTION 

What are the factors that regulate the extracellular space volume in brain? Despite its 

importance, this question has not received much attention. One aspect is the baseline volume; 

another fundamental aspect is the extracellular volume dynamics coupled to synaptic activity. 

More than three decades ago it was shown that evoked synaptic activity is followed by a rapid 

shrinkage of the ECS (Dietzel et al., 1980). The shrinkage is substantial, amounting to 4-30%, 

depending on the mode of stimulation, type of preparation, and area under investigation 

(Dietzel et al., 1980; Holthoff and Witte, 1996; Sykova et al., 2003; Viitanen et al., 2010). 

Extracellular volume changes have a significant impact on the concentration of 

extracellular solutes and vice versa. Synaptic stimulation causes release of a number of 

solutes that are removed through cotransport with water (MacAulay and Zeuthen, 2010). 

Essential among these is K+, which is cleared by a multitude of mechanisms including 

chloride coupled uptake into glia (Kofuji and Newman, 2004; Ostby et al., 2009). Likewise, 

glial uptake of bicarbonate and glutamate is associated with water transport and may 

contribute to the observed shrinkage of the ECS (Nagelhus et al., 2004). Extracellular volume 

changes are also implicated in a number of pathophysiological conditions such as spreading 

depression and are known to precede seizure activity (Olsson et al., 2006).  

With the discovery of water channels in brain, the question arose whether these are 

involved in ECS volume dynamics. AQP4 - the predominant brain water channel – is enriched 

in those astrocytic plasma membrane domains that face vessels and pia but is also expressed 

in the delicate astrocyte processes that abut on excitatory synapses (Nielsen et al., 1997). 

AQP4 water channels in the latter processes are unlikely to be passive bystanders to the local 

volume dynamics. If involved, the perisynaptic AQP4 pool could either curb or accentuate the 

activity-dependent shrinkage of the ECS.  



Here we show that the activity-dependent ECS shrinkage is more pronounced in 

animals lacking AQP4 than in wild-type animals. Our data indicate that perisynaptic AQP4 

serves to blunt the activity-dependent volume decrease. This would occur if activity-coupled 

cotransport of water into perisynaptic glia normally is associated with a passive, AQP4-

mediated water flux in the opposite direction. Thus, our data indicate that AQP4 serves an 

important homeostatic function that may represent the elusive physiological role of this 

aquaporin.  

 

 

MATERIALS AND METHODS 

 

Animals 

 

Constitutive Aqp4-/- mice were generated as described previously (Thrane et al., 2011). For 

characterization of synaptic transmission and plasticity we used Aqp4-/- and wild-type (WT) 

siblings obtained from heterozygous breeding pairs. After backcrossing to C57BL/6J mice for 

five generations (Jackson Laboratories, Maine, USA), we used Aqp4-/- mice from mutant 

breeders and C57BL/6J mice as WT controls. Studies were conducted with mice aged 8-18 

weeks, weighing 20-30g. All experiments were approved by the institution's Animal Care and 

Use Committee. 

 

 



Immunocytochemistry 

 

The animals were deeply anesthetized with a mixture of chloral hydrate, magnesium sulfate 

and pentobarbital (142, 70 and 32 mg/kg body weight i.p., respectively) before transcardiac 

perfusion with 0.1 M phosphate buffer (PB; pH 7.4) with 2% dextran for 15-20 s, followed by 

the fixative for 15-20 min (flow rate ∼8 ml/min). For light microscopic (LM) cytochemistry 

we used 4% formaldehyde in PB and for electron microscopic (EM) cytochemistry we used 

4% formaldehyde in PB containing 0.2% picric acid at pH 6.0, followed by a similar fixative 

at pH 10.0 (Nagelhus et al., 1998). For LM experiments the brain was cryoprotected in 

sucrose (10%, 20% and 30% in PB), and sections were cut at 15 μm on a cryostat.  

 

Immunofluorescence 

LM immunocytochemistry was carried out using an indirect fluorescence method (Veruki and 

Wassle, 1996). The concentrations of antibodies were: rabbit anti-AQP4 (Millipore), 2 μg/ml; 

chicken anti-GFAP (Nordic BioSite Covance), 40 μg/ml; mouse anti-Neuronal Nuclei (NeuN; 

Chemicon) 10 μg/ml. Cortical sections were viewed and photographed with a Zeiss LSM 5 

PASCAL microscope equipped with epifluorescence optics, using an m2 filter (BP 546/14, 

RKP 580, and LP 580) and 40X/1.3 Oil Plan-Neofluar objective.  

 

Electron microscopic immunocytochemistry 

Small blocks of fixed cortex from WT and Aqp4-/- mice were subjected to freeze substitution 

as described previously (Nielsen et al., 1997). Ultrathin sections were cut with a Reichert 

ultramicrotome, mounted on nickel grids, and processed for immunogold cytochemistry. The 

sections were incubated sequentially in the following solutions (at room temperature): (1) 50 



mM glycine in Tris buffer (5 mM) containing 0.01% Triton X-100 and 50mM NaCl (TBST; 

10 min); (2) 2% human serum albumin (HSA) in TBST (10 min); (3) primary antibody (anti-

AQP4 from Millipore, 20 μg/ml) diluted in the solution used in the preceding step 

(overnight); (4) same solution as in step 2 (10 min x 2); (5) gold-conjugated IgG (GAR10 nm; 

Abcam), diluted 1:20 in TBST containing 2% HSA and polyethylene glycol (0.5 mg/ml, 1 h). 

Finally, the sections were counterstained and examined in a Fei Tecnai 12 transmission 

electron microscope.  

 

 

Electrophysiology 

 

Synaptic transmission and synaptic plasticity. Adult (>P60) mutant mice and their control 

littermates were anaesthetized with Suprane (Baxter) and decapitated. Brains were removed 

and transverse slices (400 μm) were cut from each hippocampus with a vibroslicer in cold 

artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 2 KCl, 1.25 KH2PO4, 2 

MgSO4, 2 CaCl2, 26 NaHCO3 and 12 glucose, bubbled with 95% O2 / 5% CO2 (pH 7.3 at the 

experimental temperature). Slices were placed in a humidified interface chamber at 28-32oC 

and perfused with ACSF. Orthodromic synaptic stimuli (<300 µA, 0.1 Hz) were delivered 

through a monopolar tungsten electrode placed in stratum radiatum. The presynaptic volley 

and the field excitatory postsynaptic potential (fEPSP) were recorded by a glass 

microelectrode (filled with ACSF) placed in stratum radiatum, while another microelectrode, 

placed in the pyramidal cell body layer monitored the population spike. Following a period 

with stable responses, we stimulated the afferent fibers with increasing strength (increasing 

the stimulus duration in steps of 10 µs from 0 to 90 µs, five consecutive stimulations at each 



step). A similar approach was used to elicit paired-pulse responses (50 ms interstimulus 

interval, the two stimuli being equal in strength).  

