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ABSTRACT

Aquaporin-4 (AQP4) constitutes the principal water channel in the brain and is mainly
clustered at the perivascular astrocyte endfeet. This polarized distribution is of major
importance because it enhances water fluxes thereby modulating brain swelling in different
pathophysiological conditions. Evidence points to a role of the dystroglycan (DG) complex in
the localization of AQP4. To investigate in vivo the role of extracellular matrix (ECM) ligand-
binding to glycosylated sites on DG in the polarized distribution of AQP4, I used the Large™"
mouse that presents defective O-glycosylation of DG and found a loss of AQP4 at astrocyte
endfeet. Using a mixture of ECM molecules present at the perivascular basal lamina, | found
that DG clustering is regulated by laminin in astrocyte cultures. Furthermore, I show that
laminin induces a reduction in AQP4-mediated water transport. Subsequently, the analysis of
cell surface compartmentalization of AQP4 showed that it depends on both cholesterol and DG.
Further experiments revealed an interdependent regulation between laminin binding to DG and
lipid raft reorganization. | next investigated the signaling events that may be involved in the
coclustering of AQP4 and DG in astrocytes. An increase in tyrosine phosphorylation was
observed at 3h in laminin-treated astrocytes and this was concomitant to the maximum laminin-
induced clustering of lipid rafts and AQP4. | identified the protein-serine kinase C delta (PKCJd)
as one of the main kinases exhibiting an increase in tyrosine phosphorylation upon laminin
treatment. The inhibition of PKC3 showed that it is involved not only in the regulation of the
laminin-induced clustering of AQP4 but also in AQP4-mediated water transport in astrocytes.
Given the crucial role of AQP4 distribution in brain edema, | finally focused on the
identification of drugs modulating the laminin-dependent AQP4 clustering which may prevent
brain edema. By screening a chemical library, | identified 6 drugs and found that chloranil
prevents AQP4 clustering by activating metalloproteinases that cleave DG. These findings
revealed the molecular mechanisms regulating the laminin-induced and DG-dependent
clustering of AQP4 at astrocyte endfeet and provide a tool to identify modulators of AQP4

clustering that will be tested in models of brain edema.
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1 INTRODUCTION

1.1 Cerebral edema

Excess accumulation of brain water, or cerebral edema, is a potentially lethal
complication caused by a variety of pathological conditions that affect the brain. It can result
from almost any intracranial insult including trauma, infarction, ischemia, neoplasm, infection or
extracranial metabolic perturbations (1-5). It is associated with five separate pathophysiological
processes with distinct molecular and physiological antecedents; cytotoxic, vasogenic,
interstitial, hyperaemic and osmotic. In 1967, Klatzo I. et al. (6) was the first to describe the
cerebral edema with its two main components, cytotoxic and vasogenic, distinct by the integrity
of the blood-brain barrier (BBB). In the normal adult brain, water is distributed between the
cerebro-spinal fluid (CSF, 75-100 mL), blood (75-100 mL), intracellular content (1,100-1,300
mL) and the interstitial cerebral space (100-150 mL). Under physiological conditions, the
osmolarity of extracellular and intracellular fluids is equal. However, pathophysiological
variations of extracellular or intracellular osmolarity can generate osmotic gradients that lead to
excessive water flow. Between the blood and the brain, the BBB, if intact, behaves like a semi-
permeable membrane allowing water transport according to the osmotic laws. The movement of
water is driven by differences in the concentration of solute particles (also referred to as
osmolytes) on either side of the membrane with water flowing down from the solution with a

lower osmolyte concentration into the solution with a higher concentration.

Upon ischemic or hypoxic stress, astrocyte and neuron intracellular content exceeds the
osmolyte concentration in the bloodstream, leading to an intracellular accumulation of water, and
cytotoxic edema (Fig. 1.1) (7-9). Similarly, when a metabolic disorder such as liver or renal
failure lead to a sudden drop in plasma osmolarity, also called acute hyponatremia, an edema
described as osmotic edema is triggered. On the other side when the BBB is altered in
conjunction to inflammation, neoplastic neovasculature or trauma, a hydrostatic leakage of
plasma into the neuropil appears and leads to an extracellular water accumulation, vasogenic
edema (Fig. 1.1) (10,11). The other two types of edema are encountered 1) after a surgery or
intracerebral haemorrhage by disruption of the BBB and infiltration of plasma into the brain

parenchyma; hyperaemic edema, or 2) during an imbalance between CSF production and
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Figure 1.1. Routes of water flow into the brain. A. In cytotoxic edema, water moves from the
blood down an osmotic gradient through astrocyte endfeet into the brain. B. In vasogenic edema,
water moves from the blood down a hydrostatic pressure gradient through a leaky BBB into the
brain ECS.



absorption or an obstruction of its drainage which leads to an influx of CSF into the extracellular
space of the brain; interstitial edema (12).

1.1.1 Cytotoxic edema

Cytotoxic edema is defined as the premorbid cellular process, otherwise known as
cellular edema, oncotic cell swelling, or oncosis, whereby extracellular cations enter into
neurons and astrocytes and accumulate intracellularly after an insult to the brain that results in
ischemia or hypoxia. These two conditions deprive the cells of energetic molecules such as
adenosine triphosphate (ATP) due to abrogation of the mitochondrial oxidative phosphorylation
chain (13,14). Cells quickly use up their reserves of ATP and unless normoxia is restored, the
deranged cellular machinery loses its ability to extrude sodium (Na*) via the ATP-dependent
Na'/K* ATPase. The lack of Na" extrusion by alteration of membrane ionic pump function
drives influx of anions, which maintains electrical neutrality and in combination with influx of
water results in osmotic expansion of the cell (reviewed by (7,15)). Cellular swelling begins
within 5 minutes of middle cerebral artery (MCA) occlusion, particularly around capillaries, and
persists for up to 24 hours after reperfusion (16,17). Astrocytes are more prone to pathological
swelling than neurons as they are involved in clearance of potassium (K*) and glutamate, which
cause osmotic overload that in turns promotes water inflow. While depletion of ATP induces a
reduction in the Na'/K* ATPase activity, it also releases the blockage of calcium (Ca*")-
activated, [ATP];-sensitive non-selective cation (NCCa-ATP) channels and leads to a strong
cation inward current. This induced depolarisation leads to the activation of voltage-dependent
Ca’* channel which results in an increase in intracellular Ca** (18), worsening the osmotic

overload.

In parallel, ischemia and hypoxia result in a marked reduction in tissue pH due to
uncontrolled generation of lactic acid which activate acid-sensing ion channels (ASIC) below pH
7.0 and lead to an influx of Na* therefore worsening again cell osmolarity and subsequent
swelling (19,20). The same effect is observed when Na*/H* exchangers are activated when pH
decreases (21). In addition, ischemia and hypoxia leads to an increase of extracellular glutamate
concentration from 0.6 to 320 uM due to the conjunction of an anoxic depolarization with
decrease of both glutamate transport, by GLT1 (or EEATZ2 in human) and GLAST1 (or EEAT1
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in human), and glutamate conversion to glutamine, by glutamine synthase, which are all energy
demanding processes (22,23). This excess of glutamate results in an unregulated influx of Na*
and Ca?* in the cytoplasm via the N-methyl-D-aspartate (NMDA) and the metabolic (mGIuR)
receptor channels (reviewed by (24,25)).

High extracellular glutamate concentration at the expense of decreasing intracellular
glutamate in astrocytes limits the available amount of glutamate, which is necessary for the
production of glutathione, the most abundant antioxidant in the central nervous system (26).
Thus, the protective ability of astrocytes against oxidative stress is reduced under ischemic
conditions. This is of primary importance since during ischemia there is a drastic increase in
brain levels of free arachidonic acid which leads to mitochondrial free radical production and
BBB opening due to its direct effects on endothelial and glial cells (27,28). The effect of free
radicals on the disruption of the BBB is accentuated by reperfusion although the restored blood
flow is essential for functional recovery (29).

1.1.2 Vasogenic edema

Ischemia initiates early oxidative and inflammatory cascades leading to BBB disruption
and vasogenic edema (30). Therefore, vasogenic edema is usually formed later than cytotoxic
edema (31). It also occurs in presence of a brain tumour regardless of its cell type of origin or
after an intracerebral haemorrhage (reviewed by (32)). In all cases, the antigen level against
perivascular extracellular matrix molecules such as collagen, laminin, agrin and fibronectin are
attenuated in the ischemic area between 3 and 24 hours after MCA occlusion or in cases of brain
tumours and subarachnoid haemorrhage (33-38). The mechanisms of BBB disruption involve
endothelial cell alteration and basal lamina degradation by matrix metalloproteinases (MMP) or
adamlysins (ADAMTS) which are a family of calcium- and zinc-dependent endopeptidases that
digest almost all extracellular matrix (ECM) molecules (39). In cerebral ischemia, MMP-2, -3
and -9 as well as ADAMTS-1 and -4 are increased from 3 to 24 h after MCA occlusion (40-44).
MMP9 has been shown to induce the decrease in laminin antigen around the blood vessels after
MCA occlusion or subarachnoid haemorrhage, whereas MMP3 has been involved in the
degradation of both laminin and agrin (45,46). In parallel, during ischemia, reactive oxygen

species (ROS) or nitrogen species (RNS) originate from the activation of the xanthine-xanthine
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oxydase and the interruption of the oxidative phosphorylation chain or the nitric oxide (NO)
synthase (NOS), respectively (47,48). The increased production of free radical NO during
ischemia can directly activate MMP9 by nitrosylation of cysteines in the propeptide (39,49).

Other mechanisms also activate MMP-mediated breakdown of the BBB. Indeed, cerebral
ischemia induces the migration of neutrophils from the blood to the ischemic area which peaks at
24-72 h after MCA occlusion (50). The leukocyte adhesion to the endothelium triggers the
upregulation of MMP9, MMP3 and ADAMTS-1 and 4 via release of interleukin-1p (IL-1p) and
tumour necrosis factor alpha (TNFa), leading to the loss of the thight junctional proteins
occludin and zonula occludens-1 that normally ensure the occlusive properties of the BBB (51).

This phenomenon is accentuated by the activation of released IL-13 and TNFa by MMPs (52).

In parallel, the profile of BBB leakage is synchronized with the up-regulation of vascular
endothelial growth factor (VEGF) expressed by macrophages, astroglia and neurons (53,54).
VEGF, which is a major inducer of angiogenesis also upregulated in brain tumours (55,56), has
been shown to reduce the expression of zona occludens-1 and occludin (57). In stroke, the
increased expression of VEGF plays a dual role; during the acute stage, when edema is
fulminating, VEGF may accentuate edema whereas during the subacute stage, it may improve
recovery by inducing new vessel formation (58). As a result of the BBB disruption, high
molecular weight molecules from the plasma, such as albumin, enter the cerebral interstitial
space, or extracellular space (ECS), which creates an osmotic gradient that leads to an influx of
water into the brain (59). This phenomenon reaches a peak at 12 h after a permanent MCA
occlusion (60) or 1 h after a transient MCA occlusion (43), suggesting that the restoration of

blood flow accelerates the evolution of the vasogenic edema.

Advances in translational research now clearly identify cytotoxic edema as the initial,
and most important, reversible first step in the sequence that leads to vasogenic edema (61). In
addition, the swelling of astrocytes may compromise the microcirculation in the ischemic area as
early as 30 minutes after MCA occlusion by narrowing down the capillary lumens (17). In the
brain, the protection of cells against swelling is absolutely critical due to the spatial constraints
imposed by the skull. Expansion of intracranial tissue can cause compression of small blood
vessels, episodes of anoxia, prolonged ischemia, excitotoxicity, cerebral herniation and

ultimately mortality (62).



