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Abstract 
The gliovascular interface is crucial for homeostasis of the central nervous system (CNS) and 
is perturbed in several neuropathological states with vascular involvement. At this site, 
astrocyte endfeet ensheath the vasculature completely and contain an abundance of the 
water channel aquaporin-4 (AQP4) in highly specialised membrane microdomains. Loss of 
this protein from endfoot membranes is found in several neurological conditions and the first 
study in the present work demonstrates how AQP4 loss precedes the development of chronic 
seizures in an animal model of temporal lobe epilepsy. For these reasons, deciphering the 
molecular mechanisms that regulate expression of AQP4 in astrocyte endfeet at the 
gliovascular interface stands out as a project with ramifications and direct consequences for 
several pathophysiological states. Both localisation and distribution of AQP4 has been shown 
to depend on intracellular as well as extracellular proteins. My thesis thus explores the 
hypothesis of whether extracellular matrix (ECM) molecules have an instructive and/or 
regulatory role on the composition of astrocyte membrane domains and on AQP4 levels in 
particular. Evidence is provided in favour of such a regulatory role for ECM proteins agrin and 
laminin as well as for the intracellular anchoring protein α-syntrophin (α-Syn). A case in point 
is the immediate surroundings of perivascular pericytes, where astrocyte proteins AQP4 and 
α-Syn as well as ECM proteins laminin and agrin co-exist and co-distribute. In the systematic 
approach towards examining the aforementioned mechanisms, we examined several different 
anatomical regions of rodent CNS. Evidence is therefore also provided that the gliovascular 
interface displays significant heterogeneity across the brain with regards to ECM proteins and 
astrocyte endfeet. The potential implications for pathophysiology and physiology is discussed 
and may in particular be of relevance for epilepsy, neuromyelitis optica (NMO) and waste 
clearance from CNS. 
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1. Introduction 
Neuroscience is the study of all facets of the human brain, animal brains and nervous tissue. 
The spectrum included therein is vast. Examples span from the unresolved issues of 
consciousness, how information is stored and processed to research into the pathogenesis of 
both rare and common brain diseases. My thesis is best viewed in the context of 
pathophysiology but also carries potential implications for neurophysiology. The included 
experiments are focused on the gliovascular interface in brain at the capillary level. Here, 
astrocytes ensheath the entire vasculature with their specialised projections, termed endfeet 
(Mathiisen et al. 2010). These star-shaped cells are thus uniquely positioned to link brain 
parenchyma to the circulation. Transport and signalling mechanisms at the gliovascular 
interface are critically involved in a number of brain functions (Iliff et al. 2012; Nagelhus and 
Ottersen 2013; Verkhratsky and Nedergaard 2018). Sustained interest has been devoted to 
the water channel AQP4, which is abundantly expressed in astrocyte endfoot membranes. The 
present study is a systematic approach towards deciphering how this abundant and highly 
polarised expression is induced and regulated. Targeted deletion of Aqp4 protects against 
brain oedema formation (Amiry-Moghaddam et al. 2003a; Manley et al. 2000) and delays 
clearance of waste products from brain neuropil (Iliff et al. 2012). Loss of AQP4 from endfoot 
membranes is found in several neurological conditions (Eid et al. 2005; Frydenlund et al. 2006; 
Yang et al. 2011), but the mechanisms underlying this downregulation remain unclear, despite 
evidence of regulatory mechanisms and tempting hypotheses (Heuser et al. 2010a; Madrid et 
al. 2001). In the first work presented in this thesis, perivascular levels of AQP4 were examined 
in an animal model of temporal lobe epilepsy (TLE). This demonstrated that endfoot reduction 
of AQP4 levels precedes the development of chronic seizures (Alvestad et al. 2013) and 
correlates with reductions in the AQP4 anchoring protein α-syntrophin (α-Syn). The latter study 
addressed one of the most challenging questions in current research: whether changes 
observed are causes or consequences of neurological disease. 
This initial study prompted further examination of the interdependence between AQP4 and α-
Syn. The next article therefore makes use of a transgenic mouse model with targeted deletion 
of α-Syn and examines the in situ occurrence of both proteins. During this investigation, 
evidence of significant regional differences within the rodent brain became evident. Across all 
examined CNS regions, AQP4 and α-Syn are constitutively expressed around all blood 
vessels. Also, levels were significantly higher in the proximity of perivascular pericytes. For 
AQP4, this proved resistant to targeted deletion of α-Syn. These phenomena were quantified, 
and also constitute examples ideally suited to examine AQP4 regulation.  
Interlaced between the aforementioned, cellular elements of the gliovascular interface is a 
distinct, perivascular basal lamina (BL). This is nothing short of an extraordinary assembly of 
extracellular matrix (ECM) constituents. It has long been known that acquired or inherited 
defects of ECM cause diseases in many organs. An illustrative example is Alport syndrome 
(Alport 1927), where a defect in the widely expressed collagen IV protein results in symptoms 
from kidney, ears and eyes. It is quite surprising, therefore, that few researchers have pursued 
the idea that similar ‘matricopathies’ might also cause brain disease. But evidence exists that 
ECM proteins influence astrocytes and AQP4 (Guadagno and Moukhles 2004; Noel et al. 
2009; Noell et al. 2009; Tham et al. 2016). The third article is therefore a tailor made cell 
culture system that permits the examination of astrocyte endfeet in a systematic fashion. Here, 
evidence is provided that several factors impact on AQP4 levels, including co-culture of 
astrocytes with brain derived endothelial cells, and incubation with ECM proteins agrin and 
laminin. In the fourth article, therefore, the ontogenic profiles of all the aforementioned and 
implicated proteins were assessed. This included several proteins in the intracellular 
dystrophin-dystroglycan protein complex (Blake et al. 2002) which is a key organiser of endfoot 
proteins and architecture (Noell et al. 2011). Dystrophin anchors AQP4 through α-Syn and is 
coupled to the endothelial basal lamina through α- and β-dystroglycan (β-DG; (Blake et al. 
2002; Culligan et al. 2001). These molecular interactions likely explain the highly specific 
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accumulation of AQP4 in perivascular endfoot membranes. The conclusions from this fourth 
study were that ECM proteins agrin and laminin have an inductive role in establishing the 
polarised expression of AQP4 in astrocyte endfeet. Finally, the fifth article examines agrin and 
laminin in situ in mouse CNS in both WT and α-Syn-/- genotypes. These findings constitute the 
first quantitative assessment of agrin and pan-laminin at ultrastructural level. In accordance 
with the AQP4 and α-Syn data from article II (Hoddevik et al. 2017), agrin and laminin also 
display significant regional differences. Surprisingly, this is also the case at local, pericapillary 
level where the distribution of these proteins overlaps surprisingly well with variations of AQP4 
and α-Syn. This is consistent with the idea that agrin and laminin both regulate AQP4 levels 
and provides a potential, mechanistic explanation of how AQP4 is enriched in astrocyte 
membrane domains abutting pericytes. Further, targeted deletion of α-Syn leaves laminin and 
agrin distribution and measured protein levels unaltered. This supports the hypothesis that α-
Syn affects AQP4 redistribution via a direct effect rather than indirectly via ECM proteins agrin 
and laminin. 
 
In the first part, the discussion details the provided evidence on induction and regulation of 
AQP4 in a context with other known mechanisms. Findings also indicate that the gliovascular 
interface displays significant regional heterogeneity. The second part of the discussion 
therefore addresses physiological implications thereof, including waste clearance from CNS via 
paravascular flow. Finally, the findings are discussed in the contex of epilepsy and 
neuromyelitis optica (NMO). Mention is also made of select neuropathologies that may benefit 
from an understanding of AQP4 regulation.  
 
Collectively, the experiments and articles touch on a broad range of topics. This limits the 
depth to which one can dive into them all, but makes the thesis relevant for an equally broad 
audience. An initial background chapter is therefore included to render the work more 
accessible to readers, irrespective of prior knowledge in the field.  
 

2. Background and definitions 
This chapter introduces the gliovascular interface and defines notions around which the 
ensuing parts of the thesis are structured. The cellular compartments that have been studied 
are introduced first: astrocytes, pericytes and endothelium. Relevant aspects of astrocytes 
are defined. These include  astrocyte endfeet, astrocyte membrane proteins, dystrophin 
associated glycoprotein (DAP) complex and AQP4. ECM proteins and structure in CNS is 
then reviewed. Finally, mention is made of a demyelinating disease that is particularly 
relevant for AQP4 in the CNS. Other pathologies of interest are mentioned in the discussion.   

Astrocytes 
Ramon Y Cajal was among the first to employ Golgi staining on sections from the CNS. To 
date do his drawings remain impressive and provide more than historical data. Importantly, 
his observations were the first to highlight the true diversity of astrocytes. A mere 22 pages of 
his two-volume compendium “The histology of the central nervous system” are used to 
describe glial cells (Ramon y Cajal 1911). According to him, la cellule neuroglique  is one of 
the two specialised elements constituting the nervous tissue – the other being “la cellulle 
nerveuse avec ses prolongements”. Cajal highlights that neuroglial cells are also called 
“spider cells” due to their resemblance to this animal, or “corpuscles of Deiter” in honour of 
the scholar who - according to Cajal - first discovered them. The aforementioned 22 pages 
are truly exemplary in their scientific approach. Not only do they contain drawings of such 
quality that they remain useful and are still cited but the accompanying text also elaborates on 
the morphological findings and what they imply for cell function. In that regard, an exciting 
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hypothesis proposed by Andriezen (Andriezen 1893) is that astrocytes provide true cuffs for 
blood vessels with the ability and function to dampen or absorb physical pressure propagated 
along blood vessels. Of particular note to this intriguing hypothesis is a small, but interesting, 
finding in one of the articles included in the current thesis potentially regarding pressure 
exerted on endfeet (Camassa et al. 2015).  
 
Astrocytes still retain the name that was proposed for them in 1893 by Michael von 
Lenhossek (Lenhossek 1893) for their stellate appearance in histological stains. Arguably, 
astrocytes represent the most diverse class of cells in the CNS. They perform homeostatic 
functions of the CNS at molecular and whole organ level. For further background on astrocyte 
physiology, the reader is referred to the recent and thorough review by Verkhratsky and 
Nedergaard (Verkhratsky and Nedergaard 2018). In another review on functions of mature, 
mammalian astrocytes, Harold Kimelberg recapitulates those eight criteria that hitherto have 
been used to recognise a mature astrocyte (Kimelberg 2010), namely: 
 

1. Nonexcitability; the absence of electrical excitability 
2. A very negative membrane potential (-80 to -90 mV) determined by the 

transmembrane K+ gradient (because of a prevalence of K+ permeability of the 
plasmalemma) 

3. Functional expression of GABA and glutamate transporters, thus GABA and 
glutamate uptake 

4. A large number of intermediate filament bundles (sites of the astrocyte specific 
protein glial fibrillary acidic protein - GFAP) 

5. Glycogen granules 
6. Processes from each cell contacting and surrounding blood vessels 
7. Elaborated perisynaptic processes 
8. Linkage to other astrocytes by gap junctions consisting of connexin 43 and/or 30 

 
Many astroglial cells do conform to these criteria, but there are exceptions. Kimelbergs 
proposed division of astroglia into either star-shaped- (protoplasmic and fibrous astrocytes) or 
elongated astroglia (retinal Müller glia and cerebellar Bergmann glia) excludes cells that 
should have been included. For this reason, Verkhratsky and Butt propose that the family of 
astrocytes can be functionally defined as “the true homeostatic cells of the CNS that provide 
for molecular, cellular and organ homeostasis” (Verkhratsky 2013). Neither definition may be 
perfect, the former – despite its rigorous approach - due to the number of astroglial cells that 
it unintentionally excludes and the latter – despite its elegant brevity – for not being applicable 
as inclusion/exclusion criteria in studies relying on morphology. The title of the referenced 
review (Kimelberg 2010) emphasises that there are differences between immature and 
mature astrocytes. Indeed, article IV (Lunde et al. 2015) in this thesis provides evidence on 
postnatal development of the dystrophin associated protein complex (DAPC) in neonatal, 
perivascular astrocytes that might differ from their mature counterparts. Further, this thesis is 
limited to the study of astrocytes in mouse and rat brain. Kimelberg correctly highlights that 
astrocytes in other species are quite different from their mammalian equivalents.  As an 
intriguing example of particular relevance to the gliovascular interface is that 
astrocytes/neuroglia in shark brains express tight junction proteins and thus constitute 
endocellular vessels (Long et al. 1968). Recently, it has also been shown that reactive 
astrocytes from mice create tight junctions (TJs) in inflammatory lesions and constitute a 
proposed barrier to migration of immune cells and humoral immune response into the brain 
parenchyma (Horng et al. 2017). Of more relevance are the acknowledged and significant 
morphological differences between rodent and human astrocytes, whereby human astrocytes 
are 15-20 times larger than their rodent counterparts (Oberheim et al. 2012). Excitingly, a 
recent study showed that implantation of human glial cell progenitors into mouse brain 
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resulted in humanised, chimeric mice that outperform their littermates (Han et al. 2013). Such 
differences pose challenges for how animal studies, such as the ones proposed herein, can 
be extrapolated to the human case.   
 
Astrocyte morphology and relationship to neurons, capillaries and parenchyma-to-fluid 
interfaces define these cells more so than their molecular signature (Oberheim et al. 2012). 
Nonetheless, the intermediate filament protein GFAP has been used for more than 30 years 
as a marker for identifying astrocytes. It has become clear, however, that not all GFAP 
positive cells are astrocytes, and conversely, not all astrocytes are GFAP positive on 
immunohistochemical preparations (Kimelberg 2004; Mishima and Hirase 2010).  
 
In a tissue such as the CNS, whose function crucially depends on cellular organisation rather 
than just sheer numbers, the importance of cells involved in homeostasis and structure is not 
to be underestimated. With evidence that astrocytes ensheath and provide an almost 
complete covering of vasculature in the CNS (Mathiisen et al. 2010), they are an excellent 
example thereof - uniquely situated to link brain parenchyma to the vasculature. And even 
though pathologies such as Guillan-Barré syndrome (GBS), acute lateral sclerosis (ALS) and 
multiple sclerosis (MS) manifest due to damaged neurons or oligodendrocytes, it is quite 
possible - even probable - that the respective pathogeneses also involve compensatory 
mechanisms of adjoining astrocytes. A bold statement regarding neuropathologies would 
therefore be that no disease manifests symptomatically unless astrocytes fail in maintaining 
or restoring perturbed homeostasis of affected regions or microenvironment (Verkhratsky 
2013). The dedicated study of all aspects of the astrocyte is therefore crucial to a more in 
depth understanding of neuropathology. Included in this approach would be a systematic 
investigation of the proteins expressed by astrocytes. This includes the water channel AQP4, 
which is expressed in abundance in astrocyte endfeet.  

Aquaporins 
Aquaporins (AQPs) constitute an ancient family of proteins that is present in all living 
organisms and thus all three kingdoms of life; Eukarya, Bacteria and Archaea (Finn et al. 
2014; Laloux et al. 2018). This suggests a common ancient ancestor. AQPs are membrane 
intrinsic proteins (MIPs) that facilitate the passive movement of water and small solutes 
across biological membranes. There are 13 mammalian aquaporin genes. They can both 
functionally and phylogenetically be divided into four categories based on their amino acid 
sequence. First, the channels uniquely permeable to water (Aqp0, 1, 2, 4, 5 and 6) are the 
water selective, classical or orthodox aquaporins. Second, Aqp8 can be termed an 
ammoniaporin due to the ability to transport water, ammonium and urea (Jahn et al. 2004), 
although AQP8 mediated ammonium transport may not be physiologically significant (Yang et 
al. 2006a). Third, the aquaglyceroporins (Aqp3, 7, 9 and 10) facilitate the transport of H2O, 
arsenic, urea and polyols such as glycerol. Finally, a relatively recently described group 
comprising Aqp11 and Aqp12 is called superaquaporins by some and unorthodox aquaporins 
by others (Ishibashi 2009; Ishibashi et al. 2009). Their permeation properties have yet to be 
identified. As their names imply, the functions of orthodox aquaporins and aquaglyceroporins 
are related to water transport, but evidence of other physiological properties certainly exists. 
Evidence towards ammonia channelling via a fifth, central pore resulting from the assembly of 
AQP1 into tetramers is one example (Ip et al. 2013; Nakhoul et al. 2001). 
 
To date, expression of seven aquaporins has been described in rodent brain. These are 
Aqp1, -3, -4, -5, -8, -9 and -11 (Agre et al. 2002; Badaut et al. 2001; Elkjaer et al. 2000; 
Gorelick et al. 2006; Nielsen et al. 1997; Venero et al. 1999; Yamamoto et al. 2001). Two of 
these have known physiological functions in the human brain (AQP1 and AQP4). There is 
evidence both for and against the localisation and potential physiological role of AQP9 
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(Amiry-Moghaddam et al. 2005; Badaut et al. 2004; Mylonakou et al. 2009; Yang et al. 
2006b). Studies on a transgenic knock out mouse strain have also implicated the protein in 
the pathogenesis of Parkinson’s disease (Stahl et al. 2018). For the remaining three, the 
evidence for their presence in CNS has been reviewed previously (Badaut et al. 2001, Elkjaer 
et al. 2000; Nielsen et al 1997, Venero et al 1999; Yamamoto et al 2001b). Although mRNA 
for Aqp3, Aqp5 and Aqp8 is detected in rodent CNS, the localisation studies at protein level 
are limited by the relative lack of functioning antibodies. To what extent these latter 
aquaporins are expressed at protein level and provide functional properties to the CNS can 
therefore be debated.  
 

AQP4 in the CNS 
The scientific exploration of AQP4 begins long before the gene was cloned. Of particular note 
is the freeze-fracture technique and how this was employed as early as the 1970s to study 
membrane domains not just in astrocyte endfeet but also in other organs. 
Immunocytochemistry enabled Nielsen and co-workers (Nielsen et al. 1997) to characterise 
the distribution of AQP4 in the CNS and other tissues. But the original work by Dermietzel 
was the first to visualise OAPs, which we now know to be composed uniquely of AQP4 
molecules (Dermietzel 1973). Landis and Reese (Landis and Reese 1974) then showed 
these particles to be organised into “assemblies” and Rash et.al showed that they were not 
gap junctions (Rash et al. 1974). They have since been referred to as either square arrays or 
orthogonal arrays of particles (OAPs). The topic was thoroughly reviewed by Wolburg in 1995 
(Wolburg 1995). The molecular composition of OAPs has been studied and evidence 
suggests AQP4 to be the sole constituent of OAPs. But the functional significance of such 
supramolecular assemblies remains enigmatic (Sorbo et al. 2008). Frydenlund and co-
workers demonstrated how AQP4 is progressively lost following brain ischemia (Frydenlund 
et al. 2006). But this very phenomenon was also observed by Landis & Reese as early as in 
1981 (Landis and Reese 1981a). The authors described how “assemblies are progressively 
replaced by amorphous clumps and then disappear as the interval between decapitation and 
rapid freezing increases. Nearly normal numbers of assemblies may be maintained in 
cerebellar slices in vitro, but there too they disappear at low PO2 [...]. No other neuronal or 
glial membrane specialization exhibits a comparable lability”. A review written by the same 
authors in 1981 uses a wording which is surprisingly similar to what authors of this millennium 
employ when summarising the role of aquaporin-4 in the CNS: “The function of assemblies is 
unknown, but their positioning suggests that they may have a role in the transport of some 
material into or out of the blood and cerebrospinal fluid compartments” (Landis and Reese 
1981b). The relevance of different AQP4 isoforms to form square arrays has been studied 
(Rossi et al. 2012; Verbavatz et al. 1997; Yang et al. 1996). There are significant species 
differences to be taken into account. In the rat, a total of 6 isoforms have been identified (Moe 
et al. 2008) and termed AQP4 a-f, where a and c correspond to the M1 and M23 isoforms in 
mice. As shown in the western blots from mouse brain in article II (figure 5B, C) three distinct 
bands appear upon incubation with anti-AQP4 antibodies directed against the C-terminal, 
these are M1, M23 and Mz. Each of these bands disappear following Aqp4 knockout. 
Article III in this thesis makes use of a cell culture system, tailor made so as to study the 
particular expression pattern of AQP4, whereby most of this protein is localised to astrocyte 
endfeet abutting either vasculature or forming the glia limitans proper. This phenomenon of 
protein polarisation was also noted by scientists employing the freeze fracture technique 
(Landis and Reese 1982). As a hallmark of perivascular astrocytes, functional polarisation 
should perhaps have been included in the defining criteria proposed by Kimelberg. Arguably, 
though, neurons and oligodendrocytes are also functionally polarised and the criterion would 
have been a necessary rather than sufficient factor in the definition.  
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The discovery of aquaporins in brain resulted in further insights into pathophysiology 
compared to physiology (Nagelhus and Ottersen 2013). The contrast to the situation in kidney 
is obvious. The physiological role of AQP4 proved elusive, but evidence now exists of 
contribution to both physiology and pathophysiology. Inevitably, due to the localisation of 
AQP4 and the functional polarisation of astrocytes, this literature relates in large part to the 
gliovascular interface (Nagelhus and Ottersen 2013). One recent and exciting report 
implicates AQP4 in clearance of waste products from brain (Iliff et al. 2012). Parts of this 
hypothesis have been contested by others showing no difference in paracellular diffusion 
when comparing WT to Aqp4 knockout (Aqp4-/-) genotypes (Smith et al. 2017).  
 
AQP4 localisation in brain is not limited to perivascular spaces, however, and is also found in 
astrocytes of olfactory bulb and in basolateral membrane of ependymal cells lining the entire 
ventricular system. The first accounts of immunogold labelling (Nielsen et al. 1997) also show 
distinct labelling in astrocyte processes in contact with synapses which spawned further 
investigations related to neurophysiology and the so-called tripartite synapse (Araque et al. 
1999; Newman 2003). Further, an exciting report on lamellar stack astrocytes (Holen 2011) 
expanded on initial observations from Nielsen et.al in the supraoptic nucleus and 
demonstrated distinct structures termed “circular lamellar stacks” that envelop neuronal 
structures and are enriched in AQP4. Such structures are found scattered throughout the 
CNS (unpublished data, Hoddevik). They define an astrocyte–neurone interaction that merits 
further investigation.  
 
Studying AQP4 expression in other organs provides equally interesting clues on regulation as 
do studies from the CNS. Mechanisms regulating AQP4 expression in skeletal muscle have 
been poorly understood, but include both neuronal innervation (Ishido and Nakamura 2018) 
and exercise induced changes in protein level. AQP4 supports muscle contractile activity and 
metabolic changes that occur in fast-twitch skeletal muscle during prolonged exercise (Basco 
et al. 2013). Controversy exists, though, since not all fast-twitch fibres seem to express AQP4 
(Kaakinen et al. 2007).  
The literature on AQP4 is vast. A literature search on the US National Library of Medicine 
website (PubMed.gov) on the keyword “aquaporin-4 OR AQP4” currently yields 3737 
scientific articles of interest. Not all are relevant for AQP4 regulation and localisation, but the 
search result is provided to illustrate the extent to which this protein has been studied.  

Astrocyte endfeet  
The perivascular processes of astrocytes are perhaps best described as lamellopodia. In the 
literature, however, they are referred to as end-feet or endfeet. In 1955, Glees used the word 
“end plate” to describe astrocyte processes terminating on a cerebral vessel wall. He referred 
to the envelopment of the vascular wall by endfeet as the glial barrier and termed the 
ensemble of end plates as “membrana limitans gliae perivascularis (Glees 1955). But endfeet 
are not coupled by tight junctions and the clefts between them (Korogod et al. 2015; Long et 
al. 1968) are not likely to restrict movement of solutes to the extent that brain endothelium 
does. They can be viewed as specialised projections from the cell soma and perikaryon. They 
establish the concept of astrocyte polarity, a reason for which astrocytes bear similarities to 
neurons (Barres 2008; Nedergaard et al. 2003; Seifert et al. 2006). Despite the importance of 
endfeet, a review article listing a complete “inventory list” of endfoot constituents has yet to be 
written. Consequently, this paragraph is included to briefly review some select and important 
examples of endfoot composition. 
 
Endfoot cytoskeletons do contain GFAP (El-Khoury et al. 2006) and intermediate filaments, 
albeit in modest amounts compared with projections of fibrous astrocytes. Filaments were 
described morphologically long before the protein was identified in 1972 (Eng et al. 1971). At 
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the ultrastructural level, the classical intermediary filament bundles are generally not seen, 
but GFAP immunogold labelling in endfeet is sufficiently strong for immunogold quantitation 
(Hoddevik, unpublished data on GFAP in WT vs α-Syn-/- mice). In cell culture assays, GFAP 
is successfully employed as an astrocyte marker labelling endfeet, like we show in article III 
(Camassa et al. 2015). In reactive astrocytes, AQP4 localisation to endfeet has been 
suggested to have an active involvement in migration – a process that must involve changes 
in the underlying cytoskeleton (Saadoun et al. 2005).  
Among the transmembrane proteins known to link endfeet to the adjoining ECM are β-integrin 
and β-DG (Campbell and Stull 2003; Mayer 2003). In turn, the latter is coupled to the proteins 
of the DAP complex, which includes dystrobrevin, α-, β1 and β2 syntrophins. The handling of 
K+ is of essence in an excitable tissue such as the CNS and endfeet contain the inwards 
rectifying K+ channel Kir4.1 (Nagelhus et al. 1999). As defined by Kimelberg, one of the 
characteristic features of astrocytes is their ability to form a glial syncytium through 
expression of gap junction proteins such as connexin 43 and connexin 30. Their presence is 
likely to serve several functions, including a better resilience and increased capacity for 
buffering K+ levels (Katoozi et al. 2017; Nagy and Rash 2000). Considering the fundamental 
role of neurotransmitters in the CNS it is perhaps not surprising that glutamate transporters 
are also found in endfeet (Lehre et al. 1995). The transient receptor potential vanilloid-related 
channel 4 (TRPV-4) is particularly abundant in astrocyte membranes at the interface between 
brain and extracerebral liquid spaces, and thus also in endfeet. TRPV-4 has been suggested 
to play a role in astrocyte swelling which in turn promotes intracellular Ca2+ elevation through 
Ca2+ influx (Benfenati et al. 2011).  
Involvement of endfeet in metabolism is inevitable, considering how astrocytes link with the 
vasculature. Neurons and the brain proper depend on glycolysis. In humans, the brain 
constitutes 2 % of the body weight, but is responsible for 20 % of the body’s energy 
consumption at rest (Rolfe and Brown 1997). Endothelial cells and astrocyte endfeet alike 
therefore express GLUT-1 (Allen and Messier 2013; Simpson et al. 2007). Further, 
monocarboxylate transporters (MCT1) transporting lactate are also found in endfeet (Simpson 
et al. 2007). Astrocytes regulate metabolic homeostasis through glycogen synthesis and the 
supply of energy substrates to neurones. Endfeet also release vasoactive substances and 
contribute to functional hyperaemia (Nippert et al. 2018).  
The above list does not cover nearly all the proteins present in endfeet but should serve its 
purpose of illustrating why and how astrocyte endfeet are crucial for CNS function and 
homeostasis.  

Astrocyte polarity, AQP4 regulation and dystrophin associated glycoprotein 
complex 
Immunolabelling techniques have revealed a multitude of different membrane proteins in 
endfoot membranes, some of which display a highly polarised expression pattern. This 
includes AQP4 (Nielsen et al. 1997). In articles III and IV we use AQP4 as a marker of 
functional astrocyte polarity. This is a hallmark of astrocytes whose underlying regulation, 
induction and maintenance have been incompletely understood. There is ample evidence that 
AQP4 in perivascular endfeet co-localises with the DAP complex, consisting of DG, α-Syn, 
dystrophin and dystrobrevin (Amiry-Moghaddam et al. 2003a; Inoue et al. 2002; Neely et al. 
2001; Noell et al. 2011). The reader is referred to the thorough review by Blake for further 
reference (Blake et al. 2002). Articles II, III, IV and V all address anchoring mechanisms of 
transmembrane proteins via the dystrophin-dystroglycan protein complex. Evidence suggests 
that α-Syn has a direct interaction with AQP4 in brain to fulfil the role as an anchoring protein 
to the DAP complex. β-DG is the transmembrane part of the DG protein and the extracellular 
and heavily glycosylated α-dystroglycan binds to laminin (Culligan et al. 2001). Together with 
integrins, β-DG therefore contributes as an ECM receptor for astrocytes. This interaction is 
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what we hypothesised to contribute as both an inductive and regulative mechanisms for 
AQP4 levels and astrocyte polarity.  
 
Syntrophins are cytoplasmic peripheral adapter proteins of the DAP complex (Neely et al. 
2001). The five syntrophin isoforms (α1, β1, β2, γ1, γ2) are encoded for by distinct genes. 
Each contains two pleckstrin homology (PH) domains, a syntrophin-unique (SU) domain, and 
a PDZ domain. The latter acronym stems from the first letter of those three proteins found to 
contain repeats of this domain, namely PSD-95, Drosophila discs large protein, and the 
zonula occludens protein 1. PDZ domains in other proteins are known to bind to the C termini 
of ion channels and neurotransmitter receptors that contain the consensus sequence 
(S/T)XV-COOH (where S = Serine, T = Threonine, X is any amino acid and V = Valine) and 
mediate the clustering or synaptic localisation of these proteins (Gee et al. 1998; Peters et al. 
1998). AQP4 has the C-terminal sequence Ser-Ser-Val (-SSV). This sequence potentially 
binds to PDZ domains (Fanning and Anderson 1999; Gee et al. 1998; Kornau et al. 1995), 
present in syntrophins and therefore also in α-Syn.  
 
Since the present work was undertaken, other mechanisms of AQP4 regulation have been 
unravelled, but their role in vivo is not fully established. Quite recently, a pivotal study 
provided evidence of nascent protein synthesis in these distal astrocyte processes (Boulay et 
al. 2017). In addition, the authors found smooth- and rough endoplasmic reticulum as well as 
Golgi apparatus to be present in endfeet. They suggest that the resulting protein synthesis 
may sustain the functional polarisation phenomenon. Similarly, Sakers and co-workers have 
also shown that astrocytes locally translate transcripts in their peripheral processes (Sakers 
et al. 2017). Together, these findings open for exciting, new hypotheses regarding control of 
astrocyte polarity. The thought is not new, however, and polarisation phenomena of AQP4 
were early on studied in cell cultures (Madrid et al. 2001). 
 
Another recent publication based on primary astrocyte cultures (rat) sheds light on astrocyte-
ECM interactions and potential mechanisms of regulation. Thus, Tham et.al. examined AQP4 
cell surface expression and turnover (Tham et al. 2016) and found that cell-surface 
expression of AQP4 is dependent on DG and potentiated by laminin. Excitingly, the authors 
found evidence of an intracellular, early endosome antigen-1 (EEA-1) associated pool of 
AQP4 from which the protein was recruited to the cell surface by presence of laminin. Further, 
they demonstrated an association between DG and dynamin where β-DG preferentially 
bound to inactive dynamin and was proposed to inhibit endocytosis. In turn, dynamin was 
shown to function in conjunction with clathrin to regulate surface AQP4 levels. It remains to 
be seen if such findings are replicated in vivo.  
 
In Figure 1 I have attempted to provide an illustration of the putative mechanisms involved in 
AQP4 regulation. These mechanisms include anchoring to the DAP complex via α-Syn 
(Amiry-Moghaddam et al. 2004; Neely et al. 2001), local protein translation in astrocyte 
endfeet (Boulay et al. 2017), vesicle mobility (Potokar et al. 2013), local recruitment from an 
intracellular pool of AQP4 and local vesicular internalisation (Tham et al. 2016).  
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Pericytes 
The term “pericytes” was introduced by Zimmermann in 1923 (Zimmermann 1923) and the 
first descriptions of such cells can be found in the works of Eberth (Eberth 1871) and Rouget 
(Rouget 1873). Pericytes have since been given much attention and in 1979, active pericytic 
contraction was shown to narrow the capillary lumen (Tilton et al. 1979). It is often stated that 
microvessels are ubiquitously associated with pericytes, but there are quantitative differences 
in pericyte coverage (PC) of vessels in the CNS. An example is the albino rat, where PC is 
greater in retinal than in cerebral capillaries (Frank et al. 1987). Pericytes are located on pre-
capillary arterioles, capillaries and post-capillary venules of many organs (Dalkara et al. 2011) 
but they occur very frequently on microvessels of retina and brain. For instance, the pericyte-
to-endothelial cell ratio is 1:100 in striated muscle, but as high as 1:3 in brain and 1:1 in retina 
(Dalkara et al. 2011; Shepro and Morel 1993). The impressive variation in stoichiometry 
between these tissues implies physiological differences. Indeed, there is evidence that 
pericytes contribute to the integrity and formation of the blood to brain barrier (BBB) (Armulik 
et al. 2010; Bell et al. 2010; Daneman et al. 2010). There is also evidence of pericyte 
contractility and neurotransmitter control, with subsequent implications for flow regulation in 
the capillary bed of the CNS (Hall et al. 2014).  
 
There is evidence that pericytes play a role in regulating regional cerebral blood flow (rCBF) 
to the very focal demand of nearby, active cell populations. The very basis of blood oxygen 
level-dependent (BOLD) and functional magnetic resonance imaging (fMRI) in CNS is that 
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Figure 1: Putative mechanisms for AQP4 
regulation in astrocyte endfeet are shown 
schematically at the gliovascular 
interface, where astrocyte endfeet (ast) 
abut the basal lamina (BL), pericytes 
(Per) and endothelium (End).  
Inset in 1) shows anchoring of AQP4 via 
α-Syn to DAP complex, a mechanism 
underlying astrocyte polarity and AQP4 
localisation to astrocyte endfeet. The 
DAP complex in turn is coupled to ECM 
via α- and β-DG. Shown in 2) is  the 
laminin-induced, local recruitment of 
AQP4 to the membrane from an 
intracellular EEA-1 associated pool 
(arrow). β-DG preferentially binds to the 
inactive form of dynamin and may inhibit 
endocytosis of AQP4 (bottom of 2).  
Vesicular transport may also be present 
in cell soma, underlying the potential 
membrane diffusion of AQP4 shown in 3) 
(curved arrow). AQP4 would diffuse 
along the celllular membrane and adhere 
to the adluminal endfoot membrane upon 
interaction with α-Syn, enabling 
functional polarisation for AQP4. Finally 
in 4) is a schematic of the local protein 
translation that has been shown to exist 
in astrocyte endfeet following mRNA 
transport from cell soma. Common for 
the proposed mechanisms 1-3 is the 
reliance upon ECM proteins laminin and 
agrin in the specialised, perivascular BL 
Visual presentation is adapted from 
diagrams in Nagelhus and Ottersen 
2013, Tham et.al. 2016.  
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neural activity increases local blood flow. How active neurons signal to blood vessels is 
termed neurovascular coupling, and the phenomenon by which active brain regions induce a 
local increase in blood flow is named functional hyperaemia. BOLD fMRI is currently the 
leading method for non-invasive imaging of human brain activity, but it does not measure 
brain activity directly – rather, it relies on neurovascular coupling mechanisms (Rungta and 
Charpak 2016). Pericytes are thus implicated and Peppiatt and co-workers provided evidence 
that these cells contribute to this phenomenon by altering blood flow in the capillary bed 
rather than in arterioles (Peppiatt et al. 2006). An excellent review on this topic was written by 
Hamilton et.al in 2010 (Hamilton et al. 2010) and recent publications expand our 
understanding of neurovascular coupling (Mishra et al. 2016). It has also been proposed that 
capillary flow dynamics constitute a passive phenomenon which is significantly affected by 
the architectural properties of capillaries per se (Nakada et al. 2017). The latter review also 
puts forward the intriguing hypothesis that functional hyperaemia has the primary function of 
regulating temperature, rather than simply supplying glucose to an active cerebral tissue.   
 
Pericytes might also contribute to or influence the composition of the ECM organised into the 
surrounding basal lamina. An example is provided by Robel et al (Robel et al. 2009). The 
composition of BL between astrocytes and pericytes is thus likely to be influenced by both cell 
populations.  