To assess synaptic transmission, we measured the amplitude of the presynaptic volley 

and fEPSP at different stimulation strengths. The population spike amplitude was measured 

between the maximal population spike peak and a line joining the maximum prespike and 

postspike positivities. In order to pool data from the paired-pulse experiments we selected 

responses to a stimulation strength just below the threshold for eliciting a population spike on 

the second fEPSP. To compare the frequency facilitation and the delayed response 

enhancement (DRE) in the two genotypes, we analyzed synaptic strength during a 20 Hz 

stimulation train (1 min). The maximal slope of the rising phase of the fEPSP (V/s) was 

normalized to the mean value recorded just prior to the 20 Hz train. To analyze long-term 

potentiation of synaptic transmission (LTP), orthodromic synaptic stimulation in CA1 was 

delivered alternately through two tungsten electrodes (0.2 Hz) activating synapses in apical 

(stratum radiatum) and basal dendrites (stratum oriens), respectively. The fEPSPs were 

monitored by glass microelectrodes filled with ACSF placed in the corresponding synaptic 

layers. The radiatum pathway was tetanized (100 Hz, 1 s), whereas the oriens pathway served 

as control. The tetanic stimulation strength was set in response to a single shock at an 

intensity just above the threshold for generating a population spike. Synaptic efficacy was 

assessed by measuring the slope of the fEPSP in the middle third of its rising phase. Six 

consecutive responses (1 min) were averaged and normalized to the mean value recorded 4-7 

min prior to tetanic stimulation.  

Extracellular volume measurements. Ion-selective microelectrodes were made from 

non-filamented micropipettes that were silanized and filled with 150 mM 

tetramethylammonium (TMA+) chloride (Sigma Life Science). The electrode tip was filled 

with the liquid ion exchanger (IE190; World Precision Instruments Inc.) by gentle suction, as 



described previously (Voipio et al., 1994). The electrodes were calibrated in ACSF containing 

different concentrations of TMA+ (in mM: 1.5, 2.0, and 3.0 mM). The log-linear fit was used 

to calculate the [TMA+] in the ECS from each experiment.  

Orthodromic synaptic stimuli (<300 µA, 50 µs, 0.1 Hz) were delivered through a 

tungsten electrode placed in stratum radiatum in the CA1 region. The responses were 

monitored by the reference glass microelectrode (filled with ACSF) placed close to the ion 

sensitive microelectrode in stratum radiatum at a distance of 400 µm from the stimulation 

electrode (Fig. 1A). Signal from the reference microelectrode was subtracted from that of the 

ion sensitive microelectrode (custombuilt electrometer/differential amplifier, 2 Hz LPF) in 

order to get a signal that reflects only the [TMA+] in the ECS. We used a stimulation strength 

which was just above eliciting a detectable population spike in the radiatum recording 

electrode. Following a period with stable responses, we stimulated the Schaffer 

collateral/commissural fibres at 20 Hz frequency with a 60 s stimulation train. We also 

compared the responses in the synaptic and soma layers in the same slice in some experiments 

by moving the recording electrodes from stratum radiatum to stratum pyramidale or vice 

versa. 

In the experiments 1.5 mM TMA+ was added to the ACSF. TMA+ is mainly localized 

to the ECS (Nicholson and Phillips, 1981). Since the ion exchanger IE190 used here is far 

more sensitive to TMA+ than to K+, changes in [TMA+]o will reflect changes in ECS volume 

(Sykova and Nicholson, 2008). Control experiments indicated that the equilibration of TMA+ 

between the bath and the slice was slow enough to be ignored in the analysis of the present 

ECS volume data (wash-in of TMA+ (min); WT, n = 7, 19.1 ± 2.6; Aqp4-/-, n = 5, 18.0 ± 1.3). 

Relative alteration in ECS volume was calculated as follows:  

% change of ECS = ((baseline [TMA+]o)/([TMA+]o) - 1) x 100 



Data are presented as mean ± SEM. For comparison between genotypes we used a 

linear mixed model statistical analysis (SAS 9.2) if not otherwise stated. 

 

 

RESULTS 

 

Immunofluorescence revealed AQP4-labeling of GFAP-immunopositive cells in stratum 

radiatum and pyramidale of wild-type mice, indicating expression of AQP4 in astrocytes (Fig. 

1A-D,F). The labeling pattern in acute slices did not differ from that in perfusion-fixed tissue 

(compare A and D in Fig. 1). Absence of AQP4 labeling in Aqp4 knockout animals confirmed 

the genotype and the selectivity of antibodies (Fig. 1E). High resolution immunogold 

cytochemistry confirmed AQP4 labeling of astrocytic membranes, both around synapses in 

stratum radiatum and interspersed between neuronal somata in stratum pyramidale (Fig. 

2A,B). The density of gold particles over these membrane domains was lower than that of 

astrocytic membranes abutting on microvessels (Fig. 2C). The ultrastructure of WT (Fig. 2A-

C) and Aqp4-/- mice (Fig. 2D-F) was indistinguishable. Absence of immunogold particles over 

astrocytic membranes in the mutant mice attests to the selectivity of antibodies (Fig. 2D-F). 

 In slices obtained from WT animals, activation of Schaffer collateral/commissural 

fibers led to a rapid and pronounced decrease in ECS volume in stratum radiatum, as judged 

by use of the impermeant cation TMA+ (Fig. 3A-B). In Aqp4-/- mice the shrinkage of the ECS 

was accentuated by ~30% compared with WT (Fig. 3B,C).  

The data from stratum radiatum were compared with data from stratum pyramidale. In 

both WT and Aqp4-/- mice stratum pyramidale showed a more pronounced ECS shrinkage 



during synaptic stimulation than did stratum radiatum (Fig. 3D; WT, volume change in 

radiatum: -5.06% ± 0.66; WT, pyramidale: -8.96% ± 1.08; Aqp4-/-, radiatum: -7.46% ± 1.15; 

Aqp4-/-, pyramidale: -10.23% ± 1.21). In contrast to stratum radiatum, the ECS shrinkage in 

stratum pyramidale was not accentuated by Aqp4 deletion (p>0.05; Fig. 3D).  

To assess whether the changes in ECS volume dynamics could be secondary to 

changes in excitatory synaptic transmission and synaptic excitability, we recorded field-

potential responses simultaneously in the apical dendritic and soma layers in the CA1 region 

of hippocampal slices. The stimulation strengths necessary to elicit fibre volleys with defined 

amplitudes (0.5, 1.0 and 1.5 mV) were not significantly different in the two genotypes (WT: 

5.4 ± 0.4 nC; 10.0 ± 0.8 nC; 14.5 ± 1.4 nC; Aqp4-/-: 4.8 ± 0.4 nC; 8.5 ± 0.8 nC; 10.7 ± 1.1 nC; 

n ranged from 20 to 32) (Fig. 4A). The magnitudes of the evoked fEPSPs elicited by fibre 

volleys of the defined amplitudes were also similar (WT: 2.0 ± 0.1 mV; 3.1 ± 0.1 mV; 3.6 ± 

0.2 mV; Aqp4-/-: 1.7 ± 0.2 mV; 2.8 ± 0.2 mV; 3.6 ± 0.2 mV;  n  ranged from 20 to 32) (Fig. 