1.2 Regulation of cell swelling

Mammalian cells have flexible but fragile membranes which require osmotic volume
regulation to prevent them from oncosis, or cell death by swelling as von Recklinghausen first
described it with damaged plasmalemma and other organelle membranes (63). A multitude of
internal factors challenge the constancy of cell volume such as alterations in intracellular soluble
content by breakdown of macromolecules, accumulation of metabolites and dissipation of ion
gradients, all present during an ischemic event. A challenge to cell volume can only be
accommodated if osmotic equilibrium across the cell membrane is maintained by cell volume
regulatory mechanisms (64). In the case of osmoregulatory mechanisms activated by internal
challenges, cells alter the concentration of osmolytes in order to reduce the difference in
intracellular versus extracellular concentration, eliminating any change in intracellular water
concentration and therefore a concomitant change in cell volume commonly referred to as
isosmotic volume changes. Cell swelling triggers Regulatory Volume Decrease (RVD) that is
accomplished by fast activation of channels, exchangers and cotransporters (65,66). Indeed when
cells are exposed to hypotonic insult, there is an increase in cell volume or hypoosmotic cell
swelling that is transient and followed by the release of osmoactive molecules which are either
organic (i.e. ideogenic osmoles: amino acids, polyols and methylamines) or non organic (i.e.
electrolytes). A concomitant release of cations such as K™ and anions such as CI', via activation
of separate K" and CI" channels or K-CI cotransporter, with organic osmolytes such as taurine,
glutamate and myo-inositol through a yet unidentified volume organic osmolyte and anion
channel (VSOAC) is indeed observed (67,68). As these osmolytes are released from the cell they
bring with them obligated water (69). This net flux helps the cell return to its original volume

and establish a new osmotic equilibrium within a few minutes (reviewed by (70)).



1.2.1 Inorganic osmolyte release

Swelling activates at least two different types of K* channels, calcium-dependent and -
independent channels. The calcium-dependent K* channels are maxi K+ channels whereas the
calcium-independent channels usually involved Kv1.3 or Kv1.5 (reviewed by (71)). Activation
of electroneutral K*/CI" (KCC) symport is also known to be involved in RVD. In addition,
voltage-dependent anion channel (VDAC) and voltage-dependent CI" channel lead to a similar
efflux of CI". However, the activation of K* channels is effective for RVD only if anion channels
are operating in parallel, since prolonged release of K* could lead to hyperexcitability of the cells
(reviewed by (72,73)).

A robust chloride conductance, which requires ATP, is observed when cells are exposed
to hypoosmolar solutions (74). These channels have been referred to as volume-regulated anion
channels (VRAC), volume-sensitive outwardly rectifying (VSOR) or VSOAC since a
concomitant efflux of taurine, glycine or inositol is observed when CI is released (74-77).
Although the VSOAC has been pharmacologically and electrophysiologically characterized, its
molecular identity is still unknown. The members of the CIC family or the maxi anion channel
are some of the candidates that have been proposed (78,79). Since loss of inorganic osmolytes
such as K" and CI" can be potentially harmful on a long-term basis, the release of organic

osmolytes is more sustained.

1.2.2 Organic osmolyte release

Organic osmolytes contribute to 23-29% of total osmolyte content in cells and can be
divided into three classes; polyols (glycerol, sorbitol, myo-inositol), amino acids and derivatives
(taurine, glutamate, alanine) and methylamines (betaine, glycerophosphorylcholine) (reviewed
by (80)). Unlike inorganic ions, most organic osmolytes are neutral and changes in their
concentration do not significantly affect membrane potential or enzyme activities (reviewed
(81)). They accumulate in the cytoplasm as degradation products or after synthesis and import.
Their intracellular concentration drops significantly in response to cell swelling as demonstrated

by intracranial microdialysis with taurine concentration being reduced from 53 to 7 mM within



40 minutes (82). The activation of the osmoregulatory release of organic osmolytes has been
shown to respond to membrane stretch (reviewed by (83)) or changes in macromolecular
crowding and ion strength (reviewed by (84)). In addition to the prompt but passive release of
the organic osmolytes in response to cell swelling (reviewed by (85)), a downregulation of their
synthesis and uptake is also observed (reviewed by (86)).

The slower the osmotic disorder occurs, the more efficient the osmoregulatory
mechanisms are. It explains, for example, why patients with chronic hyponatremia could be
asymptomatic whereas severe edema is observed in rapid water intoxication or acute

hyponatremia that lead to a too rapid reduction of circulating osmolarity (87,88).

If the cell volume in response to osmotic stress is not corrected, it may cause cell damage
and loss of function as reflected by inhibition of glycolysis, glycine oxidation and glutamine
breakdown (reviewed by (89,90)). Cell volume regulation is linked to many aspects of cell
function, including glucose metabolism, pH regulation and cell excitability. Since during
ischemia or hypoxia, intracellular acidosis and lack of ATP potently inhibits RVD, likely due to
inhibition of K* and VSOAC channels, this contributes to persistent astrocytic swelling (91,92).
This process is accentuated by the release of arachidonic acid which has been show to inhibit
VSOAC and therefore prevent RVD. The water transport is therefore suggested as a key limiting
factor. The osmotic flow of water occurs by passive diffusion across the lipid bilayer; however
some cells possess water permeable protein channels called aquaporins to accelerate this water

transport (reviewed by (93,94)).

1.3 Aquaporins

Aquaporins (AQPs) are small water channel proteins (MW~30 kDa) that facilitate the
transmembrane transport of water, providing cells with a higher water permeability than
expected from water diffusion through the lipid bilayer (95,96). The AQPs assemble in cell
membranes as tetramers. Each monomer has six membrane-spanning domains surrounding a
water pore that can transport water in both directions (97,98). To date, 13 types of AQPs have
been identified (95). Mammalian AQPs can be divided into two main classes depending of their

strict permeability to water alone or water and glycerol (94). The tissue-specific expression of



mammalian AQPs correlated with the phenotypes of several transgenic mice deficient for
specific AQPs suggest roles in renal water reabsorption, CSF dynamics, salivary secretion,
airway lubrification and brain edema formation and resorbption (99-102).

AQP4 is the most abundant water channel in the brain, but expression of AQP1 and
AQP9 has also been reported. AQP1 is expressed in choroid plexus epithelium and plays a role
in CSF formation whereas AQP9 has been detected in specific neuronal populations (103,104).
AQP4 is expressed in supporting cells such as astrocytes and ependymal cells where it confers
high and mercury-insensitive water permeability (105,106). It is strongly enriched at the borders
between the brain parenchyma and major fluid compartments, including blood and CSF (107).

1.3.1 AQP4 structure and localization

AQP4 structure has been revealed recently using crystallography (108-110). The
structure unveils that six a-helical transmembrane domains surround the two shorter helices that
contain the two NPA motifs (Asparagine-Proline-Alanin) that form the pore (111,112). Because
of the absence of cysteine in position 189 like other AQPs, AQP4 is not sensitive to mercury

(111). AQP4 structure also reveals that it can oligomerize at the plasma membrane (113).

Several lines of evidence support the hypothesis that AQP4 is the main structural
component of the orthogonal arrays of particles (OAPs)(114) as demonstrated by the absence of
OAPs in astrocytes of AQP4-deficient mouse (115), the formation of OAPs in oocytes
transfected with AQP4 cDNA (116) and labeling of OAPs with AQP4 antibodies using

immunogold fracture labeling technique (117).

Recent studies determined that AQP4 has six splice variants, named AQP4a-f (118). Two
of these isoforms result from two different mRNAs with translation initiation either at the first
methionine residue, M1 (AQP4a), or at the second methionine, M23 (AQP4c, Fig. 1.2) (111,118-
121). As a result, AQP4M1 has an N-terminus that is 22 residues longer than AQP4M23, is
subject to palmitoylation on cysteine 13 and 17 and can present an interaction between the N-
terminal residues and the first NPA motif (117,122-125).



AQP4M23 AQP4M1

Figure 1.2. Schematic representations of AQP4 structure and M1/M23-dependent
formation of OAPs. A. AQP4 monomer consists of six a-helical domains (cylinders) around a
water pore and two conserved NPA motifs (Asn-Pro-Ala) that allow water but not small solutes
or protons to pass across the pore. Amino acids M1 and M23 defining both M1 and M23
isoforms of AQP4 are shown as well as key amino acids C13, C17, S180 and SNV which
present palmytoylation, phosphorylation and PDZ-binding motif, respectively. B. Orthogonal

array of particles formation by either M1 or M23 isoforms.
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While the water permeability of these two isoforms present some discrepancy between
identical (122), higher in M23 (126,127) or higher in M1 (128), freeze fracture analyses revealed
that AQP4M1 and AQP4M23 have different morphological properties. AQP4M23, which is now
known to be nearly immobile in membranes (129), promotes the formation of large distinctive
OAPs at astrocyte endfeet whereas AQP4M1, which freely diffuse in membranes (130), restricts
this, resulting in the formation of much smaller OAPs (131). The relative amount of M1 versus
M23 isoforms would therefore determine the size of these arrays, which can contain up to
hundreds of tetramers and in brain an approximate 3:1 ratio of M23 to M1 has been reported
(122,127,132-134). Consistent with such specific organization into membrane domain, it has
been demonstrated recently that AQP4 was segregated into lipid rafts (135,136) and that M1 and
M23 differ in their ability to interact with lipids (109). Together, these studies suggest that OAP
formation by AQP4M23 is stabilized by hydrophobic intermolecular interaction involving the N-
terminal residues (130). Other components of those OAPs have been suggested to relate to the
PDZ-binding domain of AQP4 (129). Recently, it has been demonstrated that dystrophyn, a
member of the DAP complex, take part of the large OAPs formation (137,138).

Interestingly, it has been shown AQP4 can be a substrate for protein kinase C, G and A
or Ca**/calmodulin-dependent protein kinase 11 (139-144). The PKC-dependent phosphorylation
of AQP4 has been identified to occur on serine 180 (143,145,146). Recently, activators of PKC
such as phorbol 12-myristate 13-acetate (PMA) or phorbol 12,13-dibutyrate (PDBu) have been
used to decrease the AQP4-mediated water transport (141,143,146,147) and thus treat brain
edema 60 min before or 30 min following focal ischemia (148,149). The role of PKC is still
unclear as different studies show that it might downregulate AQP4 expression (116,142,150). An
activated translocation of AQP4 following phosphorylation could explain some decrease in
AQP4 expression at cell surface (128,144) but mutation of S180 show that the OAP formation is
not dependent on PKC phosphorylation (151).

The pattern of AQP4 distribution around blood vessels suggests involvement of AQP4 in
water movement in and out of the brain. Indeed, in brain, AQP4 is localized to astrocyte
processes adjacent to blood vessels as well as at ependymal and pial surfaces in contact to CSF

(152). Likewise, in retina and cerebellum, AQP4 is enriched at Miller cell endfeet abutting
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blood vessels and the inner limiting membrane (ILM) and at the Bergmann glial cells abutting
pial surface.

1.3.2 AQP4 function

Because AQP4 permits bidirectional water transport (69) it has been shown that it plays a
role in the early accumulation of water in brain edema but also facilitates the subsequent removal
of excess water involved in brain swelling. In human, three studies reported six mutations in
AQP4 gene with reduced and increased water transport associated with them (153-155).
However, in mouse, there is mounting evidence that AQP4 deficiency is associated with reduced
water entry into the brain in cytotoxic edema models of water intoxication or focal cerebral
ischemia (Table 1.1) (156) which has been verified in vitro on astrocytes submitted to hypoxia in
absence of AQP4 (157). AQP4 deficiency has also been associated to reduced water outflow
from brain parenchyma in vasogenic edema models of cortical freeze-injury, hydrocephalus,
brain abscess, brain tumor and subarachnoid haemorrhage (Table 1.1) (158-162). On the other
side, overexpressing AQP4 accelerates cytotoxic brain swelling demonstrating once more that
AQP4 is rate-limiting for brain water accumulation (163). It is worthy to note that the deletion or
overexpression of AQP4 confers no abnormalities in brain structure, vascular architecture, in
intracranial compliance, pressure or BBB integrity and that their effects are only noticeable when
the brain is under stress (99,156,159-161,164,165).