Brain endothelium and the blood brain barrier 
If astrocytes constitute the most diverse cell type of the CNS, endothelial cells represent 
perhaps the most diverse cell of the entire organism. In the brain, they are an integral part of 
the gliovascular unit. One of the well-known characteristics of brain endothelium is its 
impressive impermeability to many substances, a phenomenon still known as the blood-to-
brain barrier (BBB), succinctly reviewed by Ingo Bechmann in 2007 (Bechmann et al. 2007). 
That astrocytes surround endothelium was described by Andriezen as early as in 1893 and 
astrocytes have long been known to influence the formation of the BBB via endothelial tight 
junction (TJ) production (Arthur et al. 1987).  
As a concept, the BBB knows its origin from Berlin in 1885. The unwanted observation made 
by Paul Ehrlich, which ruined his experiment at the time, has since spawned an entire field 
that continues to grow. Three other works are key papers in defining the notion of the BBB. 
Lewandowski’s work ‘on the cerebrospinal fluid’ from 1900 (Lewandowski 1900). Then 
Goldmann from 1913 with ‘Intravital labelling of the central nervous system’ (Goldmann 1913) 
and finally Reese and Karnowski’s work; ‘Fine structural localization of a blood-brain barrier to 
exogenous peroxidase’ from 1967 (Reese and Karnovsky 1967). In a logical manner do these 
four studies zoom in on the structural correlates of the BBB. From a special ‘surface’ as 
defined by Ehrlich in 1885, to tight junctions, membrane channels and endothelial transport 
systems. When Reese and Karnovsky defined and introduced the notion of tight junctions in 
1967, the premises for modern BBB research had been laid (Reese and Karnovsky 1967). 
Today, we know that the blood-brain barrier consists of several separate phenomena: 1) the 
presence of cellular interactions named tight junctions that restrict (or possibly regulate) 
paracellular transport, and 2) specialised membrane domains in endothelial cells that permit 
selective transport in both directions across the endothelium. The literature is packed with 
unspecific and vague terminology, including terms such as “leaky BBB”. There is no doubt, 
however, that transport mechanisms at the BBB are closely regulated phenomena.  

Lymphatic drainage of the CNS 
The experimental evidence reported in this thesis is more descriptive than what it involves 
registrations of physiology. But the implications of AQP4 regional heterogeneity are 
potentially interesting when discussed in the context of vascular physiology in brain, which 
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includes perivascular spaces and what has recently been characterised as “glymphatic” flow. 
In a seminal work, Iliff and co-workers injected tracers into the cisterna magna and were able 
to map out a flow via perivascular spaces back into the neuropil (Iliff et al. 2012). In another 
study from the same group, the authors were able to assess extracellular space in mice that 
were sleeping and thus provided the first historical visualisation of sleeping brains (Xie et al. 
2013). A finding of increased tracer flow through the neuropil of sleeping mice led to the 
deduction that the extracellular space (ECS) expands and cells shrink during sleep. The 
cellular mechanisms underlying this observation are intriguing but must include osmotic 
forces and osmolytes that do not interfere with brain functions. Studies have been reported on 
glymphatic flow in the ageing brain (Kress et al. 2014), brain trauma (Plog et al. 2015), and 
potentially Alzheimer’s disease (Iliff et al. 2012).  
Excitingly, cerebrospinal fluid (CSF) characteristics and glymphatic function in humans was 
recently studied using MRI detection of intrathecally administered gadobutrol (Ringstad et al. 
2017).  
 
Solute transport through the ECS is a phenomenon which is critical for many aspects of brain 
homeostasis. It ensures delivery of nutrients to brain cells, clearance of metabolites, 
neurotransmitters and toxic macromolecules. ECS in brain includes CSF containing spaces 
(ventricular system and subarachnoid space) on the one hand, and parenchymal extracellular 
space as well as para- and perivascular spaces on the other.  
 
With reference to the above historical account of the BBB, the tracers that Goldmann injected 
seemingly did not cross brain vessel walls. However, further examination revealed that the 
neuropil remained unstained, but that the dyes accumulated in cells of the choroid plexus, the 
leptomeninges and along the perivascular spaces. These perivascular spaces were rightly 
regarded by Goldmann and his contemporaries as lymphatic clefts. The labelling was stored 
in granules of cells which Goldmann recognised as susceptible for chemotaxic signals and 
capable of migration and phagocytosis. With humour has this been referred to by some as 
“the dirty little secret of the anatomists” (Galea et al. 2007). It is mentioned here to illustrate 
that the phenomenon of perivascular and paravascular drainage and transport is not new, but 
has been reported and studied previously.  
 
The experimental data published by Iliff et.al has been investigated by others. A mathematical 
modelling based on 3D reconstructed models of CNS thus finds diffusion to be more 
prominent than bulk flow for interstitial transport of solutes in CNS (Holter et al. 2017). This is 
evidence against parts of the discussion offered by Iliff and co-workers to explain their 
findings. Similarly, Smith et.al. provided evidence against the proposed glymphatic 
mechanism by convective solute transport in brain parenchyma (Smith et al. 2017). The exact 
mechanisms underlying the experimental data provided by Iliff and co-workers are perhaps 
not fully mapped out, but the article remains seminal. Smith and co-workers also provided 
other experimental data on the diffusion of dextrans of different molecular weights in Aqp4-/- 
vs WT genotypes. They found no difference between genotypes and thus argue against the 
role of AQP4 in these physiological processes. There are discrepancies in the experimental 
setup by Smith compared with that of Illif, however, but controversy now exists as to the 
involvement of AQP4 in paravascular- and glymphatic flow. The first account of glymphatic 
flow studied by MRI in a human patient cohort (Ringstad et al. 2017) also included patients 
with normal pressure hydrocephalus, known to exhibit reduced intracranial compliance and 
restricted intracranial artery pulsations (Eide and Sorteberg 2010). Gadolinium conjugates 
have previously been used to study rat, where such pulsations were interpreted as driving 
paravascular CSF-interstitial fluid exchange (Iliff et al. 2013). Further, the study of such 
disease states in humans will undoubtedly improve our understanding of glymphatic flow and 
intracranial fluid dynamics in humans. Such methodology could shed further light on the role 
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of AQP4 in glympathic flow if used to study patients with polymorphisms in – or known, 
disease causing mutations of - the human Aqp4 gene (Nicchia et al. 2011; Sorani et al. 
2008a; Sorani et al. 2008b; Yadav et al. 2014). Of particular interest would be those patients 
with phenotypes arising from the CNS (Berland et al. 2018).  
 
The brain lacks conventional lymph vessels and the removal of solutes through the brain 
interstitium thus has to rely on other anatomical structures and mechanisms. It is perhaps 
surprising that our understanding of such fundamental notions are only now beginning to 
unravel. Only time will tell, however, to what extent this may be of clinical use. AQP4 is 
certainly not the only protein involved, but the substantial amount of scientific articles studying 
this particular protein may now find unforseen, practical applications.  
 

Extracellular matrix, basal lamina, laminins and agrin 
In view of how fundamental the ECM is in biology and the multitude of constituents it is 
assembled from, it is challenging to provide but a brief introduction. I have attempted to limit 
this paragraph to those concepts necessary to understand the 5 articles on which my thesis 
rests. I will therefore first focus on nomenclature. Thereafter, I will review the composition of 
basal laminae and emphasise the functions of those proteins I have examined.  
 
The terms basement membrane (BM) and basal lamina (BL) are often used synonymously, 
depending on whether researchers employ light- or electron microscopy, respectively. For 
consistency, I have adhered to employing BL in this thesis. Bowman defined the concept in 
his first description from muscle tissue, he rightly called it a “membranous sheath of the most 
exquisite delicacy” (Bowman 1840). The ECM is not limited to basement membranes, 
however, and the term does mean different things to different people. For the purpose of the 
proposed work, I wish to limit the discussion to ECM in brain. The best understood 
components of the ECM comprise collagens, proteoglycans and major glycoproteins. Based 
on prior evidence suggesting that agrin and laminin (Fallier-Becker et al. 2011; Guadagno 
and Moukhles 2004; Tham et al. 2016) impact on AQP4 membrane levels, we hypothesised 
that protein levels of AQP4 and α-Syn would correlate with those of both agrin and laminin. 
But the proposed study is limited to these two, latter proteins. They are but two on a long list 
of ECM constituents. This highlights the limitations of article V when interpreting 
heterogeneity of the capillary BL. Focus of this particular work was to examine potential 
correlations between interaction molecules of α-dystroglycan that might in turn explain the 
observed variations in endfeet levels of AQP4 and α-Syn. This dictated the choice of proteins 
to study, namely those two ECM proteins respectively known to influence membrane AQP4 
and OAP formation (agrin), and known to link DAP complex in place (laminin) with secondary 
influence on AQP4.  
 
The heterotrimeric laminins are a defining component of all BLs and self-assemble into a cell-
associated network (Hohenester and Yurchenco 2013). The laminin molecule is cross-shaped 
and the three short arms constitute the network nodes, with a strict requirement for one α, 
one β and one γ arm (Aumailley et al. 2005; Parsons et al. 2002). The α-subunits (two of 
which are examined in article V) are largely responsible for cell surface adhesion and 
receptor interactions, but also contribute to self-assembly (Yurchenco 2011).   
 
The globular domain at the end of laminins long arm binds to cellular receptors, including 
integrins, α-dystroglycan, heparan sulfates and sulfated glycolipids. Both integrins and 
dystroglycans are transmembrane proteins that interact with the cytoskeleton (Campbell and 
Stull 2003; Mayer 2003). This series of direct protein interactions therefore constitutes a 
bridge which links the basal lamina to the very cytoskeleton of neighbouring cells, reviewed 
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by Baressi and Campbell (Barresi and Campbell 2006). Collateral anchorage of the laminin 
network is then provided by the proteoglycans perlecan and agrin. A second network is 
thereafter formed by type IV collagen, which interacts with the laminin network through the 
heparan sulfate chains of perlecan and agrin and additional linkage by nidogen.  
 
BLs have been deduced to assemble through a multistep process substantially driven by 
mass-action. This is termed self-assembly and is initiated by the binding of laminins to cell 
surfaces (Li et al. 2002; Li et al. 2005; McKee et al. 2009; McKee et al. 2007; Smyth et al. 
1998). Networks of both collagens IV and laminin are capable of such self-assembly (Sanes 
2003). The reader is encouraged to cast a glance at Fig 4 in article V at this point, where 
collagen fibres in pia mater are displayed in an impressive and systematic pattern. I find this 
image fully in line with Bowman’s initial description of a tissue of exquisite delicacy.  

Devic’s disease: 
For the practicing neurologist, any study of AQP4 in the CNS now yields an immediate 
association to neuromyelitis optica (NMO). The name was coined by Eugène Devic and his 
student Fernand Gault who described the disease as a different version of “la sclerose en 
plaque” as early as in 1894 (Devic 1894) and described the condition as “La neuromyelite 
aigue du nerf optique”. Even earlier, a review written by the German oculist Friedrich Albin 
Schanz (1863–1923) points to most of the clinical and pathological features nowadays 
considered characteristic for NMO. Some would claim this to be the first account of NMO in 
the literature (Jarius and Wildemann 2017). Historical roots set aside, its existence was 
refuted by some during the 20th century but not forgotten by others. Excitingly, a potential 
molecular basis for the disease was shown by Vanda Lennon and co-workers in 2005 
(Lennon et al. 2005) upon isolating antibodies from sera of multiple sclerosis (MS) patients 
displaying the characteristic symptoms described by Devic. These autoantibodies were 
shown to be directed against AQP4, and thus not against epitopes present in 
oligodendrocytes. The key control to Lennons experiment was the use of transgenic Aqp4-/- 
mice generated by Ma and co-workers (Ma et al. 1997). The perivascular labelling pattern 
resulting from incubation of NMO-Ig on tissue sections disappeared entirely in Aqp4-/- mice. 
The AQP4 protein was already cloned and well characterised at the time when Lennon and 
co-workers published their 2005 report. This facilitated the further exploration of the 
epitope(s) recognised by the NMO auto-antibodies. Evidence shows that NMO-IgG bind to 
extracellular loops of AQP4, monomers, tetramers and higher order structures (Iorio et al. 
2013). Another report, using pull-down experiments, show assemblies of AQP4 into OAPs as 
the NMO-IgG target, and demonstrate that antigen-antibody binding does not impede water 
transport (Nicchia et al. 2009).  
Whether the development of anti-AQP4 auto-antibodies in NMO patients truly holds the key to 
treating the disorder remains unclear, but the coupling of NMO to AQP4 has been seminal. 
The discovery of anti-AQP4 monoclonal antibodies now provides the medical community with 
the means to test this hypothesis. The current thesis provides quantitative data from several 
regions in the CNS on AQP4 expression and localisation. In that regard, it may be relevant to 
several aspects of NMO development, which is elaborated upon in the third part of the 
discussion. Current view is that AQP4 is not expressed in oligodendrocytes or neurons, albeit 
for one report from the vomeronasal organ (Ablimit et al. 2008). The discovery of auto-
antibodies from human sera able to bind to this protein has therefore not only been seminal 
for publications on NMO, but indeed also for CNS autoimmunity. It prompts the question of 
whether the pathogenesis in other demyelinating disorders also involves astrocytes.  
Anti-aquaporin-4 auto-antibodies are specific for neuromyelitis optica spectrum disorders 
(NMOSD), but there is evidence both supporting and refuting causality. Evidence does 
suggest complement involvement (Duan et al. 2018). But as another example, anti-
aquaporin-4 auto-antibodies have been detected in sera of patients suffering from systemic 
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lupus erythematosus (SLE) but who did not have CNS symptoms for more than a decade 
following initial detection (Alexopoulos et al. 2015). Such findings might suggest that the 
presence of anti-aquaporin-4 auto-antibodies is a necessary but not sufficient factor to 
develop NMO.  
Also, the titer of the anti-AQP4 antibody ELISA assay has been shown not to be predictive in 
the disease course for patients with NMOSD. Low titer patients experience the same disease 
course as medium-titer and high-titer anti-AQP4 antibody patients with NMOSD (Kessler et al. 
2017). Seemingly, therefore, the diagnostic value of NMO-IgG is currently limited to a 
positive/borderline/negative result. AQP4 is also found in other tissues that are spared in 
NMO, which sheds light on the pathogenesis. Kidney and muscle are appropriate examples 
to be studied. The rare case of myositis does exist in NMO (Cosgrove et al. 2014), where IgG 
binding and muscle injury has been reported (Malik et al. 2014). As a rule of thumb, however, 
NMO only involves CNS. Why skeletal muscle is spared in NMO can be considered an 
evolving mystery (Verkman et al. 2018), also since intravenously administered AQP-IgG has 
been shown to bind rapidly to mouse skeletal muscle (Ratelade et al. 2011). It has been 
proposed that NMO-IgG binds differentially according to differing size of the supramolecular 
aggregates (Rosito et al. 2018). Freeze fracture data on healthy, human skeletal muscle 
show OAPs of similar size to what has been demonstrated in brain, however (Furman et al. 
2003; Wakayama et al. 1986). And conceptually, an NMO/AQP4-IgG molecule bound 
anywhere within an AQP4 cluster away from the cluster edge is unable to sense cluster size. 
The explanation of inflammatory sparing in peripheral tissues may reside in factors other than 
epitope availability and OAP structure. Differential expression of complement regulator 
molecules may be one such possibility (Yao and Verkman 2017a; Yao and Verkman 2017b).  
 
The deciphering of causal mechanisms for any disease provides the possibility of 
understanding general disease mechanisms. Such is also the case for NMO: the field of 
neuroimmunology has not been left unchanged by the increasing number of publications on 
patients suffering from this disorder.  
 

3. Hypotheses and aims of the thesis 
 
Hypothesis 1:  The specialised extracellular matrix found in basal laminae governs 

the composition of the adjoining astrocyte membranes and regulates 
the level of proteins expressed therein. 

 
Hypothesis 2:  Membrane levels of AQP4 are regulated both by intra- and 

extracellular factors.  
 
Aim 1:  To explore the molecular bridging between endfeet and basement 

membranes  
Aim 2:  To unravel those mechanisms responsible for accumulation and 

localisation of AQP4 in astrocyte endfeet abutting perivascular 
basement membranes 

Aim 3:  To unravel examples of heterogeneous AQP4 expression in order to 
assess potential regulatory mechanisms under different 
circumstances.  
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4. Methodological considerations  

Quantitative immunogold labelling 
The following is a schematic of the eight-step approach to the conducted, quantitative 
immunogold experiments. In article II and V, we used at least 4 mice in each group. For 
article II, we dissected out 6 brain regions with a maximal diameter of 1 mm. Images were 
sampled from all identifiable subregions (in hippocampus, for instance) and 20-30 images 
were sampled for each.  

 

 
Immunogold labelling is a potent technique. It allows for quantitative assessments of cellular 
microdomains at ultrastructural levels. The quantitation for AQP4 and α-Syn was done as 
linear alignment whereby gold particles in proximity of the cell membrane were counted. In 
the case of article V, immunogold labelling of agrin and laminin was assessed in capillary 
BLs. An arbitrary line was drawn in the middle of the cross-sectioned basal lamina. 
Histograms were made for both proteins and did not show any convincing sign of increased 
expression towards the endfeet or endothelium (histograms, article V).  
 
Immunogold labelling is also associated with significant challenges. In principle, only two 
datapoints showing different values would be sufficient to provide evidence towards regional 
difference for a given protein. Images in articles II, IV and V were uniquely sampled from 
capillaries and the data does not, therefore, allow discussions concerning endfeet 
surrounding veins, venules, arterioles or arteries. To avoid bias, images were systematically 
taken from the upper right quadrant of all identified vessels. A prerequisite for the statistical 
analysis is that the sampling is representative of the examined phenomenon, i.e. that the 
membrane distribution of AQP4 in each capillary endfoot is uniform. The scope of the 
experiments in article III was to create an experimental approach that allowed quantitation. 
This proved too difficult. Unlike the sampling of capillaries in brain parenchyma, astrocyte 
processes in cell cultures proved difficult to identify in sufficient numbers. Many reasons 
accounted for this, including the practical issue of embedding this tailor made cell culture 
system. 3D orientation had to be preserved and ultrathin sections from the resin blocks had to 
be taken perpendicularly to the plastic membrane which was technically challenging. 
Transmission electron microscopy therefore proved suboptimal. Scanning electron 
microscopy or freeze-fracture replica with immunogold labelling might have been a better 
choice in order to examine morphology and immunohistochemistry. Below is an image of 
some of the rare processes detected inside of the porous filter. The image also illustrates the 
sparse, anti-AQP4 immunogold labelling. 
 

Figure 2: The eight-step approach in performing quantitative immunogold labelling is shown.  
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Choice of regions 
We considered several hypotheses to test when choosing regions. Our choice reflected 
evolutionary older vs newer parts, highly metabolically active regions (inferior colliculus), 
areas prone to epilepsy development (hippocampus), sensory regions (piriform cortex and 
olfactory tract), those two regions primarily affected in NMO (spinal cord and optic nerve) and 
cerebellum in order to allow comparison with the previous study to quantify regional 
differences in AQP4 (Amiry-Moghaddam et al. 2004). Both white matter and grey matter 
regions were also included. Several studies from the 1980s and 1970s evaluated glucose 
concentrations in various regions of rat and mouse brains (Hawkins 1979, Borowsky 1989). 
We hypothesised that glucose metabolism, and hence metabolic activity, would display 
correlations with the heterogeneity of AQP4.  
 
Correlations between signal intensity and protein content – the case of immunology and 
Aqp4+/- mice 
The astute reader will have noticed that “signal strength” from the immunohistochemically 
based experiments is often used synonymously as “protein levels” in articles I-V. This issue 
prompts clarification. Linear alignment of the AQP gene family clearly demonstrates the 
particularities of AQP4 compared to the other 12 genes. No other aquaporin has a C-terminal 
of similar length as AQP4, nor is any other aquaporin able to form supramolecular assemblies 
such as the AQP4 square arrays. The AQP4 antibodies used in all of the provided 
quantitative immunogold data are polyclonal and directed at C-terminal epitopes. If the very 
reason for which AQP4 is regulated as a separate gene is its capacity to form square arrays, 
then question arises whether the size and composition of these assemblies may also be a 
confounding factor in interpreting the regional differences as measured by immunogold 
labelling. Antibody based assays rely upon availability of epitopes, and the methods 
employed in articles I-V do not permit an in-depth examination of whether assembly into 
square arrays might impact on the measured signal. M1 and M23 isoforms have been shown 
to play different roles in forming square arrays (Crane et al. 2009; Furman et al. 2003) but the 
AQP4 antibodies used cannot differentiate between them. The western blot in article II with 
urea cast gels clearly shows both corresponding bands, and it would be possible to compare 
M1:M23 ratio between CX and IC samples by doing densitometry. 
 
Alas, despite the beauty and accuracy of immunogold cytochemistry, it is probably not 
possible to provide an exact, mathematical correlation between signal strength and protein 
levels for either of the quantified immunogold experiments. Attempts at resolving this question 
have been made (Amiry-Moghaddam and Ottersen 2013), but need to be individualised for 
each antibody and epitope in question. A theoretical possibility for establishing a correlation 
between anti-AQP4 immunogold signal and AQP4 levels does exist, and I want to make 
mention of it here. In the article detailing the creation of an Aqp4-/- strain (Ma et al. 1997), Ma 
and co-workers provide evidence of a consistent reduction of AQP4 levels in brain by ~50% in 
Aqp4 heterozygous mice (Aqp4+/-). We confirmed these findings in our Aqp4-/- strain (Thrane 
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Figure 3: Shown in A) are 
processes found inside the porous 
filter used in article III (Unpublished 
data), sectioned on formvar single 
hole grids and incubated with anti-
AQP4 immunogold particles. Shown 
i B) is a magnification of inset in A of 
one process. The immunogold 
particle associated with the 
membrane is illustrative of the 
sparse labelling observed. Note 
unspecific labelling over the filter 
proper in A).  
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et al. 2011) through quantitative RT-PCR (unpublished data, courtesy of H.Boldt). To my 
awareness, no other studies have thus far examined these heterozygous animals. Whether 
regional heterogeneity within their CNS still exists and how local regulatory mechanisms 
apply to endfeet remains to be seen. But if the observed 50% reduction in AQP4 protein/Aqp4 
mRNA levels also apply to endfeet, it is possible to make a correlation curve for endfeet 
labelling based on those three datapoints from Aqp4 WT, Aqp4+/- (50% of WT labelling) and 
Aqp4-/- mice (no residual labelling). Ideally, one final datapoint from mice overexpressing 
AQP4 should be included – in such a way that AQP4 levels are a set multiple of levels in WT 
mice. Albeit an interesting model, the overexpressing AQP4 mice linked to the GFAP 
promotor do not satisfy this criterion (Yang et al. 2008).  
 
That Aqp4 heterozygous mice express half the level of Aqp4 mRNA - and correspondingly 
only half of the AQP4 protein - is indeed also an intriguing phenomenon. Implicitly, there does 
not seem to be any upregulation in the intact allele despite that half of the AQP4 pool is 
missing. To my knowledge, up- and downregulation phenomena have not been studied in the 
Aqp4+/- mice and the qPCR data reported here are only examined under physiological 
conditions. But it may support the hypothesis that regulatory mechanisms resulting in 
increased Aqp4 gene transcription are independent of AQP4 levels. This may also complicate 
the proposed explanation that local translation of Aqp4 mRNA in endfeet is what sets the 
AQP4 heterogeneity (Boulay et al. 2017).  
 
One important limitation of the immunogold technique is availability of antibodies that yield a 
quantifiable signal. The tissue processing inevitably interferes with epitopes thus reducing 
sensitivity of most antibodies. Some few examples of antibodies I tested during my PhD 
period with negative results included several anti-CD31, anti-fibulin, anti-collagen XVIII 
(endostatin), commercially available anti-agrin antibodies, NMO-IgG autoantibodies and 
antibodies directed at tight junction proteins. A desire for studying a given protein or epitope 
cannot therefore always be realised through immunogold labelling.  
 

Transgenic mouse strains used 
The pitfalls of using transgenic mouse strains are numerous when trying to deduce 
physiological and functional roles of the studied genes. The flanking gene problem, genetic 
redundancy and influence of genetic background upon disease phenotypes are but some 
illustrative examples (Crusio 2004; Nowak et al. 1997; Schafer and Crabbe 1996; Utriainen et 
al. 2004). We had anticipated the use of one such transgenic mouse strain (DAG-1 x GFAP-
cre for conditional deletion of β-dystroglycan) but the data are of preliminary character and a 
detailed discussion of aforementioned pitfalls is therefore not included. In articles II, III, IV and 
V the transgenic mouse strains are primarily employed as specificity controls for 
immunoreactivity. It is difficult to envisage any better controls. Particularly is this true for 
AQP4 labelling since all immunoreactivity is abolished upon incubation on control 
tissue/sections. Any potential secondary effect of up- or downregulation of other genes thus 
becomes irrelevant. The Aqp4-/- mouse strain used was first reported in Thrane et.al. 2011 
(Thrane et al. 2011) and is one of three available Aqp4 -/- strains (Ma et al. 1997). Along the 
lines of the initial postulate regarding pitfalls, findings have been made in but one of these 
strains that AQP4 gene deletion resulted in altered BBB integrity (Zhou et al. 2008). Similar 
experiments in the other two strains provided evidence against such effects (Eilert-Olsen et 
al. 2012; Saadoun et al. 2009). But regardless of the cause, the findings reported by Zhou 
and co-workers on their Nanjing Aqp4-/- strain are intriguing.  
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Immunoreactivity, antibody specificity and sensitivity 
The specificity of the antisera used was confirmed by using transgenic knockout animals for 
Aqp4, α-Syn and β-dystroglycan. In the case of anti-agrin antibody, prior testing on tissue 
from agrin knockout animals is reported in Eusebio et al. 2003 (Eusebio et al. 2003). No 
knock out tissue was available for laminin. For all immunogold and IF experiments, labelling 
with primary antibody was done so as to reach equilibrium in the antigen-antibody reaction, 
according to the following, reversible equation whereby antigen and antibody bind to form a 
complex:  

 
 

Equilibrium is reached when the forward and reverse speeds are equal. Factors that affect 
this reaction can be classified into two groups; those that act on the equilibrium constant 
(temperature, pH, ionic strength) or not ([antigen], [antibody], duration of incubation) 
(Reverberi and Reverberi 2007). Normally, equilibrium is reached quickly. To ensure that 
equilibrium was reached, however, sections were systematically left in primary antibody 
solution overnight. Due to the importance of immunocytochemistry for the proposed thesis, 
several aspects are considered further in the discussion. In the following, I include a comment 
on selected antibodies of importance used in the thesis – particularly those used for 
immunogold experiments. Complementary information can also be found in the method 
sections of the respective articles (I-V).  
 
Anti-AQP4 antibody (Sigma A5971) 
In the case of the commercially available anti-AQP4 antibody used in the immunogold 
experiments, it is directed at the C-terminal of AQP4 and does not, therefore, differentiate 
between M1 and M23 isoforms, nor would it selectively label any of the other proposed AQP4 
isoforms (Moe et al. 2008). No labelling is detected upon incubation of sections from Aqp4 -/- 
mice, suggesting a near complete absence of unspecific fractions in the dilutions used. In 
addition, freeze fracture replica immunogold studies have shown these antibodies to label 
square arrays (Rash et al. 1998). 
 
All antibodies employed were polyclonal, with the accompanying uncertainty to which 
epitopes they bind to and convey information about. A comparison between regions 
examined in article II is therefore based on the assumption that epitope availability is identical 
across the examined regions. With the methods at hand, no control for this possibility is 
available. When reference is made to AQP4 levels in the included articles and the ensuing 
discussion, more often than not, this really means signal strength of anti-AQP4 
immunohistochemistry. This is perhaps the most significant uncertainty in all of the reported 
quantitative immunogold experiments; how does signal strength correspond to protein level. 
This is a difficult issue to tackle for all four immunogold experiments (AQP4, α-Syn, laminin, 
agrin), and no absolute correlation can be made with the controls at hand. Theoretically, it 
might be possible to provide such a correlation using radiolabelled proteins. This would 
require a systematic study in its own right, the success of which would among other variables 
depend on the sensitivity of radiodetection. In the case of AQP4, an alternative approach is 
proposed in the first part of the discussion. At light microscopy level, findings from the above 
reported antibody were also reproduced (not shown) using the commercially available anti-
AQP4 (C-19) antibody from Santa Cruz Biotechnology (Cat# sc-9888).  
 
Anti-pan-laminin  
Knock out lines were not available at the time when the current work was carried out. The 
anti-pan-laminin signal observed on immunoperoxidase labelling of thick sections and 
immunogold labelling of ultrathin sections is similar, whereby perivascular labelling is confined 
to the perivascular basal lamina (article IV; Lunde et al. 2015). Similar labelling is also seen in 

antibody + antigen ! antigen− antibody
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glia limitans (article V, fig 4). The precise localisation of anti-pan-laminin signal to the basal 
lamina indicates absence of unspecific labelling.  
 
Anti-agrin  
Three other commercially available antibodies directed against agrin yielded no labelling in 
the described assays, despite protein recovery. This included: anti-Agrin Millipore cat# 
MAB5204, anti-Agrin (H-300) from Santa Cruz Cat# sc-25528 and anti-Agrin mAb (Agr 13) 
from Enzo life sciences cat#ADI-AGR-530. The anti-agrin antibody used in article IV and V 
was a kind gift from Professor Markus A Rüegg at the University of Basel.  
 
Anti- α-Syn (SYN 259) 
The antibodies were a kind gift from Marvin E. Adams and were developed in that laboratory. 
Transgenic α-Syn-/- mice were used as negative controls for all assays. At the light 
microscopy level, this antibody does label sections from α-Syn-/- and the antibody does, 
therefore, contain an unspecific fraction. The perivascular labelling is completely abolished in 
α-Syn-/- stained sections, however, and this is the only localisation where the anti-α-Syn 
signal was quantified. Because of the unspecific fractions, however, I quantified the signal 
detected on α-Syn-/- sections, and was also blinded for genotype upon conducting the 
experiments using this antibody (Hoddevik et al. 2017). As shown in the α-Syn immunogold 
experiments reported under discussion (Figure 6, graph with heading “synKO control”), there 
is no detectable anti-α-Syn signal in α-Syn-/- tissue, irrespective of the signal strength in WT 
tissue. In article IV we also validated the antibodies by employing commercially available anti-
α-Syn antibodies on western blot (Lunde et al. 2015).  
 
Antigen retrieval techniques 
The ultrastructural examinations of laminin and agrin were conducted without any antigen 
retrieval, and ample labelling was identified in the anticipated locations (BLs). A striking 
feature of both anti-agrin and anti-pan-laminin antibodies when used on thick sections, 
however, was the reliance upon pepsin digestion to amplify signal strength in adult mouse 
brains. Without any antigen recovery, only sections from P0-P7 developmental stages will 
stain, while hardly any labelling is visible in adult mouse brains. This phenomenon has been 
described previously for other vasculature markers, including collagen IV, laminin and 
isolectin B4 (Franciosi et al. 2007). In a systematic approach I tested other conditions (pH, 
temperature, citric acid, NaCl concentrations) where no other parameter had any significant 
impact. Aldehyde-based fixatives, the likes of those used in all the included articles, react with 
basic amino acids, and principally lysine and arginine. This generates intra- and 
intermolecular interactions that crosslink and stabilise proteins in situ. Such interactions may 
alter existing, antigenic epitopes and inhibit antibody access (MacIntyre 2001; Shi et al. 
1997). One might speculate that  the pepsin-induced proteolysis exposes epitopes that would 
not otherwise have bound to the antibodies. Further, it is not possible to rule out that the 
same proteolysis might generate new, unspecific epitopes.  
 
Controls for immunohistochemistry 
The studies of AQP4 and α-Syn were both conducted with negative controls provided for by 
the respective transgenic knock out strains. In contrast, we did not have available knock out 
tissue for agrin and laminin. Thus, the immunohistochemistry directed against agrin and pan-
laminin lack optimal negative controls, albeit that the anti-agrin antibodies were tested by 
Eusebio and co-workers on knockout material previously (Eusebio et al. 2003). Previous 
reports on agrin-deficient mice have shown lacking postsynaptic specialisations and animals 
die at birth of respiratory failure (Gautam et al. 1996; Lin et al. 2001), and knockout material 
from adult mouse brain is therefore not available. It should be taken into account that cross-
reactivity for antibodies is common and that identity of the cross reacting molecular species 
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are rarely determined (Danbolt et al. 2016; MacIntyre 2001). The implication is that pitfalls in 
immunohistochemistry occur commonly. In the absence of robust, negative controls, one 
cheap and simple strategy is to use at least two different antibodies directed against the same 
protein/epitopes. Similar results would indeed strengthen the conclusion(s). To this end, I 
tested several commercially available anti-agrin antibodies, without any resulting labelling 
strong enough to enable further use. The antibodies were also assessed through SDS-PAGE 
and western blotting, reported in the respective articles (anti-pan-laminin and anti-agrin in 
article IV).   

SDS-PAGE and western blotting 
Homogenates are reported as either “whole” brain or regional. Dissections were made under 
a dissection microscope but carry a certain risk of variation. Depending on the antigen in 
question, I used either pre-cast gels (Biorad) or gels cast with the mini-protean system where 
both stacking- and resolving gel contained 9M urea as described in Sørbø et al from 2007 
(Sorbo et al. 2007). This latter strategy permits separation of 3 distinct bands detected by 
probing with anti-AQP4 antibodies, corresponding to M1, M23 and Mz isoforms, respectively. 
These bands merge into one single band upon using non-urea containing, pre-cast gels.  

PCR analysis 
We performed quantitative real-time PCR on regional dissections to provide a quantitative 
assessment of mRNA levels. qPCR is not a substitute for western blotting, but in article II, 
findings of qPCR and western blot directed at AQP4/Aqp4 were consistent. There have been 
reports of isoform specific Aqp4 probes. We chose probes that do not differentiate between 
M1 and M23 isoforms.  
With regards to laminin probes, we limited our assays to α-1 and α-2 isoforms. This choice 
was made due to the α-subunits being largely responsible for cell surface adhesion and 
receptor interactions (Yurchenco 2011). One particular challenge for the use of RT-qPCR in 
article IV resided in how to choose reference genes, and relate findings to total protein 
content in this study of the developing mouse brain at different milestones.  
 

5. Summary of individual articles 
Article I: Mislocalisation of AQP4 precedes chronic seizures in the kainate model of 
temporal lobe epilepsy. This study was undertaken to assess the temporal aspect in AQP4 
and α-Syn changes shown in other epilepsy materials. The study thus investigated whether 
expression and distribution of AQP4 and α-Syn were altered prior to or after the onset of 
chronic epileptic seizures in the kainate (KA) model of mesial temporal lobe epilepsy. 
Quantitative immunogold labelling revealed that AQP4 density in adluminal endfoot 
membranes was reduced in KA treated rats already in the latent phase, while the AQP4 
density in the abluminal endfoot membrane was stable or slightly increased. The decrease in 
adluminal AQP4 immunogold labelling was accompanied by a reduction in the density of 
AQP4’s anchoring protein α-Syn. The latent and chronic phases were associated with an 
upregulation of the M1 isoform of AQP4, as judged by semi-quantitative Western blot 
analysis. Taken together, the findings suggest that a mislocalisation of AQP4 is an integral 
part of the epileptogenic process but it remains to explain why and how AQP4 redistributes in 
the latent phase of this experimental model.  
 
Article II: Factors determining the density of AQP4 water channel molecules at the 
brain-blood interface. This study was conducted in order to examine the relationship 
between AQP4 and α-Syn levels in adult mouse CNS. This article provides evidence that the 
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size of perivascular AQP4 differs considerably between brain regions, roughly mirroring 
regional differences in Aqp4 mRNA copy numbers. Quantitative immunogold analyses of 
AQP4 and α-Syn in pericapillary astrocyte membranes indicate that there is a fixed 
stoichiometry between these two molecules. Findings show that a targeted deletion of α-Syn 
removes a substantial and fairly constant proportion (79–94 %) of the perivascular AQP4 pool 
across the CNS. Both molecules occur at higher densities in endfoot membrane domains 
facing pericytes than in endfoot membrane domains facing endothelial cells. Thus, several 
factors seem to influence the content of AQP4 in astrocyte endfeet.  
 
Article III:  Mechanisms underlying AQP4 accumulation in astrocyte endfeet. This study 
was commenced in order to study astrocyte polarisation and unravel mechanisms underlying 
AQP4 accumulation in astrocyte endfeet. To this end, the study makes use of a tailor made 
co-culture system. Evidence suggests that endothelial cells promote AQP4 accumulation by 
exerting an inductive effect through ECM components such as agrin, as well as through a 
direct mechanical interaction with the endfoot processes. Through the compounds they 
secrete, the endothelial cells also increase AQP4 expression. The present data suggest that 
the highly specialised gliovascular interface is established through inductive processes that 
include both chemical and mechanical factors.  
 
Article IV: Postnatal development of the molecular complex underlying astrocyte 
polarisation. This study was undertaken in order to test whether observations from cell 
culture experiments are consistent with in vitro experiments. The article therefore examines 
the developmental profile of those proteins thought to contribute to the endfoot-basal lamina 
junctional complex (EBJC). Different members of this complex exhibit distinct ontogenic 
profiles; ECM proteins laminin and agrin appear earlier than the other members of the 
complex. Specifically, while laminin and agrin expression peak at P7, quantitative immunoblot 
analyses indicate that AQP4, α-Syn, and the inwardly rectifying K+ channel Kir4.1 expression 
increases towards adulthood. Findings are consistent with ECM having an instructive role in 
establishing astrocyte polarisation.  
 