4B,E), indicating a similar efficacy of the excitatory synaptic transmission. Furthermore, we 

observed no differences in synaptic excitability when the threshold for generation of a 

population spike (WT mice: 2.3 ± 0.1 mV, n = 32; Aqp4-/- : 2.3 ± 0.1 mV, n = 32) or a 

population spike of 2 mV amplitude (WT mice: 3.3 ± 0.2 mV, n = 32; Aqp4-/-: 3.6 ± 0.2 mV, n 

= 30) were measured as a function of fEPSP amplitude (Fig. 4C,E). A comparison of paired-

pulse facilitation at 50 ms stimulation interval failed to unmask a significant difference (p = 

0.12) between WT (1.42 ± 0.02, n = 32) and Aqp4-/- (1.50 ± 0.02, n = 32) mice (Fig. 4D,E). 

Other forms of short-term plasticity, like frequency facilitation and the delayed 

response enhancement (DRE) (Jensen et al., 2007), did not differ between the two genotypes 

and the fEPSPs followed a similar pattern during the subsequent period of low frequency 

synaptic activation (Fig. 4F). 



In agreement with Skucas et al. (2010) a single tetanic stimulation (100 Hz, 1 s) of the 

afferent fibers in stratum radiatum produced a lasting, homosynaptic LTP of the same 

magnitude in both genotypes (p = 0.83; Fig 4G). The average fEPSP slope 40-45 min after 

tetanization was 1.30 ± 0.08 (n = 20) of the pretetanic control value in WT mice and 1.32 ± 

0.05 (n = 18) in Aqp4-/- mice (Fig.4G). 

 

 

DISCUSSION  

 

The main finding in the present study is that deletion of Aqp4 accentuates ECS volume 

changes associated with activation of excitatory synaptic pathways in the hippocampus. This 

would occur if, upon synaptic activation, AQP4 normally mediates a rapid water flux from 

perisynaptic astrocytic processes to the ECS so as to reduce activity-dependent ECS 

shrinkage. Such an explanation is in line with high resolution immunogold data that have 

revealed a distinct pool of AQP4 in the delicate astrocytic processes that ensheath central 

synapses (Nielsen et al., 1997). Thus, the present findings attribute a physiological role for 

perisynaptic AQP4. 

The observed difference between WT and Aqp4-/- mice might be influenced by 

compensatory developmental changes in the mutants leading to altered synaptic transmission 

and excitability. A thorough electrophysiological analysis was required to rule out this 

experimental confound. This analysis showed that the lack of AQP4 did not affect key 

parameters of synaptic function and synaptic plasticity. In agreement, Skucas et al. (2011) 

recently reported that deletion of Aqp4 did not impair basal synaptic transmission or short 



term synaptic plasticity. However, the latter study indicated that Aqp4 deletion interferes with 

a form of LTP induced by theta burst stimulation.    

Activity-dependent shrinkage of the ECS is a robust phenomenon that was discovered 

more than three decades ago (Dietzel et al., 1980). Yet, detailed mechanistic insight into this 

phenomenon is still lacking. A local reduction in ECS volume must necessarily reflect uptake 

of water into adjacent cells – neurons, glia, or both. In agreement, swelling of glia and/or 

neurons is a hallmark of cortical spreading depression and glutamate receptor activation (Van 

and Khattab, 1967; Takano et al., 2007; Uckermann et al., 2004). 

What drives net water uptake in post- or perisynaptic cells? Excitatory synaptic 

transmission is associated with release of K+ and glutamate which are effectively removed 

from the ECS, primarily by uptake into glia. It is well documented that K+ and glutamate 

uptake is coupled to water transport (MacAulay and Zeuthen, 2010). Similarly, activation of 

electrogenic bicarbonate transport subsequent to glial depolarization is a probable driver of 

water uptake (Nagelhus et al., 2004). In the case of neurons, water accumulation occurs 

secondary to Na+ influx through activated AMPA receptors (Uckermann et al., 2004). 

Through these and other mechanisms, water uptake is coupled inextricably with synaptic 

transmission.  

Our data indicate that activity-dependent water uptake is partly offset by an AQP4-

mediated water flux operating in the opposite direction. Transport through AQP4 occurs along 

the concentration gradient of water. Thus we must hypothesize that synaptic activation causes 

a reduction in water concentration in the perisynaptic ECS and that this reduction is what 

drives passive water flux through AQP4. The reduction in water concentration may come 

about through solute release from activated neurons, through export of osmolytes from glia, 

through anisosmotic water cotransport into perisynaptic glia or neurons, or by a combination 



of the above. In our recent modelling paper (Ostby et al., 2009) we predicted that a deletion of 

Aqp4 would accentuate activity-dependent ECS shrinkage, but only if NKCC1 – the 

predominant Na-K-Cl cotransporter in brain - is allowed to transport water. NKCCl is 

assumed to play an important role in removing excess K+ from the ECS around activated 

synapses (Kofuji and Newman, 2004) and inhibition of NKCC1 reduces activity-dependent 

ECS shrinkage (Holthoff and Witte, 1996). Thus, AQP4 may serve to partly counteract water 

redistribution caused by activation of synaptic homeostatic mechanisms and by NKCC1 

activation in particular. 

Our conclusion is that AQP4 normally serves to blunt the shrinkage of ECS by 

allowing water efflux from astrocytic processes. To corroborate our conclusion, we 

investigated activity-dependent volume changes in stratum pyramidale where neurons (that 

lack AQP4) predominate. Constituting but a tiny volume fraction, astrocytic processes would 

not be expected to impact extracellular volume in stratum pyramidale. In accordance, we 

found that Aqp4 deletion failed to affect ECS volume dynamics in stratum pyramidale and 

that the magnitude of ECS shrinkage was higher in stratum pyramidale than in stratum 

radiatum. It is likely that the ECS shrinkage in the former layer primarily reflects expansion 

of the neuronal compartment.   

The physiological role of AQP4 has proved difficult to identify and previous gene 

deletion studies have revealed but minor physiological changes mainly in sensory systems 

(Verkman et al., 2006). The present data indicate that AQP4 is involved in the regulation of 

ECS volume dynamics associated with excitatory synaptic transmission in the brain.  
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FIGURE LEGENDS  

 

Figure 1. Distribution of AQP4 immunofluorescence in the mouse hippocampus. (A) AQP4 

labeling (green) was found in multiple processes in stratum pyramidale (pyr) and stratum 

radiatum (rad) in acute hippocampal slices of wild-type mice. Co-immunostaining with 

antibodies against GFAP (B, red), and NeuN (C, blue) showed that AQP4 resided in 

astrocytes, including their delicate processes (arrowheads) that outlined pyramidal cell bodies 

(merged and enlarged image in F). Note the strong labeling of perivascular astrocytic endfeet 

(double arrowheads). AQP4 immunolabeling pattern of hippocampi from acute slices (A) and 

perfusion-fixed brain was comparable. Absence of AQP4 labeling in an acute hippocampal 

slice from Aqp4-/- mice (E) confirmed the selectivity of antibodies. Scale bars, 50 µm. 