The expression of AQP4 during brain edema has been extensively investigated and the
controversial results obtained in different models suggest that compensatory mechanism occurs
during brain edema (166-171). After transient focal brain ischemia, two peaks of hemispheric
swelling at 30 min and 48 hrs have been shown to coincide with two peaks of AQP4
upregulation (169,172). The reasons of such upregulation of AQP4 in a situation where AQP4 is
deleterious are still unclear but studies have shown that interferon-gamma and IL-13 exposure
during an ischemic episode lead to the maladaptive AQP4 upregulation (173). Nevertheless,
many studies found that from 1 to 24 hrs post ischemia, AQP4 expression decreases
(168,171,174,175). On the other side, it has been shown that AQP4 expression increases 24 hrs

12



Brain edema

BBB integrity

Animal models

AQP47/-effects

type
W ater intoxication Reduced edema
, (156)
Cytotoxic Intact
Focal cerebral Reduced edema
ischemia (156)
TUTGE Increased edema
(160)
Cortical freeze- Increased edema
. injury (160)
Vasogenic Leaky
Subarachnoid Increased edema
Hemorrhage (162)
Bralhabsass Increased edema
(159)
Interstitial Intact Hydrocephalus Increa(s1e6d0§:dema

Table 1.1. Summary of the effects of AQP4 deficiency on the brain edema types and

models.
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after traumatic brain injury (160,170,176-179), brain abscess (159,180) or subarachnoid
hemorrhage (162,181) with subsequent drop at 48 hrs (166,167). These variations in AQP4
expression in models of vasogenic edema have been correlated with the resolution of edema via
use of magnetic resonance imaging (MRI) or apparent diffusion coefficient (182). In addition, it
has been shown that the distribution of the upregulated AQP4 is mainly localized at the BBB, the
ependyma and the glia limitans which are now considered as cerebral domains where edema
fluid clearance occurs (183). Indeed it is commonly accepted that excess of fluid leaves the brain
parenchyma along three different routes; across the BBB, across the ependyma into the
ventricles and across the glia limiting membrane into the CSF again which represents the main
route for vasogenic edema (160,184). The CSF eventually enters the arachnoid granulations and
is cleared into the superior sagittal venous sinus. AQP4 localization at those sites is crucial for
water efflux as shown in animals with mislocalized AQP4. Together these studies suggest that
these upregulations of AQP4 are protective mechanisms (162,165). These processes are similar
to the developmental induction of AQP4 during the embryonic stage which is correlated with the
reduction of cerebral water (185-188).

Other data in the literature also provide clues as to the role of AQP4 in the propensity for
seizures. Relative ECS volume has been demonstrated to play an important role in epileptic
seizures. Increases in the ECS volume have been indeed reported in AQP4-deficient mice
suggesting that AQP4 might be crucial for the regulation of K concentration gradient (189-191).
In absence of volume reduction in AQP4-null mice, the released K" is distributed over a large
volume leading to an increase threshold for epileptic seizures. However, since AQP4 deletion
leads to a slower potassium clearance, these mice show an increased duration and severity of
seizure once induced (192-195). Similarly, it has been demonstrated that AQP4 is located at the
Muiller cell endfeet (196-198) and, by using AQP4 null mouse, that its activity is required for the

generation of the b waves in retina (199).

The specific distribution of AQP4 is of major importance because it renders the channel
capable of increasing water fluxes crucial for water homeostasis in the brain. The codistribution
of AQP4 and potassium channels at the BBB appears to be crucial in such process. Some
constituent of the BBB such as agrin and laminin have been identified to play a crucial role on
the polarity of AQP4 (126,200,201).
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1.4 Blood-brain barrier

The BBB is part of a general blood-neural barrier (BNB) which also includes the blood-
retina barrier (BRB). These barriers are specialized structure developed to isolate the central
nervous system (CNS), which is a very sensitive system, from blood to maintain a stable and
regulated microenvironment for reliable neuronal activity. These barriers ensure appropriate
ionic balances, nutrient transport and absolve potentially harmful molecules. The existence of the
BBB was first demonstrated in 1885 by Ehrlich (202). As functional entity, the BBB is
composed of many types of cells that enclosed an extracellular matrix (203,204). The endothelial
cells from the wall of the blood vessels are responsible for the impermeable properties of the
barrier thanks to their tight-junctions formed by occludins and claudins, the fact that they are not
fenestrated and that the pinocytosis is limited (205). The endothelial cells have transporters, such
as glucose transporter isoform-1 (GLUT1), large neutral amino acid transporter (LAT1) and
moncaroboxylate transporter isoform-1 (MCT1), to supply neurons with nutrients (206). Another
cell type, astroglia, ensheats the endothelial cells by endfoot processes (207). The presence of
those processes has been suggested to regulate the properties of the endothelial cells and control
the junctional tightening as well as the expression of transporters (208,209). In conjunction with
astrocytes, the endothelial cells also produce the basal lamina which constitutes a specialized
ECM and is composed of collagen type IV, fibronectin, laminins and proteoglycans (reviewed
by (210)). The interactions of those molecules with their receptors at the cell surface of both
endothelial cells and astrocytes are believed to be essential for the polarity and maintenance of
the BBB.

1.4.1 Basal lamina

The basal laminina present around the blood vessels is critical for the proper function of
the endothelial barrier and the polarized distribution of specific protein platform (211). Among
the different components of the membrane limitans gliae perivascularis, both structural proteins
(laminin, collagen type 1V, nidogen and fibronectin) and proteoglycans (perlececan and agrin)

play an important role (212,213).
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Laminins are composed of three distinct chains referred to as a, B and y. Currently, five
o, four B and three y chains have been described and give rise, when splice variants are included,
to 16 different laminin isoforms (212,214-216). The C-terminal ends of the a-chains contain
globular domains composed of five similar modules (LG1-5) which are crucial for binding to
cell surface receptors. Around the blood vessels in the CNS, laminin-1 (also referred to as 111)
composed of al (400 kDa), 1 (200 kDa) and y1 (200 kDa) chains is the best-characterized
laminin (217,218) but laminin-2 (referred to as 211) and -5 (referred to as 332) are also present
(217,219-222). The y3 chain, component of the laminin 12 (referred to as 213), 14 (referred to as
423) and 15 (referred to as 523), has also been reported in brain (223). In the retina, laminin-1
and -2 have been reported at the ILM (224,225). Interestingly these two locations, at astrocytes
and Miuller cell endfeet, are rich in the dystroglycan-associated protein complex (DAP)
immunoreactivity and both LG4 and LG5 of laminin-1 and -2 bind with high affinity to o-
dystroglycan (a-DG) (226,227). It is noteworthy that deficiency in laminin a-2 chain has been
associated with increase brain edema due to disruption of the blood-brain barrier and a
concomitant muscular dystrophy (228-232).

Laminin is essential for the assembly of the basal lamina by interacting with specific cell
surface receptors and conversely cell surface receptors are crucial for the polymerization of
laminin (233,234). Indeed it has been shown that DG can assemble laminin (235-243) and the
absence of DG leads to the disruption of the Reichert membrane, the rodent extra-embryonic
matrix responsible for the endoderm growth, with mislocalization of laminin (244). Laminins are
also involved in the integrity of the basal lamina by bridging many ECM components together
(245,246). In addition to self-polymerize (247), laminins have been shown to interact, via an
epidermal-growth-factor like repeat within the laminin y1 chain, with domain G3 of nidogen
which binds to the immunoglobulin-like domain 3 of perlecan (248-252) or with collagen 1V
(253,254). Interestingly, DG is also crucial in the polymerization of collagen 1V (240) which is
present at the BBB (255,256).

Agrin is also concentrated at the basal lamina lining the vascular vessels or ILM (257-
260). Interestingly, agrin isoforms can bind laminin-1, -2 and -4 and has been suggested to play
an important role in the assembly of the basal lamina (261). Agrin plays an important role in the
integrity of the BBB as shown in the agrin null mouse (262,263). Agrin can also be spliced at

three sites which in rats are called X, Y (or A in chicken) and Z (or B in chicken). Depending on
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the splicing events that occur 9 amino acids can be inserted in X, 4 amino acids can be inserted
in Y and 8, 11 or 19 amino acids can be inserted in Z (264). The agrin isoform without any
insertion, referred as Y0Z0 (AOBO or C-Agrin0, 0), is secreted by myocytes or found at the BBB
whereas the agrin Y4Z8 (A4B8 or C-agrin4, 8) is secreted by neurons (257,260,265-268). The
structure of agrin has been characterized and it has been proposed that agrin isoforms can bind
o-DG via their 3 LG domains (257,269). In addition, it has been demonstrated that DG is crucial
for the clustering of agrin (270,271).

Collagen molecules are trimeric molecules and it exist 27 different collagens (reviewed
by (272)). At the basal lamina, collagen 1V, XV, XVIII and CXVIII have been reported.
Fibronectin is crucial for the polymerization of collagen (273) and is secreted as a dimeric
molecule with 2 subunits bound via a sulfure bridge (reviewed by (274)). As receptors,
fibronectin interacts mainly with integrins (275). Another ligand of DG found at the BBB is
perlecan which present hyaluronic acid residues as well as heparin sulphate glycosaminoglycans
capable of binding to collagen.

Both agrin and laminin have been found responsible for the clustering of the AChRs at
the motor endplate and the synaptogenesis in the CNS (reviewed by (276)). Now those
molecules are proposed to play an important role in the integrity and polarity of the BBB
(257,267). Interestingly, the common receptor to laminin and agrin, dystroglycan, is localized at
the perivascular astrocyte endfeet (277-279).

1.4.2 Astrocytes endfeet

Astrocytes are the most numerous glial cell type and account for one third of brain mass.
They are highly complex and respond to a variety of external stimulations. One of the chief
functions of astrocytes is to participate in the tri-partite synapse and modulate synaptic activity.
In vivo studies have identified the astrocyte endfoot processes enveloping the vessel walls as the
center for astrocytic Ca** signalling that can modulate the local blood flow (280,281). Several
lines of evidence expanded the role of astrocytes and it is now clear that astrocytes are active in
optimizing the interstitial space for synaptic transmission by tight control of water and ionic

homeostasis. Thus, the merging concept of astrocytes includes both active modulation of
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neuronal output as well as supportive function. It is accepted that astrocytes are also essential for
the maintenance of extracellular K* at the level compatible with continued neuronal function
(282).

Astrocytes are presenting specific processes at the boundaries between neural and fluid
compartments in the brain and retina which contribute to the water balance and the maintenance
of a low potassium concentration in the ECS surrounding neurons. It has been demonstrated that
the integrity of the perivascular astrocyte endfeet was required to handle excessive amounts of
K" and clear it into the bloodstream to prevent any epileptic seizure. Neuronal action potentials
result in a large release of potassium ions into the extracellular space that would depolarize
surrounding neuronal cells. Astrocytes are connected by an extensive network of gap junctions
which allows a rapid redistribution of K* from areas with high neuronal activity to the astrocyte
endfeet with release into the bloodstream (283-285). A similar K* buffering, or siphoning,
involving Miiller cells has been characterized in retina and is responsible for the b waves
identified in electroretinograms (ERGs) (286-289).

The inwardly rectifying potassium Kir channels are grouped into seven subfamilies
(Kirl1.0-7.0) and assemble as homomeric or heteromeric tetramers which further increase their
functional diversity. They are characterized by their ability to allow greater influx than efflux of
K*. At resting membrane potentials (RMP) negative to the equilibrium potential for K*, they
carry a K" influx, but once the RMP becomes more positive, the current flow mediated by the
Kir channels is blocked by intracellular polyamines or magnesium (Mg®*) (290,291). In glia, an
increase in extracellular K concentration is equivalent to a drop in RMP which leads to an
increase in Kir channel inward currents, thus maintaining the membrane potential near the
equilibrium potential of K*. Around the synapses, astrocytic Kir2.1 and Kir5.1 have been
suggested to regulate the K* uptake in parallel to the activity of Na'/K" ATPase as well as Na-K-
Cl cotransporters (292). The elevated intracellular K™ is then be rapidly shunted by current flow
from a proximal to a distal region of the cell and through the astrocytic syncytium. At the distal
region of the syncytium, around blood vessels or vitreous body, the resting potential is more
positive than the equilibrium potential for K*, which allows K* to come out to extracellular fluid
with a concomitant CI" ion efflux. Another Kir channel, the ATP-dependent Kir4.1 (also referred
to as BIR10, KAB-2, BIRKL1 or Kirl.2), has been reported throughout the CNS with a high

concentration at the perivascular astrocyte and Muller cell endfeet (284,293-296).
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Several studies suggested that Kir4.1 play a crucial role in the clearance of the excess of
K+ into the vascular system or the vitreous body via its weakly rectifying properties (293,297-
301). Missense mutations in the Kir4.1 gene have been correlated with seizure susceptibility in
humans (302,303). Similarly, in mouse, conditional knock-out of Kir4.1 leads to astrocyte
depolarization and enhanced short-term synaptic potentiation in hippocampi (304) and mutations
in the Kir4.1 gene have been identified in epileptic mouse model (305). In retina, severe
reductions in K currents and depolarization in Miiller cells have been reported in Kir4.1 knock-
out mouse (306).