Article V: Organisation of extracellular matrix proteins laminin and agrin in 
pericapillary basal laminae: insensitivity to targeted deletion of α-syntrophin. This study 
was done on brains from adult mice to assess regions and subregions with known 
heterogeneous expression of AQP4 and α-Syn for potential correlations with ECM proteins. 
The study thus provides quantitative immunogold labelling of agrin and pan-laminin in cortex 
and cerebellum in mouse brain and compares different BL domains at the pericapillary level. 
Data from WT mice show that agrin and laminin are constitutively expressed in pericapillary 
BLs and in meninges immediately overlying glia limitans. Evidence is provided of significant 
regional differences in both agrin and laminin levels. Quantitative real-time PCR 
demonstrates significant regional differences for laminin α-2 and agrin mRNA when 
comparing cortex to cerebellum. Similar differences for laminin and agrin are seen at the 
local, pericapillary level and correlate well with previously measured levels of AQP4 and α-
Syn. Notably, the increased laminin levels in the proximity of pericytes constitute a possible 
mechanistic explanation of how AQP4 levels are increased in the adjoining astrocyte endfoot 
membrane domain. Overall, findings are consistent with the idea that ECM proteins agrin and 
laminin enable membrane compartmentalisation in astrocyte endfeet. Furthermore, targeted 
deletion of α-Syn leaves laminin and agrin distribution unaltered. This supports the hypothesis 
that targeted deletion of α-Syn affects AQP4 redistribution via a direct effect rather than 
indirectly via changes in ECM proteins agrin and laminin. 
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6. Discussion 
The findings are presented and discussed in three parts. First, I review factors that regulate 
perivascular AQP4 membrane density and influence localisation. The second part concerns 
the potential heterogeneity of the gliovascular interface, what evidence the current work 
provides in that regard and a brief account of potential implications for neurophysiology. 
Finally, the third part is a synthesis aimed at discussing the relevance of findings for selected 
neuropathologies, particularly NMO and epilepsy.  

I: Factors regulating perivascular AQP4 density and that influence localisation 
to astrocyte endfeet 
The challenges, limitations and possible ameliorations of the reported immunogold 
experiments are listed and discussed under methodological considerations. They apply to all 
elements of the discussion. When these factors are taken into account, the data should still 
be interpreted and possible explanatory models offered. The role of endothelial cells, 
pericytes and the basal lamina is discussed first, thereafter ECM proteins laminin and agrin 
along with the intracellular α-Syn. Mention is also made of mechanisms that may alter AQP4 
levels but which have not been examined directly in articles I-V.   
 
1. Do endothelial cells, pericytes and basal lamina regulate the perivascular AQP4 density in 
astrocyte endfeet? 
 
1.1: Brain endothelium 
Perivascular astrocyte endfeet surround endothelium. Further, AQP4 is constitutively 
expressed in the endfoot membrane abutting the BL and endothelium. Upon reflecting away 
from this BL, the AQP4 membrane density immediately decreases. For these reasons did we 
assess what effect brain derived endothelial cells had on astrocytes in culture. We used the 
cancer cell line bEND3 as a proxy of endothelium and co-cultured the two cell types in our 
tailor made cell culture system. As shown in article III, the plasma membrane 
compartmentalisation of AQP4 increased more than threefold in the presence of bEND3. No 
such difference was observed when employing astrocytes with a targeted deletion of α-syn, 
suggesting that the effect endothelial cells exert on astrocytes depend on this latter protein, 
and by implication the dystrophin-dystroglycan complex. One might speculate that the effect 
is mediated through the ECM proteins that endothelia secrete. In the same article, we 
replaced the bEND3 cells with HeLa cells and cells from the umbilical cord (ECV). 
Interestingly, each cell line induces polarised AQP4 expression in astrocytes, but only co-
culture with the bEND3 cell line induced a statistically significant change compared with 
control experiments. The data cannot determine whether the observed effect of HeLa and 
ECV cells is mediated in a similar manner to that of bEND3 cells. In our cell culture based 
assay, the effect of bEND3 cells was limited to endfeet. No change was observed in AQP4 
levels in soma, thus suggesting a local effect on endfeet alone.  
 
Kimelberg debates the extent to which findings from astrocyte cell cultures can be 
extrapolated to the in vivo situation (Kimelberg 2010). Cultured astrocytes are not identical to 
astrocytes in intact brain, not even primary cultures. One example to illustrate differences 
between parenchymal- and cultured astrocytes is the pronounced cytoplasmic occurrence of 
AQP4 in the latter, which is not present in vivo, but which does carry advantages when 
studying membrane localisation and vesicular transport (Potokar et al. 2013). Further, our cell 
culture based assay could perhaps have been ameliorated by employing primary cultures of 
endothelium rather than bEND3 cells as a proxy. This latter, immortalised cell line has been 
described thoroughly, however, and it maintains BBB characteristics (Omidi et al. 2003). With 
regards to the role of endothelium towards increasing perivascular AQP4 membrane density, 

30



evidence in article II is in line with what is shown in article III. We did not examine 
characteristics of endothelia in the brain regions reported on in article II, however, and the 
evidence is therefore of limited value when evaluating any effect of endothelium.   
 
1.2 Pericytes  
The first article to report increased levels of AQP4 in the vicinity of pericytes examined 
astrocyte endfeet of cortical astrocytes (Gundersen et al. 2013). In article II did we provide 
evidence that this enrichment is statistically significant and present in all examined regions. 
Both references made use of the same anti-AQP4 antibodies, and the same experimental 
protocol in performing the immunogold labelling. Showing the same phenomenon with several 
antibodies would have strengthened the findings, but the lack of residual labelling on Aqp4-/- 
tissue suggests absence of unspecific fractions. The reader is referred to figure 6 displayed in 
this discussion (part III.2 under considerations on NMO) which demonstrates the consistent 
increase of α-Syn in vicinity of pericytes across all examined brain regions.  
As measured by quantitative immunogold labelling in WT mice, the overall AQP4 linear 
density is 15% higher for endfoot membrane domains abutting pericytes than for endfoot 
membrane domains abutting endothelium (Article II, Fig. 6b, p<0.001). Gundersen and co-
workers demonstrated that the increase of α-Syn in vicinity of pericytes persists upon genetic 
deletion of Aqp4. We show that this is also the case for AQP4 increase following α-Syn 
knockout. Overall AQP4 linear density is 16 % higher in endfeet abutting pericytes compared 
with adjacent membranes abutting endothelium (p < 0.05) in α-Syn-/- animals. The nominal 
difference of linear density between these two membrane domains is decreased in α-Syn-/- 
mice, however, and a statistically significant difference (p < 0.05) was only observed in CX.   
In article V do we provide a potential mechanistic explanation of how the enrichment in AQP4 
and α-Syn can be achieved. Anti-pan-laminin immunogold labelling is significantly more 
intense in the BL interlaced between astrocytes and pericytes compared with the other 
perivascular BL. A similar trend is also seen for agrin (Fig 2, Article V). In the same article, 
however, we have interpreted the data as evidence that the source of these two proteins may 
be astrocytes themselves. A case in point is the labelling at the glia limitans where no 
pericytes are present. The study design does not allow a firm conclusion in this regard and 
the data does not exclude the possibility that pericytes also secrete laminin and agrin. Finally, 
none of the provided evidence can shed light on why the levels of AQP4, α-Syn, agrin and 
laminin should be increased in the vicinity of pericytes. AQP4 is present in abundance also in 
endfeet abutting endothelium. The presence of pericytes is therefore not a necessary factor 
for AQP4 localisation to endfeet. But the systematic, relative increase of about 15 % 
compared with neighbouring endfeet is puzzling. If the physiological needs of pericytes can 
be met with a mere 15 % increase, it suggests a finely tuned molecular regulation. What 
those physiological needs may be cannot be determined based on articles II and V. It would 
have been interesting, however, to study pericytes and the aforementioned effects in the cell 
culture system employed in article III. At the time when scientific work for article III was 
undertaken, no knowledge of the pericyte effect had been reported. Further, other endfoot 
proteins should be studied as internal controls to AQP4 in order to establish the validity of the 
findings. Possibility exists that the presence of pericytes constitutes an additional diffusion 
barrier for water and that this underlies the changes observed in article II and V.  
 
1.3. Pericapillary basal lamina  
We focused on the link between DAP and ECM. We therefore acquired and crossed two 
commercially available transgenic mouse strains to create GFAP-cre x floxed DAG1 (Cohn et 
al. 2002; Moore et al. 2002) animals. Data on the DAG1 knockout animals is not presented in 
this thesis but mentioned as an example of the scientific approach towards studying 
astrocyte-ECM interactions. The aim was to study the impact of β-DG gene deletion in 
astrocytes. Alas, only two of the acquired breeding animals yielded offspring, and the litters 
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were much smaller than previously reported. Breeding challenges may have been related to 
the crossing of several genetic backgrounds (129 x C57Bl6 x FVB), effectively yielding a 
substrain. At the time, GFAP-cre mice were not commercially available on a C57Bl6 
background. Backcrossing onto C57Bl6 background for 2 generations markedly increased 
litter size and eradicated unexpected death like that seen initially in a subpopulation of 
animals (white fur). Further backcrossing was not possible due to closure of the local animal 
facility and the colony had to be terminated. The data acquired from these experiments 
remains unpublished but was in line with prior freeze-fracture and IF analyses that 
perivascular AQP4 levels were very low or even absent following selective β-DG (DAG1) 
knockout (Moore et al. 2002; Noell et al. 2011). Quite like the previous examples of 
endothelium and pericytes, the pericapillary BL is present in all of the imaged capillaries. And 
as alluded to in the background chapter, the BL is a specialised matrix, composed of a 
multitude of constituents. It was beyond the scope of the current project to study them all, but 
articles III, IV and V provide evidence of select ECM components. 
 
2. Proteins that may subserve a regulatory role for perivascular AQP4 density in astrocyte 
endfeet 
Neither articles II nor III attempt to answer why AQP4 is enriched in the proximity of 
endothelial cells, pericytes and the pericapillary basal lamina. They do, however, attempt to 
provide an explanation of how it is possible. A summary of findings for candidate proteins α-
Syn, agrin and laminin is thus provided in the following paragraph.   
 
2.1 α-Syn 
Prior reports have shown that α-Syn serves as a molecular anchor of endfoot AQP4 (Neely et 
al. 2001) but article II is the first study to show that the densities of α-Syn and AQP4 appear 
to be stoichiometrically coupled. The nominal ratio between these two molecules as 
measured by their respective, immunogold labelling intensities varies little among regions. A 
limitation to this data resides in challenges of translating labelling intensity into exact protein 
levels. This would necessitate titration curves and linearity between the latter, two factors.  
The quantitative RT-PCR analysis in article II revealed pronounced regional differences in the 
amount of Aqp4 mRNA. The Aqp4 transcript levels were high in those regions that displayed 
high levels of AQP4 in perivascular endfeet and were not sensitive to α-Syn deletion.  
That AQP4 and α-Syn covary seems not to be a coincidental correlation. Rather, we chose to 
interpret this as causality: removal of α-Syn via genetic deletion removes a substantial 
fraction of endfoot AQP4 that varies little across regions. The possibility that α-Syn regulates 
Aqp4 expression through regulation at the transcriptional level is ruled out by our finding that 
the number of Aqp4 mRNA copies remains constant in α-Syn-/- animals. We interpret these 
findings as evidence that the number of α-Syn molecules targeted to the endfoot membrane 
is the main determinant for  AQP4 density around the CNS capillary bed.  
Experiments in article II show that the level of AQP4 in endfeet is correlated to the level of 
Aqp4 mRNA in the corresponding region. This observation does not necessarily imply that the 
level of endfoot AQP4 is controlled at the transcriptional level. But recent evidence of local 
protein translation poses interesting questions regarding the role of transcriptional regulation 
compared with those other mechanisms that exist. The transcriptional regulation of Aqp4 has 
been shown to be complex (Pisani et al. 2011; Rossi et al. 2010) and requires further studies.  
Despite the evidence provided that α-Syn is a factor involved in regulating AQP4 levels, 
interactions between these two proteins remain incompletely understood. As an example, it is 
not known how many α-Syn proteins bind to each AQP4 molecule, be that M1, M23 or Mz. In 
line with previous methodology to study OAPs, it would seem natural to employ freeze facture 
techniques on α-Syn-/- tissue, while no such report is hitherto published. The role of α-Syn in 
OAP assembly is therefore unresolved.  
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2.2 laminin 
In article III we applied laminin to primary astrocyte cultures. This did not induce any change 
in AQP4 compartmentalisation, nor did the co-application of laminin with bEND3. The relative 
increase in proximity of pericytes is mentioned above.  
Laminin and agrin are the only two ECM proteins I have studied, and the interpretation of the 
data rests on the strength of the immunosignal detected. To strengthen this evidence, article 
V would have benefited from internal controls. Ideally suited candidates would have been 
ECM proteins shown not to alter AQP4 membrane density. Collagen IV could perhaps have 
been one such control. The same reasoning applies to article III, although the cell culture 
experiments provide stronger experimental evidence to establish agrin and laminin as 
candidates for AQP4 membrane density regulation than do the descriptive data of article V.   
 
2.3 agrin  
As shown in article III (Fig 7), agrin by itself did not induce any significant change in AQP4 
compartmentalisation. But when co-applied with bEND3, cells gave rise to a more 
pronounced polarisation than what was seen with bEND3 cells alone. The presence of 
endothelial cells (bEND3) therefore is a necessary factor for agrin to exert its effect on AQP4 
membrane density in astrocytes. Interestingly, agrin on its own was able to induce the same 
magnitude of AQP4 membrane enrichment that did the application of Matrigel. In contrast, 
Matrigel contains a host of ECM proteins, including proteoglycans. This response to agrin has 
been shown by others (Noell et al. 2007).  
Article IV demonstrates that agrin is indeed present in the capillary BL from even early stages 
of development in mouse brain. And in article V do we provide a quantitative assessment of 
agrin in the capillary bed of three distinct brain regions. The difference in agrin levels when 
comparing the three perivascular BL microdomains only shows a trend towards higher levels 
in the vicinity of pericytes. Although not statistically significant, this is still consistent with the 
idea that it exerts an effect on neighbouring endfeet membranes. Negative results from 
appropriate, internal controls in articles III, IV and VI would have strengthened these findings.  
 
3. Other potential factors and mechanisms  
3.1 Mechanical stimulation 
Pericytes are contractile cells. The slightly increased protein levels (α-Syn, AQP4, laminin and 
agrin) in their vicinity may occur so as to compensate for the physical strain this imposes on 
neighbouring cells and basal lamina. Mechanical stress exerted by pericytes on astrocyte 
endfeet may also be the mechanism by which the enrichment in AQP4, α-Syn, agrin and 
laminin are induced. This might involve the existence of mechanoreceptors in endfeet that in 
turn would have to be coupled to one/more of the gene transcription, protein translation and 
secretion in question.  
Alterations in agrin and particularly in laminin levels would potentially also alter the functional 
properties of the BL proper. Basal laminae that are self-assembled through interactions 
between the constituent proteins and BLs can be considered as stabilising extensions of the 
plasma membrane, which protects tissues from disruptive physical stresses. There is also 
evidence to suggest that the organisation of the BL, including its density and surface 
patterning, can be dynamically modulated by the cytoskeleton through its receptor 
connections (Colognato et al. 1999).  
 
3.2 Protein turnover 
The degradation of AQP4 has been tested previously. Evidence suggests the half-life of wild-
type AQP4 expressed in cell cultures is approximately 24 hours, a degradation which 
increases with removal of SSV (PDZ-binding motif) near the C-terminus (Neely et al. 2001). 
With the proposed binding of α-Syn to this PDZ domain, this has been taken as evidence to 
show how DAPs influence AQP4 levels also through protein turnover. Thus, turnover and 
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production of the other dystrophin-associated proteins can also be a way in which to down- or 
perhaps also upregulate AQP4.  
Under ischemic conditions, the temporary loss of perivascular AQP4 occurred without a 
similar change in dystrophin and α-Syntrophin (Frydenlund et al. 2006). This suggests AQP4 
loss is due to altered protein-protein interactions at the local level. Findings from article I are a 
contrast to this. The immunogold analysis in article I revealed that AQP4 density in adluminal 
endfoot membranes was reduced in KA treated rats already in the latent phase, while AQP4 
density in the abluminal endfoot membrane was stable or slightly increased. The decrease in 
adluminal AQP4 immunogold labelling was accompanied by a reduction in the density of α-
Syn. Thus, the KA induced changes in AQP4 membrane density may reside in changes 
related to protein production. And what determines the reduction in perivascular AQP4 levels 
is – or involves/correlates with - α-Syntrophin.  
Frydenlund et.al reported regional differences in recovery of perivascular AQP4 that differ 
between the neocortical and the striatal part of the ischemic core. What underlies this regional 
difference may reside in differential regulatory mechanisms and concomitant variations in 
response to ischemia.  
 
3. Limitations of the conducted experiments 
The reported studies examine a selection of components at the gliovascular interface, but 
only at the capillary level. A further limitation is that most of the data is descriptive and thus 
void of functional assessments. In studying interactions between the ECM and astrocyte 
endfeet, the provided experiments only examine dystrophin-dystroglycan related proteins. A 
rigorous approach in studying astrocyte- ECM interaction would have included the other 
known transmembrane receptor family known to bind laminin, namely integrins. The 
extrapolation of data from rodents to the human case was described by Oberheim et.al, 
whereby human astrocytes are significantly larger than their rodent counterparts. A recent 
study also found that human and mouse cortical astrocytes differ in their polarisation towards 
microvessels (Eidsvaag et al. 2017). But since the adluminal membrane of human endfeet is 
enriched in OAPs and AQP4 like that in mouse and rat CNS, this is rather evidence to 
support that extrapolation to the human case is possible.  
While considerable data is included from the gliovascular interface, AQP4 is also expressed 
in abundance in periventricular ependymal cells and at the glia limitans. Only 50% of the 
AQP4 at the glia limitans is lost following α-Syn deletion (Amiry-Moghaddam et al. 2004). The 
findings from article II on gliovascular AQP4 are thus not applicable to the entire mouse CNS.  
 
AQP4 expression is not limited to the CNS. This defines possibilities for studying mechanisms 
of regulation and physiological roles. As an example from muscle, both neuronal innervation 
(Ishido and Nakamura 2018) and exercise induces AQP4 modulation. Here, AQP4 supports 
muscle contractile activity and metabolic changes that occur in fast-twitch skeletal muscle 
during prolonged exercise (Basco et al. 2013). Controversy still exists, though, since not all 
fast-twitch fibres seem to express AQP4 (Kaakinen et al. 2007). We did not include any non-
CNS tissue expressing AQP4 in the proposed articles I-V, but this could have represented 
ameliorations to our studies.  

II: Evidence for and against regional heterogeneity of the gliovascular 
interface; implications for neurophysiology 
In clinical practice, a neurologist will first attempt to answer the question of where the lesion is 
located, before considering what the diagnosis is. This is in contrast to all other diagnostic 
approaches in clinical medicine. In neurological practice, the site of the disease is what 
dictates the list of differential diagnoses. For this reason, this second part of the discussion is 
included. Emphasis is placed on the evidence suggesting regional heterogeneity of AQP4. A 
brief comment is included also on ECM proteins agrin and laminin.   
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1. From representative examples to generalisations 
The interpretation of whether the gliovascular interface displays regional heterogeneity is 
limited to the study of endfeet and the perivascular BL. Further, the study of these structures 
is based on and limited to the data on AQP4, α-Syn, laminin and agrin. Endfeet serve a 
myriad of functions, however. These are dependent on proteins other than AQP4 and α-Syn 
that may or may not correlate with the capacity to transport water and thus AQP4 levels. With 
regards to K+ siphoning, the Kir4.1 channel has been shown to co-localise with AQP4 
(Nagelhus et al. 1999) and might be affected by AQP4 levels. This has also been shown for 
TRPV-4 (Benfenati et al. 2011). Apart from these two examples, each physiological function 
of endfeet would have to be examined separately in order to conclude whether there exists a 
similar, regional heterogeneity thereof. 
 
2. Evidence of regional heterogeneity for AQP4 and differences in rapid water transport 
In article II (Hoddevik et al. 2017) we provide evidence of regional heterogeneity by the use of 
western blot, RT-qPCR and quantitative immunogold labelling. Collectively, the experiments 
establish that pericapillary AQP4 levels vary across the mouse CNS and are already 
established at birth. The sagittal sections of adult and newborn mouse brain (Fig 1, article II) 
illustrate this well. Such regional differences in endfoot AQP4 imply regional differences in 
water transport capacity. But immunogold experiments in article II also show how AQP4 is 
constitutively expressed around the entire capillary bed.  
That AQP4 is abundantly expressed in astrocyte endfeet has been shown by freeze fracture 
replicas (Landis and Reese 1974; Wolburg 1995). Reference articles contain images where 
impressive portions of endfeet are covered by square arrays. But any quantitative 
assessment must question what protein level is necessary to fulfil the physiological function of 
the studied candidate protein, i.e. provide a functional assessment. This prompts the 
discussion of what the function(s) of AQP4 is (are), and how effective the protein is at fulfilling 
it or them (Nagelhus and Ottersen 2013). The crystal structure of AQP4 has been resolved 
(Ho et al. 2009), and the water permeability studied. AQP4 has a very high water permeability 
when compared with AQP1. Thus, a further specification of the physiological role of AQP4 is 
implied: AQP4 is not merely a water channel that enables the specific transport of water - 
rather, it is a channel with very high water permeability and ability to convey rapid fluxes of 
water (Yang et al. 1997). This molecular property of the channel begs the question of why 
such pronounced water transport is needed in the CNS, and in the studied pericapillary 
regions. Three different mechanisms of how water crosses cell membranes have been 
proposed: 1) by diffusion, 2) via aquaporins, but also 3) via co-transporters and uniports 
where H2O transport is coupled to the flux of substrates (MacAulay et al. 2004; Zeuthen 
2010). The provided experiments do not measure actual water transport and we have not 
assessed any co-transporters. We can therefore not ascertain whether there is a strict 
correlation between pericapillary AQP4 expression and water permeability/transport capacity. 
Nor can we not rule out the possibility that AQP4 is differentially regulated, depending on 
region, subregion or membrane microdomain. Several factors have been identified that affect 
water flux through AQP4 (Gunnarson et al. 2005; Yukutake et al. 2008; Yukutake and Yasui 
2009; Zelenina 2010) but direct evidence for gating is still missing (Nagelhus and Ottersen 
2013).  
In summary, the evidence provided by article II on regional differences in AQP4 levels is hard 
to dismiss. But a functional correlate to explain why such differences should be necessary is 
not obvious. The suggested involvement in paravascular flow is a tempting explanation (Iliff et 
al. 2012). But the immunogold experiments in article II are limited to the capillary bed and 
disregard venules and arterioles where such paravascular flow has been shown to occur. 
Should AQP4 prove to be important for waste clearance and sleep as was suggested (Iliff et 
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al. 2012; Xie et al. 2013), then the regional differences in AQP4 levels shown in article II 
might still find their functional correlate. 
 
3. How do the examined regions compare to one another? 
Studying different brain regions carries the inherent obligation of comparing them to each 
other. One obvious parameter to discuss is neuronal density. The cerebellar granular layer 
contains an impressive density of neurons and its capillary bed comparably contains 
significantly more perivascular AQP4 than does cerebral cortex. This also holds true for 
hippocampal regions (Article I, Fig 2B). The hypothesis was alluded to by Badaut et.al in a 
review article. What underlying mechanisms of regulation this implies remains unexplored. 
Cell density could correlate inversely with extracellular space size, and thus correlate 
positively with a need to buffer K+ (Badaut et al. 2002).  
 
Overall, the possibility exists that the reason for heterogeneous AQP4 expression resides in 
internal factors, i.e., that the perivascular astrocytes themselves differ from one another 
depending on the examined region. Differential expression of connexins 43/30 with 
subsequent variability in glial syncytiae and gap junction expression may constitute one such 
situation. It is a limitation of the present study that the astroglial syncytium was not evaluated 
simultaneously as pericapillary AQP4 membrane density. Reciprocity in Cx43/30 and AQP4 
expression has been shown (Katoozi et al. 2017) and Aqp4 gene deletion results in 
upregulation of gap junctions. This constitutes a potential confounding factor and networks of 
astrocytes might differ from one region to the other. Larger networks may increase the 
buffering capacity for perivascular astrocytes and thus reduce the need for fast water 
transport at the gliovascular interface. Conversely, smaller networks may increase reliance 
upon vascular coupling and the need for fast water transport. Figure 4 below illustrates this 
hypothesis.  
 

 
 
The other possibility is that the observed variation in AQP4 is a result of external factors, from 
the environment surrounding the cells. Differences in metabolic activity may be one such 
example. There is evidence of interdependency between local capillary density, blood flow 
and metabolism in rat brains (Klein et al. 1986; Kuschinsky 1990). Klein et.al. report the 
inferior colliculus with 811±20.7 capillary sections per mm2

, the frontal cortex as 456±25.3, 
hippocampus as 361±11.0 and cerebellar white matter as 178±6.7. Cerebellar granular- and 
molecular layers are alas not included in these reported studies and we did not assess 
capillary density in article II or V. Also, article II included parietal and not frontal cortex. But 
with these limitations, the reported capillary density may still correlate with anti-AQP4 
immunogold signal and Aqp4 RT-qPCR data. Even if article II demonstrates statistically 
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Figure 4: Putative confounding factor for 
regional heterogeneity is shown through 
illustration of astrocytes coupled via an 
endfoot to a brain capillary. A) shows a 
theoretical glial syncytium composed of one 
perivascular and 3 parenchymal 
(protoplasmic) astrocytes. Buffering capacity 
of this network would have a relative, 4-fold 
increase compared to the lone perivascular 
astrocyte in B). Adluminal AQP4 membrane 
density (red dots) might thus be reduced in 
the larger glial network, inversely 
proportional to the networks buffering 
capacity. L, capillary lumen.  
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significant differences in AQP4 and α-Syn levels across the CNS, question remains to what 
extent this is of functional relevance.  
 
4. Does the pericapillary basal lamina display regional heterogeneity?  
Extracellular matrix and the basal laminae have traditionally been viewed as rather static 
entities. The immunogold labelling of ECM proteins agrin and laminin reported in article V 
illustrates how linear density of these molecules varies substantially depending on which cell 
type adjoins the BL in question. This was an unanticipated finding. The case has already 
been made that increased levels of both agrin and laminin might alter the properties of the BL 
proper, and that this might compensate for increased mechanical stress exerted by pericytes.  
The changes within the basal lamina proper are greater than the regional differences. 
Although the immunogold experiments do demonstrate statistically significant differences 
between cerebral cortex and cerebellum (Fig 3, article V), the difference in labelling intensity 
is not impressive. Whether they have biological importance or not cannot be ascertained 
based on these experiments. The RT-qPCR experiments against two laminin isoforms and 
agrin also demonstrate regional differences. It should be noted, then, that neither of these 
proteins are specific to perivascular regions and that this approach yields evidence on the 
general tissue expression, including both parenchymal and perivascular protein pools.   
 
5. Protein correlations at regional level 
Previous publications have shown that redistribution of AQP4 correlates with loss of agrin in a 
human glioblastoma cell line (Warth et al. 2004). A positive correlation of agrin and AQP4 
protein levels would have suggested that agrin might not just be a necessary factor, but also 
serve a regulatory role. Correlations between proteins are not sufficient to deduce functional 
relationships, however, but may give important indications thereof. Of particular note is the 
data provided in article IV from developing cortex, consistent with the idea that laminin and 
agrin influence AQP4 levels in vivo. Both agrin and laminin levels peak prior to levels of 
AQP4, Dp-71 and DAG1. The postnatal development of AQP4 has also been studied 
previously (Fallier-Becker et al. 2014).  
In Figure 5 is a graph displaying the 4 immunogold experiments in articles II and V, organised 
according to region and arbitrarily normalised to cortical levels. Here, there is no apparent 
correlation between ECM proteins (agrin and pan-laminin) and astrocyte proteins (AQP4 and 
α-Syn). The data constitutes evidence in favour of the null hypothesis - that ECM proteins are 
not instructive to endfeet - but seems insufficient to confirm it.  
 

 
 
This is substantiated by the fact that such regional assessment cannot differentiate between 
which molecular mechanisms for AQP4 regulation is involved (agrin, laminin, local protein 
translation, vesicular transport and DAPs). That the immunogold signal of both AQP4 and α-
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Figure 5: Four immunogold experiments from 
articles II and V are shown, directed 
respectively against AQP4, α-Syn, pan-laminin 
and agrin. The mean linear density 
(immunogold particle per unit length) for each 
subregion is normalised (arbitrary value = 1) 
according to levels measured in cerebral 
cortex (CX), and shown for molecular- (CB-
mol) and granular (CB-gran) cell layers of the 
cerebellum. Mean linear density for AQP4 and 
α-Syn covary, while no such correlation is 
seen when comparing laminin and agrin with 
AQP4.  
Error bars represent standard error of the 
mean (SEM).  
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Syn correlates with the respective mRNA suggests that endfoot levels of both proteins 
correlate with protein transcription. At first glance, this sounds obvious, but the hypothesis 
that ECM in the adjoining basal lamina served a regulatory role would potentially be 
independent of transcription. Question remains therefore, whether the observed correlation is 
indeed also evidence against the instructive role of ECM and rather supports other 
mechanisms involving transcription factors. 

III: Potential ramifications of presented findings for select neuropathologies 
In this third part I review two clinical conditions to which the findings are of particular 
relevance. The list of other brain disorders and pathophysiological states involving astrocyte 
endfeet and the basal lamina is extensive and some important examples are provided.   
 
1. Epilepsy 
Article I examines AQP4 and the kainate model of epilepsy on rat samples. Of note to the 
current thesis is that the reductions of AQP4 and α-Syn levels correlate positively in the latent 
phase. This is consistent with the fixed stoichiometry between AQP4 and α-Syn as 
demonstrated in article II. Interestingly, reduction of endfoot AQP4 occurring after cerebral 
ischemia, in a model of MCAO, occurs with no concomitant change in α-Syn levels 
(Frydenlund et al. 2006). The results from Frydenlund et.al suggest that the bridging between 
α-Syn and the cytoplasmic tail of AQP4 is sensitive to ischemia. Question remains, therefore, 
what (or which) regulatory effect(s) are responsible for the AQP4 and concomitant α-Syn 
reductions observed in article I, but this may be independent of reduced oxygen levels. The 
regulatory mechanism(s) at play in the kainate model might be same as the one(s) 
responsible for the observed regional heterogeneity (article II), providing a potential proof of 
concept that this might be of relevance in epilepsy.  
 
An overall aim for the presented, five articles, was to make extrapolations from mus musculus 
and rattus norvegicus to homo sapiens sapiens. Article I on the kainate model of epilepsy is a 
case in point. Two major challenges exist in this regard. Firstly, the kainate model is a 
pharmacological way of inducing epilepsy and one may question to what extent this is 
comparable to the idiopathic and spontaneously occurring temporal lobe epilepsy. Secondly, 
epilepsy is found in neither mice nor rats, only in certain inbred strains. The human case and 
that of the dog1 set aside, the Mongolian gerbil constitutes perhaps the only documented 
example of naturally occurring epileptic seizures. Such seizures manifest following several 
stimuli, including stress. It has been hypothesised that the seizures of Mongolian gerbils are 
perceived by predators as signs of disease thus rendering it an uninteresting prey. It was 
introduced as an animal model of epilepsy in the 1960s and has since been extensively 
studied (Fujisawa et al. 2003; Norris 1987). The use of animal models in the study of epilepsy 
has been reviewed and is not without pitfalls (Avanzini 1995; Fariello 1995; Kupferberg 2001). 
While post-traumatic epilepsy induced by lateral-percussion fluid induced injury is arguably 
more representative as a disease model, it also has disadvantages in that the number of 
study animals needed is much greater since only 43-50 % of injured animals develop the 
disease, and the latency period varies between 7 weeks to a year following the mechanical 
insult (Bolkvadze and Pitkanen 2012; Kharatishvili et al. 2006). The kainate model is but one 
of many ways in which to induce seizures in animals, but it carries the advantage of having a 
well-defined latent phase and was hence ideal in order to assess the temporal aspect of 
AQP4 changes that we set out to explore. 
 

                                                
1 The breeding of dogs has been characterised as the biggest biological experiment undertaken by humanity; 
exemplified by how wolves were bred into Chihuahuas. Of note is that wolves do not suffer epileptic seizures, and the 
systematic in-breeding set in motion by humans is not a natural occurring evolutionary pressure.  
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Studies conducted on human hippocampal resections have shown changes in astrocytes, 
and in AQP4 localisation and levels (Eid et al. 2005; Lee et al. 2004; Salman et al. 2017). The 
findings from article I cannot ascertain whether the observed changes in AQP4 and α-Syn 
levels are compensatory or causal in disease development. The only study on epileptic 
seizure propensity in α-Syn-/- mice (Amiry-Moghaddam et al. 2003b) employed a 
hyperthermic model and is not comparable to the pharmacological kainate model. Our 
conclusion that mislocalisation of AQP4 – reflecting a loss of astrocyte polarisation – is an 
integral part of the epileptogenic process must be tempered by the fact that polymorphisms in 
Aqp4 and α-Syn genes have not been reported to induce epilepsy per se. But one report 
exists with evidence that variants of the genes encoding AQP4 and Kir4.1 (as assessed using 
SNP analysis) are associated with subgroups of mesial temporal lobe epilepsy (Heuser et al. 
2010b). Also, Aqp4 knockout reduced seizure thresholds in another pharmacological model 
(Binder et al. 2004). This evidence implicates AQP4 in the pathogenesis of epilepsy. But the 
reported findings in article I are likely to represent but a few of many that together result in 
development of chronic seizures.  
 
2. NMO 
In neurological practice, all neurologists are trained to first answer the question of where a 
lesion is located, before considering what the diagnosis is. It is the anatomical site that 
dictates the list of differential diagnoses. A case in point is neuromyelitis optica (NMO), a 
demyelinating disorder affecting optic nerve and spinal cord in particular. It has been 
speculated that the relative abundance and localisation of AQP4 high order arrays in distinct 
CNS regions may explain this regional preference and variability in clinical phenotype of NMO 
spectrum disorders (Iorio et al. 2013). This is based on an assumption of how AQP4 levels 
vary across the CNS. The proposed thesis, as an account of regional heterogeneity, therefore 
allows discussion in this regard. Figure 6 below is an expanded overview of data from the α-
Syn immunogold labelling experiment reported in article II. Note in particular the sparse 
labelling in optic nerve (far left), compared with other regions. Included is a quantitation from 
KO tissue where two different regions are included (labelling is not detectable in either, 
suggesting specificity and lack of unspecific labelling despite increasing epitope levels). 

 
Figure 6: Regions are shown in ascending order according to anti-α-Syn signal strength from immunogold labelling: 
optic nerve (optic-n), cerebellar molecular layer (cb-mol), olfactory tract (olftract), molecular layer of gyrus dentatus 
(hcgyrmol), cortex piriformis (pirilam1&2), cortex (cx), corpus callosum (corpcall), stratum radiatum (hc-rad), stratum 
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pyramidale (hc-pyr), gyrus dentatus (hc-gyr), grey matter of spinal cord (spinal-g), stratum oriens (hc-or), colliculus 
inferior (col-inf), white matter of spinal cord (spinal-w), cerebellar granular layer (cb-gran), cerebellar white matter (cb-
white). Blue circles signify mean of linear density (detected immunogold particles per µm cell membrane) in astrocyte 
membranes facing endothelium, Green circles for astrocyte membranes facing pericytes. Error bars represent 95 % 
confidence intervals. Sagittal section from mouse brain shows regions embedded for immunogold analysis (red 
circles). Anti-α-Syn immunogold labelling on α-Syn-/- tissue is shown (control, right).  
 