 

Figure 2. Distribution of AQP4 immunogold reactivity in the mouse hippocampus. Electron 

micrographs from wild-type (A-C) and Aqp4-/- (D-F) mice. (A) Gold particles signaling 

AQP4 decorate astrocytic processes (Ast, yellow) ensheating synapses in stratum radiatum. 

(B) Immunopositive astrocytic processes are seen in the tiny cleft between pyramidal (Pyr) 

cell somata. Arrowheads denote the pyramidal cell membrane. Box in inset displays the 

region shown at higher magnification in B. (C) High density of AQP4 labeling along 

astrocytic endfoot membranes abutting on a capillary endothelial cell (Cap). (D-F) 

Corresponding motifs to those in (A-C), but from Aqp4-/- mice. Lu, lumen. Scale bars, 0.2 μm 

and 2 μm (insets). 

 

Figure 3. Impact of Aqp4 gene deletion on ECS volume dynamics. A, Schematic drawing of a 

hippocampal slice showing the localization of the stimulating and the extracellular voltage 



(Vo, green) and ion-sensitive recording (TMA+, yellow) electrodes. Traces are representative 

synaptic responses (fEPSPs) elicited in stratum radiatum from WT (blue) and Aqp4-/- (red) 

mice. B, Representative traces of ECS volume dynamics in stratum radiatum before and 

during a 20 Hz stimulation train (1 min, black bar along the abscissa) in WT and Aqp4-/-  

mice. Note the different time scales along the abscissa. C, As in B, but data are  pooled from 

23 (WT) and 26 (Aqp4-/-) slices and shown as mean ± SEM. Violet horizontal bar along the 

abscissa indicate p < 0.05 when comparing the genotypes. D, As in C, but the ECS volume 

dynamics have been recorded and measured in the stratum pyramidale in slices from WT (n = 

9) and Aqp4-/- (n = 11) mice. Statistical analysis like in C did not detect p < 0.05 at any time 

point between the genotypes. The histogram shows a comparison of the changes in ECS 

volume in stratum radiatum (rad) and straum pyramidale (pyr) measured 10 s after the start of 

the stimulation train. Recordings were done both in stratum radiatum and stratum pyramidale 

in the same slices (WT, n = 6; Aqp4-/-, n = 7 mice). * p <  0.05 (two-tailed paired t-test). 

 

Figure 4. Impact of Aqp4 deletion on excitatory synaptic transmission, excitability and 

synaptic plasticity in the hippocampal CA1 region. A, Stimulation strength (in nC) necessary 

to elicit prevolleys of 0.5, 1.0, and 1.5 mV. B, fEPSP amplitudes as a function of the same 

three prevolley amplitudes. C, The fEPSP amplitude necessary to elicit a just detectable 

population spike (1) and a population spike of 2 mV amplitude (2). D, Paired-pulse 

facilitation ratio (fEPSP2/fEPSP1) in the two genotypes at an interstimulus interval of 50 ms. 

Data are shown as mean ± SEM. E, Top traces: Means of five consecutive synaptic responses 

induced by different stimulation strengths recorded in stratum radiatum in slices from WT 

(left) and Aqp4-/- (right) mice. Prevolleys preceding the fEPSPs are indicated by a filled circle. 

Bottom traces: Means of five consecutive responses from stratum pyramidale elicited by 

paired-pulse stimulation (50 ms interstimulus interval) at different stimulation strengths. 



Arrows indicate population spike threshold. F, Normalized and pooled fEPSP slope 

measurements during the first 30 s of a 20 Hz stimulation train in slices from WT (n = 21) and 

Aqp4-/- (n = 21) mice. a indicates the time point of the maximum amplitude of the intitial 

frequency facilitation, b the transition point between the initial frequency facilitation and the 

DRE, c the peak of the DRE. The histogram to the right depicts the mean time ± SEM needed 

to reach a (WT mice: 0.75 ± 0.06 s, n = 21 vs. Aqp4-/-: 0.62 ± 0.06 s, n = 21), b (WT mice: 

3.61 ± 0.12 s vs. Aqp4-/-: 3.40 ± 0.12 s), and c (WT mice: 6.02 ± 0.21 s vs. Aqp4-/-: 6.38 ± 0.20 

s). The inset graph to the left shows normalized means of the baseline fEPSPs elicited by low 

frequency activation (0.1 Hz) prior to and just following the 20 Hz stimulation train (indicated 

by the black bar along the abscissa).  G,  Normalized fEPSP slopes evoked at CA3-to-CA1 

synapses in slices from wild-type and Aqp4-/- mice from 10 min before to 50 min after tetanic 

stimulation. The tetanized pathways are shown as circles, the untetanized control pathways as 

triangles. Data are shown as mean ± SEM.  
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ABSTRACT 

 

Expression of the water channel aquaporin-4 (AQP4) at the blood-brain interface is dependent 

upon the dystrophin associated protein complex. Here we investigated whether deletion of the 

Aqp4 gene affects the molecular composition of this protein scaffold and the integrity of the 

blood-brain barrier. High-resolution immunogold cytochemistry revealed that perivascular 

expression of α-syntrophin was reduced by 60% in Aqp4-/- mice. Additionally, perivascular 

AQP4 expression was reduced by 88% in α-syn-/- mice, in accordance with earlier reports. 

Immunofluorescence showed that Aqp4 deletion also caused a modest reduction in 

perivascular dystrophin, whereas β-dystroglycan labeling was unaltered. Perivascular 

microglia were devoid of AQP4 immunoreactivity. Deletion of Aqp4 did not alter the 

ultrastructure of capillary endothelial cells, the expression of tight junction proteins (claudin-

5, occludin and zonula occludens 1), or the vascular permeability to horseradish peroxidase 

and Evans blue albumin dye. We conclude that Aqp4 deletion reduces the expression of 

perivascular glial scaffolding proteins without affecting the endothelial barrier. Our data also 

indicate that AQP4 and α-syntrophin are mutually dependent upon each other for proper 

perivascular expression. 



INTRODUCTION 

 

The water channel aquaporin-4 (AQP4) is abundant at the brain-blood interface (Frigeri et al, 

1995; Nielsen et al, 1997), and studies using knockout mice have shown that it has dramatic 

impact on development and resolution of brain edema in various disease models (Manley et 

al., 2000; Amiry-Moghaddam et al., 2003; Papadopoulos et al., 2005; Bloch et al., 2005; 

Bloch et al., 2006; Haj-Yasein et al., 2011a). Thus, AQP4 has emerged as a promising target 

for novel treatment strategies of brain edema (Papadopoulos and Verkman, 2008). However, 

the possibility that deletion of the Aqp4 gene has secondary effects on brain microvessel 

structure and function must be considered.   