Recently, Kir4.1 has been implicated in retinal edema formation (307,308). Like brain
edema, retinal edema (or macular edema) is characterized by excessive fluid accumulation in the
retina, after BRB leakage due to inflammation (vasogenic component) (reviewed by (309)), and
cytotoxic with swelling of Muller cells after ischemia (cytotoxic component). It has been shown
that a loss of Kir4.1 during ischemia was associated with the lack of water and K+ extrusion
from the Miiller cells which led to macular edema (310,311). In the late phase of the macular
edema and similarly to the vasogenic brain edema, it has been shown that both Kir4.1 and AQP4

expression increases in association with a corrective egress of water (312).

Spatial buffering of K* ions generates osmotic gradients (313) that triggers water
movements and changes in extracellular space (Fig. 1.3) (314). AQP4 appears crucial for the
clearance of the K' ion excess and maintenance of normal neuronal function, and its
physiological impact on K" buffering has been extensively investigated. In Mesial Temporal
Lobe Epilepsy (MTLE) characterized by hyper-excitable hippocampi, AQP4 expression is
significantly reduced (194). AQP4 null mice also show increased sensitivity to retinal light
damage due to unregulated K* buffering (315). In addition several studies have demonstrated the
coincident expression pattern of both AQP4 and Kir4.1 at the same glial cell processes
(152,316). It has also been shown that the coordinated activity of Kir4.1 and AQP4 in neural
tissues is heavily reliant on their proper localization to glial endfeet (117,316-318). Regarding
their colocalization at glial endfeet, recent studies have demonstrated that even though they are
present in lipid rafts in which close functional interactions between water and potassium
channels are suggested to play fundamental roles (135,136,319), their activity is independent of
one another (320,321).

19



pre-synaptic
neuron

K*excess released

) after synaptic transmission

post-synaptic

neuron '

Miiller cell

Kird.1/AQP4 K* endfeet
+ H,0

Astrocyte endfeet

K*+ H,0

Vitrous body

Blood vessel

Figure 1.3. Schematic representation of potassium and water homeostasis in the brain and
retina. K™ released from synapses is taken up into astrocytes and Miiller cells via strongly
rectifying Kir2.1 channels. K" is released from astrocytes and Miiller cells via weakly rectifying
Kir4.1 channels at endfeet abutting blood vessels and vitreous body, respectively. The fluxes of
potassium are followed by water movements.

20



However, redistribution of the channels away from these cellular domains encumbers the
process of spatial K buffering and leads to electrolyte imbalances in regions of high neuronal
activity, thus compromising brain and retinal function (192,322). An aberrant accumulation of
extracellular K* serves to depolarize surrounding neurons giving rise to hyper-excitability which

manifests as an increased susceptibility to epileptic seizure (192).

There exists a substantial body of evidence to suggest that the proper patterning of these
channels is dependent on the integrity of the dystroglycan-associated protein (DAP) complex
(299,323-325). In brain, this complex is highly enriched in astrocyte endfeet abutting blood
vessels or lining the subarachnoid space and the cerebral ventricles (326). In the retina, it is
present at analogous domains such as both astrocyte endfeet abutting the blood vessels or Mller
cells endfeet abutting the ILM apposed to the vitreous body (278,327). This intimates a possible
involvement of the improper localization of AQP4 and Kir4.1 in the cognitive and ocular defects
that are associated with certain dystrophies.

1.5 Dystroglycan-associated protein complex

Muscular Dystrophy (MD) encompasses a large variety of inheritable diseases
characterized by progressive muscle weakness and degeneration. Central to a large number of
MDs is a defect in the DAP complex. Mutations involving different components of this
subplasmalemmal multiprotein complex, their post-translational modifications and their
interactions with the ECM have been shown to cause many forms of MDs (reviewed by
(328,329)). At the very least, the composition of the DAP includes numerous intracellular
proteins such as syntrophin, dystrobrevin and dystrophin, downstream of dystroglycan, the core
protein of the complex (Fig. 1.4). Dystroglycan encodes for a transmembrane protein, B-DG (43
kDa), and an extracellular protein, a-DG (120-156 kDa depending of its level of glycosylation)
(330,331). a-DG and B-DG are derived from post-translational cleavage of a single polypeptide

(330). a-DG binds the extracellular matrix proteins laminin, agrin and perlecan as well as
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Figure 1.4. Schematic representation of molecular interactions within the DAP complex,
the ECM and AQP4/Kir4.1 channels at perivascular astrocyte endfeet. B-DG spans the
plasma membrane and interacts with the extracellular a-DG. Extracellularly, a-DG binds to
laminin and agrin. Intracellularly the PPXY motif of B-DG binds to the WW domain of
dystrophin’s C-terminus. Dystrophin binds to syntrophin which interacts with both Kir4.1 and
AQP4 via its PDZ domain.
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neurexin (240,271,332-337). Intracellularly, -DG binds directly dystrophin, which in turn binds
other cytoskeletal proteins such as syntrophin and actin and thus plays a role in maintaining the
structural integrity of muscle fibres during repeating cycles of contraction-relaxation (336,338-
341). The DAP complex may also be involved in localizing signalling proteins to specific cell
domains since syntrophin can bind signalling molecules such as Grb2, protein Ga, ERK®6,
MAST or SAST (342-347). Several studies have strongly implicated the laminin binding to DAP
in the tyrosine phosphorylation of syntrophin, its binding to Grb2 and, the subsequent activation
of Racl and PAK1-JNK. The activation of this pathway results in actin remodeling, tyrosine
phosphorylation of c-jun and AChRs which regulate their clustering at the neuromuscular
junction (239,348-353).

Besides its expression in skeletal muscle, the DAP complex is also present in the CNS
where DG is referred to as cranin (337,354). While the DAP complex was found to be
fundamental to muscle integrity in MD, the cognitive and ocular defects associated with the
disease are currently under investigation. Indeed, several forms of MDs also present a large

scope of disabilities, from learning and mental retardation to epilepsy.

1.5.1 Composition and function in the CNS

In the CNS, different compositions of DAP have been characterized depending on the
cell type (277) with DG densely localized in both neurons and glial cells (278,327,355-357).

The dystrophin gene encodes for a polypeptide divided into five domains with the amino
terminal and rod-like domains binding F-actin (358) and the cystein rich, carboxyl terminal and
the WW domains binding the PPPY motif (amino acids 889-893) of 3-DG in a phosphorylation-
dependent manner (359-361). Three promoters regulate its full length (Dp427) and four internal
promoters prompt the expression of different splice variants (362-366). In the CNS, Dp427 is
strictly neuronal whereas Dp140 and Dp71 are expressed in glial cells and Dp260 in retina
(356,367-370). The dystrophin-related protein (DRP), or utrophin, another member of the DAP,
shares an 80% homology with dystrophin and is also expressed in the CNS. Two full-length
isoforms and three splice variants have been reported in the literature (371). Its expression

pattern in the CNS is similar to the one of dystrophin (372-374) and it has been suggested that
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both proteins could complement each other (375). In retina both are expressed around the ILM
(376).

Dystrobrevin (DB) is a dystrophin-related protein that participates in the DAP. Two
separate genes encode the DBs, a-DB and B-DB (377). Both o-DB and B-DB bind to
dystrophin and utrophin (378,379). They are present in both brain and retina with al- and a2-
DB in astrocytes and B-DB in neurons (356,380-384). In retina, DB has been reported at the
Muiller cell endfeet (376,385). DB binds to dystrophin in a phosphorylation-dependent manner
(386) and binds also a-syntrophin which recruits both a2-DB and y2-syntrophin in astrocyte
endfeet (387).

Syntrophins are modular adaptor proteins that bind directly to dystrophin, dystrobrevin
and utrophin in the DAP and serve to localize signalling molecules to specific domains. The five
different syntrophins, a-, 1-, B2-, y1- and y2-syntrophin, contain one PDZ domain as well as
two pleckstrin homology domains (PH1 and PH2) which in conjunction with the syntrophin
unique domain are required for syntrophin’s oligomerization or binding to dystrobrevin, utrophin
or dystrophin (388-392). In brain, a-, B1-, p2- and y2-syntrophins are present at astrocyte
endfeet while B1-, y1- and y2-syntrophin are found in neurons (344,387,393,394).

Immunolocalization data show that dystrophin, utrophin, dystrobrevin, syntrophin and
DG are localized and concentrated postsynaptically in Purkinje cells in cerebellum, pyramidal
neurons in hippocampus and cerebral cortex as well as astrocyte and Miller cell endfeet
(220,278,367,376). In these locations, growing evidence indicates a role for the DAP complex in
the subcellular distribution of various channels. DG has been shown to colocalize with GABAA
receptors at post-synaptic sites of cerebral cortex, hippocampus and cerebellum (368,395-397)
where it plays a role in inhibitory transmission of Purkinje cells and long term potentiation at
CA3-CAL synapses (398,399). Gee SH. et al. (400) have shown that syntrophin interacts with
NR2, a subtype of glutamate receptors in excitatory synapses. Similarly, alD adrenergic
receptor (401), Kir2.1 and Kir4.1 (402,403), as well as AQP4 (404) have been reported to
interact with syntrophins. Most of these interactions involve the PDZ motif (PSD-95, Dlg, ZO-
1/Dlg-homologous region) of syntrophin and the consensus domain (S/T)XV contained in the C-
terminal domains of these receptors (135,298,404-408).
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Despite the central role of DG in the DAP complex, there are no known human mutations
in the DG gene (reviewed by (409)). However, 30% of Duchenne Muscular Dystrophy (DMD)
and Becker Muscular Dystrophy (BMD) patients with mutations in dystrophin can present
detectable cognitive deficits, such as learning, calculation or memory difficulties, as well as
severe hydrocephalus, autism and epilepsy (410-418).

The effects of DG deletion have been investigated in mouse models carrying selective

deletions of DG or mutations in dystrophin (mdx and mdx>*”

mice) which do cause a secondary
reduction of DG in the brain. These mouse models show impaired neuronal function and DMD-
like malformations in brain, such as in abnormal radial glia and neuroblast migration, profound
impairments of long-term potentiation as well as abnormalities in ERGs (397,398,419-423).
Similarly, a- and B-DB null mouse exhibits abnormalities in the organization and function of the
CNS (382) and utrophin-null mouse shows increase sensitivity to epileptic seizure (424,425).
Interestingly, mice models carrying mutations or deletions of glycosyltransferases that impedes
the glycosylation-dependent binding of a-DG to ECM also present cerebral and ocular defects
similar to the phenotype of Muscle-Eye-Brain disease (MEB), Fukuyama Congenital Muscular
Dystrophy (FCMD), Limb-Girdle Muscular Dystrophy (LGMD), Walker-Warburg Syndrome

(WWS) and Congenital Muscular Dystrophies type 1C and 1D (MDC1C, MDC1D) (426-429).

1.5.2 Dystroglycan interaction with laminin

Recent studies have shown that the heavy glycosylation of a-DG is crucial for its binding
to laminin and varies between tissues (332,338,430,431). a-DG contains three possible N-linked
glycosylation sites, one on the N-terminus and two on the C-terminus which are separated by a
central mucin-like domain rich in serine/threonine. This region undergoes extensive post-
translational O-linked glycosylation that contributes to an apparent molecular weight of 120-156
kDa compared to the predicted 74 kDa (432). The O-glycans expressed by the mucin like
domain of a-DG are attached to serine/threonine residues by way of the sugar mannose and are
initiated by a peptidic sequence upstream of the mucin domain (433,434). The addition of the
first mannose occurs in the endoplasmic reticulum by protein O-mannosyltransferase, POMT1/2

(435,436), and is followed by addition of N-acetylglucosamine residue (GIcNACc) by a protein O-
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mannosyl-betal, 2-N-acetylglucosaminyltransferase, POMGnT1 (437,438). The galactosyl and
sialyl transferases involved in the subsequent extension of the chain remain to be identified but
fukutin and FKRP are putative candidates (439,440). Another N-acetyl-glucosamine
glycosyltransferase, known as Large, has also been demonstrated to play a role in the
hyperglycosylated form of a-DG (441-443) and interestingly, it has recently been shown that
Large participates in an additional step of O-mannosyl phosphorylation of a-DG which can
circumvent any defect in DG binding to laminin (444-446).