Visualising cross-sectioned white matter on mesh grids is challenging. For this reason, the 
AQP4 experiment published in article II did not include sufficient images from optic nerve for 
statistical purposes. The data does open for speculation, however, since both proteins had a 
fixed stoichiometry in all CNS regions where included images were sufficient for statistical 
analysis, including white matter of spinal cord. By extrapolation, therefore, pericapillary AQP4 
levels in optic nerve (distal to chiasma opticus) are likely to be lower than any other 
region/subregion mentioned in article II. Notably, pericapillary AQP4 levels in both grey and 
white matter of spinal cord were among the highest recorded. Thus, a temporary conclusion 
is that high, perivascular AQP4 levels do not explain the regional affection in NMO spectrum 
disorders. This scientific problem is perhaps comparable to the enigmatic sparing of skeletal 
muscle and kidney in NMO patients. On a similar note, the way in which the patient’s immune 
system is sensitised to AQP4, resulting in anti-AQP4 autoantibodies, remains unclear. AQP4 
expression is not limited to the CNS. The protein is found in skeletal muscle (Frigeri et al. 
1998; Shibuya et al. 2006), cardiomyocytes (Butler et al. 2006; Rutkovskiy et al. 2012) in the 
collecting duct principal cells of kidney (Terris et al. 1995) and occurs in abundance in 
nasal/olfactory epithelium (Sorbo et al. 2007). AQP4 protein from any one of these sites could 
be responsible for sensitisation.  
If NMO-IgG binding to AQP4 is indeed causal, the explanation of why NMO patients primarily 
develop lesions in optic nerve and spinal cord must have an alternate explanation. The 
experiments conducted in article II do not permit conclusions regarding differences in epitope 
availability, however. In-depth studies of NMO-IgG labelling is required to tackle this problem. 
We therefore acquired two batches of such antibodies from collaborators in Lyon and Italy 
with the hope to examine this at the ultrastructural level, on mouse and rat samples. 
Unfortunately, hardly any labelling was seen using either antibody, despite implemented 
optimalisation for conserving epitopes and increasing antibody-epitope binding (pH-shift 
fixation using paraformaldehyde only, NaCl concentrations). Any tissue exposure to 
paraformaldehyde abolished the labelling, and sufficient PFA is a pre-requisite for conducting 
immunogold experiments. As this paragraph alludes to, the exact pathogenesis of NMO 
remains to be fully explored. Particularly so the role of astrocytes and endfeet containing the 
antigen that is now integral to the diagnosis (Lennon et al. 2005). The explanation may rather 
reside in the cascade of events that follow antigen-epitope binding, such as complement 
regulation and activation (Yao and Verkman 2017a). By implication – the neuroimmunological 
response might differ according to brain region. Either way, the combination of scientific 
publications on AQP4 together with those on demyelinating diseases may herald ground-
breaking knowledge for the field of neuroimmunology and the involvement of astrocytes in 
demyelinating disorders.  
 
3. Other neuropathological states 
AQP4 has been studied in the context of many neurological disorders. The potential for 
making therapeutic use of AQP4 was recently reviewed (Tradtrantip et al. 2017; Verkman et 
al. 2017). The list of clinical conditions in which changes in AQP4 levels have been 
documented grows long and among others include Alzheimer’s disease (Yang et al. 2011; 
Yang et al. 2017), epilepsy (Binder et al. 2004; Eid et al. 2005; Lee et al. 2004), post-ischemic 
oedema formation (Frydenlund et al. 2006; Manley et al. 2000), obstructive and normal 
pressure hydrocephalus (Bloch et al. 2006; Eide and Hansson 2017; Feng et al. 2009; 
Hasan-Olive et al. 2018), glioblastoma (Noell et al. 2012; Warth et al. 2004), bacterial 
meningitis (Papadopoulos and Verkman 2005) and cerebral malaria (Promeneur et al. 2013). 
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Data has also emerged on polymorphisms and mutations in the human AQP4 gene that may 
cause disease directly (Berland et al. 2018), and both predispose or protect against oedema 
development (Sorani et al. 2008b).  
There is thus a broad and compelling evidence base which implicates AQP4 as a potential 
drug target. The challenges, however, are equally well documented. A good example is 
oedema, where AQP4 contributes to both resolution and formation (Manley et al. 2004; 
Papadopoulos et al. 2004). As but one example, the temporal aspect of any AQP4 blockade 
must be resolved to realise any therapeutic benefit.  
 

7. Conclusions and future perspectives 
The proposed thesis provides evidence of hitherto unexplored and significant heterogeneities 
of the gliovascular interface across the mouse CNS. The case of AQP4 is particularly 
intriguing and implications for physiology remain to be fully explored. While no conclusive 
evidence towards a unifying, regulatory mechanism for membrane AQP4 levels is identified, 
the present work provides evidence that α-Syn, agrin and laminin all contribute to regulation 
of perivascular AQP4 membrane density. In addition, proximity to pericytes seems to 
upregulate AQP4 concentrations – which may be mediated through ECM proteins laminin and 
agrin. The original hypothesis underlying this work was that ECM is instructive to membrane 
composition of endfeet. Data from the developing and mature mouse brain give indications 
that this is a viable hypothesis.   
The physiological role of AQP4 is still being investigated and the exciting finding that AQP4 is 
involved in sleep and waste clearance has rejuvenated efforts to solve the problem. The role 
of AQP4 in NMO pathogenesis may culminate in the long anticipated coming of therapies 
directed at this protein. The findings presented herein may have ramifications for both of 
these topics. It will be interesting to see if and when the regional differences in AQP4 levels 
shown in article II find their functional correlate.  
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Summary  It  has  been  suggested  that  loss  of  the  astrocytic  water  channel  aquaporin-4  (AQP4)
from  perivascular  endfeet  in sclerotic  hippocampi  contributes  to  increased  seizure  propen-
sity  in  human  mesial  temporal  lobe  epilepsy  (MTLE).  Whether  this  loss  occurs  prior  to  or  as a
consequence  of epilepsy  development  remains  to  be  resolved.  In the  present  study,  we investi-
gated  whether  the  expression  and  distribution  of AQP4  was  altered  prior  to  (i.e.,  in the  latent
phase)  or after  the  onset  of  chronic  epileptic  seizures  (i.e.,  in the  chronic  phase)  in the  kainate
(KA)  model  of  MTLE.  Immunogold  electron  microscopic  analysis  revealed  that AQP4  density  in
adluminal  endfoot  membranes  was  reduced  in KA  treated  rats  already  in the  latent  phase,
while  the  AQP4  density  in the  abluminal  endfoot  membrane  was  stable  or  slightly  increased.
The  decrease  in adluminal  AQP4  immunogold  labeling  was  accompanied  by  a  reduction  in  the
density  of AQP4’s  anchoring  protein  alpha-syntrophin.  The  latent  and  chronic  phases  were  asso-
ciated  with  an upregulation  of  the  M1 isoform  of  AQP4,  as  judged  by  semi-quantitative  Western
blot  analysis.  Taken  together,  the  findings  in  this  model  suggest  that  a mislocalization  of  AQP4
—  reflecting  a loss  of astrocyte  polarization  —  is  an  integral  part  of  the  epileptogenic  process.
© 2013 Elsevier  B.V.  All  rights  reserved.
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Introduction

Mesial  temporal  lobe  epilepsy  (MTLE)  is  one  of  the  most
common and  also  one  of the most  therapy  resistant  types
of epilepsy.  To  date,  there  is  no  efficient  way  to  prevent
the development  of  epilepsy  after  a potential  epilepto-
genic insult.  The  underlying  causes  of MTLE  are  incompletely
understood, but  hyperexcitability  in  neuronal  networks  is
considered a key  feature.

Over  the  past  decades,  astrocytes  have  emerged  as
central regulators  of  neuronal  excitability  by  releasing
neuroactive agents  that  modulate  synaptic  transmission
(Parpura et  al.,  1994;  Tian  et  al.,  2005;  Thrane  et al.,  2011),
as well  as  by  controlling  ion  and  water  homeostasis  (Amiry-
Moghaddam and  Ottersen,  2003).  Neuronal  firing  causes  a
rise in  extracellular  potassium  and  shrinkage  of the  perisy-
naptic extracellular  space.  It has been  proposed  that  the
subsequent uptake  of  K+ into  surrounding  astrocytes  is cou-
pled with  a  concomitant  flux  of  water  through  the  astrocytic
water channel  aquaporin-4  (AQP4)  (Nagelhus  et  al.,  1999;
Østby et  al.,  2009;  Haj-Yasein  et al.,  2012).  The  water  flux
via perisynaptic  AQP4  is likely  linked  to  water  redistribu-
tion via  astrocytic  endfeet  whose  adluminal  membranes  are
enriched in  AQP4.  Notably,  loss of  perivascular  AQP4  leads  to
swelling of  the  perivascular  endfeet,  delayed  clearance  of
extracellular potassium,  and  enhanced  seizure  intensity  in
an animal  model  where alpha-syntrophin  —  the  AQP4  anchor-
ing protein  — is deleted  (Amiry-Moghaddam  et  al.,  2003a,b).

However,  recent  research  has  shown  that  the  interaction
between AQP4  and  K+  handling  is more  complex  than
originally anticipated  (Lee et  al.,  2012;  Jin  et  al.,  2013).
The idea  that  epileptogenicity  might  be coupled  to  glial
dysfunction and  perturbed  water  and  K+ homeostasis  is
supported by  genetic  analyses.  Thus, variants  of  the genes
encoding AQP4  and  Kir4.1  are associated  with  subgroups
of patients  with  MTLE  (Heuser  et  al.,  2010).  In  sclerotic
hippocampi of MTLE  patients,  T2  signal  hyperintensity
and increased  apparent  diffusion  coefficient  on magnetic
resonance imaging  signify  increased  water  content  (Bronen
et al.,  1991;  Hugg  et  al.,  1999).  Previous  studies  have  shown
an overall  increase  in  the  level  of  AQP4  in  sclerotic  MTLE
hippocampi compared  to  non-MTLE  hippocampi  (Lee et al.,
2004; Eid  et al.,  2005).  However,  in  MTLE  hippocampi,  the
density of  AQP4  along  the  perivascular  endfoot  membrane
was decreased,  while  no  difference  was  found  in  the
endfoot membrane  facing  the  neuropil.  It  was  proposed
that the  loss  of  perivascular  AQP4  contributes  to  increased
seizure propensity  via  impaired  K+ and  water  homeostasis
(Eid et  al.,  2005).  Whether  this  change  in AQP4  distribution
precedes development  of  epilepsy,  or  is  a consequence
thereof, remains  to  be resolved.

In  the  present  study,  we  examined  AQP4  expression  in
rat hippocampal  formation  following  status  epilepticus  (SE)
induced by  systemic  kainate  injections.  This  widely  used
model of  MTLE  allows  the  latent  phase  after  SE to  be  distin-
guished from  the chronic  phase  —  the  latter  characterized
by spontaneous  recurrent  seizures.  We  aimed  to resolve
whether a  change  in  AQP4  distribution  occurs  in  this  model,
and if  so,  whether  such a  change  precedes  chronic  seizures,
as would  be  expected  if  AQP4  redistribution  contributes  to
epileptogenicity. This was  addressed  by  use  of  quantitative
immunogold cytochemistry.  Differences  between  subregions

of  the  hippocampal  formation  were assessed  by studying  CA1
and CA3  separately.  We also  investigated  the  contents  of
AQP4 isoforms  by semi-quantitative  Western  blotting.

Materials and methods

Animal experiments

Male  Sprague  Dawley  rats (∼250  g)  were  obtained  from
Taconic M&B,  Copenhagen,  Denmark.  All  animals  were
treated in  accordance  with  the  European  Convention  (ETS
123 of  1986),  and  all  protocols  were  approved  by  the  Norwe-
gian National  Animal  Research  Authority.  The animals  were
maintained  under  standard  laboratory  conditions  at  22 ◦C,
humidity of  66%,  and  a 12/12  h  light/dark  cycle,  with  free
access to  food  and  water.  They  were  adapted  to  the  above
conditions for  one  week  prior  to  the  experiments.  Body
weight and general  condition  were  monitored  throughout
the study  period  and  in  case  of  weight  loss or  lack  of  weight
gain they  were  fed  with  water  soaked  chow.

Status  epilepticus  was  induced  by intraperitoneal  injec-
tion of  10  mg/kg  kainate  (KA; from  Sigma—Aldrich,  St.  Louis,
MO, USA)  in  buffered  saline.  A  total  of 58  rats  received  KA,
whereas 26  rats  received  the  same  volume  of  saline.  The
rats were placed  in  separate  plastic  cages  immediately  after
the injections  and  monitored  for  at  least  4  h  for  behavioral
seizure manifestation.  The  seizure  activity  was  described
using the  Racine  score  (Racine,  1972):  Stage  1, facial  clonus;
Stage 2,  nodding;  Stage  3, forelimb  clonus;  Stage  4, fore-
limb clonus  with  rearing;  Stage  5, rearing  and  falling.  Status
epilepticus was  defined  as  continuous  limbic  seizures  scored
as class  4  or  5 and  lasting  for  minimum  90  min.  Out  of the  58
KA injected  rats,  23  fulfilled  the  criteria  for  status  epilepti-
cus, 15  died,  and 20  did  not  reach  status  epilepticus.  Rats
that displayed  status  epilepticus  were  selected  for  further
analysis. Two  weeks  after  the injections,  i.e.,  in  the  latent
phase, 23  rats were  sacrificed  (12  KA injected  rats  and  11
controls). The rats were  not  monitored  by EEG,  and  there-
fore we  cannot  rule  out  the possibility  that some of  the
rats had  electrographic  epileptiform  discharges,  or  even
seizures, during  the two  weeks  following  SE. Spontaneous
seizures were  not  observed  by the  animal  caretakers  or  by
the researchers  at  any  point.  The  remaining  26  rats (11  KA
injected rats  and  15  controls)  were  video  monitored  8—12  h
per day, 7 days  per  week.  They  were  sacrificed  eleven  weeks
after the  injections,  i.e.,  in the  chronic  phase,  when  the
KA injected  rats had exhibited  a  minimum  of  two  sponta-
neous generalized  seizures.  The rats  were either  prepared
for Western  blotting  or  for  immunocytochemistry.

Immunohistochemistry

17  rats were  used  for  immunocytochemistry  (latent  phase:
6 KA injected  and  4  controls;  chronic  phase:  3  KA  injected
and 4  controls).  The rats were  deeply  anesthetized  with
Equithesin (0.4  ml/100  g, i.p.)  and  perfused  transcardially
with a flush  of approximately  30  ml  of  2%  dextran  in
0.1 M phosphate  buffer  followed  by 1 l  of  a fixative  con-
taining 4%  formaldehyde  and  0.5% glutaraldehyde  in  the
same buffer.  They  were  kept  overnight  at  4 ◦C before  the
brains were  removed  and  stored  in  the above  fixative
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diluted  1:10  in  0.1  M  phosphate  buffer  at 4 ◦C. The brain
was divided  at the  midline.  The  right hemisphere  was
used for  light  microscopy.  It  was  cut  in  50  �m serial
sagittal sections  on a vibratome  (Technical  Products  Inter-
national, St.  Louis,  MO, USA)  and stored  in  0.1  M phosphate
buffer with  0.1%  azide.  The left hemisphere  was  used
for electron  microscopy.  It was  cut  in  300  �m horizon-
tal vibratome  slices.  Slices  from  the septotemporal  middle
of the  hippocampal  formation  were  used  for  microdissec-
tion of  subregions  and subjected  to  freeze  substitution
as described  previously  (Amiry-Moghaddam  et al.,  2003a).
Briefly, the  tissue  blocks  were  cryoprotected  in glycerol
and rapidly  frozen  in  liquid  propane  at  −170 ◦C. The  frozen
tissue was  immersed  into anhydrous  methanol  containing
0.5% uranyl  acetate  at  −90 ◦C in  an  automatic  freeze  sub-
stitution unit  (EMAFS,  Leica,  Vienna,  Austria),  infiltrated
with Lowicryl  HM20  Resin  (Lowi,  Waldkraiburg,  Germany)
at −30 ◦C,  polymerized  by  ultraviolet  light,  sectioned  ultra-
thin, transferred  to  one  hole  grids,  and  used  for  immunogold
labeling.

Immunogold  electron  microscopy

On-grid  immunogold  labeling  for  AQP4  was  carried  out  in  CA1
and CA3  of  KA  injected  rats  (latent  phase  n  = 4, chronic  phase
n =  3,  both subregions)  and  age-matched  controls  (n  =  4, both
phases and  subregions,  except  n =  3  for  CA1  controls  latent
phase). The  immunogold  procedure  included  the following
steps: (1)  Etching  with  1%  H2O2 for  30  min;  (2)  48  mM  glycine
in Tris  buffer  containing  46  mM  NaCl  and  0.1%  Triton X-100
(TBST);  (3)  2%  human  serum  albumin  (HSA)  in  TBST;  (4)
incubation overnight  (room  temperature)  with  rabbit  poly-
clonal  anti-AQP4  from  Chemicon  Millipore  (Temecula,  CA,
USA; 1:100)  for  CA3  and  from  Sigma—Aldrich  (1:500)  for
CA1; (5)  2%  human  serum  albumin  (HSA)  in TBST;  (6) incuba-
tion for  2  h  with  a  10  nm  colloidal  gold-conjugated  secondary
antibody from  Abcam  (Cambridge,  UK)  diluted  1:20  in  TBST
with 2%  HSA  and 5  mg/ml  polyethyleneglycol.  The sec-
tions were  counterstained  with  uranyl  acetate  followed  by
lead citrate  before  being  examined  in  a transmission  elec-
tron microscope  (Tecnai  12,  FEI  Company,  Eindhoven,  the
Netherlands). For  quantification,  15  capillaries  were ran-
domly selected  (at low magnification)  within  the  stratum
radiatum of  each hippocampal  subregion.  Images  were
acquired and  gold  particle  linear  densities  (particles/�m)
were quantified  in  clearly  delineated  ad- and  abluminal
membranes of  perivascular  astrocytic  endfeet.  The analysis
was performed  using  analySIS  Pro  version  3.2  (Soft  Imag-
ing system  GmbH,  Münster,  Germany).  For  the  analysis  of
alpha-syntrophin, we  used  a rabbit  affinity-purified  poly-
clonal antibody  to  alpha-syntrophin  (Syn259)  diluted  1:150
(Peters et  al.,  1997).  The  procedure  was  similar  to  that  used
for the  analysis  of  AQP4,  with  amendments  in  the  following
steps: (1)  No  H2O2 etching;  (2) all  buffers  contained  154 mM
NaCl; (6)  the  secondary  antibody  was  a 15  nm  colloidal  gold-
conjugated anti-rabbit  antibody  from  Abcam  (AB27236).  For
quantification, 15—20  capillaries  from  each section  were
selected at  random.  Images  were  obtained  at  20,500×  mag-
nification, and  gold  particle  linear  densites  were  quantified
in clearly  delineated  adluminal  membranes  of  perivascular
astrocytic endfeet  in  CA3  stratum  radiatum.

Immunofluorescence  microscopy

For  double  labeling  immunocytochemistry  (immunofluores-
cence), vibratome  sections  of hippocampal  formation  of  KA
injected rats  (latent  phase  n  = 6,  chronic  phase  n  =  3) and
controls (n  = 4,  both  phases)  were  simultaneously  processed
free-floating. The sections  were  treated  with  1%  Na-
borohydride in  Tris-saline  buffer  (50  mM  Tris,  120  mM  NaCl,
pH 7.4)  for  10  min  to  quench  autofluorescence  from  glu-
taraldehyde. The sections  were  rinsed  in Tris-saline  buffer
before incubation  over  night  (4 ◦C) in  a mixture  of two  pri-
mary antibodies  (goat  polyclonal  anti-AQP4,  Santa  Cruz,
1:300 and  rabbit  polyclonal  anti-alpha-syntrophin,  1:1000,
Abcam) in  Tris-saline  buffer.  After  rinsing  in  Tris-saline
buffer, the sections  were  incubated  for  1 h  in  a  mixture
of two  secondary  antibodies  (Alexa  488  donkey  anti-goat
together with  Cy3  donkey  anti-rabbit,  diluted  1:1000,  Invi-
trogen —  Molecular  Probes,  Eugene,  OR,  USA)  in Tris-saline
buffer followed  by rinsing  and  mounting  with  ProLong-Gold
Antifade Reagent  (Invitrogen  — Molecular  Probes,  Eugene,
OR, USA).  The  sections  were  analyzed  using  an  Axioplan2
microscope (Carl Zeiss,  Jena,  Germany)  equipped  with  a
Pascal LSM5  confocal  unit  (Carl Zeiss),  and  the  micrographs
were obtained  with  the  same  parameters  to  allow  reliable
comparison between  sections.

Western  blotting

The  32 rats  used  for  Western  blotting  (latent  phase:  6  KA
injected and 7  age-matched  controls;  chronic  phase:  8  KA
injected and  11  age-matched  controls)  were  decapitated,
the brain  removed  from  the skull immediately,  and the hip-
pocampal  formation  isolated  on  both  sides. The tissue  was
stored at  −80 ◦C.

Frozen  whole  hippocampal  formations  and  microdis-
sected subregions  were  sonicated  on ice  in homogenization
buffer (1%  SDS,  10  mM  sodium  phosphate  buffer,  pH 7.4,
150 mM NaCl,  1  mM  phenylmethylsulphonyl  fluoride  (PMSF),
10 mM  ethylenediamine  tetraacetic  acid  (EDTA)).  Protein
concentrations were determined  with  a BCA  Protein  Assay
Kit and  measured  on  a microplate  reader  at 570  nm  (Tecan,
Grödig, Austria).

Protein  homogenates  were  mixed  with  sample  load-
ing buffer  (62.5  mM  Tris—HCl,  10%  glycerol,  2%  SDS, 5%
2-mercaptoethanol, 0.025%  bromophenol  blue),  and  5  �g
protein per  lane  were  applied.  Homogenized  rat  cerebellum
was used  to  make  a standard  curve  with  increasing  protein
concentrations for  each  blot.  The proteins  were  separated
by electrophoresis  on 1.5  mm  10%  acrylamide  gels  (urea)  and
transferred onto PVDF  membranes.

The  membranes  were  blocked  with  5%  blocking
agent (Enhanced  Chemi-fluorescence  kit)  before  incubation
overnight with  primary  antibody  against  AQP4  (1:20,000,
polyclonal, Santa  Cruz)  diluted  in Tris-buffered  saline  (20  mM
Tris, 137  mM  NaCl,  pH  7.6)  with  0.05%  Tween  20  (TBS-T).
After extensive  washing  in TBS-T,  the membranes  were
incubated with  alkaline-phosphatase-conjugated  secondary
antibody to  goat  immunoglobulin  (1:10,000,  Sigma)  for  1  h
and then  washed  again  before  application  of  substrate.
The chemifluorescent  signals  were  detected  on  a Typhoon
scanner 9410,  and  quantified  using  ImageQuant  TL (GE
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Figure  1  Electron  micrographs  showing  AQP4  immunogold  labeling  (10 nm  gold  particles).  Sections  from  CA1  and  CA3  stratum
radiatum  of  control  (A  and  D)  and  kainate-treated  rats  14  days  (latent  phase;  B and  E) and  11  weeks  (chronic  phase;  C and  F)
after  kainate-induced  status  epilepticus.  In  age-matched  controls,  AQP4  was  clearly  enriched  in  the  astrocytic  endfoot  membrane
facing  capillaries  (adluminal  membrane,  single  arrows),  and  to  a  lesser  extent  in the  abluminal  membranes  facing  neuropil  (double
arrows).  (*)  Astrocytic  endfoot;  (e)  endothelial  cell;  (l)  lumen  of  capillary.  Scale  bar  500  nm.
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Figure  2  Quantitative  analysis  of  the  polarity  of AQP4  immunogold  labeling  in  CA1  stratum  radiatum  and  CA3  stratum  radiatum  for
the  latent  (A)  and  chronic  phase  (B). Polarity  is  defined  as  the  ratio  between  adluminal/abluminal  gold  particle  density.  Median  data
points  with  confidence  interval  error  bars  for  the  adluminal/abluminal  ratios  are  indicated.  Asterisks,  significantly  different  from
control,  ***p  <  0.001  (n  = 3—4  per  group,  ratio  of  estimated  medians  within  groups,  taking  into  account  the  number  of  repetitions;
see  Materials  and  Methods).  KA,  kainate  injected  rat.

Healthcare,  Buckinghamshire,  UK).  The  pixel  intensity  (vol-
ume) was  transformed  to  relative  level  by  using  the standard
curve based  on  cerebellar  homogenate.

After  detection  of  chemifluorescent  signals,  the  mem-
branes were  stripped  of  bound  antibodies  and  reprobed  for
GDH (1:100,000;  Rothe  et  al.,  1995).  Briefly,  the membranes
were submerged  in  stripping  buffer  (100 mM  mercap-
toethanol, 2%  SDS,  62.5  mM  Tris—HCl,  pH  6.7)  and  incubated
at 50 ◦C  for  60  min  with  agitation.  Then,  the  membranes
were washed  in  TBS-T  before  incubation  with  antibod-
ies and  immunodetection  and  quantification  as  described
above.

Statistical  analysis

Count  data  from  semi-quantitative  immunogold  analysis
were analyzed  by a Poisson  mixed  model,  with  a log link,
using the  glmer function  in  R.  Fixed  effects were  included
for every  combination  of  phase,  region,  group  and mem-
brane. We assumed  a dependency  structure  with  random
components on  animals,  images  and replications,  where
images were  nested  inside  animals,  and  replications  inside
images. Parameter  estimates  were  obtained  by  maximum
likelihood using  a  Laplace  approximation  of  the  likelihood
function. The  differences  in  the  adluminal:  abluminal  ratio
were analyzed  by  a  Bayesian  Poisson  mixed  model,  using
the MCMCglmm  package  in  R.  Data  from  Western  blotting
were analyzed  by a linear  mixed  model,  using  the  lme
function in  R  (Pinheiro  and  Bates,  2002).  Separate  anal-
yses were  done  for  the  M1  and M23 data.  Fixed  effects
were included  for  every  combination  of  phase  and  group.
We assumed  a  dependency  structure  with  random  com-
ponents on  animals.  Log  transformations  were applied  as
quantile—quantile plots showed  these  transformations  to
give the  best  fits  to the  Gaussian  distribution.  Parameter
estimates were  obtained  by  maximum  likelihood  for  the
fixed effects  and  by restricted  maximum  likelihood  for  the
variances of  the random  effects.

Results

Immunogold  analysis  of  AQP4 and alpha-syntrophin

An  immunogold  approach  was  used  to  analyze  the  distribu-
tion of  AQP4  in  astrocytic  endfoot  membranes  before  and
after development  of  spontaneous  seizures,  i.e.  in  the latent
phase (two  weeks  after  KA-induced  status  epilepticus)  and
in the  chronic  phase  (11  weeks  after  KA). All  animals
that experienced  status  epilepticus  went  on  to  display
recurrent seizures  in  the chronic  phase.  The  linear  density
of gold  particles  was  recorded  in  the endfoot  membrane
facing capillaries  (adluminal  membrane)  and  in  the endfoot
membrane facing neuropil  (abluminal  membrane;  see
Fig.  1), followed  by  an  assessment  of  the ratio  between  the
two membrane  domains.  This  ratio  (adluminal:abluminal)
ranged from  4:1  to  6:1  in CA1,  and  from  8:1  to  10:1  in
CA3 control  groups  (Fig.  2).  The  ratio  was  decreased  in  KA
treated animals  in  both  latent  and  chronic  phases  and  in
both regions,  compared  with  controls;  p  <  0.001  (Fig.  2A).
Actual adluminal:abluminal  signal  ratios were  3:1  and 2:1
(CA1),  and 4:1  and  2:1  (CA3),  in latent  and  chronic  phase,
respectively. The decreased  ratio  reflected  a reduced  label-
ing density  in  adluminal  membranes  (CA1:  latent  p < 0.0001,
chronic p  =  0.0336;  CA3:  latent p  = 0.0079),  combined  with
a stable  or  slightly  increased  labeling  in  the  abluminal
membranes (CA1:  latent  p  =  0.0386,  chronic  p  =  0.0313;
CA3: chronic  0.0018;  Fig.  4A—D).  Endfeet  appeared  swollen
in KA-treated  animals  compared  with  controls,  and  more
prominently so in  the latent  phase  (Fig.  1B  and E)  than  in
the chronic  phase  (Fig.  1C  and F).

The  immunogold  signal  for  alpha-syntrophin  (a dystrophin
associated protein  responsible  for  anchoring  AQP4  in  adlumi-
nal endfoot  membranes)  was  reduced  in  KA treated  animals
(Figs. 3 and 4E). Statistical  significance  was  reached  in
the latent  phase  (p = 0.0135),  but  not in  the chronic  phase
(p = 0.0555).

The  control  animals  were  age-matched  to the  KA treated
animals. To  check  for  age-dependent  changes,  we  compared
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Figure  3  Electron  micrographs  showing  alpha-syntrophin  immunogold  labeling  (15  nm  gold  particles).  Sections  from  CA3  stratum
radiatum  of  the  age-matched  controls  (A,  B),  kainate-treated  rats  14  days  (latent  phase;  C)  and  11  weeks  (chronic  phase;  D)  after
kainate-induced  status  epilepticus.  Alpha-syntrophin  is  enriched  in  the  astrocytic  endfoot  membrane  facing  capillaries  (adluminal
membrane,  single  arrows).  (e) Endothelial  cell;  (l)  lumen  of capillary.  Scale  bar 1 �m.

the  two  control  groups  (latent  vs. chronic)  with  respect
to AQP4  and  alpha-syntrophin  immunogold  labeling.  This
analysis showed  that  the density  of AQP4  increases  slightly
with age  —  but  only  in  the abluminal  endfoot  membranes
of CA1  (Fig.  4A  and  B;  p  =  0.042).  The signal  for  alpha-
syntrophin increased  in  the  adluminal  membrane  (Fig.  4E;
p  =  0.026).  The  two  control  groups  did  not differ  in  regard  to
other parameters,  i.e.,  adluminal/abluminal  ratios  for  AQP4
(Fig.  2),  the  adluminal  linear  density  of  AQP4  immunogold
labeling in  CA1  (Fig.  4A  and  B),  or  linear  density  of  AQP4
immunogold labeling  in  either  membrane  of  CA3  (Fig.  4C
and D).

Immunofluorescence  analysis  of AQP4 and
alpha-syntrophin

In  control  animals,  immunofluorescence  signals  for  AQP4
and alpha-syntrophin  were  found  in  association  with  brain
microvessels (Figs.  5A—C  and  6A—C).  This  is consistent
with the  immunogold  data  showing  a concentration  of
either molecule  in  astrocytic  endfoot  membranes.  AQP4
immunofluorescence also  occurs  in  the neuropil,  albeit  at
lower intensities  (Figs.  5A  and  6A),  Previous  immunogold
analyses (Nielsen  et al.,  1997)  revealed  that  the neu-
ropil labeling  reflects  AQP4  pools  in  astrocytic  membranes,
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Figure  4  Top:  Quantitative  immunogold  analysis  of AQP4  gold  particle  density  in the  stratum  radiatum  of  CA1  and  CA3.  Box  plot
representation  of  the  gold particle  linear  densities  in adluminal  and  abluminal  membranes  of  astrocytic  endfeet  in  the  latent  (A  and
C)  and  chronic  phase  (B  and  D)  after  kainate-induced  status  epilepticus,  compared  with  age-matched  controls.  Box,  inter  quartile
range  (IQR);  line  across  box,  median;  whiskers,  the  lowest  datum  still within  1.5  IQR of the  lower  quartile,  and  the  highest  datum
still  within  1.5  IQR  of  the  upper  quartile;  asterisks,  significantly  different  from  control,  *p  <  0.05,  **p  < 0.01,  ***p <  0.001  (n  = 3—4
per  group,  taking  into  account  the  number  of repetitions;  see  Materials  and  Methods).  The data  points  indicating  mean  (dot)  and
standard  error  (lines  ending  with  arrows)  are  shown  beside  each  box. KA, kainate  injected  rat.  Bottom:  Quantitative  immunogold
analysis  of  alpha-syntrophin  in  the  stratum  radiatum  of CA3.  Box  plot  representation  of the  gold  particle  linear  density,  along  with
the  data  points  indicating  the  mean  and  standard  error,  in the  adluminal  membranes  of  astrocytic  endfeet  in  the  latent  and  chronic
phase  (E).
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Figure  5  Immunofluorescence  micrographs  of septal  CA1  (stratum  radiatum)  in sagittal  sections  in  control  (A—C),  latent  (D—F)
and chronic  phase  (G—I)  double  labeled  for  AQP4  (green)  and  alpha-syntrophin  (red).  KA  treated  animals  were  compared  with age-
matched  controls.  Arrowheads  indicate  the  perivascular  labeling.  Scale  bar  20  �m.  (For  interpretation  of the  references  to  color  in
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.)

including  those  facing  synapses  and  other  neuronal  ele-
ments. Judged  by the  immunogold  data,  kainate  treated
animals display  a redistribution  of  AQP4  from  adluminal  end-
foot membranes.  In  agreement,  the immunofluorescence
analysis revealed  an  increased  neuropil  labeling  of  AQP4,
compared with  controls  (Figs.  5  and  6). Alpha-syntrophin
immunoreactivity was  used  as  a marker  for  adluminal  mem-
branes.

Quantification  of AQP4 by  Western  blotting

The  level  of  AQP4  protein  in  the  hippocampal  formation  was
analyzed by  semi-quantitative  Western  blotting,  using  GDH
as a  reference.  The  latter  enzyme  is expressed  mainly  in  glia
and was  shown  previously  to  be  unchanged  in  the  same  set
of animals  (Hammer  et al.,  2008).  AQP4  occurs  in  two  major
isoforms: M1  and M23.  In  addition,  the rat  brain  also  con-
tains a  third  isoform  termed  Mz.  The high  molecular  weight
band (Fig.  7A  and  B)  probably  represents  an  AQP4  dimer.  The

expression  of  M1  was  increased  in the  latent  phase  compared
with age-matched  controls,  whereas  M23 was  not  signifi-
cantly different  (Fig.  7C).  Both  the M1  and  M23 isoforms
showed significant  increases  in  the  chronic  phase,  with  a
more pronounced  increase  for  M1  than  for  M23  (Fig.  7D).
The high  molecular  weight  band  (∼55  kDa) similarly  showed
an increase  in the  chronic  phase  (Fig.  7E and  F).

Discussion

Loss  of  perivascular  AQP4  has  been  reported  in  human
MTLE hippocampi  (Eid  et  al.,  2005)  but  it  has not  been
resolved whether  this  loss occurs  prior  to  or  as  a con-
sequence of  epilepsy  development.  In  the  present  study,
we took  advantage  of  an  epilepsy  model  with  a well
defined latent  phase  and  showed  that  loss of  perivascular
AQP4 precedes  the development  of  chronic  seizures.  Taken
together, the  immunogold,  immunofluorescence  and  West-
ern data  suggest  that  a  mislocalization  of AQP4  —  i.e.,  a



38  S.  Alvestad  et al.

Figure  6  Immunofluorescence  micrographs  of septal  CA3  (stratum  radiatum)  in  sagittal  sections  in control  (A—C),  latent  (D—F)
and chronic  phase  (G—I)  double  labeled  for  AQP4  (green)  and  alpha-syntrophin  (red).  KA  treated  animals  were  compared  with  age-
matched  controls.  Arrowheads  indicate  the  perivascular  labeling.  Scale  bar 20  �m. (For  interpretation  of  the  references  to  color  in
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.)

redistribution  of  AQP4  from  perivascular  membranes  to
other astrocytic  plasma  membrane  domains  —  is an  inte-
gral part  of  the epileptogenic  process.  The  possibility  must
be considered  that  the redistribution  of  AQP4  along  the
astrocyte membrane  is indicative  of  a more  general  loss  of
functional polarization,  reflecting  a pervasive  dysfunction  of
hippocampal astrocytes.

The  fact  that AQP4  mislocalization  precedes  the  onset
of chronic  seizures  does  not  necessarily  imply  any  causal
relation. However,  it  has  been  shown  previously  that
a mislocalization  of  AQP4,  similar  to  that  found  here,
increases the severity  of  seizures  in  a  hyperthermia  model
(Amiry-Moghaddam et  al.,  2003b).  In  the  latter  study,
AQP4 mislocalization  was induced  by  genetic  deletion  of
alpha-syntrophin which  normally  serves  to  anchor  AQP4  to
adluminal endfoot  membranes  (for  a  review  of anchoring
mechanisms, see  Amiry-Moghaddam  and  Ottersen,  2003).
The same  genetic  model  showed  a delayed  clearance  of
K+ from  activated  hippocampal  neuropil,  thus  providing  a

possible  mechanistic  link  between  AQP4  mislocalization  and
seizure propensity  (Amiry-Moghaddam  et al.,  2003b;  review:
Binder  et  al.,  2012).