Anchoring of AQP4 in perivascular astrocytic endfeet is mediated by the dystrophin-

associated protein complex (DAPC) (Frigeri et al., 2001; Neely et al., 2001). Notably, 

deletion of α-syntrophin, a component of the dystrophin-based protein scaffold, leads to a 

90% reduction of AQP4 expression in astrocytic endfeet (Neely et al., 2001). In several 

dystrophin-deficient mouse mutants, the decreased perivascular AQP4 level is associated with 

altered ultrastructure and integrity of the blood-brain barrier (BBB) (Nicchia et al., 2004; Nico 

et al., 2003; Vajda et al., 2002). The BBB depends on the physical barrier formed by 

endothelial tight junctions and a transport barrier resulting from membrane transporters, 

enzymes and vesicular mechanisms (Abbott et al., 2010). While maturation of the BBB is 

correlated with AQP4 expression (Wen et al., 1999; Nicchia et al., 2004), breakdown of the 

BBB is associated with increased expression of AQP4 (Saadoun et al., 2002; Taya et al.,  

2010).  

Previous work has shown that AQP4-deficient CD1 mice exhibit open endothelial 

tight junctions, swollen astrocytic endfeet, and hyperpermeability of the BBB (Zhou et al.,  



2008). However, in more recent studies, Aqp4 deletion did not affect capillary ultrastructure 

and BBB permeability for horseradish peroxidase (HRP) (Saadoun et al., 2009) or Evans Blue 

(Feng et al., 2009). The aim of this study was to use a different line of Aqp4-/- mice, 

backcrossed on the C57BL/6J background, to resolve whether Aqp4 gene deletion perturbs the 

organization of the perivascular astrocytic protein scaffold and, if so, whether this 

perturbation affects BBB permeability and expression of tight junction proteins. These 

questions are 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 Aqp4 gene deletion. 

 

 

MATERIALS AND METHODS 

 

Animals 

Aqp4-/- mice backcrossed to a C57BL/6J background for 5 generations (Thrane et al., 2011), 

wild-type (WT) mice of same genetic background, and α-syntrophin-/- mice (Adams et al., 

2000) were used. Studies were conducted with mice aged 8-12 weeks, weighing 20-30g. All 

experiments were approved by the University of Oslo's Animal Care and Use Committee. 

 

Primary antibodies 

We used rabbit affinity-purified polyclonal antibodies against α-syntrophin (Syn259) (Peters 

et al., 1997), dystrophin (Dys331) (Kramarcy et al., 1994), AQP4 (Millipore and Sigma), β-



dystroglycan (Novocastra), claudin-5 (Invitrogen Corporation, Camarillo, CA, USA), 

occludin (Invitrogen Corporation), zonula occludens 1 (ZO-1; ProteinTech Group, Chicago, 

IL, USA), and  mouse monoclonal antibodies against 

GFAP (Millipore, Cat# MAB 360), goat polyclonal antibodies against IBA1 (Abcam, 

), and rat monoclonal antibodies against CD31 (BD Bioscience Pharmingen). 

 

Immunocytochemistry 

For all fixation protocols, the animals were deeply anesthetized with a mixture of chloral 

hydrate, magnesium sulphate and pentobarbital (142, 70 and 32 mg/kg body weight i.p., 

respectively) before transcardiac perfusion with 0.1 M phosphate buffer (PB; pH 7.4) with 2% 

dextran for 15-20 sec and fixative for 20-30 min (flow rate ∼8ml/min). For α-syntrophin 

immunogold cytochemistry, 5 Aqp4-/-, 5 WT, and 3 α-syn-/- animals were fixed using 4% 

formaldehyde in PB containing 0.2% picric acid at pH 6.0, followed by a similar fixative at 

pH 10.0 (“pH-shift” protocol; as described by Nagelhus et al., 1998). For AQP4 immunogold 

cytochemistry, 7 WT and 8 α-syn-/- animals were fixed using 4% formaldehyde in PB 

containing 0.1% glutaraldehyde. For immunofluorescence, at least 3 mice of each genotype 

were fixed with 4% formaldehyde in PB, and for morphological analysis 5 Aqp4-/- and 4 WT 

mice were fixed with 2.5% glutaraldehyde and 1% formaldehyde in PB. 

  

Light microscopic immunocytochemistry 

The perfused animals were stored at 4o C overnight. The brain was removed and 

cryoprotected in sucrose (10%, 20% and 30% in PB), and sections were cut at 15 μm on a 

cryostat. Light microscopic immunocytochemistry was carried out using an indirect 



fluorescence method (Nagelhus et al., 1998). The concentrations of antibodies were: anti-

AQP4, 2 μg/ml (Milipore) and 3 μg/ml (Sigma); anti-GFAP,  1:500 of stock solution; anti-

IBA1, 5 μg/ml; anti-α-syntrophin, 1.2 μg/ml; anti-dystrophin, 6 μg/ml; anti-β-dystroglycan, 

0.46 μg/ml; anti-rat CD31, 2.5 μg/ml. The primary antibodies were revealed by donkey 

secondary antibodies with indocarbocyanine (Cy3), indodicarbocyanine (Cy5) or Alexa Fluor 

488 (1:1,000: Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Cortical 

sections were viewed and photographed with a Zeiss LSM 5 PASCAL microscope equipped 

with epifluorescence optics, using filter BP 505-530, LP 560 and LP 650, and objective 

20X/0.75 Plan-Apochromat, 40X/1.3 Oil Plan-Neofluar, or 63X/1.40 Oil Plan-Apochromat. 

 

Electron microscopic immunocytochemistry and morphological analysis 

Small blocks of fixed cortex were subjected to freeze substitution as described previously 

(Nagelhus et al., 1998). Ultrathin sections were cut with a Reichert ultramicrotome, mounted 

on nickel grids, and processed for immunogold cytochemistry as described previously 

(Nagelhus et al., 1998). Briefly, sections were incubated sequentially in the following 

solutions (at room temperature): (1) 50 mM glycine in Tris buffer (5 mM) containing 0.01% 

Triton X-100 and 50mM NaCl (TBST; 10 min); (2) 0.2% milk powder in TBST (10 min); (3) 

primary antibody (anti-AQP4 from Sigma, 1.5 μg/ml and anti-α-syntrophin, 12 μg/ml) diluted 

in the solution used in the preceding step (overnight); (4) same solution as in step 2 (10 min x 

2); (5) gold-conjugated IgG (GAR10 nm; Abcam), diluted 1:20 in TBST containing milk 

powder and polyethylene glycol (0.5 mg/ml, 1 h). Finally, the sections were counterstained 

and examined in a Fei Tecnai 12 transmission electron microscope. For morphological 

analysis, ultrathin sections were only counterstained and examined. 