The sialylated residues have been shown to confer the interaction of laminin to a-DG
(433,447). As the final residues of this sugar chain are crucial for the a-DG binding to laminin,
defects in any one of the upstream glycosyltransferases involved in the extension of the chain
would disrupt the interaction. This is reflected in the Large™?, fukutin chimeric or POMGnT1
null mouse models where a reduction of a-DG O-glycosylation on its mucin like domain causes
loss of ligand binding which is associated with a progressive myopathy and defects in the CNS
(419,448-451). Similarly, in human, FCMD and LGMD patients have been identified with
mutations in the fukutin gene (452-454), MEB patients with POMGnT1 mutations (437), WWS
patients with POMT1/2, FKRP or Large mutations (455-459), CMD1C and LGMD patients with
FKRP or POMT1/2 mutations (460,461) or CMD1D patients with Large mutations (462). All of
these human diseases, classified as dystroglycanopathies, are characterized by loss of DG
binding to laminin and concomitant brain and ocular defects with increased seizure activity
(419,430,449,454,462-467).

1.6 Project outline

The treatment of brain edema remained unchanged for the past 90 years and is very
limited, culminating with removal of a large bone flap (decompressive cranioectomy) to allow
the brain to swell outside the rigid cranium. The poor therapeutic modalities available for
cerebral edema that develops after stroke contributes significantly to the morbidity and mortality
of this condition (468). In addition the intravenous injection of hypertonic solutions of mannitol
or saline to reduce cellular swelling, which remains the cornerstone of medical therapy for

cerebral edema (469,470), can be deleterious as it may lead to seizures because of high cerebral
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Gene Human Dystrophy Mouse Model Brain Edema AQP4 Perivascular
with CNS disorders Distribution
Blveleanhii DMD (417) Mdx (360) ND Absent (323)
y P BMD (418) Mdx-Bgeo (361) Decreased cytotoxic Reduced (474)
. Utrophin 0/0
Utrophin (424) ND ND
; o-DB/B-DB DKO
Dystrobrevin (382) ND ND
Syntrophin a-syntrophin null Decreased cytotoxic Reduced (404)
(388)
Dystroglycan No (409) GFAP-(%EQI)JG mulh ND Absent (398)
POMT1/2 WWS (455) No (436)
POMGNT1 MEB (437) POMGNT1 null (438) ND ND
; Fukutin chimeric
Fukutin FCMD (453) (427) ND ND
FKRP deficiency
FKRP LGMD (460) (440) ND ND
Large CMD1D (462) Large™yd(449) ND ND
Laminin o2 CMD (230) Dy (232) Higher ECS ND
Agrin Agrin 7~ (263) ND Reduced (200)

Table 1.2. Summary of dystrophies, mouse models, brain edema presentation and AQP4
distribution for each member of the DAP complex, the enzymes involved in a-DG

glycosylation, laminin and agrin (ND:not determined).
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ion concentration when sudden egress of water from the interstitial space into the intravascular
compartment if proceeded too rapidly (471,472). In case the BBB is compromised, treatment
alternatives become even more complicated. The discovery of AQP4 in the brain provided new
insights into water routes in and out of the brain and opened avenues into research of novel
pharmacologic tools to treat edema formation. On a molecular level, an understanding of the
basic physiological processes and mechanisms regulating AQP4 functional distribution is of

crucial importance.

Interestingly, it has been shown that deletions or mutations of dystrophin, syntrophin and
DG could lead to an improper localization of both AQP4 and Kir4.1 in brain and retina. In a-
syntrophin-null as well as dystrophin-null mice, such mislocalization of AQP4 has been
correlated with a preventive effect from the formation of brain edema produced by focal cerebral
ischemia (Table 1.2) (299,323-325,387,404,407,473-475). In support of its role in the functional
distribution of both AQP4 and Kir4.1 in CNS, we have recently shown that DG concentrates and
colocalizes with laminin, AQP4 and Kir4.1 in the astrocyte endfeet abutting blood vessels, as
well as the Miiller cell endfeet apposed to the retinal ILM. In addition we demonstrated that
laminin induces the clustering of AQP4 and Kir4.1 through the DAP complex in astrocyte and
Muiller cell cultures (406,476).

My thesis further investigates the involvement of the DAP complex and its interaction
with the different components of the basal lamina in regulating AQP4 polarized distribution and
activity. My working hypotheses are 1) the glycosylation state of a-DG regulates the polarized
distribution of AQP4 and Kir4.1 channels in brain and retina, 2) the ECM molecules cooperate
actively in the stability and clustering of AQP4 and this requires signalling cascades, and 3)
impaired signalling will result in AQP4 mistargeting in astrocytes and interfere with the ability
of the brain to handle AQP4-mediated water fluxes. So far, only two drugs, tetraethylammonium
(TEA) and acetazolamide (AZA) have been identified as potential inhibitors of AQP4 activity
and no activators have been found yet (477-481). In my study, | also focused to identify new
molecules that could modulate the functional distribution of AQP4 using a highthroughput

screen.
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2 DISTRIBUTION OF POTASSIUM ION AND WATER PERMEABLE
CHANNELS AT PERIVASCULAR GLIA IN BRAIN AND RETINA OF
LARGE™Y MOUSE*

2.1 Introduction

The dystroglycan-associated protein (DAP) complex is a group of interacting proteins
that link the cytoskeleton to the extracellular matrix (ECM). In muscle, where the complex has
been most thoroughly examined, it is believed to maintain the structural integrity of muscle
fibres by protecting myotubes from the shear stress arising from repeated cycles of contraction
and relaxation (1,2). The axis of the complex is composed of the transmembrane protein -
dystroglycan (B-DG) whose cytoplasmic domain interacts with the subplasmalemmal
dystrophin (3) while its extracellular domain interacts with a-dystroglycan (a-DG) (4).
Dystrophin in turn binds to F-actin of the cytoskeleton (5) while a-DG binds to laminin (4) and
other ligands including agrin, perlecan and neurexin (6-8). Several other proteins also comprise
the DAP and their expression varies depending on cell or tissue type. In muscle, these include at
least 6 transmembrane proteins (a-, B-, 8-, y-, &- sarcoglycan and sarcospan) and numerous
cytoplasmic proteins including syntrophin, dystrobrevin, syncoilin, Grb2 and nNOS (9).
Mutations of various members of the DAP complex underlie the pathogenesis of many
muscular dystrophies, a class of congenital disorders characterized primarily by progressive

muscle weakness and degeneration (10).

The ability of a-DG to bind ECM ligands such as laminin is dependent on a dense
region of O-linked glycosylation in its mucin like domain (11). Several forms of muscular
dystrophy, including Fukuyama congenital muscular dystrophy (FCMD), Muscle-Eye Brain
disease (MEB), Walker-Warburg Syndrome (WWS) and congenital muscular dystrophies type
1C (MDC1C) and type 1D (MDC1D), have all been associated with a reduction in a-DG
glycosylation and a concomitant loss of laminin binding (12-15). Each of these disorders has
been linked to a mutation in a single gene encoding a putative glycosyltransferase that may be

involved in the O-linked glycosylation of a-DG (14,16-18). Interestingly, in addition to their

A version of this chapter has been published. Rurak J., Noel G., Lui L., Joshi B. and Moukhles H. (2007)
Distribution of potassium ion and water permeable channels at perivascular glia in brain and retina of the Large™*
mouse. J Neurochem. 103 (5): 1940-53
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muscle phenotypes, these diseases have defects in brain and ocular development, the etiologies
of which are poorly understood (12,14,17,19,20).

Dystroglycan and many members of the DAP complex are expressed in the CNS where
they form complexes in both neuronal and glial cells including astrocytes and retinal Muller
cells (21-23). Of particular interest, DG is enriched at boundaries between neural tissues and
fluid compartments, namely at glial cell endfeet abutting blood vessels of the brain and retina
and at those facing the pia mater of the brain as well as at the inner limiting membrane of the
retina apposed to the vitreous body (24,25). These domains are also enriched for both the
inwardly rectifying potassium channel, Kir4.1, and the water permeable channel aquaporin 4,
AQP4 (26-28). Based on the highly polarized distribution of the Kir4.1 channel and studies
using Kird.1 knock out mice (29), this channel is critical for the regulation of extracellular K*
ions in neural tissues (28,30). This process, called potassium buffering, consists of funneling
excess extracellular K* ions from regions of high neuronal activity to blood vessels via glial
cells (31) and generates osmotic gradients (32). In addition, neuronal activation leads to a
decrease in adjacent extracellular space suggesting water movement (33). These data together
with the co-distribution of Kir4.1 and AQP4 channels to the same subcellular domains led to the
suggestion that Kir4.1-mediated K" ions buffering is coupled to water transport through AQP4
(27). Recently, further evidence substantiating this showed that a redistribution of AQP4 away
from perivascular glial endfeet was accompanied by a delayed potassium clearance in a-

syntrophin null mice (34).

Multiple lines of evidence suggest that the integrity of the DAP complex is essential for
the proper localization and function of Kir4.1 and AQP4. Indeed, mutations in the dystrophin
gene result in a dramatic reduction of the expression of AQP4 and Kir4.1 at perivascular
astrocytic endfeet (35-38). Furthermore, the deletion of a-syntrophin also results in a reduction
of perivascular AQP4 expression (39). Together, these data indicate that the polarized
distribution of both Kir4.1 and AQP4 is dependent on the DAP complex. In addition, in cultured
astrocytes and retinal Mller cells, laminin induces the coclustering of Kir4.1 and AQP4 along
with the DAP complex (40,41), suggesting that the ability of the DAP to bind ECM ligands is

essential for the localization and stability of these channels.

In the present study, we set out to characterize the polarized distribution of Kir4.1,

AQP4 and components of the DAP complex in brain and retina of the Large™" mouse. This
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mouse model of glycosylation-deficient muscular dystrophy carries a spontaneous mutation of
the LARGE 1 gene and presents with a progressive myopathy (42). Consistent with FCMD,
MEB, WWS and MDC1D patients, this mouse also displays cerebral abnormalities
characterized by aberrant neuronal migration throughout the brain and a severe
hypoglycosylation of a-DG with a concomitant loss of laminin binding (13). In this study, we
used immunofluorescence and immunoblot analyses to examine the alterations in the polarized
distribution and expression of Kir4.1, AQP4 and other components of the DAP complex in
brain and retina of the Large™“ mouse. We hypothesized that the reduction of O-linked
glycosylation in o-DG and resultant loss of laminin binding will compromise the polarized
distribution pattern of Kir4.1 and AQP4. In brain, our data show a loss of Kir4.1 and AQP4
channels as well as a- and B1-syntrophin isoforms from perivascular astrocytic endfeet. This
loss reflects a mislocalization of the channels, since immunoblot data reveal that their total
expression levels remain unchanged in the Large™¢ compared to control mice. However, in
retina the perivascular distribution of Kir4.1, AQP4, B-DG and B1-syntrophin is retained. These
data reveal that the mechanisms involved in the polarized distribution of these channels at glial

cell endfeet differ between brain and retina.
2.2 Materials and methods

2.2.1 Tissues

Homozygous (n=3) and heterozygous Large™*

mice (n=2) as well as wild-type
littermate mice (n=2) used in this study were genotyped using PCR tail DNA following the
protocol described by (43). Once the genotype was determined the mice were deeply
anesthetized and tissues of interest were dissected on ice. Brains and eyes embedded in Tissue-
Tek (O.C.T. compound; Pelco International, Redding, CA, USA) and fresh frozen in liquid
nitrogen-cooled isopentane (-80°C) were generously provided by Dr. S. Carbonetto (McGill
University, Montreal, QC, Canada). Upon receipt, the tissues were immediately transferred to -
80°C where they were maintained for later analysis. 12-15 um horizontal brain and sagittal eye
cryostat sections were mounted on Superfrost/Plus glass slides (Fisher, Ottawa, ON, Canada)

and processed for subsequent immunofluorescence.
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2.2.2 Antibodies

The following antibodies were used: rabbit anti-Kir4.1 and AQP4 against residues 356—
375 of rat Kir4.1 and against rat GST AQP4 corresponding to residues 249-323, respectively
(Alomone Laboratories, Jerusalem, Israel), rabbit anti-laminin against purified mouse
Engelbreth-Holm-Swarm Sarcoma laminin that recognizes laminin al, 1 and y1 chains and
rabbit anti-B-DG against the 15 of the last 16 amino acids of the C terminus of B-DG (a
generous gift from Dr S. Carbonetto, McGill University, Montreal), rabbit anti-GFAP against
the glial fibrillary acidic protein (GFAP) isolated from cow spinal cord (Dako, Mississauga, ON,
Canada), rabbit anti-agrin against purified agrin (a generous gift from Dr M. Ferns, University
of California, Davis, CA, USA), rabbit anti-a-syntrophin (SYN17) against residues 191-206 of
a-syntrophin and rabbit anti-B1-syntrophin (SYN37) against residues 220-240 of mouse B1-
syntrophin, plus an NH,-terminal cysteine (a generous gift from Dr. S. Froehner, University of
Washington, Seattle, WA, USA); mouse monoclonal antibody (mAb) to a-DG against rabbit
skeletal muscle membrane (1IH6C4, Upstate Cell Signaling Solutions, Lake Placid, NY, USA),
mouse anti-B-DG against the 15 of the last 16 amino acids at the C-terminus of the human
dystroglycan sequence (43DAG1/8D5, Novocastra Laboratories, Newcastle-upon-tyne, UK),
mouse anti-fB-actin against a synthetic B-actin N-terminal peptide (Sigma-Aldrich, St. Louis,
MO, USA); rat mAb to heparan sulfate proteoglycan perlecan against heparan sulfate
proteoglycan from mouse Engelbreth-Holm-Swarm Sarcoma tumor that reacts with perlecan
domain 4 (A7L6, Chemicon International, CA, USA).