It  remains  to  explain  why  AQP4  redistributes  in  astrocytic
membranes in  the  latent  phase  of the present  experi-
mental model.  Our  immunogold  analysis  indicates  that  the
latent phase  is  associated  with  a significant  downregulat-
ion of  alpha-syntrophin.  Any  decrease  in  alpha-syntrophin
expression would  be  expected  to  promote  a loss of  AQP4
from endfoot  membranes  (Amiry-Moghaddam  et  al.,  2003a).
However, recent  data  indicate  that  the  two  molecules  are
mutually dependent,  as  deletion  of  AQP4  causes  a partial
loss of  alpha-syntrophin  (Eilert-Olsen  et  al.,  2012).  This
implies that  we  cannot  resolve  what  is  the primary  event
— loss of  alpha-syntrophin  or  loss  of  AQP4.  Efforts  should
now be  made  to characterize  in  more  detail  the factors
that promote  and regulate  the  binding  between  AQP4  and
its anchoring  protein  alpha-syntrophin.  The nature  of  this
binding could  hold  important  clues as to  the  mechanisms
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Figure  7  Semi-quantitative  analysis  of  Western  blots  from  the  latent  and  chronic  phase.  Top:  Representative  Western  blots  of
whole  hippocampal  formation  in the  latent  (A)  and  chronic  phase  (B)  showing  AQP4  isoforms  at  32  kDa  (M23),  34  kDa  (M1)  and
∼37  kDa  (Mz),  the  high  molecular  weight  band  of  AQP4  (possibly  a  dimer)  and  GDH at 55  kDa.  Bottom:  Quantitative  analysis  of  the
immunoblots  for  the  different  AQP4  isoforms  and  the  high  molecular  weight  band of  AQP4  in the  latent  (C,  E)  and  chronic  phase
(D,  F).  Each  sample  represented  by  the  mean  of  two  to  three  separate  blots.  The data  points  indicating  mean  (dot)  and  standard
error  (lines  ending  with  arrows)  are  shown  beside  each  box.  The  pixel  intensity  (volume)  is  transformed  to  relative  level  by  using
a  standard  curve  based  on  cerebellar  homogenate  (see  Materials  and  Methods).  The  statistical  analysis  is  based  on raw  data  taking
into  account  the  number  of  repetitions  (see  Materials  and  Methods).  Box,  inter  quartile  range;  line  across  box,  median;  whiskers,
maximum  and  minimum;  open  circle,  outlier;  asterisk,  significantly  different  from  control,  *p  < 0.05,  **p  < 0.01,  ***p  <  0.001  (n  = 6—11
per  group;  see  Materials  and  Methods).  Co,  control;  KA,  kainate  injected  rat.



40  S.  Alvestad  et al.

underlying  epileptogenesis  in  humans  as  well  as  in  experi-
mental models.

A comment  should  be  made  when  it  comes  to  the  obser-
vation of  a  relatively  higher  increased  level  of  the  M1
isoform of  AQP4  compared  to  the  M23  isoform  in  KA  treated
animals. As  pointed  out,  AQP4  is largely  confined  to  astro-
cytic membranes  (Nielsen  et al.,  1997).  Thus,  an  increased
immunoblot signal  for  AQP4,  combined  with  a loss  of  AQP4
from perivascular  endfeet,  is likely  to  reflect  a redistribution
of AQP4  from  endfoot  to  non-endfoot  astrocytic  membranes.
A gliosis,  coupled  with  a tangential  displacement  of AQP4
along the  astrocytic  membranes,  would  account  for  such  a
redistribution, We  showed  previously  that  gliosis  is a fea-
ture of  the  latent  as  well as  the chronic  phase  of  the
kainate model  (Hammer  et  al.,  2008).  If  the  redistribution
of AQP4  were  fully  explained  by  tangential  movement  of
AQP4 along  the  astrocyte  plasma  membrane,  one  would  not
expect  any  shift  in  the relative  abundance  of  the two  main
AQP4 isoforms,  M1  and  M23.  In  contrast,  such  a shift  would
occur if  an  increased  synthesis  of  AQP4  was  initiated  in
order to  match  the  increased  expanse  of astrocytic  mem-
branes in  the  gliotic  areas.  Thus,  several  lines  of evidence
indicate that  the M1  isoform  is the predominant  isoform
in non-endfoot  membranes  while  M23  is the  major  con-
stituent of  the  square  arrays  that populate  the adluminal
endfoot membranes  (Sorbo  et  al.,  2008;  Nicchia  et  al.,
2010).

Taking advantage  of the  fact  that  the  two  control  groups
differed in  age  by  nine  weeks,  we  looked  for  putative  age
dependent changes  in  AQP4  and  alpha-syntrophin  immunola-
belling. We  found  that the concentration  of AQP4  increases
slightly with  age  in  the abluminal  endfoot  membrane  and
that the  signal  for  alpha-syntrophin  increases  in  the adlumi-
nal membrane.  The  biological  significance  of  these  findings
will have  to  be  explored  in future  studies.

The  present  study  is  the  first  to  employ  electron
microscopy to  analyze  AQP4  expression  in  the  kainate  model
of epilepsy.  Electron  microscopy  is required  to  distinguish
between different  astrocytic  plasma  membrane  domains  and
to provide  quantitative  estimates  of AQP4  mislocalization.
Previous studies  of  AQP4  in  this model  were based  solely  on
light microscopic  analyses  (Kim  et al.,  2009,  2010),  preclud-
ing direct  comparisons.

Conclusion

Mislocalization  of  astrocytic  AQP4,  as  reflected  by a loss
of perivascular  AQP4  combined  with  a  stable  or  increased
AQP4 pool  in  non-endfoot  membranes,  is  found  in  patients
with MTLE  (Eid  et  al.,  2005)  and  in  animals  with  targeted
depletion of  the gene  encoding  alpha-syntrophin  (Amiry-
Moghaddam et  al.,  2003b).  In  both  settings,  the AQP4
mislocalization is associated  with  increased  seizure  propen-
sity. Here,  we  show  that  a  similar  mislocalization  occurs
in the  kainate  model  of  epilepsy.  The use of this model
allowed us  to  conclude  that  AQP4  mislocalization  precedes
the chronic  phase  of  epilepsy,  thus  presenting  the possibility
that the  perturbed  AQP4  expression  is of pathophysio-
logical relevance.  A  deranged  water  and K+ homeostasis
may constitute  the  link  between  the  present  observations
and the  epilepsy  phenotype.  Our findings  warrant  further

studies  to  characterize  in  more  detail  how  loss of  astro-
cyte polarization  affects  neuronal  excitability  and seizure
propensity.
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Abstract Perivascular endfeet of astrocytes are enriched
with aquaporin-4 (AQP4)—a water channel that is criti-

cally involved in water transport at the brain–blood inter-

face and that recently was identified as a key molecule in a
system for waste clearance. The factors that determine the

size of the perivascular AQP4 pool remain to be identified.

Here we show that the size of this pool differs considerably
between brain regions, roughly mirroring regional differ-

ences in Aqp4 mRNA copy numbers. We demonstrate that

a targeted deletion of a-syntrophin—a member of the
dystrophin complex responsible for AQP4 anchoring—re-

moves a substantial and fairly constant proportion

(79–94 %) of the perivascular AQP4 pool across the cen-
tral nervous system (CNS). Quantitative immunogold

analyses of AQP4 and a-syntrophin in perivascular mem-

branes indicate that there is a fixed stoichiometry between
these two molecules. Both molecules occur at higher

densities in endfoot membrane domains facing pericytes

than in endfoot membrane domains facing endothelial
cells. Our data suggest that irrespective of region, endfoot

targeting of a-syntrophin is the single most important
factor determining the size of the perivascular AQP4 pool

and hence the capacity for water transport at the brain–

blood interface.

Keywords Astrocyte heterogeneity ! Pericyte !
Aquaporin-4 ! a-Syntrophin ! Immunogold histochemistry

Introduction

The water channel aquaporin-4 (AQP4) occurs in abundance
at the brain–blood interface and may well be the most

plentiful membrane molecule at this site, forming distinc-

tive, orthogonal arrays that make up a substantial areal
fraction of the perivascular endfoot membrane (Amiry-

Moghaddam and Ottersen 2003; Nielsen et al. 1997; Rash

et al. 1998). These arrays were identified in freeze fracture
preparations long beforeAQP4was cloned and characterised

(Dermietzel 1973; Landis and Reese 1974; Rash et al. 1974).

Orthogonal arrays are absent from Aqp4-/- mice (Verba-
vatz et al. 1997) and are formed in oocytes transfected with

AQP4 cDNA (Yang et al. 1996), bolstering the notion that

these arrays are made up of AQP4.
The perivascular pool of AQP4 serves a number of

important functions. Mimicking the effects of global AQP4

knockout (Manley et al. 2000; Papadopoulos et al. 2004), a
selective depletion of perivascular AQP4 is rate limiting

for water flux in the build-up phase and resolution phase of
brain oedema (Amiry-Moghaddam et al. 2003a, 2004;

Nakayama et al. 2016; Vajda et al. 2002). The perivascular

AQP4 pool is critically involved in osmosensing and vol-
ume control (Benfenati et al. 2011; Jo et al. 2015; Mola

et al. 2016). Recent studies suggest that perivascular AQP4

also plays a pivotal role in the clearance of waste products
from brain, possibly by propelling a paravascular drainage

route (Iliff et al. 2012). In addition, AQP4 has been

implicated in K? homeostasis and regulation of
excitability (Amiry-Moghaddam et al. 2003b; Binder et al.

2004; Haj-Yasein et al. 2012), and loss of perivascular
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AQP4 precedes chronic seizures in the kainate model of

temporal lobe epilepsy (Alvestad et al. 2013). Mislocali-
sation of AQP4 or changes in the expression level of this

water channel have been reported in hippocampi resected

from patients with mesial temporal lobe epilepsy (Eid et al.
2005), in mouse models of Alzheimer’s disease (Yang

et al. 2011), and in several other pathological and experi-

mental conditions where homeostatic functions are lost or
compromised (Nagelhus and Ottersen 2013; Promeneur

et al. 2013).
Given the pivotal role of perivascular AQP4 in brain

physiology and pathophysiology the question arises as to

how the size of this AQP4 pool is determined. There is no
unequivocal evidence of AQP4 channel gating (Nagelhus

and Ottersen 2013). Thus, current data favour the idea that

the water transport capacity at the brain–blood interface is
tightly coupled to the number of AQP4molecules at this site.

Here we show that the density of perivascular AQP4 chan-

nels varies considerably between regions, roughly matching
regional differences in the abundance of Aqp4 mRNA. All

regions showed a substantial loss of perivascular AQP4

following targeted deletion of a-syntrophin. This loss was
fairly constant across the central nervous system (CNS),

ranging from 79 % in the spinal cord to 94 % in the neo-

cortex. Consistent with these data, quantitative immunogold
analyses pointed to a fixed stoichiometry between AQP4 and

a-syntrophin in perivascular membranes. Our findings pro-

vide new insight in the factors that regulate the size of the
perivascular AQP4 pool and hence the capacity for water

transport and waste clearance in brain.

Methods

Animals

We used adult male and newborn C57BL/6 mice (Jackson
Laboratories, Boulder, CO) and two previously described

transgenic mouse strains. Aqp4-/- animals were gener-

ated as described (Thrane et al. 2011) and backcrossed 10
times on a C57BL/6 background; a-syntrophin-/- (a-
Syn-/-) animals were generated as described (Adams

et al. 2000). The mice were allowed ad libitum access to
food and drinking water. Animal experiments were per-

formed according to the European Council law on pro-

tection of laboratory animals, with the approval of the
University of Oslo’s Animal Care and Use Committee.

Every effort was made to minimise the number of
animals.

Antibodies

A list of all antibodies used in this study is shown in

Table 1.

Transcardial perfusion fixation

Adult animals were anaesthetised with a single intraperi-

toneal injection of Equithesin (150 lL) and transcardially

perfused using 4 % formaldehyde in 0.1 M phosphate
buffer (PB) for 15 min with an initial 20 s perfusion with

ice cold 2 % dextran in 0.1 M PB. Prompt neck stiffness

was used as an indication of satisfactory perfusion. Brains
were removed, left in the fixation solution overnight and

stored in a 1:10 dilution of the same solution in 0.1 M PB.

For newborn (P0) animals, both perfusion velocity and
anaesthesia dosage were titrated according to weight and

animals were initially sedated using chloroform gas. We

employed a modified version of the pH-shift perfusion
technique (Eilert-Olsen et al. 2012), initially defined by

Berod et al. (1981), for those animals processed further for

high resolution electron microscopy to obtain better ultra-
structure and minimise epitope loss. This allowed for one

half of the brain being used for light and immunofluores-

cence microscopy while the other was used for embedding
in Lowicryl resin.

Table 1 Antibodies

Method Primary antibody Secondary antibody

Immunogold AQP4, host: rabbit,Sigma A5971, 1,0 mg/ml diluted 1:400

a-syntrophin (SYN259), host: rabbit, 6 mg/ml diluted 1:200, Gift
from Dr. Marvin E. Adams

Goat anti-rabbit 15 nm, Abcam 1:20

Goat anti-rabbit 15 nm, Abcam 1:20

Immunofluorescence AQP4, host: rabbit,Sigma A5971, 1,0 mg/ml diluted 1:400 Alexa fluor 488, donkey anti-rabbit, Invitrogen,
A21206

Immunoperoxidase AQP4, host: rabbit, Sigma A5971; 1,0 mg/ml diluted 1:400 Biotin Donkey anti-rabbit IgG 31821, Pierce,
Thermo Scientific, 1:100

Streptavidin-biotinylated HRP, RPN1051 V, GE
Healthcare, 1:100

Western blot AQP4, anti-rabbit,Sigma A5971; 1,0 mg/ml diluted 1:5000

Actin, anti-rabbit, Sigma, A2066; 0,67 mg/ml diluted 1:200

Mouse monoclonal anti-Rabbit IgG-alkaline
phosphatase, A2556, 1:5000
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Post-embedding immunogold electron microscopy

Brains (n = 4 per group, n = 2 for each specificity con-

trol) were cut into 0.5–1.0 mm slices, regions were dis-
sected, cryoprotected, quick-frozen in liquid propane

(-170 "C), and subjected to freeze substitution. Specimens

were embedded in methacrylate resin (Lowicryl HM20)
and polymerised by UV light below 0 "C. Ultrathin sec-

tions (70–100 nm) were cut using an Ultratome (Reichert

Ultracut S, Leica) and placed on 300 mesh grids.
Immunogold labelling was carried out as previously

described (Promeneur et al. 2013). Briefly, sections were

rinsed in Tris-buffered saline with Triton X-100 (TBS-T;
5 mM Tris–HCl, 0.3 % NaCl, 0.1 % Triton X-100), incu-

bated in 2 % human serum albumin (HSA), followed by

primary antibody (anti-AQP4 or anti-a-syntrophin) over-
night, secondary antibody (15 nm gold) for 90 min, and

contrasted with 2 % uranyl acetate for 90 s and 0.3 % lead

citrate for 90 s. The sections were examined using a Tecnai
12 electron microscope at 80 kV. The examiner was blin-

ded for animal genotype. Appropriate knockout tissue was

used as negative control (Aqp4-/- and a-Syn-/- mice)
for the two immunogold experiments.

A list of the regions dissected and analysed in this study

is shown in Table 2.

Immunogold quantitation

Quantitative analysis was performed as previously descri-

bed (Amiry-Moghaddam et al. 2004; Lunde et al. 2015).

Briefly, images of 20–30 capillaries were acquired from
each subregion present on each section. Care was taken to

acquire images so that a similar distance of astrocyte

membrane abutting on endothelium and pericytes was
shown on each picture. We defined inclusion and exclusion

criteria for capillaries, astrocyte endfeet and pericytes prior

to image collection. In particular, a pericyte was defined as
a perivascular cell surrounded by a clearly defined ad- and

abluminal basal lamina. Linear densities of gold particles

over astrocyte membranes were determined by an exten-
sion of analysis [Soft Imaging Systems (SIS), Münster,

Germany]. Linear densities were determined semi-auto-

matically and transferred to SPSS Version 22 (SPSS,
Chicago, IL) for statistical analysis.

Immunofluorescence

Mouse brains (n = 4 per study group, other half of brains
processed for electron microscopy) were cryoprotected in

increasing levels of saccharose dissolved in 0.1 M PB

(10–20–30 %), and snap frozen in 30 % saccharose on a
freeze microtome (Leica). Parasagittal brain sections

(30 lm) were cut and collected in wells of sterile cell

culture plates containing 0.4 % PFA diluted in 0.1 PB and
stored in cold room (4 "C). For immunofluorescence, sec-

tions were washed with 0.01 M phosphate buffered saline

(PBS) and permeabilised for 10 min with 0.1 % Triton
X-100 in PBS. After blocking with 2 % bovine serum

albumin (BSA) in PBS, sections were incubated overnight

with primary antibodies diluted in blocking solution. Fol-
lowing three washes with PBS, sections were incubated

with secondary antibodies diluted in blocking solution for

90 min. After a further wash with PBS, sections were
incubated for 5 min with a Hoechst preparation, thereafter

washed with PBS and mounted using Prolong Gold anti-

fade reagent (Thermo Fisher). Confocal images were
acquired using a Leica fluorescence microscope.

Immunoperoxidase

Mouse brains (n = 3 per group) were cryoprotected and

sectioned as described above. Sections were washed with
PBS, exposed to 2 % H2O2 for 10 min to deplete

endogenous peroxidase activity, and washed three times

with PBS. Blocking was done using 2 % BSA in PBS-T
(PBS, 0.1 % Triton X-100). Incubation with primary anti-

body diluted in blocking buffer was done overnight in cold

room (4 "C), followed by three washes with PBS-T. A 1 h
incubation with secondary antibody in blocking buffer

ensued, followed by three washes with PBS-T, incubation

for 1 h with biotinylated-streptavidin horseradish peroxi-
dase complex (GE healthcare UK limited, Rpn 1051 V)

diluted 1:100 in PBS-T, three washes with PBS-T, then

three washes with PBS. Sections were then incubated for
5 min with 0.5 mg/mL diaminobenzidine (3,3-di-

aminobenzidine tetrahydrochloride 10 mg/tab, Sigma

D5905, DAB) dissolved in 0.1 M PB and exposed to DAB
solution containing 0.01 % H2O2 (90 s). The DAB/HRP

reaction was stopped by three washes with 0.1 M PB.

Sections were mounted using glycerine gelatine, scanned

Table 2 Analysed CNS regions according to experimental assay

Method Analysed regions and subregions

Immunogold
histochemistry

Cortex; parietofrontal cortex, piriform cortex

Hippocampus; stratum pyramidale, stratum
radiatum, dentate gyrus

Inferior colliculus

Cerebellum; molecular layer, granular layer,
white matter

Spinal cord (thoracic); white matter, grey
matter

Quantitative RT-
PCR

Parietofrontal cortex, hippocampus, inferior
colliculus, cerebellum, whole brain samples

Western blot Parietofrontal cortex, inferior colliculus
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using a Mirax scanner (Zeiss) and examined using a light

microscope.

Lysates and tissue processing for Western blotting
and quantitative RT-PCR

WT and a-Syn-/- mice were anaesthetised with isofluo-

rane and decapitated. Brains were dissected out and split in
two with a midline, sagittal cut. Regional dissections

(n = 4) and whole brain samples (n = 4) were processed
for quantitative RT-PCR analysis by overnight incubation

in RNAlater (Ambion) and storage at -80 "C until further

processing. Regional dissections (n = 4) from parietal
cortex and colliculus inferior were obtained and processed

for western blotting. Samples were put into 2 mL Lysing

matrix D (MP Biomedicals) Eppendorf tubes containing
RIPA (radio-immunoprecipitation assay) homogenisation

buffer with protease inhibitor cocktail (Roche) added

immediately before use, samples were homogenised in a
FastPrep FP120 Cell Disrupter (MP Biomedicals), shaken

at intervals and intermittently cooled on ice. Supernatant of

a 9300 9 g spin for 30 min at 4 "C was used for
immunoblotting; pellets were frozen at -80 "C. Protein
concentrations were determined with a DC protein assay

(Bio-Rad) according to the manufacturer’s instructions.
Equal numbers of right and left hemispheres were included

in each analysis.

Western blot

Gels were cast using the Mini-Protean III cell from Bio-
Rad as previously described (Sorbo et al. 2007). Both

stacking and resolving gels were cast with added 3 M urea.

12 % SDS-PAGE gels were run at 150 V for 60 min,
blotted with the Criterion cell (Bio-Rad), equilibrated with

Towbin buffer (25 mM Tris, 192 mM glycine) supple-

mented with 20 % methanol and blotted onto 0.2 lm pore
size PVDF membranes (Bio-Rad) at 100 V for 40 min.

Blots were rinsed briefly in TBS-T (20 mM Tris; 137 mM

NaCl; 0.05 % Tween-20 (Sigma), 0.05 % NaN3;
pH = 7.6) prior to incubation for 30 min with 5 % non-fat

dried milk powder (Applichem) dissolved in TBS-T

(blocking buffer). Blots were incubated with rabbit anti-
AQP4 (Sigma) diluted in blocking buffer overnight at 4 "C,
then washed in TBS-T, incubated in a 1:5000 dilution in

TBS-T of alkaline phosphatase conjugated to mouse
monoclonal anti-Rabbit IgG (A2556 Sigma) for 1 h at

room temperature and subsequently washed in TBS-T for

3 h. Finally, blots were incubated for 15 min with the ECF
substrate (Amersham, ECF Kit), rinsed briefly in TBS-T,

dried and scanned with a Kodak desktop scanner (Kodak

Image Station 4000 MM PRO). Certain blots were re-
probed with an anti-actin antibody (Sigma). Briefly, blots

were immersed in methanol, incubated with blocking

buffer for 30 min, then incubated with anti-actin diluted in
blocking buffer at 4 "C overnight, rinsed and scanned as

described above for the initial primary antibody. All sam-

ples were heat treated for 10 min at 37 "C, spun at
13,000 rpm for 10 min, resuspended and loaded onto the

gel. All samples were assayed for total protein content

using the DC-kit (Bio-Rad) with BSA diluted in H2O as
standard. 5 lg of protein was loaded in each well, except

for control tissue (Aqp4-/-) where 10 lg was added.
Precision plus protein standards Dual colour (Bio-rad) was

used as Mw ladder.

Quantitative RT-PCR

Quantitative RT-PCR was carried out as described previ-
ously (Lunde et al. 2015). In brief, total RNA was extracted

using RNeasy Lipid Tissue kit (Qiagen). 2 lg of RNA

from whole brain and 100–1000 ng of RNA from regions
were reverse-transcribed using oligo d(T)18 primer and

RevertAid H Minus First Strand cDNA transcription

reagents (Fermentas). The real-time PCR was set up using
2 lL template, corresponding to 5 ng cDNA, in a reaction

volume of 20 lL containing AB Power SYBR Green PCR

Master Mix (Applied Biosystems) and primers (200 nM)
for detection of mouse Aqp4 : TTTGGACCCGCAGT-

TATCAT (forward) and GTTGTCCTCCACCTCCATGT

(reverse). Expression was assessed by absolute quantifica-
tion using the StepOnePlus real-time PCR system (Applied

Biosystems). Tbp (ACGGACAACTGCGTTGATTT (for-

ward); CAAGGCCTTCCAGCCTTATAG (reverse)) was
used as endogenous control for normalisation of gene

expression. SPSS was used for statistical analysis. T test

was used for comparing Aqp4 expression in WT and a-
Syn-/- mice. For comparing expression among regions,

one-way ANOVA Bonferroni post hoc was used.

Results

AQP4 expression displays regional heterogeneity
in adult and newborn murine brain

Light microscopic immunohistochemistry shows distinct

caudo-rostral and ventro-dorsal gradients in AQP4

immunolabelling. Thus, labelling is notably stronger in
cerebellum, olfactory bulb, spinal cord and brainstem than

in cerebral cortex and striatum (Fig. 1). In the adult brain,

AQP4 labelling is concentrated around blood vessels and
subjacent to pia. A regional heterogeneity in AQP4 dis-

tribution is evident in the adult brain (Fig. 1a) as well as

postnatally (Fig. 1b; also see Lunde et al. 2015). However,
at this early stage the AQP4 immunolabelling is not
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concentrated around vessels or subpially, but rather evenly

distributed in the neuropil. Absence of labelling in
Aqp4-/- mice attests to the selectivity of the immunola-

belling (Fig. 1b inset).

Evidence of non-uniform expression of AQP4
in pericapillary endfeet

Quantitative, high-resolution AQP4 immunogold histo-

chemistry on ultrathin sections confirms and expands
observations from light microscopy. AQP4 is found to be

constitutively expressed in pericapillary endfeet and enri-

ched in the endfoot membranes where levels display sig-
nificant regional variation (Fig. 2a). Cortex (CX) and

molecular layer of cerebellum (CB-m) display sparse

labelling in contrast to the intense labelling of regions such
as inferior colliculus (IC) and cerebellar granular layer

(CB-gran). Linear density of gold particles along perivas-

cular endfoot membranes was determined for capillaries of
cortex, hippocampus, cerebellum, inferior colliculus and

spinal cord and provides evidence of significant region-

specific variations. Heterogeneity is also present within

subregions of the same anatomical region, shown here for
hippocampus and cerebellum (Fig. 2b). No statistically

significant difference could be found between grey and

white matter regions of the spinal cord. In cerebellum,
AQP4 density in the molecular layer is considerably lower

than that in the granular layer and white matter. Within the

hippocampal region, perivascular immunogold density is
significantly lower in dentate gyrus than in stratum pyra-

midale and stratum radiatum. When the immunogold data
is grouped according to region, the spinal cord and neo-

cortex show the highest and lowest mean linear densities,

respectively (14.80 vs. 9.82 particles per um; Fig. 4a, left,
b, top).

Evidence of an a-syntrophin independent
pericapillary pool of AQP4

Due to prior evidence implicating a-syntrophin as an
anchoring molecule of endfoot AQP4 (Neely et al. 2001),

we assessed AQP4 localisation in a-Syn-/- mice.

Aqp4-/-

5mm
1mm

N
ew

born
Adult

CX

CX

BS

BS

BS

BS

CX

CX
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Fig. 1 AQP4 expression displays regional heterogeneity in adult and
newborn mouse brain. Sagittal sections from an adult (a) and a
newborn (b) mouse brain demonstrate distinct regional differences in
AQP4 immunoperoxidase labelling intensity. In both sections,
neocortex and striatum demonstrate the least pronounced staining.
Heterogeneity in labelling intensity is seen in a caudo-rostral and
ventro-dorsal developmental pattern which is already established at
birth (b). Insets (right panel) show higher magnification of cortex
(CX) and brainstem (BS) for both ages. Cortex in adult mice exhibit

distinct labelling of glia limitans (arrow) and of vasculature
(arrowheads). The overall labelling intensity is less pronounced in
the newborn cortex, where the labelling is located mainly at the glia
limitans (arrow) and vessels (arrowheads) close to the brain surface.
The strong labelling observed in newborn brainstem and cerebellar
white matter is located primarily in brain parenchyma, and to a much
lesser extent around blood vessels (arrowheads). Specificity control
(left inset, Aqp4-/-) is shown on a sagittal section from an adult
Aqp4-/- mouse where no residual labelling is seen
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Genetic deletion of a-syntrophin leads to a pronounced
reduction in perivascular AQP4 labelling in all regions

and subregions analysed, as exemplified by images from

cerebellum (Fig. 3). The representative image from an a-
Syn-/- mouse (Fig. 3b) suggests a redistribution of

AQP4 whereby perivascular and subpial AQP4

immunostaining in a-Syn-/- animals is not detectable,
but staining of astrocyte processes surrounding Purkinje

cells appears more intense than in wild-type mice

(Fig. 3a). Immunogold detection of AQP4 is more sensi-
tive than immunofluorescence, and—albeit for the

notable reduction (79–94 %)—demonstrates residual

pericapillary AQP4 immunogold labelling in a-Syn-/-

animals (Fig. 4a). Immunogold labelling was abolished in

control sections from Aqp4-/- mice (specificity control,
not shown).

The present analysis is restricted to the perivascular

labelling. It should be noted, however, that the granular
layer of the cerebellum contains a sizeable non-endfoot

AQP4 pool that is largely independent of a-syntrophin and

dystrophin (Fig. 3, see Amiry-Moghaddam et al. 2004;
Nicchia et al. 2008b).

The size of residual AQP4 around capillaries is
subject to regional variations

Residual AQP4 labelling around capillaries was quantified
by immunogold histochemistry (Fig. 4a–c). Strikingly, in

a-Syn-/- mice, perivascular AQP4 immunogold linear

density in spinal cord is more than fourfold higher than in
cortex (Fig. 4c). Following a-syntrophin gene deletion,

cortex remains the region of lowest AQP4 linear density

(mean 0.58 particles/um) while spinal cord still displays the
highest perivascular labelling (3.16 particles/um). There is

thus compelling evidence for retained, heterogeneous
expression of AQP4 in a-Syn-/- mice.

B

A

CX IC

CB CB-gran

L L

LL

bFig. 2 Regional and subregional perivascular heterogeneity of AQP4
immunogold labelling. Shown in a are portions of perivascular
structures and cells from four CNS subregions. Each electron
microscopic picture shows endothelium (end), the capillary lumen
(L) and part of a pericyte (coloured green and annotated with asterisk)
surrounded by a basal lamina on both sides. Immunogold particles can
be seen along the length of the perivascular astrocyte endfoot
membrane, but fewer gold particles per membrane length are seen in
the membrane abutting endothelium (arrow) compared to the
membrane domain abutting pericytes. Perivascular labelling is
notably less intense in the endfoot from cortex (CX, upper left)
compared to that of the inferior colliculus (IC, upper right). This
heterogenic pattern is also present in layers within the same region,
shown here for cerebellum (CB-m, CB-gran, lower panel), whereby
immunogold linear density of granular cell layer is remarkably more
pronounced than in cerebellar molecular layer. b Adjacent subregions
within the hippocampal (HC-PYR; stratum pyramidale, HC-SR;
stratum radiatum, HC-DGM; molecular layer of the dentate gyrus)
and cerebellar formation (CB-G; cerebellar granular layer, CB-W;
cerebellar white matter, CB-M; cerebellar molecular layer) demon-
strate statistically significant differences in mean linear AQP4 density
when compared within each region. In cerebellum, AQP4 density of
the molecular layer (mean 9.45) is considerably lower than that of
both granular layer (mean 15.84) and white matter (14.23). Within the
hippocampal formation, perivascular immunogold density was sig-
nificantly less pronounced in dentate gyrus (mean 9.24) than in
stratum pyramidale (11.59) and stratum radiatum (13.86). Pari-
etofrontal cortex (CX-PF) also exhibits weaker labelling than piriform
cortex (CX-PIR). No statistically significant difference was found
between white (SC-W, mean 15.11) and grey (SC-G, mean 14.68)
matter of spinal cord. Bar 100 nm. * and ** show p\ 0.05 and
p\ 0.001, respectively. Error bars represent 95 % confidence
interval
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Genetic deletion of a-syntrophin results
in elimination of a similar proportion of AQP4 in all
endfoot membranes, irrespective of the size
of the AQP4 pool at this site

The relative AQP4 loss following a-syntrophin gene

deletion is most pronounced in CX (94 %) followed by IC

(89 %), CB (87 %), HC (83 %) and SC (79 %). The
nominal loss in AQP4 linear density following a-syn-
trophin deletion, calculated as difference between means of

linear density of AQP4 in knockout vs. wildtype (Fig. 4b),
is greatest for IC and SC (11.71 and 11.64 particles/um,

respectively), followed by CB (10.96), HC (9.83) and CX
(9.25).

Linear density of perivascular a-syntrophin
correlates positively with that of AQP4

Perivascular a-syntrophin immunogold labelling (Fig. 4d)
in WT mice shows how a-syntrophin levels correlate

positively with that of AQP4 density (Fig. 4b) in endfoot

membranes. Capillaries of cortical regions display the
lowest density of a-syntrophin followed by hippocampus,

cerebellum, spinal cord and inferior colliculus. As illus-

trated (Fig. 4b, d), the ratio of AQP4 to a-syntrophin varies
little between regions. The calculated nominal ratio

between AQP4 and a-syntrophin (in terms of immunogold

particles) is 5.82 for cortex, 5.89 for hippocampus, 4.84 for

cerebellum, 4.54 for inferior colliculus and 5.87 for spinal

cord. Labelling was abolished in control sections from a-
Syn-/- mice (specificity control, not shown).

Quantitative RT-PCR demonstrates regional
differences in gene expression

Shown in Fig. 5a is quantitative evidence of regional
differences in Aqp4 mRNA for both WT and a-Syn-/-

genotypes. For WT animals, the mean copy number of

Aqp4 mRNA is highest in cerebellum, followed by infe-
rior colliculus, whole brain, then hippocampus and cortex.

Similarly, for a-Syn-/- animals, the mean copy number

of Aqp4 mRNA is highest in cerebellum followed by
inferior colliculus, whole brain, hippocampus and cortex.

For WT animals, the number of mRNA copies detected in

cerebellum is fourfold that detected in cortex (p\ 0.001),
and the amount of mRNA copies detected in inferior

colliculus is twice as high as in cortex (p\ 0.001). We
find no statistical difference between hippocampus and

cortex in regard to total copy numbers of Aqp4 mRNA.

This is true for WT as well as a-Syn-/- mice. Notably,
there is no difference between Aqp4 expression in whole

brain samples (p = 0.188) when comparing WT and a-
Syn-/-. The same holds true for all regions (from CB,
IC, HC and CX).

WT -Syn-/-

WMGW GM

BA

P P

Fig. 3 Impact of a-syntrophin gene deletion on AQP4 distribution.
Immunofluorescence micrographs of cerebellar folia (920 magnifi-
cation) from a WT (a) and a-Syn-/- mouse (b) are shown, depicting
the molecular (M), Purkinje (P), granular (G) and white matter
(W) layers of the cerebellum. Both images show AQP4

immunostaining (green) and nuclear DAPI staining (blue). Genetic
deletion of a-syntrophin leads to loss of perivascular (arrow head)
and subpial (arrow) AQP4 labelling (arrow head). Staining of
astrocyte processes surrounding Purkinje cells appears more intense
in sections from a-Syn-/- mice (b) compared to WT controls (a)
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Fig. 4 Regional perivascular heterogeneity is retained in a-Syn-/-
mice. a Perivascular AQP4 immunogold labelling in WT and a-
Syn-/- mice is illustrated by representative images from hippocam-
pus (HC) and spinal cord (SC). Each picture shows endothelium
(end), the capillary lumen (L) and part of a pericyte (coloured green
and annotated with asterisk). For both regions, AQP4 labelling
intensity is dramatically reduced in a-Syn-/- mice compared to
controls (WT) but some residual gold particles are observed.
b Diagram (top) showing quantitation of AQP4 mean linear density
in perivascular astrocyte domains for five brain regions. Significant
differences in perivascular AQP4 labelling between the examined
regions can be seen: cortex displays the lowest density (mean 9.82),
followed by hippocampus (11.82), cerebellum (12.53), inferior
colliculus (13.22) and spinal cord (14.80). Cortex has a statistically
significant lower density when compared to the other regions
(p\ 0.001) and the density in spinal cord is significantly higher
compared to the other four regions (p\ 0.001). Following a-

syntrophin gene deletion, a substantial portion of membrane bound
AQP4 in endfeet is lost. The calculated mean loss for each region is
shown in the bottom diagram and appears proportional to the AQP4
density in the WT brain. The relative loss of AQP4 is also less
pronounced in spinal cord compared to other regions. c Diagram
showing mean AQP4 linear density from the five quantified regions in
a-Syn-/- mice. All regions in a-Syn-/- mice lose most of the
perivascular AQP4 labelling, but the regional heterogeneity pattern is
retained: cortex remains the region of lowest AQP4 linear density
(mean 0.58) and spinal cord still displays the highest perivascular
labelling (3.16). No statistical difference is found between CB (1.59),
HC (2.00) and IC (1.51). d Diagram showing quantitative analysis of
perivascular a-syntrophin immunogold labelling in five regions.
Regional heterogeneity of perivascular a-syntrophin labelling follows
that of AQP4. Cortex displays the lowest linear density of a-
syntrophin (mean 1.69) followed by HC (2.01), SC (2.52), CB (2.59)
and IC (2.91). Error bars represent 95 % confidence intervals
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Western blot analysis of AQP4 shows no difference
between genotypes and demonstrates qualitative
differences in AQP4 levels of CX and IC

Immunoblots from inferior colliculus (IC) and cortex

demonstrate two major bands at the expected molecular
weight, corresponding to M1 and M23 isoforms of AQP4,

respectively (Fig. 5b, c). Both bands appear stronger in the

immunoblot containing homogenates from inferior col-
liculus (Fig. 5b) compared to those from cortex (Fig. 5c)

and provide qualitative data in accordance with the quan-

titative real-time PCR analysis. Anti-actin immunoblot on
cortical samples is included to demonstrate presence of

protein in Aqp4-/- mice. Importantly, no difference in

AQP4 labelling patterns or intensity can be seen between
WT and a-Syn-/- mice, as assessed for cortex and inferior

colliculus (Fig. 5b, c). This is in line with earlier studies,

indicating that deletion of a-syntrophin causes a mislo-
calisation rather than a loss of AQP4 from brain tissue

(Neely et al. 2001).