Detection and quantification of gold particles. The analyzer was blind to genotype. 



Digital images were acquired with a commercially available image analysis program 

(analySIS" Soft Imaging Systems GmbH, Münster, Germany), modified for acquisition of 

high-resolution digital images and semiautomatic evalution of immunogold-labeled cellular 

volumes and surfaces (membranes). For purposes of the study, images of membrane segments 

were recorded at a nominal magnification of x43000, in 2048 x 2048 x 8 bit images. One 

section from each animal was analyzed. In each section, 14-15 capillaries were identified, and 

1-3 images of perivascular astrocytic endfoot membrane segments were acquired from each 

capillary. Gold particles in proximity to each membrane-curve were detected 

semiautomatically, and the distance between each particle’s centre of gravity and its 

membrane curve was calculated by the program. Particles localized within 21 nm from their 

membrane curve were included in the automated calculation of the number of particles per 

unit length of membrane (linear particle density) (Nagelhus et al., 1998). Membrane segments 

from the same capillary were aggregated. All images, with associated curves and particles, 

were saved with the measurements, to allow later verification and correction. The 

measurements were exported to the SPSS 16.0 for Windows software package (SPSS Inc, 

Chicago, IL, USA), for survey and quality control.  

  Statistical analysis of immunogold data. An ordinary linear regression model assumes 

that all observations are independent, an assumption which is not valid for our data since we 

have multiple observations for each animal. We used instead a linear mixed model which 

takes into account the dependency between observations from the same animal, by including 

two variance terms, one for between-animal variation and one for within-animal variation. For 

statistical analysis of this model we used the R function lme in the nlme package (Pinheiro JC 

and Bates DM, 2000) which gives us estimated differences in linear particle density between 

genotypes and corresponding P-values. We examined different transformations of Yij and 

found that a log transformation gave the best fit to the normal distribution, as seen by a 



quantile-quantile plot. In the analysis, we thus used log-transformed observations. The 

animals were divided into groups of different genotypes (Aqp4-/-, WT and α-syn-/-). The linear 

densities (log transformed) were modeled by a linear mixed model Yij = μ + βgi + ui + wij. 

Here, Yij is the log-transformed measurement of the linear density for animal i and repetition 

(membrane segment) j, gi is the genotype of animal i, and μ  and βg are fixed effects, where  μ 

represents the reference genotype (Aqp4-/- or α-syn-/-, depending on the analysis) and βg  

represents the difference between genotypes. The random effect ui represents variation 

between animals and the random effect wij represents variation within animals. The terms ui 

and wij are normally distributed with means 0 and variances σu2 and σw,gi2, respectively. In 

the linear mixed model we allowed the variance σw,gi2 to vary between genotypes. The 

chosen model structure was based on likelihood ratio tests. The fixed effects were estimated 

by maximum likelihood and the variances of the random effects were estimated by restricted 

maximized likelihood (Cnaan et al., 1997).  

 

HRP staining 

To investigate the comparative BBB permeability of WT and Aqp4-/- mice, a HRP assay of 

cortical vessels was performed as described previously (Nico et al.,  2003; Zhou et al., 2008), 

with some modifications. HRP (Sigma, Saint Louis, Missouri, USA; 0.3mg/g body weight in 

0.1ml saline solution) was injected into the tail vein of anesthetized Aqp4-/- and WT adult 

male mice (8-24 weeks; n = 2, respectively) maintained at 37oC on a heating pad. After 10 

min they were decapitated, and their brains were fixed by immersion fixation in 4% 

formaldehyde for 48 hours. Cortical sections were cut to 50μm with a vibratome and 

incubated for 30 minutes at room temperature in a 0.05% solution of diaminobenzidine 

(DAB) in 0.05M Tris-HCl buffer (pH=7.6) containing 0.01% H2O2. Images were taken from 



the parietal cortex with a Colour View camera (Soft Imaging Systems, Olympus) on an 

Olympus BX51 microscope using UPlanFI 10x/0.30 and UPlanApo 60x/0.90 objectives.  

 

Evans blue analysis 

Quantitative analysis of BBB permeability was performed using a spectrophotometry protocol 

with the Evans blue albumin dye, as decribed previously (Haj-Yasein et al., 2011a). Subject 

groups consisted of 8 male WT mice and 8 male Aqp4-/- mice. Mice were between 10 and 18 

weeks old, and weighed between 20 and 32 grams. 

  Statistical analyses. Normalized Evans blue content values were compared using a 

one-way ANOVA. Post-hoc analysis was performed via a Bonferroni test. All statistical 

comparisons were performed using the SPSS 17.0 for Windows software package (SPSS Inc, 

Chicago, IL, USA).  Significance was taken at p<0.05.  All data are presented as mean ± 

standard error. 

 

Western blotting 

After homogenization and solubilization, extracts of mouse brain (sample with 10 µg protein 

for ZO-1 and occludin, 30 µg for claudin-5) were loaded onto precast 7.5% Criterion 

SDS/PAGE gels for the ZO-1 blots, onto precast 10% Criterion SDS/PAGE gels for the 

occludin blots, and onto precast “Any kD” Mini-protean TXG SDS/PAGE gels for the 

claudin-5 blots (all from Bio-Rad), then subsequently transferred onto a PVDF membrane 

from Bio-Rad , as described previously (Haj-Yasein et al., 2011b). The membranes were 

probed with rabbit-anti claudin-5 (5 µg/ml), rabbit-anti occludin (3 µg/ml) and rabbit-anti-

ZO-1 antibody (0.8 µg/ml), followed by alkaline phosphatase-conjugated rabbit-anti-goat IgG 

(1:10.000). Blots were developed by using the ECF fluorescent substrate (GE Healthcare) and 



visualized on a Typhoon 9410 scanner (Amersham). The membranes were stripped, and 

reprobed with rabbit-anti-β-actin (1.3 µg/ml) for loading control.  

 Densitometry was done by the gel analysis tool built into the ScienceLinker (Oslo, 

Norway) database system. The extracted data were analyzed using GraphPad Prism 4 (Graph-

Pad Software Inc., San Diego, CA, USA). 

 
 
RESULTS 

 

Immuncytochemical analysis of the perivascular glial protein scaffold 

In agreement with earlier reports, AQP4 immunofluorescence was found in GFAP-labeled 

astrocytes, with the most distinct signal in perivascular endfeet (Fig. 1A-C). IBA1-

immunopositive microglial cells were without detectable AQP4 labeling (Fig. 1D-F). The 

strongest immunoreactivity for dystrophin, α-syntrophin, and β-dystroglycan was found 

around cortical vessels (Fig.1G-I). Deletion of Aqp4 profoundly reduced perivascular α-

syntrophin labeling (Fig. 1J), and caused a modest reduction in dystrophin labeling (Fig. 1K). 