2.2.3 Immunofluorescence

Brain and retina sections were fixed by immersion in 4% (w/v) paraformaldehyde in 0.1

mol/L phosphate buffer for 20 min followed by rinsing in phosphate-buffered saline (PBS) 3 x
15 min. Sections were then incubated for 1 h at room temperature (20-22°C) in a solution
containing 3% bovine serum albumin (Sigma-Aldrich) and 0.2% Triton X-100. Double
immunolabeling was performed by incubating the sections at 22°C for 1 h in the presence of
primary antibodies against agrin (1/700) or laminin (1/1500) and perlecan (1/50); GFAP (1/500),
Kir4.1 (1:100), AQP4 (1:200), a-syntrophin (1:500), B1-syntrophin (1:100), or a-DG (1/50)
and perlecan (1/50). Subsequently, they were rinsed with PBS (3 x 15 min) and incubated with
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Alexa Fluor 568 goat anti-rabbit 1gG and Alexa Fluor 488 goat anti-rat or Alexa Fluor 488 goat
anti-rabbit 1gG and Alexa Fluor 568 goat anti-rat or Alexa Fluor 488 goat anti-mouse IgM and
Alexa Fluor 568 goat anti-rat for 1 h (1/200; Molecular Probes, Eugene, ON, USA). Finally the
sections were thoroughly rinsed with PBS and mounted on glass coverslips using Prolong Gold
Antifade Reagent with or without 4°,6-diamidino-2-phenylindole (Invitrogen, Burlington, ON,
Canada). To confirm the specificity of the labeling, control sections were treated equivalently in
the absence of primary antibodies.

2.2.4 Immunoblotting

Brain regions from Large™" mice and littermate wild-type controls containing frontal
cerebral cortex and hippocampus were homogenized using a Dounce homogenizer in cold PBS
containing 1x complete protease inhibitor cocktail (Boehringer Mannheim, Mannheim,
Germany). The homogenates were centrifuged at 200 g for 5 min and the pellet was solubilized
in extraction buffer (25 mmol/l Tris pH 7.4, 25 mmol/l glycine and 150 mmol/l NaCl)
containing 1% Triton X-100, 1x complete protease inhibitor cocktail and 5 mmol/l EDTA. The
samples were left on ice for 15 min with occasional vortexing followed by a 10 min
centrifugation at 16 000 g. Extracted proteins were denatured by boiling the samples for 9 min
in reducing sample buffer and then loaded on a 10% sodium dodecyl sulfate—polyacrylamide
electrophoresis gels. The gels were electrotransferred to nitrocellulose membranes (Bio-Rad,
Mississauga, ON, Canada) and the blots were probed with rabbit antisera to Kir4.1 (1/1000) or
AQP4 (1/1000) or with mouse mAbs to B-DG (1/200) or B-actin (1/25000). Bound antibodies
were detected using horseradish peroxidase-conjugated goat anti-rabbit 1gG or goat anti-mouse
IgG (1/2000; Jackson ImmunoResearch, West Grove, PA, USA). To control for the specificity

of the Kir4.1 antibody, extracts of wild-type and Large™"*

brain were incubated in the presence
of 2 ug of anti-Kir4.1 that had been preincubated with 2 pg of the immunizing peptide for 1 h.
Signals were visualized on Bioflex econo films (Interscience, Markham, ON, Canada) using

chemiluminescence (Amersham Biosciences, Buckinghamshire, UK).
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2.2.5 RNA extraction and RT-PCR

Total RNA was extracted from 50 ug of previously snap-frozen mouse tissues in liquid
nitrogen using micro-homogenizing device (VWR, Mississauga, ON, Canada) and TRIZOL®
reagent (Invitrogen) following the supplied protocol. The quality and integrity of RNA was
assessed on formaldehyde agarose gel and concentration was determined using NanoDrop®
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Total cDNA
was prepared using Oligo dT(s (custom made, Invitrogen), 1 ug of total RNA from each
sample and SuperScript™ III Reverse Transcriptase (RT; Invitrogen) following the supplied
protocol. The presence of Largel, Large2 and Large2 alternative spliced transcripts was
assessed on 2 ul of synthesized total cDNA of each tissue by PCR using the set of primers
described by (44) and Platinum®-Taq DNA polymerase (Invitrogen). A set of B-actin primers
(Forward: 5’TCT ACG AGG GCT ATG CTC TCC3’, Reserse: 5’GGA TGC CAC AGG ATT
CCA TAC3’), no-RNA and no-RT were used as controls.

2.3 Results

2.3.1 Abnormalities in the localization of basement membrane proteins in the Large™¢

brain

Previous data reported a disruption of the glia limitans which leads to abnormal neuronal

migration in the Large™"

brain (13). This disruption is reflected in a reduction of laminin (Fig.
2.1B) and perlecan (Fig. 2.1G) (13,45) as well as agrin labeling (Fig. 2.1F) in the basement
membrane surrounding the surface of the brain. However, no apparent changes in laminin (Fig.
2.1B), agrin (Fig. 2.1F), or perlecan (Fig. 2.1G) immunolabeling were seen at the vascular
basement membrane in the Large™" mouse compared to the wild-type control (Fig. 2.1A, I and
J). Interestingly, scattered puncta labeled for laminin and perlecan (Fig. 2.1M) have been

myd

reported in the neuropil of the Large™" brain (45). Here we show that these puncta also label for
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Figure 2.1 Disruption of the glia limitans and accumulation of agrin and perlecan puncta
in the Large™" brain. Horizontal brain sections containing cerebral cortex and cerebellum
from wild-type (A) and Large™" mice (B) were immunolabeled for laminin. Compared to the
wild-type brain (arrows), the glia limitans of the Largemyd brain shows reduced laminin
immunolabeling (arrows). Horizontal brain sections containing cortex from wild-type (C-E; 1-K)
and Large™? mice (F-H; L-O) double immunolabeled for agrin (C, F, I, L) and perlecan (D, G,
J, M) show reduced immunolabeling at the glia limitans (arrows in F and G) and presence of
scattered puncta positive for both these proteins in the parenchyma of the cerebral cortex of the
Large™" mouse (L-O). Note that the perivascular basement membrane from both wild-type (A,
I, and J) and Large™" mice (B, F, and G) is equally immunolabeled for laminin, agrin and
perlecan. The merged images show the co-distribution between agrin and perlecan (E, H, K,
and N). A high magnification of the boxed area in L is illustrated in O. Scale bar, 1 mm for A

and B, 30 um for C-K and 10 pum for L-N.
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agrin (Fig. 2.1L) and that they are particularly abundant in the frontal cerebral cortex where a
large number of them appears as complex geometrical structures when examined at high
magnification (Fig. 2.10). These data indicate that despite a hypoglycosylation of o-DG in all

regions and sites within the Large™"

brain (46), the disruption of basement membrane proteins
localization is restricted to the glia limitans. This suggests that mechanisms implicating other
receptors such as integrins may be involved in the assembly of the vascular basement membrane.

™4 phrain

2.3.2 Loss of perivascular localization of AQP4 and Kir4.1 in the Large

Previous studies have shown that Kir4.1 and AQP4 are concentrated in astrocytic
endfeet around blood vessels both in brain and retina (26-28,34,39,47,48) where they are
codistributed with a-DG and B-DG (40,41). Laminin, a ligand that binds glycosylated moieties
of a-DG, is highly expressed in vascular basement membrane (49) and recent studies by (50)
showed that its binding to a-DG occurs within the first half of the mucin-like domain and relies
on the O-glycosylation of this domain by the glycosyltransferase Largel. A disruption of a-DG
binding to basement membrane ligands such as laminin and agrin has been reported both in
brain and muscle of the Large™ mouse (13,42). Similar results have been reported in patients
with MEB, FCMD and MCD1C (13,14). In addition, the targeting of the a-DG core protein, 3-
DG, a- syntrophin and dystrophin to astrocytic endfeet around blood vessels is impaired in the

Large™"

brain indicating that o-DG targets proteins to functional sites through its interaction
with basement membrane proteins (13). In previous studies we have shown that the coclustering
of Kir4.1 and AQP4 with a-DG in astrocytes and Mller cells is induced by laminin (40,41). In
light of these data, we asked whether the perivacular targeting of these channels is impaired in

the Large™"

brain and assessed their mistargeting by immunofluorescence. We used perlecan as
a marker for vascular basement membrane and found that while perlecan-positive blood vessels
(Fig. 2.2B and H) were immunolabeled for AQP4 (Fig. 2.2A) and Kir4.1 in the wild-type brain
(Fig. 2.2G) and heterozygous brain (data not shown), they were devoid of labeling for both
types of channels in the Large™ brain (Fig. 2.2D-F and J-L). This is in agreement with
previous findings by Michele et al (2002) (46) showing that AQP4 expression was lost at

myd

perivascular astrocytes of Large ™" brain. To verify that astrocyte endfeet were still present at

perivascular sites, we used GFAP as a marker for astrocytes and perlecan as a marker for
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Figure 2.2 AQP4 and Kir4.1 fail to localize to perivascular astrocyte endfeet in the
Large™ brain. Horizontal brain sections containing cerebral cortex from wild-type (A-C; G-I)
and Large™ mice (D-F; J-L) were double immunolabeled for AQP4 (A, D) and perlecan (B, E)
or Kird.1 (G, J) and perlecan (H, K). The perivascular labeling for AQP4 (D) and Kir4.1 (J) is
undetectable in the Large™“ compared to the wild-type control brain (A, G). The merged
images show the co-distribution between AQP4 and perlecan (C) and Kir4.1 and perlecan (1).

Scale bar, 30 pm.
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vascular basement membrane and found that similarly to wild-type brain (Fig. 2.3A-C) most
perlecan-positive blood vessels were surrounded by GFAP-positive astrocyte endfeet in the
Large™"

Large™ brain (Fig. 2.2E and K) and the wild-type control (Fig. 2.2B and H), as reflected by

brain (Fig. 2.3D-F). This together with the comparable number of blood vessels in the

perlecan immunoabelling, indicates that the loss of labeling for the channels is indeed because
of their mistargeting within perivascular astrocyte endfeet. At the glia limitans, a significant
reduction in the labeling for both AQP4 and Kir4.1 was seen (data not shown). Immunoblot
analysis shows that total expression levels of both Kir4.1 and AQP4 channels are similar in the
Large™® and wild-type brains (Fig. 2.4), supporting the hypothesis that o-DG
hypoglycosylation and the consequent loss of ligand binding lead to Kir4.1 and AQP4
mistargeting to perivascular astrocytic endfeet.