Pericapillary astrocyte endfeet abutting pericytes
are enriched in both AQP4 and a-syntrophin

As measured by quantitative immunogold labelling in WT

mice, the overall AQP4 linear density is 15 % higher for

endfoot membrane domains abutting pericytes than for
endfoot membrane domains abutting endothelium (Fig. 6b,

p\ 0.001). This enrichment is statistically significant and

present in all examined regions (p\ 0.05 for CX, HC, SC
and p\ 0.001 for CB and IC), ranging from a factor of

1.26 higher in cortex to 1.08 in spinal cord. Nominally, the

difference in linear density ranges from 2.60 (IC) to 1.01
(HC) gold particles per lm. We next investigated to what

extent the regional, non-uniform expression of AQP4 in

pericapillary endfeet was dependent on a-syntrophin. The
difference between adjacent membrane domains remains

following a-syntrophin gene deletion. Overall AQP4 linear

density is 16 % higher in endfeet abutting pericytes com-
pared to adjacent membranes abutting endothelium

(Fig. 6c, p\ 0.05) in a-Syn-/- animals. The nominal

difference of linear density between these two membrane
domains is decreased in a-Syn-/- mice, however, and a

statistically significant difference (p\ 0.05) was only

observed in CX (Fig. 6c). As is the case for AQP4, a-
syntrophin is also enriched in endfoot domains abutting

pericytes compared to those abutting endothelium, a dif-

ference which reaches statistical significance for all
examined regions (Fig. 6d, p\ 0.001). The relative dif-

ference in a-syntrophin linear density between pericyte and
endothelium abutting endfoot membrane domains is con-

stant across examined regions, by a factor ranging from

1.27 (CB) to 1.38 (HC).

Discussion

Given the emerging evidence pointing to the involvement

of pericapillary AQP4 in a range of brain functions and
pathologies there is a need to identify the factors that
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Fig. 5 Differential Aqp4 mRNA expression and AQP4 protein in
brain regions from WT and a-Syn-/- mice. a Sagittal section of a
mouse brain indicating the regions analysed. qRT-PCR analysis
shown in a demonstrates that for WT animals, the mean copy number
of Aqp4 mRNA per nanogram of total RNA is the highest in CB
(7928) followed by IC (4521), HC (1873) and CX (1920) while mean
copy number for whole brain was 2787. For a-Syn-/- animals, the
mean copy number of Aqp4 mRNA is the highest in CB (7115),
followed by IC (3876), HC (1783) and CX (1368), mean copy number
for whole brain was 2495. No statistically significant difference
between the two genotypes is seen for any of the regional dissections,
or for the whole brain samples. Cerebellum (CB) and inferior
colliculus (IC) show higher expression of Aqp4 mRNA than cortex
(CX) and hippocampus (HC). Shown in b, c (top) are western blots
showing anti-AQP4 labelling for two brain regions from WT and a-
Syn-/- (KO) mice. No difference in AQP4 labelling between
genotypes is seen for either cortex or inferior colliculus (b, c top).
Samples from wild-type and a-Syn-/- mice (n = 4 for each
genotype) are included. Two major bands, corresponding to M1 and
M23 isoforms of APQ4, are detected in samples from both regions.
Samples from inferior colliculus (b) consistently display more intense
AQP4 immunostaining than those from cortex (c, top). No labelling is
seen in the samples from Aqp4-/- mice incubated with anti-AQP4
(specificity control). Error bars represent 95 % confidence intervals
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determine the size of this pool of AQP4. We decided to use

the following, two step approach: first, we assessed the

range by which the perivascular density of AQP4 varies
across regions and subregions. Second, we aimed to iden-

tify the molecular basis of this heterogeneity.

The present study is restricted to the pericapillary AQP4
pool since this is the one that is most directly involved in

regulating water flux across the brain–blood interface.

Other AQP4 pools in brain (perisynaptic and subpial) have
been investigated in previous studies (reviews: Amiry-

Moghaddam and Ottersen 2003; Manley et al. 2004;

Nagelhus and Ottersen 2013). It should also be emphasised
that no attempt was made to discriminate between the two

main isoforms of AQP4—M1 and M23. Thus, even if they

differentially engage in supramolecular assemblies (square

arrays, Furman et al. 2003; Hiroaki et al. 2006; Nicchia

et al. 2008a), these two isoforms flux water at the same rate

(Jung et al. 1994), The AQP4 antibody presently used is
directed to the C-terminus and recognises isoform M1 as

well as M23.

Little is known about the extent to which the perivas-
cular AQP4 pool differs in size between regions and sub-

regions. In the only study that has addressed this issue thus

far (Amiry-Moghaddam et al., 2004) we showed that the
perivascular pool of AQP4 increased in size on moving

from the molecular layer to the granular cell layer of the

cerebellum. This study left us with several important
questions that now emerge as highly important and rele-

vant, given the recent breakthroughs in our understanding

of water transport in brain. In particular, the notion that
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Fig. 6 Pericapillary astrocyte endfeet abutting pericytes are enriched
in both AQP4 and a-syntrophin. a Sagittal section of mouse brain
indicating the dissected regions subjected to post-embedding
immunogold histochemistry against AQP4 and a-syntrophin. Piriform
and parietal cortex were grouped and reported as cortex. b Quantita-
tive immunogold analysis demonstrates statistically significant dif-
ferences in the mean linear density of AQP4 between perivascular
astrocyte membrane domains abutting pericytes (per) and endothe-
lium (end) in all the regions examined. To the far right is a graphic
representation of all regions grouped together, annotated ‘overall’.
AQP4 linear density is 15 % higher in endfoot membrane domains
abutting pericytes than for endfoot membrane domains abutting
endothelium, c The overall difference between the AQP4 density in

the endfeet abutting pericytes compared to adjacent membranes
abutting endothelium is retained in a-Syn-/- mice. AQP4 linear
density is 16 % higher in per compared to end membrane domains.
Within subregions, the difference in AQP4 linear density of astrocyte
membranes abutting endothelium compared to those abutting peri-
cytes only reaches statistical significance in cortex. d Quantitative
analysis of sections from WT animals shows that the linear density of
a-syntrophin immunogold particles in astrocyte endfeet membrane
domains abutting pericytes is consistently higher than in the endfeet
abutting endothelium for all regions examined. Error bars represent
95 % confidence intervals. * and ** show p\ 0.05 and p\ 0.001,
respectively
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perivascular AQP4 might be a key element in the brain’s

waste clearance system has drawn much attention and calls
for new analyses (Igarashi et al. 2014; Iliff et al. 2012;

Nagelhus and Ottersen 2013; Papadopoulos and Verkman

2013).
First, we ask whether the differences that were uncov-

ered within the cerebellum (Amiry-Moghaddam et al.

2004) are a reflection of large scale differences between
regions and subregions in the brain. Second, we ask whe-

ther such differences are rooted in differential transcription
rates of the Aqp4 gene and/or differential targeting of a-
syntrophin to perivascular endfeet. It has long been known

that a-syntrophin contributes to the anchoring of the
perivascular AQP4 pool (Neely et al. 2001). However, it

remains to be explored whether any heterogeneity in

perivascular AQP4 expression can be attributed to differ-
ential expression of a-syntrophin.

Regional differences in the abundance of endfoot
AQP4 imply regional differences in water transport
capacity

Based on our quantitative immunogold data, we conclude

that perivascular endfoot membranes differ considerably

with respect to the amount of AQP4 they contain. Differ-
ences occur between regions and subregions, as well as on

the level of individual capillaries (with endfoot membranes

facing pericytes containing more AQP4 than endfoot
membranes facing endothelia). This suggests that there is a

corresponding non-uniformity in the capacity of water

transport. AQP4 is the only aquaporin that is known to be
concentrated in endfoot membranes. However, there is not

necessarily a strict correlation between pericapillary AQP4

expression and water transport capacity. Thus, we cannot
rule out the possibility that AQP4 is differentially regu-

lated, depending on region, subregion or membrane

microdomain, Several factors have been identified that
affect water flux through AQP4 (Yukutake et al. 2008;

Yukutake and Yasui 2010; Zelenina 2010) although direct

evidence for bona fide gating is still missing (Nagelhus and
Ottersen 2013). Available evidence suggests that the

capacity for water transport at the brain–blood interface

determines the propensity for oedema formation as well as
the capability for oedema resolution (Amiry-Moghaddam

et al. 2003a; Papadopoulos et al. 2004; Zeynalov et al.

2008).

Evidence for a stoichiometric coupling of AQP4
and a-syntrophin

By use of quantitative immunogold analyses in combina-

tion with genetic manipulation we showed that a major
fraction of the AQP4 pool in endfoot membranes is

dependent on the presence of a-syntrophin. While it has

long been known that a-syntrophin serves as a molecular
anchor of endfoot AQP4 (Neely et al. 2001), this study is

the first to show that the densities of a-syntrophin and

AQP4 appear to be stoichiometrically coupled. Thus, the
nominal ratio between the two molecules in terms of their

immunogold labelling intensities varies little among

regions (4.54 for inferior colliculus, 4.84 for cerebellum,
5.82 for cortex, 5.87 for spinal cord and 5.89 for hip-

pocampus). Obviously, this ratio does not necessarily
reflect the actual molecular ratios, as AQP4 and a-syn-
trophin may differ in regard to their labelling efficiency

(defined as number of gold particle per target molecule). A
more direct assessment of the actual molecular ratio

(through biochemical approaches) must await the devel-

opment of techniques for selective isolation of endfoot
membranes. However, the uniformity in terms of AQP4/a-
syntrophin gold particle ratios is consistent with the idea

that the complement of AQP4 in the endfoot membrane is
governed by the number of a-syntrophin molecules that are

targeted to this membrane.

Targeted disruption of the a-syntrophin gene deletes
a similar fraction of the astrocyte endfoot pool
of AQP4, irrespective of brain region

Our finding of a fairly uniform AQP4/a-syntrophin ratio

does not necessarily imply that a-syntrophin is the only
anchoring molecule for AQP4. Indeed, confirming previous

observations (Amiry-Moghaddam et al. 2004), we show that

there is a residual pool of the astrocyte endfoot AQP4 fol-
lowing targeted deletion of a-syntrophin. Here we extend

these observations by demonstrating that the size of the

residual pool varies in proportion to the amount of AQP4 in
WT endfeet. In other words, the percentage of perivascular

AQP4 removed by deletion of a-syntrophin does not differ

significantly between regions. The most probable explana-
tion is that the residual AQP4 pool is anchored by a mole-

cule whose expression is proportional to that of a-
syntrophin. This unknown anchoring protein may well be
another syntrophin, such as b-syntrophin (Puwarawuttipanit

et al. 2006). This hypothesis will be explored once b-syn-
trophin knockout animals are made available.

a-Syntrophin and b-syntrophin are parts of a multi-

member molecular assembly—the dystrophin associated

protein complex (DAPC; Frigeri et al. 2001; Neely et al.
2001). Mdx mice that lack the brain dystrophin DP71 also

lack a sizeable endfoot pool of AQP4 (Frigeri et al. 2001;

Vajda et al. 2004). The DAP complex is held in place
through its attachment to laminin (Culligan et al. 2001;

Neely et al. 2001). This explains why there is such a

sudden drop in AQP4 as soon as the endfoot plasma
membrane is reflected away from the capillary.
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In line with the important role of DAPC in AQP4

anchoring, deficient O-glycosylation of a-dystroglycan (a
member of DAPC) causes a reduction in perivascular

AQP4 (Michele et al. 2002; Rurak et al. 2007). Further,

agrin (which interacts with a-dystroglycan) is required for
normal expression of AQP4 in brain endfeet. It is important

to note, however, that the brain also contains DAPC-in-

dependent pools of AQP4. One such pool is found in
cerebellar astrocytes Nicchia et al. 2008b). This complexity

notwithstanding, the present data show that a-syntrophin is
a major player in controlling the expression of AQP4 at the

brain–blood interface.

The level of AQP4 mRNA covaries with the level
of perivascular AQP4

Our quantitative RT-PCR analysis revealed pronounced

regional differences in the amount of Aqp4 mRNA. The

Aqp4 transcript levels were high in those regions that dis-
played high levels of AQP4 in perivascular endfeet and

were not sensitive to a-syntrophin deletion.

Heterogeneous distribution of AQP4
within individual endfoot membranes

Superimposed on the regional differences in the size of the

endfoot AQP4 pool there is a heterogeneity in AQP4 dis-

tribution within individual endfoot membrane domains.
Specifically, the densities of AQP4 and a-syntrophin
immunogold particles are higher where endfoot mem-

branes abut pericytes than where they abut endothelium.
This is true not only for cortical astrocytes (Gundersen

et al. 2013) but for all regions included in the present

analysis. The local increase in the amount of AQP4 and a-
syntrophin could be a direct effect of pericytes—through

secretion of soluble factors or extracellular matrix mole-

cules. As pericytes are contractile, they could also affect
contiguous membranes mechanically. This is of relevance,

as a recent cell-culture study from our laboratory showed

increased AQP4 levels in astrocyte processes subjected to
mechanical stress (Camassa et al. 2015).

The mechanistic basis for the non-uniform
expression of AQP4 in astrocyte endfeet

Taken together, our data suggest that a-syntrophin is a key
factor in regulating the AQP4 pool of perivascular endfoot

membranes. Drawing on quantitative, high resolution

immunogold analyses, we provide evidence that the num-
ber of AQP4 molecules is stoichiometrically coupled to

that of a-syntrophin. A definition of the exact molecular

ratio between these molecules must await the development

of appropriate techniques for isolating endfoot membranes.

That AQP4 and a-syntrophin covary is not a coincidental
correlation but reflects a causality: removal of a-syntrophin
via genetic deletion removes a substantial fraction of

endfoot AQP4 that varies little across regions. What
determines the size of the AQP4 pool and hence the end-

foot’s water fluxing capacity, therefore, is the number of a-
syntrophin molecules that are targeted to the endfoot
membrane. The alternative explanation—that a-syntrophin
regulates Aqp4 expression through regulation at the tran-
scriptional level—is ruled out by our finding that the

number of Aqp4 mRNA copies remains constant in a-
syntrophin knockout animals.

Our experiments show that the level of AQP4 in endfeet

is correlated to the level of Aqp4 mRNA in the corre-

sponding region. This observation does not necessarily
imply that the level of endfoot AQP4 is controlled at the

transcriptional level. Thus, the transcriptional regulation of

Aqp4 is complex (Pisani et al. 2011; Rossi et al. 2010),
requiring further studies.

Conclusion

Three seminal findings have provided new insight in the
mechanisms that control the size of the perivascular AQP4

pool, and thus the capacity for water transport and waste

clearance in brain. First, targeting of a-syntrophin to end-
foot membranes is the most important factor determining

the size of the perivascular AQP4 pool. Second, those

regions that show high densities of a-syntrophin in endfoot
membranes also show high levels of Aqp4 transcripts.

Third, regional heterogeneities in Aqp4 transcript levels

persist after a-syntrophin deletion. While important in their
own right, these observations point to the existence of a

regulatory factor, upstream of a-syntrophin expression, that
controls the size of the perivascular AQP4 pool. The
identification of this factor stands as an important goal for

future studies.
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Mechanisms Underlying AQP4 Accumulation
in Astrocyte Endfeet
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The brain–blood interface holds the key to our understanding of how cerebral blood flow is regulated and how water and sol-
utes are exchanged between blood and brain. The highly specialized astrocytic membranes that enwrap brain microvessels
are salient constituents of the brain-blood interface. These endfoot membranes contain a distinct set of molecules that is
anchored to the subendothelial basal lamina forming an endfoot-basal lamina junctional complex. Here we explore the mech-
anisms underpinning the formation of this complex. By use of a tailor made model system we show that endothelial cells pro-
mote AQP4 accumulation by exerting an inductive effect through extracellular matrix components such as agrin, as well as
through a direct mechanical interaction with the endfoot processes. Through the compounds they secrete, the endothelial
cells also increase AQP4 expression. The present data suggest that the highly specialized gliovascular interface is established
through inductive processes that include both chemical and mechanical factors.
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Introduction

There is now compelling evidence that astrocytes are polar-

ized with respect to protein expression and function and

that they in this regard bear similarities to central neurons

(Barres, 2008; Nedergaard et al., 2003; Seifert et al., 2006).

Astrocytes that populate grey matter typically show a rich

complexity of processes that engage in contact with thousands

of synapses in their respective domains (Bushong et al., 2004;

Iadecola and Nedergaard, 2007; Pekny et al., 2007; Wil-

helmsson et al., 2006). However, most astrocytes also extend

processes that abut on cerebral microvessels and form perivas-

cular endfeet. The latter processes show a distinct repertoire

of membrane proteins and serve specific roles. Evidence is

accruing that the polarity of astrocytes is critical for astrocyte

function and for their multiple homeostatic roles (Etienne-

Manneville, 2008; Nagelhus and Ottersen, 2013; Wolburg

et al., 2009). In agreement, a growing list of pathological

conditions have been coupled to loss of astrocyte polarity,

including mesial temporal lobe epilepsy, ischemic brain dam-

age, and Alzheimer’s disease (Alvestad et al., 2013; Eid et al.,

2005; Frydenlund et al., 2006; Yang et al., 2011).

Transport of water, K1, and glutamate are examples of

processes that are strongly polarized in brain astrocytes. The

water channel AQP4 is concentrated in perivascular endfeet

where this protein serves as influx routes for water in patho-

physiological conditions associated with brain edema (Amiry-

Moghaddam et al., 2003, 2004; Manley et al., 2004). Perivas-

cular endfeet are also enriched in the K1 channel Kir4.1 which

is involved in K1 spatial buffering and in K1 siphoning in

particular (Nagelhus et al., 1999; Nagelhus and Ottersen,

2013; Newman et al., 1984; Strohschein et al., 2011). Gluta-

mate transporters, on the other hand, are preferentially

expressed in those delicate astrocytic processes that partially

ensheath central excitatory synapses (Chaudhry et al., 1995).

In the absence of tight junctions, functionally distinct

membrane domains must be defined by specific anchoring
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mechanisms. Available data indicate that the dystrophin asso-

ciated protein (DAP) complex is of particular importance

when it comes to the definition of astrocyte polarity. This

complex has been implicated in the anchoring of AQP4 and

Kir4.1 to perivascular endfeet membranes. Notably, AQP4 is

lost from endfeet membranes in animals that lack the dystro-

phin complex (mdx) and in animals with targeted deletion

of the gene encoding the dystrophin associated protein

a-syntrophin (Frigeri et al., 2001; Neely et al., 2001).

Given the fact that astrocytic polarity and loss thereof

figure prominently in current research on astrocytic physiol-

ogy and pathophysiology, it is essential to identify those fac-

tors that target the dystrophin complex to the endfoot

membranes. Specifically, there is a need to characterize the

conditions that are required to reconstitute polarity in cul-

tured astrocytes. Normally, astrocytes in culture show no

polarization and typically internalize many of the molecules

that normally are restricted to the plasma membrane (Nicchia

et al., 2004).

Here we have designed a model system that allows

experimental manipulation of identified astrocytic processes.

This model enables differentiation between astrocytic polar-

ization (heterogeneity between different membrane domains)

and membrane compartmentalization (localization to plasma

membrane vs. intracellular membrane compartments). Our

findings indicate that astrocytic polarization depends on a

number of factors and that endothelial cells and extracellular

matrix molecules play an instructive role in targeting AQP4

and the dystrophin complex to endfoot membranes.

Materials and Methods

Primary Culture of Astrocytes
Primary cultures of cortical astrocytes from newborn (1–2 days)

Wistar rats and from wild type (WT) and a-syntrophin-null

(a-SYN-KO) mice (Adams et al., 2000) were prepared according to

the modified method of McCarthy and deVellis (McCarthy and de

Vellis, 1980; Schwartz and Wilson, 1992).

After decapitation and removal of meninges, cerebral cortices

were collected in Falcon tubes containing 2 ml of fresh medium

(FM) containing Dulbecco’s modified Eagle’s medium high glucose

(DMEM-glutamax) with 10% fetal bovine serum (FBS) and penicil-

lin/streptomycin (100 U mL21) (Gibco-Invitrogen). After mechani-

cal dissociation and passage through cell strainers (70 lm Nylon

from BD Falcon), undifferentiated rat brain cells were plated on

poly-L-lysine (PLL) (Sigma–Aldrich) coated 75 cm2 flasks (CorningVR

Flasks) with 15 mL of FM.

The flasks were maintained in an incubator with humidified

atmosphere containing 5% CO2, at 378C. The medium was changed

every 2 days. To detach the microglial and precursor cells, the flasks

were shaken for 2 min each time changing the medium during the

first week. Immunostaining for glial fibrillary acidic protein (GFAP)

indicated that more than 95% of the cells were astrocytes. Immunos-

tainining for bIII-tubulin didn’t show any neuronal contamination.

Co-culture on Filter/Cell Culture Inserts
One week after the preparation (when the cultured astrocytes

reached confluence; see above), the cells were split and seeded at a

concentration of 12 3 104 cells cm22 on the bottom of cell culture

inserts (BD Falcon), 1-mm pore size, and maintained in the incuba-

tor for 6 h to allow the cells to attach to the filter. Successively,

inserts were turned in a six-multiwell plate filled with FM.

When the astrocytes reached 80% of confluence (around 7

days of culture), bEND3 cells, a mouse brain immortalized endothe-

lial cell line (Omidi et al., 2003), were seeded on the top aspect of

the filters, at the concentration of 2 3 104 cells cm22 (Fig. 1A).

The co-cultures were kept in the incubator for 7–10 days,

until the endothelial cells had formed a monolayer, and then immer-

sion fixed with 4% formaldehyde (FA).

For assessing the inductive effects of extracellular matrix, the

top aspects of the filters were coated with the extracellular matrix

components, laminin-a1, Matrigel (Sigma–Aldrich) or neuronal

agrin (R&D System). In some experiments the bEND3 cells were

replaced with HeLa cells (Scherer et al., 1953) or ECV304 cells,

which is an immature human umbilical endothelia derived cell line

(Barar et al., 2010).

Co-culture Conditioned Medium (CM)
Conditioned medium (CM) was prepared by cultivating the primary

astrocytes and bEND3 cells in FM without FBS for 2–3 days.

The co-culture was prepared as described above. One day after

seeding the bEND3 cells the co-culture was washed twice in PBS

and FM was added. New FM was added to the co-cultures and the

CM was collected five times with 2- to 3-days interval (CM1-5).

The CM was filtered through 0.22-mm filter (Millipore) and

centrifuged at 2100 rpm to remove debris.

To study the effect of CM on primary cultures of astrocytes,

CM was mixed 1:1 with FM and applied on the cells. Astrocytes

were harvested for western blotting and qPCR (see below). The last

fraction of CM (CM5) was used for mass spectrometry (see below).

CM and Soaked Beads
Polystyrene beads (PS03N, Bangs Laboratories) were centrifuged

three times at 2,200g in Washing Buffer (WB, Bangs Laboratories)

for 15 min at room temperature and the supernatant discarded. The

washed beads were divided in two portions. One portion was kept as

control and the other portion soaked in CM as described below:

Polystyrene beads and CM were kept at 48C in a Falcon tube

on a rotating table for 2 days. The CM-soaked beads were centri-

fuged for 15 min at 2,200g and the supernatant discarded. The

sequence was repeated five times.

The beads soaked in CM were applied on the top of six filters

(instead of bEND3 cells) and co-cultured with astrocytes seeded on

the bottom. An aliquot of washed beads was used as negative control

in another six filters. The two co-culture combinations were analyzed

and compared with six filters on which bEND3 cells had been co-

cultured with astrocytes.
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Electron Microscopy on Co-culture
Cultures were immersion fixed in a mixture of 4% FA and 0.1%

glutaraldehyde (GA) for 30 min. Filters were cut into squares of

�1 mm3, then cryoprotected in increasing concentrations of glycerol

(10, 20, and 30%, respectively) dissolved in 0.1M phosphate buf-

fered saline (PBS), quick-frozen in liquid propane (21708C), and

subjected to freeze substitution (Neely et al., 2001; Takumi et al.,

1999). Specimens were then embedded in methacrylate resin

FIGURE 1: Schematic representation of the co-culture system. A: bEND3 endothelial cells (End, yellow) are seeded on the top and pri-
mary culture of astrocytes (Ast, green) on the bottom of the filter. Extracellular matrix components, such as Matrigel (red), are applied
on the top of the filter with or without bEND3. B: confocal microscopy images show astrocytic cell bodies on the bottom (Ast), and
astrocytic endfeet (e) immunostained with GFAP (green), on the top, in proximity of an endothelial cell (End). Nuclei are visible in DAPI.
Scale bar: 50 lm. C: left panel: electron microscopic image of an astrocytic foot process (e) extending from the cell body (Ast) through a
pore in the filter toward the endothelial cells side (End), scale bar: 2 lm. Top, and bottom, right panel: higher magnification electron
microscopic images of bEND3 cells (End), and astrocyte processes (Ast), respectively. Scale bars: 2 lm (top), and 1 lm (bottom). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Camassa et al.: Factors Governing Astrocytic AQP4 Polarity

Month 2015 3

http://wileyonlinelibrary.com


(Lowicryl HM20; Polysciences, Warrington, PA) as previously

described (Van Lookeren Campagne et al., 1991) and polymerized

by exposure to UV light below 08C.

Ultrathin sections were cut at 70–80 nm using a Leica Reich-

ert Ultracut S Ultratome and a Diatome knife. Blocks were re-

orientated then cut perpendicularly to the filter surface, so that both

endothelial cells and astrocytes were present on the same section.

Sections were collected on single hole grids (Bae et al., 2000) to

ensure the integrity of the filter pores. Sections were then contrasted

with 2% uranyl acetate for 90 s, rinsed in ddH2O, exposed to 0.3%

lead citrate for 90 s, rinsed in ddH2O and dried. Sections were

examined with a Tecnai electron microscope at 60 kV.

Immunofluorescence
The filters were cut out from the plastic support, fixed for 30 min

in 4% FA in 0.01 M PBS and then rinsed in PBS. Co-cultures were

then permeabilized by immersion in 0.1% Triton X-100 (Sigma–

Aldrich) in PBS for 10 minutes.

After blocking with 2% Bovine Serum Albumin (BSA, Sigma–

Aldrich) dissolved in PBS, the co-cultures were incubated overnight

with primary antibodies (Table 1). After rinse in PBS, the co-cultures

were incubated for 60 min with secondary antibodies (Table 1).

The secondary antibodies were all diluted 1:1,000 in 2% BSA

dissolved in PBS. After washing in PBS, the co-cultures were

mounted on glass with mounting solution ProlongVR Gold antifade

reagent with DAPI (Molecular Probes-Invitrogen).

Quantitative Analysis
The images were acquired using a Zeiss LSM 510 confocal microscope,

at magnification 403. Six experiments were conducted for each differ-

ent combination of co-culture (for example: bEND3 with primary

astrocytes or HeLa with primary astrocytes, etc.). Ten to 15 images

were acquired from each side of the filter (top aspect for the foot proc-

esses and bottom aspect for the astrocyte cell bodies). Images were

taken in a blinded manner and GFAP immunofluorescence labelling

was used to select the processes and cell bodies. The images were then

analysed using LSM image browser with intensity profile mode.

The fluorescence intensity of AQP4 was measured. Separate

measurements were made for astrocyte endfeet at the endothelial

side (top of the filter) and astrocyte cell bodies (bottom of the filter).

For both types of profile, we further quantified, with LSM image

browser, the intensity of the AQP4 staining in the cytosol and in the

cellular membrane.

For each image six different intensity (I) values were chosen:

two in the membrane (membI) and four in the cytosol (cytI).

AQP4 compartmentalization to the plasma membrane was

assessed as the ratio between the mean AQP4 immunofluorescence

intensity in the plasma membrane and the mean AQP4 fluorescence

intensity in the cytosol:

R AQP4 compartmentalizationð Þ ¼
mean of AQP4 membI½ �= mean of AQP4 cytI½ �:

The degree of polarization (polarized expression of AQP4) was

assessed as the ratio between the mean AQP4 immunofluorescence

TABLE 1: Antibodies

Method Primary antibody Secondary antibody

Immunofluorescence AQP4 C19 (sc-9888), anti-goat,
1:300, Santa Cruz Biotech. Inc.

Alexa 594 donkey-anti goat, 1:1,000

Alexa 488 donkey-anti goat; 1:1,000

AQP4, anti-rabbit, 1:300, Sigma-Aldrich;
Syntrophin-alpha 1anti-rabbit,1:1,000, Abcam

Cy3 donkey-anti rabbit, 1:1,000,
Jackson Immuno Research Laboratories, Inc;
Cy3 donkey-anti rabbit, 1:1,000,
Jackson Immuno Research Laboratories, Inc.

b-Dystroglycan (H-242), anti-rabbit,
1:200, Santa Cruz Biotech. Inc.

Cy3 donkey-anti rabbit, 1:1,000,
Jackson Immuno Research Laboratories, Inc.

Dystrophin, anti-rabbit, 1:40, Abcam Cy3 donkey-anti rabbit, 1:1000,
Jackson Immuno Research Laboratories, Inc.

GFAP, anti-rabbit, 1:1,000, Dako Cytomation Alexa 488 donkey-anti; 1:1000

GFAP, anti-chicken 1:800, Nordic Biosite Cy2 donkey-anti chicken, 1:1,000,
Jackson Immuno Research Laboratories, Inc.

Western blot AQP4, anti-rabbit, 1:1,500,
Chemicon, Millipore

Anti-rabbit IgG Alkaline Phosphatase,
1:10,000; Sigma–Aldrich

b-Actin (A 2066), anti-Rabbit,
1:500, Sigma-Aldrich

Anti-rabbit IgG Alkaline Phosphatase,
1:10,000; Sigma–Aldrich
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intensity in the plasma membrane of the cell bodies (bottom aspect

of the filter) and the plasma membrane of the foot processes (top

aspect of the filter):

R AQP4 polarizationð Þ ¼ mean of AQP4 endfoot membI½ �=
mean of AQP4 bodies membI½ �:

In either of the cases, ratios above 1 were considered as a sign

of increased membrane compartmentalization or polarization.

We used SPSS to analyse the data. The co-cultures combina-

tions were compared with One Way ANOVA (Multiple Compari-

son), post hoc test Scheffe and Bonferroni were used with6 2SE

and P� 0.05 was considered as significant.

SDS-page and Western Blot on Primary Astrocytes
Treated with CM
Every 2 days for 6 days, co-culture CM was collected, mixed 1:1

with FM and applied on astrocytes seeded in a six cell culture multi-

well (TRP); as negative control, we used astrocytes grown in FM. At

day 7, the astrocytes were harvested by a cell scraper in PBS and

spun down in a bench centrifuge.

The astrocyte pellet was lysed in RIPA (Radio-Immunoprecipi-

tation Assay) Buffer (50 mM Tris-HCl pH 7.4; 150 mM NaCl;

5mM EDTA; 1% Triton X-100; 0.5% sodium deoxycholate; 0.1%

SDS) and protease inhibitors cocktail tablets purchased from Roche

(Complete, Roche), with a mechanical dissociation using a pipette

(33 every 10 min) and centrifuged at 9,300g for 30 min.

The supernatant was collected and the protein content was

measured with a DC protein assay from Bio-Rad. The samples were

analyzed by immunoblotting. The samples were diluted in loading

buffer (0.875% SDS, 5% Glycerol, 50 mM Tris-HCl pH 6.8,

0.83% b-mercaptoethanol and trace amount of bromophenol blue),

denaturized at 378C for 10 min following centrifugation at

13,000 rpm for 10 min and 2 lg of protein was added per lane,

separated by electrophoresis on 12.5% Tris-HCl 1.0 mm Criterion

Precast Gel (Bio-Rad) and transferred onto a PVDF membrane (Cri-

terion gel blotting sandwich, Bio-Rad).

The membrane was blocked for 2 h in Tris-buffered saline (20 mM

Tris, 137 mMNaCl) plus 0.1% Tween (TBS-T) plus 5% skim milk pow-

der (Sigma–Aldrich) followed by overnight incubation in primary anti-

body for AQP4 (Table 1). The membrane was subsequently incubated for

60 min in secondary anti-rabbit antibody (Table 1) diluted 1:10000 in

TBS-T and detected with the ECF kit according to the manufacturer’s

instructions (GE Healthcare). After developing, the membrane was

washed and incubated with primary antibody for b-actin (Table 1), fol-

lowed by the secondary antibody and detected as described above.

Quantitation
The immunofluorescence intensity of the two proteins b-actin and

AQP4 was recorded by a Kodak scanner (Kodak Image Station

4000MM PRO) and quantified with a commercially available image

analysis program (Kodak MI SE, Carestream Health, Rochester,

NY). The ratio between the mean of intensity of AQP4 on b-actin

is an indication of AQP4 expression.

Quantitative Real-time PCR
Primary astrocytes were seeded at the concentration of 1 3

107cell cm22 in 10 cm petri dishes for cell culture. For each group,

control and experimental conditioned media (CM), were considered

five Petri dishes (n5 5). The astrocytes were treated after 24 h either

with FM, control, or with CM 1:1 FM not to deprive cells of

nutrients. After another 24 h, the astrocytes were collected.

Total RNA was extracted using RNeasy Mini kit according to

the manufacturer’s instructions (Qiagen). One mg of RNA was

reverse-transcribed using oligo d(T)18 primers and GoScript Reverse

transcription System (Promega) in a reaction volume of 20 ml. The
cDNA reaction mixture was diluted five-fold in TE buffer (10 mM

Tris-HCl, 1mM EDTA,pH 8.0). Real-time PCR was set up using

2 mL template, corresponding to 20 ng cDNA, in a reaction mixture

of 20 mL containing AB Power SYBR Green PCR Master Mix

(Applied Biosystems) and specific primers (200 nM) for amplifica-

tion of target genes. Expression levels of target genes were assessed

by absolute quantification using StepOnePlus real-time PCR system

(Applied Biosystems). Amplicons were generated in a two-step PCR

(958C for 15 s, 608C for 60 s, 40 cycles). HPRT1 was used as an

endogenous control for normalization of gene expression. The pri-

mers used to detect Aqp4 gene were as follows: 50-GAATCCAGC

TCGATCCTTTG-30 and 50-CTCCATGTAGCTCCCTTTCG-30.
The primers used to detect HPRT1 gene were as follow: 50-CCC
AGCGTCGTGATTAGTGA-30 and 50-TGGCCTCCCATCTCCTT

CAT-30.

Statistical Analysis Western Blot and qPCR
The obtained values were transferred to SPSS Version 16.0 (SPSS,

Chicago, IL) and mean values of the groups were compared using

independent T test. Data are presented as mean6 2SE. P� 0.05

was considered as significant.

Proteomics of the CM

Deglycosylation, Protein Separation, and in Gel Trypsin

Digestion. Approximately 25 mL of CM5 was centrifuged at

15,000g for 30 min to remove cell debris. Proteins were precipitated

by adding 43 cold acetone volume and stored at 2208C overnight.

Precipitate was recovered after centrifugation at 15,000g for 20 min,

and resuspended in 4 mL of deglycosylation buffer (150 mM NaCl,

50 mM sodium acetate, 10 mM EDTA, ph 6.8) (Didangelos et al.,

2010). Protein concentration measured by nanodrop was 2.5

mg mL21.

For deglycosylation, 250 mg of sample protein was submitted to

reaction against 0.5 U Chondroitinase ABC from Proteus vulgaris,

0.5 U Heparitinase II from Flavobacterium heparinum and 5U Endo-

b-galactosidase from Bacteroides fragilis (Sigma–Aldrich) for 16 h at

378C. Deglycosylated samples were then vacuum concentrated to

reduce sample volume, and was mixed 4:1 to NuPAGE SDS Sample

buffer (Invitrogen), and submitted in duplicate to electrophoretic sepa-

ration for 40 min using a 4–12% Bis-Tris NuPAGE minigel in MES

buffer. Gel were then fixed and stained with colloidal blue Coomassie

kit from Invitrogen, as suggested by manufacturer.
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Gel lanes from samples were cut in 10 fractions each, and gel pieces

were prepared for in gel digestion using trypsin. Shortly, each fraction was

washed three times in 50% acetonitrile in water for removal of Coomassie

and SDS. This was followed by 1-h reduction using 10 mM DTT at

588C, and 45 min alkylation using 55 mM iodacetamide at room temper-

ature and in the dark. Fractions were then washed three times with

50 mM ammonium bicarbonate pH 8.0, dehydrated with 100% acetoni-

trile and vacuum concentrated to complete dryness. Each gel piece was

then rehydrated with 20 mL of 50 mM ammonium bicarbonate contain-

ing 0.1 mg trypsin (Promega) for 20 min, and then 200 mL of 50 mM

ammonium bicarbonate was added to cover the pieces and stored at 378C

overnight. Enzyme reaction was stopped with by acidification using 10%

v/v trifluoracetic acid in water. Tryptic peptides were finally recovered

from the solution by using C18 resin disks from Empore/3M in a

STAGE-TIP setup (Rappsilber et al., 2003).