These changes were evident for vessels of all calibers. The staining for β-dystroglycan was 

similar in the two genotypes (Fig. 1I,L).   

High-resolution immunogold cytochemistry on brain tissue fixed for optimal 

preservation of antigenicity (“pH-shift fixation protocol”) showed that α-syntrophin was 

present on astrocytic membranes abutting cortical capillaries of WT mice (Fig. 2A). When 

assessing the distribution of gold particles along an axis perpendicular to the plasma 

membrane, we found a peak corresponding to the astrocytic plasma membrane and its 

immediate cytoplasmic vicinity (inset in Fig. 2A), corresponding to the localization of α-



syntrophin. The peak was absent in α-syn-/- mice, confirming the selectivity of the antibodies 

(inset in Fig. 2C).  

In Aqp4-/- mice, gold particles indicating α-syntrophin still clustered over the plasma 

membrane, but were less abundant (Fig. 2B). Quantitative analysis revealed that the 

perivascular immunogold signal for α-syntrophin was reduced by ~60% in Aqp4-/- mice 

compared to WT (Fig. 2E; p<0.001, mixed model statistical analysis, cf. Materials and 

Methods). Non-specific immunogold labeling was assessed in adjacent ultrathin sections from  

α-syn-/- mice and amounted to <7% of the signal in WTs (0.17±0.03, n=45 vs. 2.74±0.15, 

n=74, respectively; p<0.001, not illustrated).  

To demonstrate that AQP4 and α-syntrophin are dependent upon each other for proper 

perivascular expression, we performed a quantitative analysis of AQP4 immunogold 

reactivity in WT and in α-syn-/- mice. Deletion of α-syntrophin caused an 88% reduction of 

AQP4 immunogold signal in astrocytic endfeet (Fig. 2D-F), in agreement with a previous 

report (Neely et al., 2001).   

 

Ultrastructural architecture of brain capillaries and blood-brain barrier permeability 

Electron microscopy of brain sections from WT and from Aqp4-/- mice fixed with 2.5% 

glutaraldehyde and 1% formaldehyde showed cerebral capillaries of indistinguishable 

morphology (Fig. 3). Notably, pericytes and endothelial tight junctions were present in both 

genotypes, and the area covered by astrocytic endfeet was apparently similar (Fig. 3). 

In line with the normal BBB morphology, qualitative and quantitative assessment of 

barrier permeability with HRP and Evans blue albumin dye, respectively, showed no 

differences between genotypes (Fig. 4A-E). Thus, HRP signal was confined to the vasculature 



in both WT (Fig. 4A) and Aqp4-/- mice (Fig. 4B), and neither genotype showed visible blue 

coloration of the brain after systemic injection of Evans blue (Fig. 4C, D). Evans blue content 

was calculated from the recorded spectrophotometric absorption and %-transmission values at 

590 nm and reported as μg Evans blue per gram of brain mass (Fig. 4E). No difference was 

found between WT and Aqp4-/- mice (Fig. 4E).  

 
 
 
DISCUSSION 

 

It is widely accepted that AQP4 plays a role in maintaining water homeostasis at the blood-

brain barrier (Amiry-Moghaddam and Ottersen, 2003). The seminal discovery that Aqp4 gene 

deletion protects against brain edema in experimental stroke (Manley et al., 2000) was 

followed by studies showing that depletion of AQP4-anchoring molecules had similar effects 

(Vajda et al., 2002; Amiry-Moghaddam et al., 2003). However, the possibility must be 

considered that molecules other than perivascular AQP4 contribute to the observed phenotype 

of these mutant mice.   

Perivascular expression of AQP4 is contingent upon dystrophin (Frigeri et al., 2001) 

and α-syntrophin (Neely et al., 2001), two components of the DAPC. α-Syntrophin emerges 

as the central organizer of the astrocyte DAPC, given that its absence results in loss of other 

DAPC molecules (Bragg et al., 2010). α-Syntrophin also interacts with the inwardly-

rectifying K+ channel Kir4.1 (Connors et al., 2004) and the β1 subunit of the Na-K-ATPase 

(Brignone et al., 2010). Both Kir4.1 and the sodium pump have substantial impact on CNS 

water homeostasis (Dibaj et al., 2007; Fort et al., 2008; Leis et al., 2005; Mintorovitch et al.,  

1994). 



Here we show that Aqp4 gene deletion modulates the astrocytic protein scaffold 

around capillaries. We found that deletion of Aqp4 reduced the level of α-syntrophin 

immunogold signal in astrocytic endfeet by 60%, and conversely, deletion of α-syntrophin 

caused an 88% reduction in perivascular AQP4 immunogold labeling, in agreement with a 

previous report (Neely et al., 2001). Thus, AQP4 and α-syntrophin are mutually dependent 

upon each other for proper expression in astrocytic endfeet. Moreover, deletion of Aqp4 

caused a reduction of perivascular dystrophin, as also found in α-syn-/- mice (Bragg et al.,  

2006).  

One possible mechanism underlying the interdependency between AQP4 and 

anchoring molecules is that both AQP4 and scaffolding proteins are assembled into a 

vesicular complex before transportation to astrocytic endfeet, as proposed for DAPC (Bragg 

et al., 2010). Alternatively, the stability of the molecules in the endfeet may depend upon their 

interaction.  

The interdependency of AQP4 and DAPC molecules was only partial, as 40% of 

perivascular α-syntrophin remained after Aqp4 deletion, as did most of the dystrophin. 

However, expression of β-dystroglycan did not seem to be contingent upon AQP4.  

 Since microglial cells are a component of the perivascular glia limitans (Lassmann et 

al., 1991) we assessed whether microglia express AQP4. We found no AQP4 

immunoreactivity in microglia, in line with a previous report (Li et al., 2011). Moreover, we 

recently failed to detect remaining AQP4 in brains of conditional Aqp4 knockout mice where 

Cre recombinase was driven by GFAP, a promoter not expressed by microglia (Haj-Yasein et 

al., 2011a).  

Recently it was shown that BBB permeability depends on pericytes (Daneman et al., 

2010; Armulik et al., 2010), and that AQP4 polarization is perturbed in pericyte-deficient 



mice (Armulik et al., 2010). Reports conflict as to whether AQP4 modulates BBB integrity 

(Zhou et al., 2008; Saadoun et al., 2009; Feng et al., 2009). Our electron microscopic analysis 

confirmed the presence of pericytes and endothelial tight junctions in Aqp4 mutant mice, and 

immunoblots revealed comparable levels of the tight junction proteins claudin-5, occludin and 

ZO-1 in the two genotypes. Moreover, using HRP and Evans Blue extravasation techniques, 

we found no evidence for BBB hyperpermeability in AQP4-deficient mice. Our results were 

obtained in C57BL/6J mice and are in agreement with those obtained in CD1 mice by 

Saadoun et al. (2009), but contrast those of Zhou et al. (2008), also using CD1 mice. Notably, 

the former group failed to replicate BBB dysfunction in the mouse strain used by Zhou et al. 