™4 phrain

2.3.3 Loss of perivascular localization of a- and B1-syntrophins in the Large

We have previously shown that o-DG-ligand binding is involved in syntrophin
clustering in Muller glial cell cultures (41). Other studies have demonstrated that a PSD-95, Dlg
and ZO-1 (PDZ)-mediated interaction with a-syntrophin is important in localizing and
stabilizing AQP4 in specific membrane domains of perivascular glia (39). Recent biochemical
studies have shown that in brain astrocytes, Kir4.1 co-purifies with DG and members of the
DG-containing complex through a direct interaction of its PDZ ligand domain (-SNV) with the
PDZ domain of a-syntrophin (51,52). Furthermore, we have shown that a deletion of the -SNV
C-terminal sequence in Kir4.1 prevents its laminin-induced coclustering with a-DG in Miiller
glia, indicating that the PDZ-domain-mediated interaction is crucial for Kir4.1 clustering (41).
To investigate the importance of a-DG glycosylation in targeting cytoplasmic components of
the complex as well as their possible implication in the proper targeting of Kir4.1 and AQP4 to
perivascular astrocytes, we examined the expression pattern of both a- and B1-syntrophins in
the Large™" brain. As previously described by Michele et al (2002) (46), we found that o-

syntrophin is no longer concentrated at perivascular astrocytic endfeet in the Large™*

brain (Fig.
2.5D) compared to the wild-type brain (Fig. 2.5A) and heterozygous brain (data not shown). In

addition, we found that p1-syntrophin is also lost from perivascular astrocytes in the Large™"
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Figure 2.3 GFAP positive astrocyte endfeet are present around blood vessels in the
Large™ brain. Horizontal brain sections containing cerebral cortex from wild-type (A-C) and
Large™ mice (D-F) were double immunolabeled for GFAP (A and D) and perlecan (B and E).
The merged images show the co-distribution between GFAP and perlecan around blood vessels

myd

both in wild-type (C) and Large™" brains (F). Scale bar, 35 um
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Figure 2.4 Total Kird.1 and AQP4 expression levels are unchanged in the Large
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and B-actin. To control for the specificity of the Kir4.1 antibody, brain extracts from both
Large™" and wild-type mice were incubated in the presence of anti-Kir4.1 that had been
preincubated with the peptide used for the immunization. B-actin labeling shows equal protein

loading between Large™ and wild-type brain extracts.
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Figure 2.5 a- and B1-syntrophins fail to localize to perivascular astrocyte endfeet in the
Large™ brain. Horizontal brain sections from wild-type (A-C; G-I) and Large™ mice (D-F;
J-L) were double immunolabeled for a-syntrophin (A, D) and perlecan (B, E) or B;-syntrophin
(G, J) and perlecan (H, K). The merged images show the co-distribution between a-syntrophin

and perlecan (C) or Bs1-syntrophin and perlecan (1). Scale bar, 30 um.
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brain (Fig. 2.5J). Given that syntrophin interacts with Kir4.1 and AQP4 (51,52), these data

suggest that the mistargeting of the channels may be a consequence of syntrophin mistargeting.

2.3.4 Expression of Largel and Large2 mRNAs in retina and impact of Largel mutation on
Kir4.1 and AQP4 localization in the Large™" retina

In retina, Kir4.1 and AQP4 are concentrated both in perivascular glia and Mdller cell
endfeet where they play a crucial role in K* ion buffering and therefore participate in the retinal
electrical activity. In previous studies we have shown that Kir4.1 and AQP4 undergo clustering
upon laminin treatment suggesting that their polarized distribution is mediated through o-DG
interaction with laminin (40,41). To investigate, in vivo, the role of a-DG glycosylation in this

process we assessed the distribution of these channels in the Large™"

retina by
immunofluorescence. We first determined, by RT-PCR, the expression of Largel, Large 2 and
Large2 alternative splice variants in wild-type mouse retina in parallel with brain regions and
other non neural tissues where the expression of these transcripts has already been established
(44). Here we show that retina not only expresses Largel but also Large2 and its alternative
transcripts (Fig. 2.6). Interestingly, unlike cortex and hippocampus that express only Largel, the
cerebellum expresses the same transcripts of large as in the retina (Fig. 2.6). Despite the
expression of Large2 and Large2 transcripts in retina, a-DG is hypoglycosylated, as reflected
by lack of perivascular immunofluorescence when using the 11H6 antibody directed against O-
linked glycosylated moieties of the protein (Fig. 2.7D). In contrast with the Large™ brain ((46)
and data not shown), perivascular p-DG immunolabeling is maintained in the Large™" retina
(Fig. 2.7J). Furthermore, the majority of the laminin labeling is lost at the inner limiting
membrane of the Large™retina (Fig. 2.81), suggesting that Largel-associated glycosylation of
o-DG plays a critical role in the proper assembly of the laminin-rich basement membrane at this
site. However, laminin labeling associated with the vascular basement membrane is maintained
in the Large™ retina (Fig. 2.8F).

In parallel, we performed histological studies on eyes from 3 (Fig. 2.8D and E) and 10
months old Large™mice (Fig. 2.8G and H). Consistent with data previously described by (53),
a profound disruption in the layering of retinas from both age groups of was found (Fig. 8E and

H). In addition, many fibrous bundles and rosette-like structures were present throughout the
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Figure 2.6 Expression profile of Largel and Large2 in wild-type retina. RT-PCR of mouse
Largel and Large2 mRNAs from retina, various brain regions, diaphragm, liver, kidney, lung,
testis and liver. Note that like in the kidney and testis, retina as well as cerebellum express not

only Largel but also Large2 and the Large2 spliced forms.
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Figure 2.7 Loss of perivascular I1H6-associated immunolabeling of a-dystroglycan and
maintenance of B-dystroglycan in the Large™ retina. Retina sections from wild-type (A-C;
G-1) and Large™? (D-F; J-L) mice were double immunolabeled for o-DG using the I1H6
antibody against carbohydrate moieties (A, D) and perlecan (B, E) or for 3-DG (G, J) and
perlecan (H, K). Perlecan positive blood vessels are devoid of 11H6 labeling in the Large™"
(asterisks in D and E) compared to the wild-type control (asterisks in A and B). High
magnifications of the boxed areas in A, B and D, E are illustrated as merged images in C and F.
The merged images in | and L show the co-distribution between B-DG and perlecan around

d

blood vessels both in wild-type and Large™* retina. ONL, outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar, 25 um.
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Large™d: 3 months Large™4d: 10 months

Figure 2.8 Disruption of the lamination and the inner limiting membrane in the Large™"
retina. Cryostat sections from wild-type (A-C) and Large™? eyes (D-I) were stained with
hematoxylin and eosin. The lamination of retinas from both 3 months (D, E) and 10 months old
mice (G, H) was severely disrupted. In addition, fibrous bundles (arrows in E) and rosette-like
structures (arrows in H) were seen. Laminin immunolabeling shows a profound disruption of
the ILM (arrows in 1) and no apparent changes in the perivascular basement membrane in the

Large™"

(asterisks in F) compared to wild-type retina (asterisks in C). ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; ILM,

inner limiting membrane. Scale bar, 250 um for A, D and G and 25 um for B, E, H, C, Fand I.
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retina (Fig. 2.8E and H). Radial Muller cell processes spanning the ganglion cell- and inner
plexiform layers in wild-type control retina appear discontinuous and tortuous in Large™" retina
as reflected by vimentin immunolabeling (data not shown). These phenotypes were as severe in

3 months as in 10 months old mutant mice arguing against their progressive nature.

Subsequently, we analyzed Kir4.1 and AQP4 localization by immunofluorescence and
found that although there is a reduction in the labeling for these channels around blood vessels
in the Large™" compared to wild-type and heterozygous retina, they remain substantially
expressed at these sites (Fig. 2.9C and D). These data are in contrast with those in the Large™"
brain where no detectable labeling for either Kir4.1 or AQP4 was found (Fig. 2.2D and J),
showing that the molecular mechanisms underlying the polarized distribution of these channels
in retina may be different from those in brain.

2.3.5 Loss of perivascular localization of a-syntrophin but not ;-syntrophin in the

Large™" retina

Data from (54) show that Kir4.1 and AQP4 bind to a-syntrophin in retina. However
while this association is critical for AQP4 localization in brain, it is not in retina where AQP4
localization was only marginally decreased in perivascular astrocytes and Muller cell endfeet as
assessed by immunoelectron microscopy in the a-syntrophin null mouse (55). Interestingly,
Kir4.1 localization was unaffected both in brain and retina of these mice (34,55). In the present
study, we show that Kird.1 and AQP4 polarized distribution to astrocyte endfeet was
profoundly disrupted in brain but not in retina of the Large™“ mouse. In brain, this was
accompanied by loss of perivascular labeling of both a- and B1-syntrophins. To see whether a
similar response is found in the retina, we investigated the localization of both these syntrophins
in the Large™"and wild-type control mice. Similarly to brain (Fig. 2.5D), a-syntrophin labeling
in retina was no longer detected at perivascular glia (Fig. 2.10E) whereas B1-syntrophin labeling
was still readily detected at these sites (Fig. 2.10M). These data together with the lack of 1IH6
mAb immunolabeling (Fig. 2.7D), show that while a-syntrophin targeting to perivascular
domains depends on the interaction between the o-DG glycans detected by IIH6 and the

extracellular matrix proteins, the same may not be true for of f1-syntrophin.
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Figure 2.9 Perivascular Kir4.1 and AQP4 are maintained in the Large™" retina. Retina
sections from wild-type (A and B) and Large™ mice (C and D) were immunolabeld for Kir4.1
(A and C) or for AQP4 (B and D). Note that a significant labeling for Kir4.1 (arrows, C) and
AQP4 (arrows, D) is maintained at perivascular glial endfeet of the Large™ retina. ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer.

Scale bar, 25 pm.
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Figure 2.10 Perivascular Bl-syntrophin but not a-syntrophin is still expressed in the

9 retina. Retina sections from wild-type (A-D; I-L) and Large™ mice (E-H; M-P)

Large™
were double immunolabeled for a-syntrophin (A, E) and perlecan (B, F) or B1-syntrophin (I, M)
and perlecan (J, N). Unlike a-syntrophin (E), B1-syntrophin (M) is still localized around blood
vessels in the Large™" retina. High magnifications of the boxed areas in B, F, J, and N are
illustrated as merged images in D, H, L, and P. These confirm the co-distribution between o-
syntrophin and perlecan (D) and B1-syntrophin and perlecan (L, P). ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar, 25

um.
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2.4 Discussion

2.4.1 AQP4 and Kir4.1 redistribution in brain

The proper localization and coordinated activity of glial Kir4.1 and AQP4 is essential to
normal neuronal function and is believed to underlie potassium ion homeostasis and water flux
in brain (56,57). Several studies suggest that the DAP complex is involved in the stability of
Kird.1 and AQP4 channels at astrocytic domains active in electrolyte balance and fluid
movement (36,39,40,58,59). In this study, we have used immunofluorescence to investigate the

9 mouse, a model of

distribution pattern of these channels in the brain of the Large™
glycosylation-deficient forms of muscular dystrophy (46). It is noteworthy that selective
deletion of brain (60) or muscle DG (61) result in pathologies like those seen in the Large™"
mouse (46,62). This supports the idea that hypoglycosylation of a-DG and subsequent loss of

ligand-binding underlies these pathologies in the Large™¢

mouse, although defects in the
glycosylation of other proteins and their contribution to some of the phenotypes cannot be
excluded. In agreement with previous findings, we show that in the brain of this mouse AQP4
fails to localize at perivascular domains (46). Furthermore, Kir4.1 is also lost from these sites
supporting our hypothesis that the inability of the complex to bind extracellular ligands because
of a-DG hypoglycosylation compromises the distribution of both AQP4 and Kir4.1 channels.
These findings are consistent with previous studies using animal models characterized by
disruptions of members of the DAP complex other than DG. In fact, dystrophin mutant mice
exhibit a dramatic reduction in perivascular expression of both Kird.1 and AQP4 with no
apparent disruption in the formation or density of the blood vessels themselves (35-37,63,64).
The mislocalization of channels caused by mutations of members of the DAP complex is not
unique to Kir4.1 and AQP4 in the CNS. In fact, muscles of dystrophic mice and patients present
an abnormal aggregation of acetylcholine receptors at the neuromuscular junction (65).
Similarly, a selective deletion of Schwann cells DG results in reduced voltage-gated sodium
channels aggregation at the nodes of Ranvier (66). These findings, together with our data,
provide compelling evidence that an unbreached continuity between the DAP complex and the
ECM is essential to the localization and stability of both Kir4.1 and AQP4 to perivascular
domains of astrocytic endfeet and that any compromise, be it cytoplasmic or extracellular,

causes their mislocalization.
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There exists evidence that both Kir4.1 and AQP4 associate with the DAP complex via
the intracellular protein a-syntrophin. Both channels contain a consensus C-terminal SXV motif
that binds to the PDZ domain of a-syntrophin (39,67) and the a-syntrophin null mouse shows
loss of AQP4 from perivascular astrocytic membranes in brain (58). Interestingly, in accordance
with Michele et al (2002) (46) we report here that AQP4 and a-syntrophin (Fig. 2.2D and 2.5D)
are no longer localized to perivascular astrocytic endfeet in the brain of the Large™“ mouse.
These data not only substantiate the hypothesis that a-syntrophin provides a link between the
DAP complex and this channel but they also show that severance of the link between the
complex and the ECM adversely affects the stability of a-syntrophin at perivascular sites. In
contrast with muscle, where most members of the DAP complex remain localized at the
sarcolemma, dystrophin, B-DG as well as a-syntrophin fail to localize at astrocytic endfeet in

the brain of the Large™

mouse. This difference between brain and muscle is surprising
especially that the interaction between o-DG and the ECM is impaired in both tissues.
Nevertheless, it reveals that the functional implications of such an interaction are distinct

depending on the tissue.