Mass Spectrometry Analysis and Protein Identification. All

experiments were performed on a Dionex Ultimate 3000 nano-LC

system (Sunnyvale CA, USA) connected to a quadrupole–Orbitrap

(QExactive) mass spectrometer (ThermoElectron, Bremen, Germany)

FIGURE 2: Dystrophin associated protein complex in the co-culture model. Confocal microscopic immunofluorescence analysis shows that b-
dystroglycan (A), dystrophin (B) and a-syntrophin (C) (red) are similarly distributed and colocalized with AQP4 (green) in endfoot membranes
(top of filter). GFAP is stained in blue. Membrane compartmentalization of b-dystroglycan and AQP4 is not evident in the astrocyte cell bodies
in filter bottom (A, upper panel). Scale bar: 50 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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equipped with a nanoelectrospray ion source (Proxeon/Thermo). For

liquid chromatography separation we used an Acclaim PepMap 100

column (C18, 3 mm, 100 Å) (Dionex, Sunnyvale CA) capillary of

15 cm bed length. The flow rate was 0.3 lL min21 for the nano col-

umn, and the solvent gradient was 7% B to 35% B in 112 minutes,

then 40–80% B in 8 min. Solvent A was aqueous 2% acetonitrile in

Camassa et al.: Factors Governing Astrocytic AQP4 Polarity

Month 2015 7



0.1% formic acid, whereas solvent B was aqueous 90% acetonitrile in

0.1% formic acid.

The mass spectrometer was operated in the data-dependent

mode to automatically switch between MS and MS/MS acquisition.

Survey full scan MS spectra (from m/z 300 to 1,750) were acquired

in the Orbitrap with resolution R5 60,000 at m/z 400, after accu-

mulation to a target of 1,000,000 charges in the quadruple. The

method used allowed sequential isolation of the most intense ions,

up to ten, depending on signal intensity, for fragmentation on the

HCD cell using high-energy collision dissociation at a target value

of 1,000,000 charges or maximum acquisition time of 128 ms

(Kelstrup et al., 2012). MS/MS scans were collected at 35,000 reso-

lution at the Orbitrap. Target ions already selected for MS/MS were

dynamically excluded for 60 s. General mass spectrometry conditions

were: electrospray voltage, 2.4 kV; no sheath and auxiliary gas flow.

Ion selection threshold was 500 counts for MS/MS.

All acquired data was processed and analyzed using MaxQuant

(version 1.4.0.5) (Cox and Mann, 2008). Protein identification was

performed by searching the data against an in house compiled data-

base containing all rodent entries from NCBInr. MaxQuant submit-

ted multiple searches on its Andromeda search engine. The search

parameters were: Enzyme specificity: trypsin with no proline restric-

tion; Maximum missed cleavages: 2; Carbamidomethyl (C) as fixed

modification; N-acetyl (Protein), Oxidation (M), pyro-glu (Gln to

pyro-Glu) and pyro-glu (Glu to pyro-Glu) as variable modifications;

Peptide mass tolerance of 620 parts per million for first search and

6 ppm for main search after recalibration; MS/MS mass tolerance of

6 ppm. A search versus reversed sequences was allowed to infer false

discovery rates in the results. Peptides were further filtered accord-

ingly to their score by MaxQuant in order to allow a maximum of

1% FDR in the data (P< 0.01).

Results

Astrocytes and endothelial cells were segregated to the bottom

and top aspects, respectively, of the porous filter (Fig. 1A).

GFAP immunocytochemistry revealed that the filter pores

served as passageways for astrocytic processes that extended to

the top aspect of the filter where they branched out in close

apposition to the GFAP negative endothelial cells (Fig. 1B). At

the electron microscopic level, astrocytic processes were found

in the filter pore and on either surface of the filter (Fig. 1C).

Astrocytic cell bodies were not observed at the top aspect, indi-

cating that the pores were too narrow for these to pass through

(Demeuse et al., 2002). Thus the model system reproduces the

structural polarization typical of astrocytes in vivo.

AQP4 and the DAP Complex Aggregate in
Astrocyte Processes on the Endothelial Side of the
Filter
The astrocytic processes that extended to the top (endothelial)

aspect of the filter expressed the DAP complex, as shown by use of

antibodies to three different members of this complex (Fig. 2).

Thus, the two dystrophin associated proteins b-

dystroglycan and a-syntrophin, as well as dystrophin itself,

were concentrated in the plasma membranes of the astrocytic

processes at the filter top (Fig. 2A,C). In contrast, the astro-

cytic cell bodies at the opposite aspect of the filter showed a

rather homogeneous distribution of b-dystroglycan (Fig. 2A)

as well as a-syntrophin and dystrophin (not illustrated).

The expression of AQP4 mimicked that of the DAP

complex (Fig. 2A–C), consistent with a number of studies

that have pointed to a role of the DAP complex in AQP4

anchoring.

The plasma membrane compartmentalization of AQP4

depended on the presence of endothelial cells (Fig. 3). Thus,

only when endothelial cells were present did astrocytic proc-

esses show a distinct peak of AQP4 immunoreactivity corre-

sponding to the plasma membrane (compare Fig. 3A with

Fig. 3B). Membrane compartmentalization was evident only

in the top processes. No peak of immunoreactivity was found

corresponding to astrocytic membranes at the lower surface of

the filter (Fig. 3C), regardless of whether astrocytes were

grown alone or in co-culture with endothelial cells.

Quantitative Analysis of AQP4
Compartmentalization and Polarization
In quantitative terms, plasma membrane compartmentaliza-

tion of AQP4 was defined as the ratio between mean plasma

FIGURE 3: Intensity profiles of AQP4 immunofluorescence labeling in astrocyte endfeet co-cultured with endothelial cells (A), in astro-
cyte endfeet grown in the absence of endothelial cells (B) and in an astrocyte cell body at the bottom of a filter supporting an endothe-
lial cell-astrocyte co-culture (C). Representative immunofluorescent images with AQP4 (red) and GFAP (green) labeling are shown in the
left panels and the intensity profiles (red and green respectively) are in the right panels. An arbitrary red arrow drawn on the profile of
interest indicates where intensity has been measured. The two peaks in the intensity profile of AQP4 correspond to the points where
the red line crosses the plasma membranes of the astrocyte endfeet in A. There are no peaks corresponding to the plasma membranes
in B and C indicating equal distribution of AQP4 immunofluorescent intensity in the plasma membrane and the cytosol. Scale bar:
50 lm. D and E show AQP4 membrane compartmentalization and polarization. D: quantitative analysis based on the ratio of mean
intensity of AQP4 in plasma membrane and in cytosol of astrocytes endfeet and cell bodies in presence of endothelial cells (1bEnd3) or
in the absence of endothelial cells (-bEnd3). A ratio greater than 1.0 is indicative of AQP4 compartmentalization in the plasma mem-
brane. E: quantitative analysis based on the ratio between the mean intensity of AQP4 in plasma membrane of the astrocytes endfeet
and the mean intensity of AQP4 plasma membrane labeling in the astrocyte cell bodies in the presence (1bEnd3) or in the absence of
endothelial cells (-bEnd3). A ratio >1 is indicative of a polarized expression of AQP4. Statistics: ANOVA and independent t test between
groups; **significantly different from the control (astrocytes grown on the filter in absence of bEND3); “x” significantly different from
previous value. Error bars indicate 62 SE, P�0.05, n56. [Color figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]
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membrane labelling and mean cytosol labelling (Fig. 3D).

This ratio increased more than threefold in the presence of

brain endothelial cells. The quantitative analysis confirmed

that the effect of endothelial cells was restricted to the astro-

cytic processes at the filter top (Fig. 3D).

We chose to use the AQP4 immunosignal as a marker

for astrocyte polarization. Thus, polarization was defined as

the ratio between mean AQP4 signal in membranes of top

processes and mean AQP4 signal in membranes of astrocytic

cell bodies on the bottom aspect of the filter (Fig. 3E).

Defined in this way, astrocyte polarity was contingent on the

presence of brain endothelial cells (Fig. 3E).

3D reconstruction of the z-stack through the asrocytic

foot processes on the endothelial aspect of the filter showed a

stronger and more compartmentalized AQP4 immunosignal

in the plasma membranes, when bEND3 cells were present

(Fig. 4A), compared with the condition without bEND3

(Fig. 4B).

Effects of Brain Endothelial Cells Depend on the
Presence of a-syntrophin
A priori, endothelial cells could cause AQP4 to accumulate at

the membrane through a hypothetical interaction with AQP4

that does not involve the DAP complex. To rule out this pos-

sibility, we knocked out a-syntrophin, a dystrophin associated

protein that serves as the immediate anchor of AQP4 (Neely

et al., 2001). In cells from a-SYN-KO mice the top processes

of astrocytes showed no membrane accumulation of AQP4 in

FIGURE 4: Orthogonal projection of z-stacks through astrocytic foot processes co-immunostained with antibodies to GFAP (green) and
AQP4 (red) in the presence (A) or absence (B) of bEND3 cells. Corresponding 3D reconstruction of the z-stacks is shown in the lower
panel of each figure. AQP4 immunostaining is stronger and more compartmentalized to the astrocyte plasma membrane in the presence
of the bEND3 cells. The foot process in the absence of the bEND3 is flatter (B; z512 lm) than in the presence of the bEND3 cells (A,
z516 lm). Scale bar: 10 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the presence of endothelial cells (Fig. 5A,B). This is consistent

with the idea that endothelial cells dictate AQP4 expression

through recruitment of the DAP complex to which AQP4 is

normally tethered.

We then asked whether other cell types could substitute

for brain endothelial cells. AQP4 membrane compartmentali-

zation was stronger with brain endothelial cells than with

HeLa cells or with endothelial cells from the umbilical cord

(Fig. 6A,B). The three cell types did not differ significantly in

terms of their effect on astrocyte polarization, as judged by

distribution of AQP4 along the astrocyte membrane.

Effects of Extracellular Matrix Molecules
Laminin or Matrigel was applied in the presence or absence

of brain endothelia (Fig. 7). Laminin had no effect of its own

on AQP4 compartmentalization or polarization, nor did it

potentiate the effect of brain endothelial cells (Fig. 7B). In

contrast, co-application of Matrigel with endothelial cells gave

FIGURE 5: A: confocal microscopy images showing AQP4 (red) and GFAP (green) immunofluorescence labelling of astrocyte endfeet
from wild type (WT) and a-syntrophin null-mice (a-SYN-KO) co-cultured with bEND3. A distinct membrane localization of AQP4 is found
in endfeet of WT astrocytes, but is missing in endfeet of a-SYN-KO astrocytes. B: quantitative analysis shows that knockout of a-SYN
abolishes the effect of bEND3 cells on astrocyte compartmentalization (left panel) and polarization (right panel). Scale bar: 20 lm. Statistics:
Anova; **significantly different from the ctrl (astrocytes grown on the filter in absence of bEND3); “x” significantly different from previous
value. Error bars indicate 62 SE, P�0.05, n56. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rise to a more pronounced polarization and membrane com-

partmentalization than that seen with endothelial cells alone

(Fig. 7A,B).

The effect of Matrigel could be reproduced by agrin, a

proteoglycan of the extracellular matrix (Fig. 7C).

CM Increases AQP4 Expression and
Compartmentalization
In a next series of experiments we tested whether the effects

of brain endothelial cells could be mimicked by application

of beads soaked in medium harvested from the brain endo-

thelia/astrocyte co-cultures (Fig. 8A). These beads induced a

more pronounced membrane compartmentalization of AQP4

than did control beads. However, even control beads showed

a significant effect on astrocyte polarization when added to

the top of the filter (Fig. 8B). Thus, mechanical interaction

per se appears to have an inductive effect.

Medium harvested from co-cultures and added to the

standard medium not only caused AQP4 to accumulate in

the plasma membrane but also increased the total level of

AQP4 and AQP4 mRNA in the cultured cells (Fig. 8C–E).

Mass Spectrometry
The above experiments with beads and conditioned medium

indicated that brain endothelial cells secrete components that

increase AQP4 expression and accentuate its membrane com-

partmentalization. Direct applications of Matrigel or agrin

onto the co-cultures suggested that the latter molecule could

be one of components responsible for the observed effects.

Thus it was deemed of importance to resolve whether agrin is

among the compounds present in the CM.

Mass spectrometry showed that the CM contains more

than 13,000 unique peptides, corresponding to �1,900 pro-

tein groups. Agrin figured prominently among the identified

proteins, which also included laminin (Fig. 9 and Table 2,

and Supp. Info. Table 1).

Discussion

That astrocytes are structurally polarized was recognized already

in the classical histological studies of the central nervous system

(Ramon and Cajal, 1894). Specifically, it was found that astro-

cytes extend processes towards microvessels or pial surface and

that these processes differed morphologically from the delicate

processes that abutted on synapses and neuronal membranes.

With the advent of freeze fracture techniques it was demon-

strated that endfoot membranes were unique by showing dense

aggregates called orthogonal arrays of particles (Rash and Ellis-

man, 1974; Rash et al., 1974; Wolburg, 1995; Wolburg et al.,

2011). This was the first hint that the endfeet serve specific

functions and that astrocytes are polarized also in functional

terms. Careful analyses of a specialized class of retinal astrocytes

(M€uller cells) confirmed that astrocytic processes were func-

tionally heterogeneous with subvitreous processes showing

much higher K1 conductance than processes abutting on the

retinal neuropil (Newman, 1986a,b; Newman et al., 1984;

Orchand and Finlayson, 1977). Immunogold studies unrav-

elled the molecular substrate for this functional heterogeneity

and showed that subvitreal endfeet of M€uller cells are enriched

FIGURE 6: Quantitative analysis of membrane compartmentalization (A) and polarized expression (B) of AQP4 in primary astrocytes
co-cultured with HeLa, ECV and bEND3 cell line. A: the bEND3 cell line induces a significantly higher degree of AQP4 membrane com-
partmentalization in the astrocyte endfeet than the HeLa or ECV cell lines. B: each cell line induces polarized AQP4 expression in the
astrocytes. Statistics: ANOVA; **significantly different from the ctrl (astrocytes co-cultured with ECV); “x” significantly different from
previous value. Error bars indicate 62 SE, P�0.05, n56.
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FIGURE 7: Effect of different extracellular matrix components on membrane compartmentalization and polarized expression of AQP4.
A: confocal immunofluorescence image showing AQP4 (red) and GFAP (green) immunostaining at astrocyte endfeet in co-culture in the
presence of (1bEnd3; left) or absence of bEND3 cells (-bEnd3) on a filter coated with Matrigel. Scale bar: 50 lm. B: quantitative analysis
shows that laminin have no effect on its own on AQP4 compartmentalization or polarization, while Matrigel seems to potentiate the
effect of the bEND3 cells on both polarization and membrane compartmentalization. Matrigel also show a modest inductive effect on
polarization when astrocytes are grown in absence of bEND3. C: agrin has the same potentiating effect as Matrigel on both polarization
and membrane compartmentalization. Statistics: ANOVA and independent t test between groups; “x” significantly different from previ-
ous value. Error bars indicate 62 SE, P�0.05, n56. [Color figure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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in the inwardly rectifying K1 channel Kir4.1, as well as the

water channel AQP4 (Nagelhus et al., 1999). Now we know

that the orthogonal arrays identified in early freeze fracture

studies correspond to the tightly packed endfoot pool of

AQP4 (Rash et al., 1998; Verbavatz et al., 1997) and that end-

feet are characterized by a high transport capacity for water as

FIGURE 8: Effect of the conditioned medium (CM) on membrane compartmentalization (A) and polarization (B) of AQP4. Endfeet were
exposed to beads soaked with CM (BeadsCM) or control beads. A: beads soaked with CM induce significantly higher membrane compart-
mentalization of AQP4 than control beads. B: polarization is induced also by control beads, suggesting an inductive effect of mechanical con-
tact. Statistics: ANOVA; **significantly different from control (astrocytes exposed to control beads); “x” significantly different from previous
value. Error bars indicate62 SE, P�0.05, n56. C: immunoblot showing AQP4 protein expression in primary astrocytes treated with the CM
or the control medium (CTRL). D: quantitative analysis of the immunoblot shows significantly increased level of AQP4 protein in the astro-
cytes treated with the CM compared with the control medium (CTRL). Statistics: Independent t-test; **significantly different from control
(astrocytes CTRL); Error bars indicate 62 SE, P�0.05, n56 E: quantitative analysis of AQP4 mRNA copy number on ng of total mRNA of
astrocytes treated with the CM or the control medium (CTRL). Treatment with CM leads to a significant increase in the AQP4 mRNA. Statis-
tics: Independent t test; **significantly different from the ctrl (astrocytes CTRL); Error bars indicate62 SE, P�0.05, n55.
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well as certain ions and organic solutes (Benfenati et al., 2007,

2011). Endfeet are also critically involved in gliovascular signal-

ling (Nedergaard et al., 2002; Takano et al., 2014).

Recent studies demonstrate that loss of astrocyte polarization

is a common denominator of a number of neurological conditions

such as mesial temporal lobe epilepsy, Alzheimer’s disease and

stroke (Alvestad et al., 2013; Frydenlund et al., 2006; Yang et al.,

2011). This emphasizes the need to identify those factors that are

responsible for the specialization of perivascular endfoot

membranes.

Astrocytes in primary culture are not representative of

astrocytes in the intact brain. Most importantly, when cul-

tured under standard conditions, astrocytes contain a signifi-

cant amount of cytoplasmic AQP4, as evidenced by our own

experiments and previous studies in other laboratories. Most

notably, in a description of immunostained astrocyte primary

cultures, Nicchia et al. (2004) found that a large proportion

of the AQP4 staining occurred in the cell cytoplasm, indicat-

ing that the polarized expression of AQP4 observed in vivo is

not maintained in culture (Nicchia et al., 2004). This is an

appropriate reference to the starting point of our own study:

namely that astrocytes in culture show an AQP4 compart-

mentation very different from that observed in vivo.

Another paper by Nicchia et al. (2008) addresses mech-

anisms by which AQP4 is directed to the membrane and

underlines the difference between the in vivo and in vitro sit-

uation when it comes to subcellular AQP4 localization (Nic-

chia et al., 2008). This is in line with the study of Noell

et al. (2007) who described an evenly and diffusely distrib-

uted pool of AQP4 in cultured astrocytes (Noell et al. 2007).

Our in vitro experimental model was designed so as to

reproduce aspects of AQP4 distribution typical of the in vivo

situation. Most significantly, the polarized expression of

AQP4 is re-established in this model system. However, some

AQP4 remains in the cytoplasm. Whether this pool is larger

or smaller than that occurring in vivo is difficult to judge.

Immunogold studies reveal very little cytoplasmic AQP4

in vivo (Amiry-Moghaddam and Ottersen, 2013; Nielsen

et al., 1997), but the immunofluorescence technique used here

is likely to pick up even very small concentrations of AQP4.

We show that processes with structural and biochemical

features akin to native endfeet could be generated in vitro, by

allowing cultured astrocytes to establish contact with endothe-

lial cells at a distance from the astrocytic cell bodies. Techni-

cally this was achieved by growing astrocytes and endothelial

cells on opposite sides of a Millipore filter with pores small

enough to prevent cells from entering, but large enough to

permit passage of thin processes. When exposed to endothe-

lial cells, the latter processes formed specialized membrane

domains with the hallmarks of endfoot membranes: a dense

complement of dystrophin and dystrophin associated proteins

as well as a high concentration of the water channel AQP4.

With this model system in hand we could experimentally

manipulate the endfeet so as to identify those factors that govern

the build-up of their molecular assembly. Guiding our experimen-

tal approach was our assumption that the factors in question act

locally, as elements of an inductive process that is set in motion

when astrocyte processes establish contact with microvessels.

This assumption is a plausible one, given the remarkable

precision by which the endfoot specialization coincides with

the endothelial basal lamina contact (Amiry-Moghaddam and

Ottersen, 2003; Nielsen et al., 1997). Notably, AQP4 is

abruptly reduced from the astrocyte endfoot membrane once

the latter membrane is reflected away from the endothelial

FIGURE 9: Typical MS/MS spectrum identified in the dataset. It represents the peptide FDTGSGPAVLTSLVPVEPGR (m/z 1000.026, mass
error of 2.37 ppm) of agrin, which was scored by MaxQuant with a value of 59.
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TABLE 2: Selected Components Detected in the Co-culture Conditioned Medium

Protein ID Protein name Gene ID Peptides Unique peptides

A2ASQ1 Agrin Agrn 23 3

P39876 Metalloproteinase inhibitor 3 Timp3 2 3

P04202 Transforming growth factor beta-1 Tgfb1 3 3

O08665 Semaphorin-3A Sema3a 7 7

O88668 Protein CREG1 Creg1 3 3

P98063 Bone morphogenetic protein 1 Bmp1 6 6

E9Q718 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 Plod2 11 11

P10493 Nidogen-1 Nid1 28 28

P42703 Leukemia inhibitory factor receptor Lifr 4 4

F1MA59 Collagen alpha-1(IV) chain Col4a1 4 3

P14844 C-C motif chemokine 2 Ccl2 3 2

P35585 AP-1 complex subunit mu-1 Ap1m1 10 10

P21674 Follistatin Fst 6 6

Q3UVZ1 Interleukin-1 receptor accessory protein Il1rap 3 3

Q02788 Collagen alpha-2(VI) chain Col6a2 16 16

P15800 Laminin subunit beta-2 Lamb2 8 8

B2CQD6 Fibulin-1 Fbln1 13 5

B2RQQ8 Collagen alpha-2(IV) chain Col4a2 8 8

Q80YX1 Tenascin Tnc 48 48

B1AWB9 Collagen alpha-1(V) chain Col5a1 15 15

F8WIP8 Osteopontin Spp1 2 2

B1AUP1 Metalloproteinase inhibitor 1 Timp1 10 10

Q544G5 Dystroglycan Dag1 8 8

E9QN70 Laminin subunit beta-1 Lamb1 36 36

O35206 Collagen alpha-1(XV) chain Col15a1 2 2

D3ZYI8 SPARC Sparc 11 11

Q05895 Thrombospondin-3 Thbs3 5 4

E9PZ16 Basement membrane-specific heparan
sulfate proteoglycan core protein

Hspg2 34 34

E9QPX1 Collagen alpha-1(XVIII) chain Col18a1 6 6

E9QLW5 Insulin-like growth factor II Igf2 2 2

E0CZ58 Proteoglycan 4 Prg4 4 4

P21744 Insulin-like growth factor-binding protein 4 Igfbp4 8 8

P35441 Thrombospondin-1 Thbs1 39 22

Q3UIP2 Procollagen C-endopeptidase enhancer 1 Pcolce 16 16

P18572 Basigin Bsg 3 3

F8WH23 Insulin-like growth factor-binding protein 7 Igfbp7 14 6
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basal lamina (Nielsen et al., 1997). Quantitative immunogold

analysis of the retinals M€uller cells shows that there is a 1:10

ratio of AQP4 immunogold labelling between perisynaptic

and perivascular processes (Nagelhus et al., 1999).

Polarization, as here defined, is the extent to which the

endfoot and soma membranes differ in terms of their comple-

ment of proteins. For quantitative analyses, AQP4 was used

as a proxy for astrocyte polarization. Two additional parame-

ters, inextricably coupled to astrocyte polarization, are mem-

brane compartmentalization and overall protein expression.

Again using AQP4 as a proxy, it is clear that the extent to

which this protein is concentrated in the endfoot membrane

depends on its recruitment to the plasma membrane from

intracellular stores (membrane compartmentalization) as well

as on the rate of transcription and translation (determining

its overall expression).

TABLE 2: Continued

Protein ID Protein name Gene ID Peptides Unique peptides

O35598 Disintegrin and metalloproteinase
domain-containing protein 10

Adam10 1 1

Q62894 Extracellular matrix protein 1 Ecm1 1 8

O08859 Tumor necrosis factor-inducible gene 6 protein Tnfaip6 4 4

Q2KHP2 Matrix metalloproteinase-19 Mmp19 10 10

Q61001 Laminin subunit alpha-5 Lama5 13 13

P97927 Laminin subunit alpha-4 Lama4 14 14

D4ACU9 Integrin alpha-5 Itga5 4 4

B1AYG5 Integrin beta-6 Itgb6 1 1

G3V991 Integrin alpha-6 Itga6 4 4

G5E8M2 Fibronectin Fn1 2 101

Q8CJ53 Cdc42-interacting protein 4 Trip10 2 2

Q80X19 Collagen alpha-1(XIV) chain Col14a1 1 2

F8WHK2 Thrombospondin-2 Thbs2 35 33

P02454 Collagen alpha-1(I) chain Col1a1 6 6

Q04857 Collagen alpha-1(VI) chain Col6a1 27 27

A2RTD1 Interleukin-6 Il6 1 1

P49134 Integrin beta-1 Itgb1 5 5

P41245 Matrix metalloproteinase-9 Mmp9 12 12

Q8BPB5 EGF-containing fibulin-like ECM protein 1 Efemp1 14 8

G3V6B1 Transforming growth factor beta-2 Tgfb2 4 4

P28653 Biglycan Bgn 19 19

Q5DTG2 Collagen alpha-1(III) chain Col3a1 11 8

P12843 Insulin-like growth factor-binding protein 2 Igfbp2 6 6

Q61554 Fibrillin-1 Fbn1 51 1

Q61508 Extracellular matrix protein 1 Ecm1 24 1

P97298 Pigment epithelium-derived factor Serpinf1 14 3

P43406 Integrin alpha-V Itgav 3 3

Q62059 Versican core protein Vcan 10 10

Q922W6 Stromelysin-1 Mmp3 29 22
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The first and salient observation is that endfeet indeed

behave as separate compartments. Notably, endothelial cells

cause AQP4 to accumulate in endfoot membranes relative to

endfoot cytosol while causing no changes to AQP4 compart-

mentalization in cell bodies.

We hypothesized that the effect of endothelial cells

could be mediated by an extracellular matrix component. An

obvious candidate is laminin. Laminin is a main constituent

of the endothelial basal lamina and is among the first matrix

molecules to appear at the endothelial-endfoot interface

(Lunde et al., 2014). However, in the present experiments,

laminin did not induce any polarization on its own, nor did

it enhance the polarizing effect of brain endothelial cells. This

was in contrast to Matrigel, which augmented the effect of

endothelial cells with respect to polarization as well as

compartmentalization.

Matrigel contains a host of extracellular matrix proteins,

including proteoglycans.

Our experiments showed that agrin, a proteoglycan,

mimicked Matrigel in terms of its effect on AQP4 compart-

mentalization and polarization. In the case of polarization,

Matrigel was more powerful than agrin in potentiating the

effect of endothelial cells, and also exerted a modest inductive

effect on its own. The observed effect of agrin in our experi-

ments is supported by Noell et al. (2007) who observed that

astrocytes cultured in the presence of agrin-conditioned

medium, show an increase in the intensity of AQP4-specific

membrane-associated staining (Noell et al., 2007).

The effect demonstrated for agrin would be relevant

only to the extent that agrin is actually present at the

endfoot-endothelium interface. Recent immunogold studies

do show that agrin occurs in the perivascular basal lamina

from very early stages in development (Lunde et al., 2014).

Mass spectrometry was carried out to resolve whether agrin

also occurs in the medium to which the endfeet are exposed.

The conditioned medium—harvested from the co-cultures—

contained several agrin fragments. As expected, this medium

also contained thousands of other peptides, including several

growth factors (Moore et al. 2009).

Agrin is endowed with several properties that support

its candidacy as an inductive factor. It has a binding site for

a-dystroglycan and may thus serve to anchor the entire dys-

trophin associated protein complex in endfoot membranes

(Gee et al., 1994; Peng et al., 1998). In addition, agrin is

known to act as a cofactor for growth factors (Patthy and

Nikolics, 1993)—several of which are found in the co-culture

medium (Patthy and Nikolics, 1993). Growth factors are also

constituents of Matrigel, possibly explaining why Matrigel

potentiates the inductive effect of endothelial cells more

effectively than does agrin alone.

The above experiments should not be taken to suggest

that agrin is the only factor underpinning astrocytic polariza-

tion. Indeed, agrin knockout animals display a residual pool

of endfoot AQP4, indicating that other factors also contribute

(Fallier-Becker et al., 2011). It is relevant in this regard that

astrocyte processes reaching the top surface of the filter are

exposed not only to the soluble factors that the endothelial

cells secrete, but also to the mechanical stress they impose.

Thus we asked whether mechanical interaction per se could

favor membrane compartmentalization and polarization of

AQP4. In other systems, stretch and membrane displacement

are known to effect changes in protein expression (Dehouck

et al., 1990; Meyer et al., 1991; Nicchia et al., 2004; Wol-

burg et al., 1994).

If mechanical factors play a role, one would expect the

effects of brain endothelial cells to be reproduced, at least in

part, by other cell types. While other cell types failed to

mimic brain endothelial cells in terms of their effect on com-

partmentalization, they did cause a significant polarization.

Application of beads rather than cells to the top of the filter

similarly induced polarization. In sum, these experiments

point to the involvement of mechanical factors. Beads alone

were as efficient as beads soaked in conditioned medium

when it comes to their ability to induce polarization. Thus,

the effect of the mechanical factors is strong enough to

obscure any polarizing effect of the conditioned medium. In

contrast, the effect of conditioned medium is revealed when

recordings are made of the impact of beads on membrane

compartmentalization.

In the intact brain, small molecules released from endo-

thelial cells are likely to reach large expanses of the astrocyte

plasma membrane. Mimicking this situation, we exposed cul-

tured astrocytes to the conditioned medium and found that

this increased significantly the expression of the AQP4 gene,

at the protein as well as the transcript levels.

Conclusion

The design of an in vitro model that imposes on astrocytes a

structural polarity mirroring that seen in vivo has made it

possible to identify factors that govern the buildup of the

endfoot-basal lamina junctional complex responsible for the

functional specialization of perivascular endfoot membranes.

Using AQP4 as a proxy for this complex, we conclude that

endothelial cells exert their effects through agrin and other

soluble factors, as well as through a direct mechanical interac-

tion with the endfoot processes. Through the compounds

they secrete, the endothelial cells also increase AQP4 expres-

sion. The present data suggest that the highly specialized glio-

vascular interface is established through a series of inductive

processes akin to those that underlie the polarization of cen-

tral neurons.
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Abstract Astrocytes are highly polarised cells with pro-
cesses that ensheath microvessels, cover the brain surface,

and abut synapses. The endfoot membrane domains facing

microvessels and pia are enriched with aquaporin-4 water
channels (AQP4) and other members of the dystrophin

associated protein complex (DAPC). Several lines of evi-

dence show that loss of astrocyte polarization, defined by the
loss of proteins that are normally enriched in astrocyte

endfeet, is a common denominator of several neurological

diseases such as mesial temporal lobe epilepsy, Alzheimer’s
disease, and stroke. Little is known about the mechanisms

responsible for inducing astrocyte polarization in vivo. Here

we introduce the term endfoot-basal lamina junctional
complex (EBJC) to denote the proteins that consolidate and

characterize the gliovascular interface. The present study

was initiated in order to resolve the developmental profile of
the EBJC in mouse brain. We show that the EBJC is estab-

lished after the first week postnatally. Through a combina-

tion of methodological approaches, including light
microscopic and high resolution immunogold cytochemis-

try, quantitative RT-PCR, and Western blotting, we dem-
onstrate that the different members of this complex exhibit

distinct ontogenic profiles––with the extracellular matrix

(ECM) proteins laminin and agrin appearing earlier than the
other members of the complex. Specifically, while laminin

and agrin expression peak at P7, quantitative immunoblot
analyses indicate that AQP4, a-syntrophin, and the inwardly
rectifying K? channel Kir4.1 expression increases towards

adulthood. Our findings are consistent with ECM having an
instructive role in establishing astrocyte polarization in

postnatal development and emphasize the need to explore the

involvement of ECM in neurological disease.

Keywords Astrocyte polarization ! Aquaporin-4 !
Extracellular matrix ! Dystrophin associated protein

complex ! Brain development ! Immunogold cytochemistry

Introduction

Ahallmark of astrocytes is their structural polarization.Most

if not all astrocytes are equippedwith endfeet that contact pia
or brain microvessels, and with fine velate processes that

abut on central synapses. These morphological characteris-

tics were identified over 100 years ago, soon after astrocytes
were first discovered (Somjen 1988). Only over the past few

decades it was realized that the structural polarization of
astrocytes reflects a distinct functional and biochemical

compartmentalization. Notably, endfeet were found to

exhibit much higher K? conductance than other parts of the
membrane, underpinning the concept of K? siphoning

(Newman et al. 1984). The fine perisynaptic astrocyte pro-

cesses, on the other hand, were shown to harbor a distinct
molecular profile mirroring their specific roles in transmitter

uptake (Chaudhry et al. 1995).

The astroglial endfeet provide a near complete covering
of cortical capillaries (Mathiisen et al. 2010) and contain a

unique arrangement of proteins that sets them apart from

other astroglial compartments. High resolution immuno-
gold analyses (Amiry-Moghaddam and Ottersen 2013)
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indicate that endfeet membranes are enriched with a

number of transporters and channels, including the
inwardly rectifying K? channel, Kir4.1 (Nagelhus et al.

1999); AQP4 (Nielsen et al. 1997), and the transient

receptor potential vanilloid 4, TRPV4 (Benfenati et al.
2007). Kir4.1 is the main molecular correlate of the high

K? conductance in endfeet, while AQP4 confers a high

water permeability on endfeet membranes. The endfoot
pool of AQP4 represents an influx route of water in brain

edema (Amiry-Moghaddam et al. 2003), but also has been
implicated in physiological functions including water

resorption postnatally (Haj-Yasein et al. 2011). In addition,

recent data suggest that perivascular AQP4 might propel a
paracapillary drainage route that helps clear the brain of b-
amyloid and other molecules (Iliff et al. 2012). Two of the

endfoot proteins (AQP4 and TRPV4) appear to form a
molecular complex involved in osmosensing and regula-

tory volume control (Benfenati et al. 2011).

Loss of astrocyte polarization––defined as a loss of the
proteins that normally are enriched in endfoot mem-

branes––occurs in a number of pathophysiological and

clinical conditions. Both AQP4 and Kir4.1 are reduced in
CA1 endfoot membranes of patients with mesial temporal

lobe epilepsy (MTLE) (Eid et al. 2005; Heuser et al. 2012).

In an animal model of MTLE, loss of AQP4 was found to
precede the development of chronic seizures (Alvestad

et al. 2013). Further, the endfoot pool of AQP4 is strongly

reduced after experimental stroke (Frydenlund et al. 2006)
and in a mouse model of Alzheimer’s disease (Yang et al.

2011). Loss of astrocyte polarization will interfere with

important homeostatic processes and clearance mecha-
nisms and could thus contribute to the progress and

symptomatology of diverse neurological conditions.

Given the importance of astroglial polarization in health
and disease, a key question is how polarization is induced

and maintained. Several lines of evidence indicate that

dystrophin isoform DP71 and its associated proteins play a
special role in this regard. The first data pointing to the

involvement of a dystrophin associated protein complex

(DAPC) came with studies of mice deficient in dystrophin
(Frigeri et al. 2001; Vajda et al. 2002) or a-syntrophin
(Neely et al. 2001).

a-Syntrophin is known to bind to DP71 as part of the
DAPC. Mice deficient in dystrophin or a-syntrophin
concurred in showing reduced expression of AQP4 in

astrocytic endfeet (Frigeri et al. 2001; Neely et al. 2001;
Amiry-Moghaddam et al. 2003). The dramatic loss of

AQP4 observed after knockout of a-syntrophin suggested

that the latter molecule could be the immediate anchor
of AQP4. Biochemical analyses and co-immunoprecipi-

tation experiments bolstered the idea that DAPC is

expressed in endfoot membranes and essential for
maintaining astrocyte polarization (Neely et al. 2001). It

was proposed that the DAPC is kept in place primarily

through its attachment to laminin and agrin, which are
key constituents of the pericapillary basal lamina (Neely

et al. 2001; Amiry-Moghaddam and Ottersen 2003;

Guadagno and Moukhles 2004; Wolburg et al. 2011).
This would explain why the level of AQP4 drops

abruptly once the endfoot plasma membrane is reflected

away from the basal lamina of brain microvessels
(Nagelhus et al. 1999).

The present study was initiated in order to resolve the
developmental profile of the DAPC and its binding part-

ners––hereafter collectively termed the endfoot-basal

lamina junctional complex (EBJC). Through a combination
of methodological approaches, including high resolution

immunogold cytochemistry (Amiry-Moghaddam and Ot-

tersen 2013), we could show that the different members of
this complex exhibit distinct ontogenetic profiles. The

earliest proteins to appear were laminin and agrin, and

these proteins reached peak levels as early as P7. In con-
trast, aquaporin-4 and the inwardly rectifying K? channel

Kir4.1 were weakly expressed at P7 and showed a sharp

increase in expression towards adulthood. The present data
provide new insight in the sequence of events that underlies

the assembly of the gliovascular interface.

Materials and methods

Animals

Adult male and pregnant female C57BL/6 mice (Jackson
Laboratories, Boulder, CO) were used in this study. The

mice were allowed ad libitum access to food and drinking

water. Animal experiments were performed according to
the European Council law on protection of laboratory

animals, with the approval of the University of Oslo’s

Animal Care and Use Committee. Every effort was made
to minimize the number of animals.