(Feng et al., 2009). Moreover, BBB permeability was found to be normal in α-syn-/- mice 

(Zeynalov et al., 2008). Taken together, there is little support for the hypothesis that AQP4 

plays a major role in maintaining BBB integrity.  

In muscle, the DAPC both provides mechanical stability and anchors molecules 

engaged in signaling (Blake et al., 2002). The dystrophin-based anchoring scaffold and AQP4 

likely serve similar functions at the glio-vascular interface. In agreement, we have recently 

found that Aqp4 deletion interferes with astrocytic ATP release and Ca2+ signaling during 

osmotic stress (Thrane et al., 2011). The perivascular protein scaffold might also provide 

structural stability for vessels and influence vascular dynamics.   

 

Conclusion 

We have shown that Aqp4 deletion alters the molecular composition of the perivascular 

astrocytic protein scaffold. Loss of glial endfoot scaffolding proteins must be taken into 

consideration when interpreting phenotypic characteristics of Aqp4 knockout mice.  
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FIGURE LEGENDS 

 

Figure 1. Immunofluorescence micrographs showing the distribution of AQP4 and members 

of the DAPC in the parietal cortex of WT and Aqp4-/- mice. Co-immunostaining with 

antibodies against AQP4 (A) and GFAP (B) in WT reveals AQP4 immunoreactivity in 

astrocytes, with the most intense signal in perivascular endfeet (arrows; C is overlay). Double 

staining for AQP4 (D) and the microglial marker IBA1 (E) in WT (overlay in F). AQP4 

immunofluorescence is not detectable in microglia (double arrowheads). Insets show a 

microglial cell at higher magnification. Arrows, perivascular astrocytic endfeet; asterisks, 

vessel lumen. In WT mice distinct immunofluorescence for  α-syntrophin (G), dystrophin 

(H), and β-dystroglycan (I) was seen around cortical vessels of all calibers, including large 

penetrating vessels (crossed arrows) and capillaries (arrows; shown in higher magnification in 

insets). Insets G-I, Double staining with antibodies against the endothelial marker CD31 

(blue) revealed that labeling for α-syntrophin, dystrophin , and β-dystroglycan (all red), was 

peripheral to the capillary endothelium (arrowheads), corresponding to perivascular astrocytic 

endfeet (arrows). J-L, Immunostaining in Aqp4-/- mice. α-Syntrophin immunofluorescence 

around capillaries was much weaker in Aqp4-/- mice (J) than in WT mice (G). Also for 

dystrophin the perivascular immunosignal was weaker in Aqp4-/- (K) than in WT mice (H), 

whereas the β-dystroglycan labeling was indistinguishable between genotypes (compare I and 

L). Insets as in WT. Scale bars, A-F (including insets), 25 μm; G-L, 50 μm and 5 μm (insets). 

 

Figure 2. AQP4 and α-syntrophin are mutually dependent upon each other for expression in 

perivascular astrocytic endfeet. A-C, Electron micrographs showing immunoreactivity for α-

syntrophin in WT (A), Aqp4-/- (B), and α-syn-/- mice (C). Note that α-syntrophin immunogold 



labeling is associated with perivascular astrocytic endfoot membranes (arrowhead) in WT 

mice, and that the density of gold particles is lower in Aqp4-/- mice. Absence of labeling in α-

syn-/- mice confirms selectivity of antibodies. Insets in A-C, Distribution of gold particles 

indicating α-syntrophin along an axis perpendicular to the perivascular astrocytic plasma 

membrane. The ordinate indicates number of gold particles per bin (bin width 4 nm). The 

abscissa indicates distance in nm from the midpoint (0 value) of the plasma membrane, 

cytoplasmic side negative. Note the distinct peak corresponding to the plasma membrane and 

its cytoplasmic vicinity in WT and Aqp4-/- mice, reflecting the localization of α-syntrophin. 

The gold particle density drops to background level ~50 nm from the midpoint of membrane, 

partly reflecting the size of the antibody bridge between the epitope and the corresponding 

gold particle. No peak is seen in α-syn-/- mice, in which the weak signal is non-specific. The 

total length of membrane sampled for WT, Aqp4-/- and α-syn-/- mice was 287 μm, 296 μm, and 

188 μm, respectively. D, Quantitative analysis of immunogold reactivity for α-syntrophin and 

AQP4 along perivascular astrocytic endfoot membranes. Shown is α-syntrophin labeling of 

WT (74 profiles, 5 animals) and Aqp4-/- mice (74 profiles, 5 animals), and AQP4 labeling of 

WT (224 profiles, 7 animals) and α-syn-/- mice (243 profiles, 8 animals). Values represent 

mean number of gold particles per micrometer of membrane. Error bars are SEM, based on 

the sample after pooling the data from animals within each genotype. Values for α-syntrophin 

differed between WT and Aqp4-/- mice (p<0.001) and values for AQP4 differed between WT 

and α-syn-/- mice (p<0.001, mixed model statistical analysis, cf Materials and Methods). E-F, 

AQP4 labeling of perivascular astrocytic endfoot membranes (arrowhead) of WT mice (E) 

and α-syn-/- mice (F). Insets show distribution of gold particles perpendicular to the 

membrane, as explained above. End, endothelial cells. Asterisks, perivascular endfeet. Scale 

bars, 0.2 μm. 

 



Figure 3. Aqp4 gene deletion does not alter ultrastuctural architecture of brain capillaries. 

Electron micrographs from WT (A, B) and Aqp4-/- mice (C, D) showed that the morphology 

of capillaries and perivascular astrocytes was indistinguishable between the genotypes. 

Notably, astrocytic endfeet (asterisks) did not appear swollen. Pericytes (P) and endothelial 

cell (End) tight junctions (arrowheads in insets) were present in both genotypes. Scale bars, 

500 nm and 100 nm (insets).  

 

Figure 4. Blood-brain barrier permeability and expression of endothelial tight junctional 

proteins are not affected by Aqp4 gene deletion. HRP tracer is confined within the cortical 

vasculature in both WT (A) and Aqp4-/- (B) mice. Arrows denote capillaries shown at higher 

magnification in insets. Neither WT (C) nor Aqp4-/- (D) brains show extravasation of Evans 

blue albumin dye after systemic injection, nor do they differ significantly from each other in 

Evans blue content (E). Values represent mean ± SEM. (F-H) Immunoblots of brain 

homogenates from 4 WT and 4 Aqp4-/- mice. The blots were probed for the endothelial tight 

junction proteins claudin-5 (F), occludin (G) and ZO-1 (H). Markers indicate molecular 

weight. Densitometric analysis revealed that the cerebral expression of claudin-5, occludin 

and ZO-1 in Aqp4-/- mice did not differ from that of WT (unpaired t-test, values are mean ± 

SEM). The signal was corrected for differences in protein loading by use of the density of 

actin staining.   
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