Perfusion fixation

Animals from the postnatal groups (P0, P4, P7, P10, P13,

P21) as well as adult (8 weeks) animals were anaesthetized
with Equitisin (150 ll for adult mice) and transcardially

perfused using 4 % formaldehyde (FA) and 0.1 % glutar-

aldehyde in 0.1 M phosphate buffer (PB) for at least
10 min, with an initial 20 s of ice cold 2 % dextran in

0.1 M PB. For immunofluorescence and peroxidase based

immunocytochemistry, glutaraldehyde was omitted from
the fixation solution. Brains were removed and postfixed in

the fixation solution overnight and stored in a 1:10 dilution

of the same solution in 0.1 M PB.
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Post-embedding immunogold electron microscopy

Brains were cut into 0.5–1.0 mm slices, different regions
were dissected, cryoprotected, quick-frozen in liquid pro-

pane (-170 "C), and subjected to freeze substitution.

Specimens were embedded in methacrylate resin (Lowicryl
HM20) and polymerized by UV light below 0 "C. Ultrathin
sections (70–100 nm) were cut using an ultratome (Reic-

hert Ultracut S, Leica).
Immunogold labeling was carried as previously descri-

bed (Yang et al. 2011; Promeneur et al. 2013). Briefly, The

sections were rinsed in Tris-buffered saline with Triton
X-100 (TBST, 5 mM Tris–HCl, 0.3 % NaCl, 0.1 % Triton

X-100), incubated in 2 % human serum albumin, followed

by primary antibody (AQP4) overnight, secondary anti-
body (15 nm gold) for 90 min, and contrasted with 2 %

uranyl acetate for 90 s and 0.3 % lead citrate for 90 s. The

sections were examined using a Tecnai 12 electron
microscope at 60 kV.

Immunogold quantitation

Quantitative analysis was performed as described else-

where (Amiry-Moghaddam et al. 2004; Mathiisen et al.
2006). Briefly 19–20 digital images of capillaries or pial

surface were acquired from each section. Linear densities

of gold particles over astrocyte membranes were deter-
mined by an extension of analysis [Soft Imaging Systems

(SIS), Münster, Germany]. Linear densities were deter-

mined semi-automatically and transferred to SPSS Version
16 (SPSS, Chicago, IL) for statistical analysis.

Light microscopic immunocytochemistry

Immunofluorescence

The brains were cryoprotected using increasing levels of

sucrose dissolved in 0.1 M PB (10–20–30 %), and snap

frozen in optimal cutting temperature (OCT) compound on
dry ice. Sagittal brain sections (14 lm) were collected on

object glasses and stored at -80 "C.
For immunofluorescence the sections were rinsed with

0.01 M phosphate buffered saline (PBS) and permeabilized

for 10 min with 0.1 % Triton X-100 in PBS. After blocking

with 2 % bovine serum albumin (BSA) in PBS, the brain
sections were incubated overnight with primary antibodies

diluted in blocking solution. After washing in PBS, the

brain sections were incubated with secondary antibodies
diluted in blocking solution for 60 min. After a new wash

in PBS, the brain sections were mounted using Prolong#

Gold antifade reagent with DAPI (Invitrogen, Molecular

Probes). Confocal images were acquired using a Leica

fluorescent microscope.

Immunoperoxidase

Cryoprotection was performed as described above. Cryo-
protected brains were snap frozen in 30 % sucrose and

free-floating sections (30 lm) were rinsed in PBS, exposed

to 2 % H2O2 for 10 min to deplete endogenous peroxidase
activity, followed by three rinses in PBS. All sections were

left in double distilled H2O at 37 "C for 10 min prior to

pepsin (Dako Ref S3002, 1 mg/mL 0.2 M HCl) exposure at
37 "C for 10 min, followed by three rinses in PBS, first of

which for 15 min at 27 "C, thereafter at room temperature.

Blocking was done using 2 % BSA in PBS-T (PBS, 0.1 %
Triton X-100). The sections were then incubated in primary

antibody diluted in blocking buffer overnight in cold room

(4 "C), followed by three times rinse in PBS-T and 1 h
incubation in secondary antibody in blocking buffer was

followed by three times rinses in PBS-T. The sections were

then incubated for 1 h with biotinylated-streptavidin
horseradish peroxidase complex (GE healthcare UK lim-

ited, Rpn 1051 V) diluted 1:100 in PBS-T and rinsed in

PBS-T 9 3, followed by PBS 9 3 and 0.5 mg/mL diam-
inobenzidine (3,30-Diaminobenzidine Tetrahydrochloride

10 mg/tab, Sigma D5905, DAB) dissolved in 0.1 M PB for

5 min. Finally, sections were incubated for a titrated time
to DAB solution with added 0.01 % H2O2 (1 min for

Laminin and 1.5 min for agrin). The DAB/HRP reaction

was stopped by 3 thorough rinses in 0.1 M PB. Thereafter,
sections were mounted using glycerin gelatine and exam-

ined using a light microscope.

SDS-PAGE and Western blotting

The mice (n = 3 for each age group) were anesthetized
(Chloroform), decapitated and the brains were immediately

frozen in liquid nitrogen and stored at -80 "C. Frozen

mouse brains were homogenized in homogenization buffer
(50 mM HEPES, 0.32 M Sucrose, 5 mM EDTA) using a

mini-pestle (2 9 1 min). Immediately before homogeni-

zation, one tablet of [Protease Inhibitor Cocktail (PIC),
Roche] was dissolved in 50 mL of the homogenization

buffer. The supernatant of a 1,000 9 g spin was used for

immunoblotting. Protein concentrations were determined
with a DC protein assay (Bio-Rad) according to the man-

ufacturer’s instructions. SDS-PAGE and Western blots

were carried out as described previously (Yang et al. 2011)
with the following exceptions: 5–30 lg of protein (agrin:

2 lg, a-syntrophin: 15 lg, AQP4 (P0–P21): 15 lg, AQP4
(adult): 1 lg, b-dystroglycan: 5 lg, dystrophin: 10 lg,
Kir4.1: 5 lg and laminin: 30 lg) was added per lane and

separated by electrophoresis on 7.5, 10, 12.5 or 4–20 %
polyacrylamide gels (Criterion Precast Gel, Bio-Rad)

depending on the proteins examined.
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For normalization, the membranes were washed several

times in TBS-T [17 mM Trizma base (Sigma), 140 mM

NaCl, 0.05 % Tween] following incubation with primary
and secondary antibody as above.

Actin was used as a loading control. Membranes for

which actin could not be used, Ponceau S staining was used
instead (Aldridge et al. 2008; Romero-Calvo et al. 2010).

This was the case for Kir4.1 and b-dystroglycan, both of
which have MWs very close to that of actin, and in the case

of laminin and agrin, which have MWs that are too high to

be included in the same blots as actin (Aldridge et al. 2008;
Romero-Calvo et al. 2010). Briefly, the membranes were

incubated in Ponceau S stain for 3 min, washed until the

colored protein bands could be visualized clearly and then
scanned in a table top scanner at 600 dpi. The picture was

analyzed in Photoshop using the Histogram function. The

lane was marked with a thin stripe and the value was read
off in the histogram. Linearity was obtained for Ponceau S

staining as well as for actin controls.

Quantitation

For the quantification of the bands in SDS-PAGE and

Western blotting two methods were used:

1. Samples from each age were loaded and compared to

a standard curve on the same membrane. The
fluorescent signal was detected with a Typhoon

9410 Workstation (Typhoon 9410, Amersham Bio-

sciences, Piscataway, NJ, USA) and quantified with a
commercially available image analysis program (Im-

ageQuantTM TL, Amersham Biosciences, Piscata-

way, NJ, USA).
2. All samples were loaded on the same membrane. The

fluorescent signal was detected with a Kodak scanner

(Kodak Image Station 4000 MM PRO) and quantified
with a commercially available image analysis program

(Kodak MI SE, Carestream Health, Inc., Rochester,

NY, USA).

Table 1 Antibodies

Method Primary antibody Secondary antibody

Immunogold AQP4, anti-rabbit, 1:500, Sigma-Aldrich Goat anti rabbit 15 nm, 1:40, Amersham Bioscience

Agrin, anti-rabbit, 1:500, Gift from Professor Markus A.
Ruegg, University of Basel

Goat anti rabbit 15 nm, 1:40, Abcam

Laminin (L9393), anti-rabbit, 1:100, Sigma-Aldrich Goat anti rabbit 15 nm, 1:40, Abcam

Immunofluorescence Agrin, anti-mouse, 1:100, Chemicon, Millipore, Med Probe Alexa 488 donkey anti-mouse, 1:1,000, Molecular
Probes

a-Syntrophin (SYN259), anti-rabbit, 1 :200, Gift from Dr.
Marvin E. Adams

Cy3 donkey-anti rabbit, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

AQP4, anti-rabbit, 1:200, Chemicon, Millipore Cy3 donkey-anti rabbit, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

AQP4, anti-rabbit, 1:400, Sigma-Aldrich Cy3 donkey-anti rabbit, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

b-Dystroglycan (H-242), anti-rabbit, 1:200, Santa Cruz
Biotech. Inc.

Cy3 donkey-anti rabbit, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

CD 31 (PECAM-1), anti-rat, 1:800, BD Biosciences Cy5 donkey-anti-rat, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

Dystrophin (DP-71), anti-rabbit, 1:100, Abcam Cy3 donkey-anti rabbit, 1:1,000, Jackson Immuno
Research Laboratories, Inc.

Immunoperoxidase Agrin, anti-rabbit, 1:1,000, Gift from Professor Markus A.
Ruegg, University of Basel

Biotinylated donkey-anti-rabbit, 1:100, Pierce

Laminin (L9393), anti-rabbit, 1:100, Sigma-Aldrich Biotinylated donkey-anti-rabbit, 1:100, Pierce

Western blot Agrin, anti-rabbit, 1:1,000, Gift from Professor P.
Sonderegger

Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

a-Syntrophin, anti-rabbit, 1:1,000, Abcam Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

AQP4, anti-rabbit, 1:1,500, Chemicon, Millipore Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

b-Actin (A 2,066), anti-Rabbit, 1:500, Sigma-Aldrich Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

b-Dystroglycan (H-242), anti-rabbit, 1:750, Santa Cruz
Biotech. Inc.

Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

Dystrophin, anti-rabbit, 1:500, Abcam Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

Kir4.1, anti-rabbit, 1:400, Alomone Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich

Laminin (L9393), anti-rabbit, 1:2,000, Sigma-Aldrich Anti-rabbit AP antibody, 1:10,000, Sigma-Aldrich
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Antibodies

For the complete list of primary and secondary antibodies
used in this study see Table 1.

Quantitative real-time PCR

The mice (n = 4 for each age group) were anesthetized,
decapitated and the brain was immediately frozen in liquid

Table 2 Primer sequences for
real time PCR

Gene Forward Reverse

Agrn CAGTGGGGGACCTAGAAACA ATGGCCAGAGCCATGTAGTC

Aqp4 TTTGGACCCGCAGTTATCAT GTTGTCCTCCACCTCCATGT

DagI CCGAGAAGAGCAGTGAGGAC AGCTCATCCGCAAAGATGAT

Dp71 CAAGCTTACTCCTCCGCTCT GAGCCTTCTGAGCTTCATGG

Kcnj10 TTATCAGAGCAGCCACTTCACC TCTCTGTCTGAGTCGTCTGAC

Lama1 TGGATAAAGACAGGCCCTTG ACTTTGGCACTGCTGATTCC

Lama2 ACCAGCCTACCTCCAGCTTT CCCATTCCATCCATCTTCTG

Snta1 GCTGGCTGACAGAACAGTTG TTCTGCATCATAGGGCACTG

Tbp ACGGACAACTGCGTTGATTT CAAGGCCTTCCAGCCTTATAG

Fig. 1 Members of the EBJC complex accumulate at brain surface and
around vessels. Confocal images showing immunofluorescence label-
ing (red) of AQP4, a-syntrophin and b-dystroglycan in neocortex of
postnatal mouse brain. These three members of the EBJC appear first at
the brain surface and around penetrating vessels (lining the Virchow-
Robins spaces), then around brain microvessels. Vessels (arrowheads)
are identified by use of an endothelialmarker (CD31; blue). At P0, there
was weak or no perivascular labeling for AQP4. At P7, AQP4 starts to

appear around vessels (arrowheads), and at P13 and P21 there is AQP4
labeling around vessels of all calibers. Subpial AQP4 labeling (arrows)
is present already at P0 and increases in strength towards P21. a-
Syntrophin follows the same labeling pattern asAQP4.Weak labeling is
observed for b-dystroglycan at P0. At P7, b-dystroglycan labeling is
present at the brain surface (arrows) and around vessels of all calibers
(arrow heads), thus being more extensive at this stage than the labeling
for AQP4 and a-syntrophin. Scale bar 50 lm
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nitrogen and stored at -80 "C. Whole mouse brains were

isolated, treated with RNA later (Ambion) and stored at
-80 "C until further processing. Quantitative real-time PCR

was carried out the sameway as by (Boldt and Conover 2011)

with the following exceptions. TotalRNAwas extracted using
RNeasy Lipid Tissue kit (Qiagen). 5 mg of RNAwas reverse-

transcribed using oligo d(T)18 primers and RevertAid H

Minus First Strand cDNA transcription reagents (Fermentas)

in a reactionvolumeof20 ll. The cDNAreactionmixturewas
diluted 100-fold in 10 mM Tris–HCl (pH 8.0), and real-time

PCR was set up using 2 ll template in a reaction mixture of

20 ll containing AB Power SYBR Green PCR Master Mix
(Applied Biosystems) and specific primers (200 nM) for

amplification of target genes. Primers were designed using

Fig. 2 Immunogold analysis shows that subpial endfeet are the first
to accumulate AQP4. a–h Postnatal immunogold labeling of AQP4 at
the perivascular (a–d) and subpial (e–h) astrocyte membranes in
mouse neocortex. Perivascular and subpial membrane domains are
indicated by arrows. a At P0, the pericapillary basal lamina (asterisk)
is immature, and there is no perivascular AQP4 immunogold labeling.
b At P7, the basal lamina is distinct, and AQP4 appears in the
perivascular membranes. c, d The AQP4 immunogold density
increases further at P13 and P21. e–h The subpial basal lamina is
well developed already at P0, and is associated with distinct AQP4

immunogold labeling in subpial astrocyte membranes. At P13 and
P21, the AQP4 labeling extends into the glial lamellae beneath the
pial surface. E endothelial cells, L vessel lumen, A astrocyte (Scale
bar 200 nm). i, jQuantitative analysis of AQP4 immunogold labeling
in perivascular (i) and subpial (j) membranes. At P4 and P7, the linear
density of gold particles (no. of particles per lm membrane) is higher
in subpial membranes than in perivascular ones. **Significantly
different from P0; ‘x’ significantly different from previous value.
Error bars indicate ±2 SE, p = 0.05
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Primer3 software. Expression levels of target genes were
assessed by absolute quantification. Real-time PCR was per-

formed with plates using StepOnePlus real-time PCR system

(Applied Biosystems). Amplicons (*200 bps) were gener-
ated in a two-step PCR (95 "C for 15 s, 60 "C for 60 s, 40

cycles). TATA box binding protein (TBP) was used as an

endogenous control for normalization of gene expression.
TBP was selected among several candidate housekeeping

genes evaluated for this study because it was found to have the

most constant level of expression across the developmental
sample groups. The lower limit of detection was identified

through amplification of targets known not to be expressed in

mouse brain resulting in Ct values[32 corresponding to copy
numbers\10 per ng total RNA.

For the complete list of primers see Table 2.

Statistical analysis

Obtained values were transferred to SPSS Version 16.0
(SPSS, Chicago, IL) and mean value of the groups were

compared using ANOVA test. Data are presented as

mean ± SE.

Results

Immunohistochemistry

The immunofluorescence analysis showed similar devel-

opmental profiles for AQP4, a-syntrophin, and b-dystro-
glycan (Fig. 1). These molecules are all members of the
EBJC. None of these molecules were associated with the

endothelial marker CD31 at P0. At P7, immunosignals for

AQP4, a-syntrophin and b-dystroglycan were found
subpially and around brain microvessels, with somewhat

more prominent signals in the former site. b-Dystroglycan
leads the other two molecules when it comes to accumu-
lation around the endothelial lining (Fig. 1, second row,

P7). At later developmental stages (P13 and P21) the dif-

fuse neuropil labeling (pronounced for a-syntrophin and b-
dystroglycan, less so for AQP4) subsides, leaving behind a

rather distinct subpial and perivascular labeling. At P21,
the subpial zone of immunofluorescence is broader for

AQP4 than for the other members of the EBJC.

bFig. 3 Agrin and laminin are present already at P0. Light micro-
scopic pictures showing immunoperoxidase labeling of agrin (left
column) and laminin (right column) in postnatal mouse neocortex.
Agrin and laminin are strongly expressed at the pial surface (arrows)
and around vessels (arrow heads) at P0. The labeling for both
molecules becomes weaker towards P28. Labeling is removed by
omission of primary antibodies (lower 2 rows; sections from P28 and
P0, respectively). Scale bar 100 lm
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Immunogold cytochemistry confirmed and extended the

immunofluorescence analysis. AQP4 could not be detected

at P0, when the basal lamina was indistinct, but appeared at
P4 with stronger signals subpially than perivascularly

(Fig. 2). The immunogold signal for AQP4 increased from
P4 to P21 (Fig. 2). AQP4 labeling of non-endfoot mem-

branes occurred primarily in the subpial zone (particularly

pronounced in Fig. 2g, h; Supplementary Fig. S1), as
predicted from the immunofluorescence data (above).

In contrast to AQP4, a-syntrophin, and b-dystroglycan,
the two basal lamina molecules agrin and laminin were
strongly expressed already at P0 (Fig. 3). Both molecules

occurred at the pial surface as well as perivascularly, and

showed stronger DAB immunosignals at P7 than at later
postnatal stages. The perivascular labeling, in particular,

appeared to abate with age.

To verify that the DAB signal represented laminin and
agrin in the appropriate location (i.e., in the basal lamina,

consistent with their being members of the EBJC), an

immunogold analysis was performed. Immunogold parti-

cles for agrin and laminin were superimposed on the per-

ivascular and subpial basal laminae as early as P0 (Figs. 4
and 5, respectively).

The specificity of the antisera was confirmed by using
knockout animals in case of AQP4, a-syntrophin and b-
dystroglycan (not shown). The antibody to agrin has been

tested previously on agrin knockout mice (Stephan et al.
2008). Knockout lines are not available for laminin. The

precise localization of lamin and agrin immunosignals to

the basal lamina (Figs. 4 and 5) indicates absence of
unspecific labeling. Labeling was abolished after omission

of primary antibodies, ruling out nonselective binding of

the secondary antibody.

Quantitative Real-Time PCR

The molecules under investigation formed two distinct

groups in regard to the developmental profile of their

Fig. 4 Agrin and laminin are
confined to the perivascular
basal lamina. Immunogold
labeling confirms localization of
agrin (a–d) and laminin (e–h) to
the perivascular basal lamina
(arrows). Both proteins are
present throughout the postnatal
period. Electron micrographs of
postnatal mouse neocortex.
E endothelial cells, L vessel
lumen, asterisk tight junction.
Scale bar 0.5 lm
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respective messengers (Fig. 6). mRNAs encoding AQP4 and

other members of the dystrophin complex (a-syntrophin, b-
dystroglycan, and the dystrophin isoform DP71) were scarce

at P0 and increased in abundance towards a distinct peak at

P13 (AQP4 and a-syntrophin) or a broader peak at P7–P13/
21 (b-dystroglycan and DP71). DP71 and Kir4.1 (both being
members of the DAPC) stood out as the only molecules

whose messengers continue to increase until adulthood.
The second group of mRNAs (i.e., those encoding lam-

inin and agrin) showed entirely different developmental
profiles. Agrin-mRNA and Lama1 (encoding the a1 isoform

of laminin) were more abundant at early postnatal stages

than at later stages in development (Fig. 6f, g). Both
mRNAs peaked near P4. Lama2 (encoding the a2 isoform of

laminin) was relatively weakly expressed at P0 and peaked

at P13. Lama2 differed from Lama1 by showing a rather
stable expression level towards adulthood (Fig. 6g, h).

Immunoblots

The molecules under study segregate in three groups in

regard to their expression at the protein level (Figs. 7 and 8).

AQP4 mirrored a-syntrophin and Kir4.1 in showing a con-

tinuous increase from being close to undetectable at P0 to
being strongly expressed at adult stages. DP71 and b-dys-
troglycan, on the other hand, are rather stable throughout

postnatal development. Laminin and agrin formed a third
group that peaked at P7 and thereafter displayed a sharp

decline towards adulthood.

Discussion

Evidence is accruing that the EBJC plays a central role in

brain function and neurological disease. Hence, the integ-
rity of the EBJC is a conditio sine qua non for maintaining

the functional and biochemical polarization of astroglial

cells. By orchestrating the molecular organization of the
end-foot membranes of astrocytes, the EBJC serves a role

akin to that of the protein complex that dictates the orga-

nization of pre- and postsynaptic membranes of neurons.
While the properties and developmental profiles of

proteins responsible for neuronal polarization have been

subjected to intensive studies (Arimura and Kaibuchi 2007)

Fig. 5 Agrin and laminin also
occur in subpial basal lamina.
Electron micrographs of
immunogold labeling of agrin
(a–d) and laminin (e–h). Both
proteins are present in the basal
lamina (arrows) opposed to
subpial astrocyte endfeet.
Labeling is distinct already at
P0 and persists throughout the
postnatal period. Scale bar
0.5 lm
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much less is known about the proteins of the EBJC.

Notably, the sequence by which the different EBJC pro-
teins appear and reach peak expression has not been

investigated in detail. Insight in the developmental profile

of the EBJC is likely to inform our understanding of the
mechanisms that underpin the organization of the
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gliovascular interface and of the glia limitans at the brain

surface. The gliovascular interface attracts particular
interest in the context of cerebral blood flow regulation

(Iadecola and Nedergaard 2007) while new data indicate

that glia limitans is specifically implicated in volume
control (Papadopoulos et al. 2004; Benfenati et al. 2011).

Unravelling the developmental profile of the EBJC

requires a high anatomical resolution that matches the
spatially confined expression of this junctional complex. At

the same time, there must be possibilities for quantitation

in order to accurately determine the peak of expression.
Post-embedding immunogold procedures are uniquely

suited to the task at hand. The lateral resolution of this

procedure is in the range of *30 nm, which compares
favorably with the lateral dimension of the endfeet (in the

order of 1000 nm) and the thickness of the basal lamina (in

the order of 100 nm). Gold particles are easily identified
and their number bears a well-defined relation––often close

to linear (Mathiisen et al. 2006; Amiry-Moghaddam and

Ottersen 2013)––to the number of target proteins. To the
best of our knowledge this study represents the first suc-

cessful immunogold application in brain of antibodies to

pan-laminin and agrin. The basal lamina proteins laminin
and agrin were the first proteins to appear at the gliovas-

cular interface, according to the present analysis. Both

proteins were detected at P0, predating the appearance of
AQP4. However, a possible caveat needs to be considered:

the threshold for detection might differ between different

proteins. Thus, proteins may be differentially affected by
steric hindrance or by the relatively harsh conditions that

prevail during tissue preparation for immunogold cyto-

chemistry. It is of note that the freeze substitution approach
currently applied is more ‘‘antigen friendly’’ than tradi-

tional procedures for tissue preparation (Amiry-Moghad-

dam and Ottersen 2013). Also, the three complementary
techniques that were used indicate that the specific

sequence of labeling intensity that we observed at the im-
munogold level reflects a bona fide developmental profile.

Thus, immunofluorescence, immunoblots, and qRT-PCR

concurred in showing early expression of laminin and
agrin. The data also pointed to an abatement of laminin and

agrin expression after the first postnatal week. This

expression profile of agrin and laminin is consistent with
these proteins having an instructive role in establishing the

EBJC.

In the case of laminin and agrin, we did not perform a
quantitative analysis of the immunogold labelling. For

these proteins, the quantitative data obtained with Western

blots and qRT-PCR complement the qualitative data
obtained with the immunogold approach.

As the expression level of several of the proteins nor-

mally present at the perivascular astrocyte endfeet is very
low at P0, establishment of astrocyte polarization must

depend on two factors: (1) increased postnatal synthesis of

perivascular endfoot proteins, and (2) postnatal insertion
and stabilization of the proteins in perivascular endfoot

membranes.

In vitro evidence suggests that agrin plays a role in the
establishment of astrocyte polarization. A recent study has

shown that exposure to agrin isoforms leads to increased

AQP4 expression, membrane localization and formation of
orthogobnal arrays of particles (OAP) in wild type and

agrin-null mouse astrocytes (Fallier-Becker et al. 2011).

The same effect was achieved by replacing exogenous
agrin with ECM purified from Engelbreth-Holm-Swarm

(EHS) mouse sarcoma, where laminin, collagen IV, hepa-

ran sulfate proteoglycan (a class of molecules that includes
agrin), and nidogen/entactin are the major components.

Our study shows that expression of agrin is at its highest

level in the first postnatal week, prior to the peak of AQP4
expression, supporting the idea that agrin stimulates

expression of AQP4. We did not distinguish between the

neuronal and endothelial isoforms of agrin and cannot say
whether these isoforms play distinct roles. Of note, agrin-

null astrocytes did express AQP4 and OAPs, though at

lower levels than did wild type controls, indicating that
AQP4 expression and OAP formation do not depend solely

on the presence of agrin. This conclusion finds support in a

recent analysis of Rauch et al. (2011). These authors
demonstrated a residual pool of AQP4 following targeted

bFig. 6 Different members of the EBJC complex have different
mRNA signatures during development. a–h Quantitative real time
PCR analysis of mouse brains at different stages of development.
Graphs illustrate the copy number of different mRNA species,
compared to the total amount of RNA (ng). The different EBJC
members segregate in several groups, in regard to the developmental
profile of their respective mRNAs. mRNAs encoding AQP4 and a-
syntrophin are weakly expressed at birth and peak before adulthood,
while mRNAs encoding agrin and Lama1 are abundant at birth with
decreasing levels towards the adult stage. The remaining mRNA
species show a rather stable expression throughout postnatal devel-
opment (dystrophin, Dag1, Lama2) or a sharp increase in expression
towards adulthood (Kir4.1). Dag1 encodes both a- and b-dystrogly-
can. **Significantly different from P0 and ‘x’ significantly different
from previous value. Error bars indicate ±2 SE, p = 0.05. i Repre-
sentative DNA agarose gel electrophoresis showing the EBJC
expression profile during postnatal development of mouse brain.
PCR products were generated using representative cDNA samples
from developmental stage P0, P4, P7, P13, P21 and adult (A) as
indicated above each lane on the gel. A DNA marker (M) was
included in the first lane. The EBJC sample set includes from top to
bottom: AQP4, Kir4.1, a-syntrophin, Dp71, Dag1, agrin, Lama1,
Lama2 and TBP. The latter was included to verify equivalent amounts
of cDNA template across samples in the 30-cycle endpoint PCRs
using GoTaq Green polymerase (Promega) and specific primers
(Table 2). PCR product sizes in base pairs are shown to the right of
each gel insert. Two bands are visible in the gel insert for agrin, which
is explained by co-expression of two mRNA species resulting from
alternative splicing
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deletion of endothelial agrin. This residual pool might be
kept in place by laminin, as discussed below.

Laminin has been suggested to play an important role
in membrane localization of AQP4 in astrocyte endfeet.

In vitro studies have shown that laminin clusters AQP4

and Kir4.1 in astrocyte membranes, and stabilizes these
proteins at the basolateral domain of epithelial Madine-

Darby canine kidney (MDCK) cells (Guadagno and

Moukhles 2004; Tham and Moukhles 2011). The laminin
a chain comes in two major isoforms in brain: a-1 and a-
2. The antibodies used in this study are raised against

full-length laminin and hence cannot distinguish between
the different isoforms. However, our qRT-PCR data

indicate that the expression of a-1 leads the expression of

a-2. a-1 is the laminin isoform that predominates at the
pial surface while a-2 predominates perivascularly. This

developmental profile is entirely consistent with an

instructive role of laminin, as our data suggest that AQP4
appears at an earlier stage subpially than perivascularly.

The developmental profile of a-syntrophin closely mim-
ics that of AQP4. This finding bolsters the increasing body of

evidence pointing to a-syntrophin as the immediate anchor
of the perivascular AQP4 pool (Amiry-Moghaddam and

Ottersen 2003; Nagelhus and Ottersen 2013). Dystrophin

and dystroglycan display yet another developmental profile.
These proteins can be detected early in the postnatal phase,

but are then rather diffusely distributed. Only at day 7 do they

begin to show a distinct perivascular accumulation. This
coincides with the initial expression of AQP4.

The most parsimonious explanation of our findings is

that laminin and agrin cause AQP4 and a-syntrophin to
aggregate at endfoot membranes, through recruiting dys-

trophin and b-dystroglycan to this membrane domain.

Previous studies have demonstrated that both dystrophin
and b-dystroglycan are required for perivascular expression
of AQP4 (Frigeri et al. 2001; Noell et al. 2011).

We also included an analysis of the inwardly rectifying
K? channel Kir4.1. At the protein level, Kir4.1 showed a

Fig. 7 AQP4, Kir4.1, and a-syntrophin increase towards adulthood.
Western blots of whole brain homogenates from the postnatal day 0 to
21 (P0–P21) and adult (A) mice. Representative immunoblots for
AQP4, Kir4.1, and a-syntrophin (left panels) and corresponding
quantitation (densitometric values; right panels). a The AQP4
antibody labelled two bands at about 30 kDa corresponding to the
M1 and M23 isoforms of AQP4. A third band around 35 kDa was not
included in the quantitative analysis. b-Actin was used as loading
control. The densitometric analysis revealed an increasing immuno-
signal for AQP4 protein in the postnatal period. b Immunoblot of
Kir4.1 revealed a major band at &200 kDa which corresponds to the

tetrameric form of Kir4.1 (Connors and Kofuji 2006; Olsen et al.
2006). Ponceau red staining was used as loading control (not shown).
The developmental pattern mimics that of AQP4 (a). c Immunoblot of
a-syntrophin revealed a major band at 59 kDa and a weaker band at
slightly higher molecular weight. The major band––absent from a-
syntrophin knockout brains––was used for quantitative analysis. b-
Actin was used as loading control. The expression pattern for a-
syntrophin was similar to those of AQP4 and Kir4.1. **Significantly
different from P0 and ‘x’ significantly different from previous value.
Error bars indicate ±2 SE, p = 0.05
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Fig. 8 Agrin and laminin decrease with postnatal age. Western blots
of whole mouse brain homogenate. Representative immunoblots of
DP71, b-dystroglycan, agrin and laminin at different postnatal ages
and adult (A) mice (left panels). The immunoblots were subjected to
densitometric analysis (right panels). a Immunoblot of DP71 revealed
a band at &71 kDa. There were also bands at &65 kDa and
&55 kDa which could represent other dystrophin isoforms or
degradation products. b-Actin was used as loading control. The
immunosignal for DP71 was rather stable in the postnatal period.
b Immunoblot of b-dystroglycan revealed a major band at &42 kDa.
Ponceau red staining was used as loading control (not shown). The
protein level is stable in the postnatal period. c Immunoblot of agrin
revealed a major band at &300 kDa as shown previously (Stephan

et al. 2008). Ponceau red staining was used as loading control (not
shown). The immunosignal for agrin reached a peak at P7 (signif-
icantly higher than P0) with a sharp decline towards the adult level.
d Immunoblot of laminin with whole brain homogenate revealed a
major band at &200 kDa and two weaker bands at &400 kDa and
&600–700 kDa. The 200 kDa band corresponds to the b- and c-chain
of laminin while the 400 kDa band corresponds to the a1-chain
(Zhang et al. 2007). Ponceau red staining was used as loading control
(not shown). Quantitative analysis of the 200 kDa band shows a
pattern similar to that of agrin. Quantitation of the other two bands
revealed no significant differences between the different postnatal
stages. **Significantly different from P0 and ‘x’ significantly
different from previous value. Error bars indicate ±2 SE, p = 0.05
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developmental profile similar to that of AQP4. Previously

it has been shown that these two proteins are strictly
colocalized in macroglial membranes (Nagelhus et al.

1999). However, Kir4.1 mRNA differs from AQP4 mRNA

in showing a sharp increase with age. Pending data on
Kir4.1 regulation and turnover we cannot explain this

intriguing difference between AQP4 and Kir4.1.

To what extent are the present findings relevant for the
human brain? A study by El-Khoury et al. (2006) shows

that AQP4 positive perivascular endfeet appear between
gestational weeks 19–22 in humans (El-Khoury et al.

2006). Given that term in mice corresponds to gestational

day *120 in humans with respect to brain development,
the finding of El-Khoury et al. (2006) is in good agreement

with the situation in mice in which AQP4 positive endfeet

emerge during the first postnatal days. Further studies are
needed to establish whether the junctional complex in

humans mimics that in mice in regard to the order of

appearance of its molecular constituents.
There is now a growing awareness that loss of astroglial

polarization occurs in a number of pathophysiological

conditions, including temporal lobe epilepsy, ischemia and
Alzheimer’s disease (Eid et al. 2005; Frydenlund et al.

2006; Yang et al. 2011; Heuser et al. 2012; Alvestad et al.

2013). What these diverse conditions have in common is a
deficiency in homeostatic mechanisms that can easily be

attributed to defunct handling of K? and/or water. Notably,

each of these conditions is characterized by neuronal
hyperexcitability and increased proneness to seizures.

Given the results obtained in the present study, there is a

need to consider the possibility that the extracellular matrix
(ECM) is more directly involved in cerebral pathophysi-

ology than previously believed. Specifically, a loss of the

instructive role of laminin or agrin could figure promi-
nently in neurological disease. Proteolytic activities in the

extracellular space, such as metalloproteinase activation

(Michaluk et al. 2007), could be an upstream factor. These
issues merit further investigation.

Conclusion

Taken togetherwith previous in vitro data, the present in vivo
analysis suggests that the molecular complex of the glio-

vascular interface is assembled through a specific sequence

of events. The basal lamina proteins laminin and agrin appear
first, and stabilize b-dystroglycan and dystrophin at endfoot
membranes. AQP4 and Kir4.1 are then recruited to the

dystrophin complex in amounts that continue to increase
towards adulthood. The developmental profile of a-syntro-
phin mimics that of AQP4, consistent with the idea that a-
syntrophin serves as the immediate anchor of this water
channel.We conclude that the ECM is likely to play a pivotal

role in the development of the molecular assembly at the

gliovascular interface. The pathophysiological roles of ECM
warrant closer examination.
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Errata:		
	
Page Paragraph Line Original text Corrected text 

4 1 14 ...EMC proteins...  ...ECM proteins...  
5 1 38 ...tight Junctions...  ...tight junctions...  

10 4 2 ...thesis are...  ...the thesis are..  
12 4 3 ....Laloux et.al 2018) ....Laloux et.al 2018). 
13 2 13 ...remain enigmatic... ...remains enigmatic... 
14 3 1 ...other organ... ...other organs... 
14 3 4 ...exercise induces... ...exercise induced... 
15 1 31 ...et al. 2018). ” ...et al. 2018). 
17 Fig 1 legend, 

19 
...may be also... ...may also be... 

18 3 6 ...as early in in... ...as early as in... 
25 1 4 ...in AQP4/Aqp4... ...in AQP4 protein/Aqp4 

mRNA... 
26 1 3 ...is reported in Stephan et 

al. 2008 (Stephan et al. 
2008)... 

...is reported in Eusebio et al. 
2003 (Eusebio et. al 2003)... 

26 4 16 ...antibody From Santa 
Cruz... 

...antibody from Santa Cruz... 

26 5 4 ...(article IV; (Lunde et al.). ...(article IV; Lunde et.al.). 
27 5 5 ...tested by Stephan...  ...tested by Eusebio... 
27 5 5 ...(Stephan et al. 2008)... ...(Eusebio et. al 2003)... 
30 3 overskrift ...do endothelial cell... ...do endothelial cells... 
31 2 7 ...tisseu... ...tissue... 
31 2 38 ...presence of pericytes 

constitute... 
...presence of pericytes 
constitutes... 

32 3 23 ...in regulation AQP4... ...in regulating AQP4... 
33 3 1 ...increased proteins... ...increased protein... 
36 3 6 ...confounding and... ...confounding factor and... 
36 Fig 4 legend, 

7 
...would hvae... ...would have... 

37 1 13 ...this approach ... this approach yields 
evidence on the general tissue 
expression, including both 
parenchymal and perivascular 
protein pools.  

37 2 14 ...null hypothesis that ECM 
proteins are instructive to 
endfeet,... 

null hypothesis - that ECM 
proteins are not instructive to 
endfeet -... 

38 4 12 ...extensively studies... ...extensively studied... 
43  46 ... ...Eusebio A, Oliveri F, 

Barzaghi P, Ruegg MA (2003) 
Expression of mouse agrin in 
normal, denervated and 
dystrophic muscle 
Neuromuscul Disord 13:408-
415... 
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