While the immunofluorescence data show lack of Kird.1 and AQP4 labeling at

perivascular astrocytes in the Large™

brain, immunoblot analyses show no reduction in their
total expression levels (Fig. 2.4) revealing a redistribution of these channels to other astrocytic
domains. This is in agreement with data reported for Kir4.1 in the retina of mdx®*® and Dp71
null mice (35,36,63) and for AQP4 in the brain of a-syntrophin null mouse (39). Interestingly,
other components of the DAP complex including B-DG and dystrophin fail to localize at
perivacular astrocytes despite normal total expression levels (Fig. 2.4;(46)). These data
combined with our current findings provide evidence that the distribution of Kir4.1, AQP4 and
components of the DAP complex to specialized membrane domains, such as astrocyte endfeet

relies on a coordinated interaction between all these proteins.

The physiological impact of the redistribution of AQP4 in a-syntrophin null mice has
been correlated with delayed K* ion clearance in brain indicating that water flux through
perivascular AQP4 is required for efficient removal of K™ after neuronal activation (34).
Likewise, the Kird.1 knock out mouse exhibits reduced potassium currents and potassium
buffering capacity (68). In models of pathogenic brain edema induced by acute water
intoxication and focal ischemic stroke, AQP4 deletion has been shown to reduce significantly

70



the progression of cytotoxic edema (69). In light of these data and our findings showing a
redistribution of Kir4.1 and AQP4, it is reasonable to speculate that the Large™" mouse may
present with similar physiological effects under specific experimental conditions.

2.4.2 AQP4 and Kir4.1 distribution in retina

Similarly to brain, retinal glial cells express Kir4.1, AQP4 and the DAP complex in a
highly polarized fashion so as to facilitate potassium buffering (56). In fact most of what is
known about the involvement of these channels in potassium siphoning has come to light from
studies using retinal Muller glia (70). At least two glycoforms of a-DG are expressed in retina
(71), however the expression of the Large glycosyltransferase isoforms that may be associated
with a-DG glycosylation has not been documented. We therefore determined the expression of
isoforms of Large by RT-PCR and found that in addition to Largel, Large2 and its alternative
transcripts are also expressed in retina. Immunolabeling with the IIH6 mAb showed that the a-
DG carbohydrate epitopes normally recognized by this antibody are lacking at perivascular glia
in the Large™ retina. Assuming that both Largel and Large2 are expressed within the same
retinal glial cells, these data suggest that there is no functional redundancy between these two
putative glycosyltransferases and that Largel is the primary glycosyltransferase associated with
the biosynthesis of glycans detected by the 11H6 antibody. It is possible that Large2 is also
involved in the biosynthesis of glycans of a-DG which cannot be detected by the 11H6 antibody.

However, it remains to be determined whether these would be sufficient for ligand interaction.

Subsequently, we investigated the distribution of Kird.1 and AQP4 in retina by
immunofluorescence. In contrast with our findings in brain, our data revealed a significant
labeling for these channels at perivascular glia in the Large™" retina. Furthermore, while p-DG
and a-syntrophin ((46) and data not shown) as well as 1-syntrophin fail to localize at astrocyte

endfeet in the Large™"

brain, perivascular staining for 3-DG and B1-syntrophin comparable to
that in wild-type retina is found in the Large™" retina. Interestingly, a normal expression of f-
DG and other components of the complex has been reported at the sarcolemmal membrane of
MEB, FCMD and Large™" skeletal muscles (46). These also presented a normal localization of
a-DG core protein (46). It is therefore possible that a-DG core protein is still expressed
perivascularly in the Large™" retina.

71



The differential effects of the Large™ mutation on the distribution of Kir4.1 and AQP4
channels between brain and retina provides compelling evidence that the underlying
mechanisms involved in their targeting are different between these tissues. The presence of
perivascular p1-syntrophin in the Large™" retina raises the possibility that it may compensate
for a-syntrophin loss at perivascular glia and therefore target the channels appropriately at these
sites. This is in accordance with the data of (55) showing that the entire pool of perivascular
Kir4.1 and 30% of AQP4 are still expressed in the retina of the a-syntrophin null mouse. This
indicates that the localization of most of AQP4 but not Kir4.1 depends on a-syntrophin (55). Of
particular interest, B1-syntrophin is still expressed in retina of the o-syntrophin null mouse,

suggesting that it may be involved in localizing Kir4.1 as well as a pool of AQP4 (55).

The primary objective of this study was to determine the impact of the Large™"
mutation on the perivascular localization of Kir4.1 and AQP4 in brain and retina. In brain, we
show that the hypoglycosylation of a-DG secondary to mutation of Largel is associated with
loss of both AQP4 and Kir4.1 as well as a- and B;-syntrophins from perivascular domains. In
retina however, significant labeling for both channel types as well as B1-syntrophin and 3-DG is
present at perivascular glia. These data show that in retina Kir4.1 and AQP4 may be anchored
and stabilized at glial cell endfeet via a mechanism that is dependent on B1-syntrophin but
independent on the interaction of the ECM with a-DG glycans involving Largel. Our findings
point to a spatial variability in the role of Largel-associated a-DG glycosylation in the
polarized distribution of the channels. This indicates that there are distinct functional

implications for the Largel-associated glycosylation in brain and retina.
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3 AGRIN PLAYS A MAJOR ROLE IN THE COALESCENCE OF THE
AQP4 CLUSTERS FORMED BY GAMMA-1-CONTAINING LAMININ?

3.1 Introduction

Astrocytes represent the main glial cell population in the central nervous system that
contributes to the cerebral water balance. Aquaporin-4 (AQP4) constitutes the principal water
channel in the brain and is mainly concentrated in the perivascular astrocyte endfeet. The
specific distribution of AQP4 is of major importance because it renders the channel capable of
increasing water fluxes between the brain and the bloodstream and therefore plays a role in the
water homeostasis. Indeed, recent studies in AQP4 over-expressing or knockout mice suggested
a role of AQP4 in the pathophysiology of brain edema (1-3).

Dystroglycan (DG), a central element of the dystroglycan-associated protein (DAP)
complex, is involved in the pathogenesis of brain dysfunctions associated with many forms of
muscular dystrophies (4). DG is a receptor for several extracellular matrix (ECM) molecules,
such as laminin, agrin and perlecan, and links the ECM to the actin cytoskeleton (5). Multiple
lines of evidence suggest that the integrity of the DAP complex is essential for the proper
localization and function of AQP4. Indeed, mutations in the dystrophin gene and the deletion of
the syntrophin gene, two members of the DAP complex, result in a dramatic reduction of the
expression of AQP4 at perivascular astrocytes (6,7). However, while it is well-understood that
AQP4 has an important impact on the homeostasis in the brain parenchyma, and that its
polarized distribution is known to depend on the presence of DG, the role that the basal lamina

is playing in this polarized distribution of AQP4 remains unclear.

The perivascular basal lamina, also known as membrane limitans gliae perivascularis, is
made of ECM molecules secreted by both astrocytes and endothelial cells (8,9). Among the
different components of the membrane limitans gliae perivascularis, laminin, agrin, collagen

type 1V, fibronectin and perlecan play an important physiological role.

Laminins are composed of three distinct chains referred to as a, B and y. Currently, five

a, four B and three y chains have been described and give rise, when splice variants are included,

%A version of this chapter will be submitted for publication. Noel G., Tham DK. and Moukhles H. (2010) Agrin
plays a major role in the coalescence of the AQP4 clusters formed by gamma-1-containing laminin.
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to 16 different laminin isoforms (10,11). The C-terminal ends of the a-chains contain globular
domains composed of five similar modules (LG1-5). Around the blood vessels in the CNS,
laminin-1 (also referred as 111) composed of al (400 kDa), B1 (200 kDa) and y1 (200 kDa)
chains is the best-characterized laminin (12-16) but laminin-2 (211) and -5 (332) are also present
(12,14,16-18). The y3 chain, component of the laminin 12 (213), 14 (423) and 15 (523), has also

been reported to be expressed in brain (19).

Laminin is essential for the assembly of the basal lamina by interacting with specific cell
surface receptors and conversely cell surface receptors are crucial for the polymerization of
laminin (20). Indeed, it has been shown that DG can assemble laminin (21-29) and the absence
of DG leads to the disruption of the Reichert membrane, the extra-embryonic matrix in mouse,
with mislocalization of laminin (29-31). Laminins are also involved in the integrity of the basal
lamina by bridging many ECM components together (32). In addition to self polymerization
(33), laminins have been shown to interact, via an epidermal-growth-factor like repeat within the
laminin y1 chain, with domain G3 of nidogen which binds to the immunoglobulin-like domain 3
of perlecan (34-38) or with collagen 1V(39,40). Interestingly, DG is also crucial in the
polymerization of collagen IV (41) which is present at the blood-brain barrier (BBB) (42).

Agrin is also concentrated at the basal lamina lining the vascular vessels (43-47).
Interestingly, agrin isoforms can bind laminin-1, -2 and -4 and has been suggested to play an
important role in the assembly of the basal lamina (48,49). Agrin plays an important role in the
integrity of the BBB as shown in the agrin null mouse (50). Agrin can also be spliced at three
sites which in rats are called X, Y (or A in chicken) and Z (or B in chicken). Depending on the
splicing events that occur 9 amino acids can be inserted in X, 4 amino acids can be inserted in Y
and 8, 11 or 19 amino acids can be inserted in Z (51). The agrin isoform without any insertion,
referred as Y0Z0 (AOBO or C-Agrin0, 0), is secreted by myocytes or found at the BBB whereas
the agrin Y4Z8 (A4B8 or C-agrind, 8) is secreted by neurons (43,52-54). The structure of agrin
has been characterized and it has been proposed that agrin isoforms can bind a-DG via their 3
LG domains (16,43,55). Recently, it has been shown that DG is crucial for the clustering of agrin
(56,57).
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Recently, several studies have suggested that AQP4 participates in highly organized
membrane domains in association with the DAP complex in brain where two of its isoforms, M1
and M23, play different roles (58,59). Interestingly, a recent study also reported a selective
increase in MRNA expression of AQP4M23 but not AQP4M1 upon exogenous agrin treatment
and this was associated with an increase in the AQP4-mediated water permeability (60,61).
Similarly, agrin has been proposed to play a major role in the distribution of AQP4 around the
cerebral blood vessels (62,63). We recently found that laminin but not exogenous agrin, nor
fibronectin, induces the coclustering of AQP4 and lipid rafts in astrocytes (23,64). Therefore,
this raises the question of whether the agrin-mediated modulation of AQP4M1 and AQP4M23
expression is crucial for their laminin-induced clustering and if laminin has an effect on water
permeability. Here, we investigate the effect of different ECM components on both AQP4
distribution in astrocytes but also its isoform specific expression. We also focused on the role of
laminin together with agrin in the expression of the M1 and M23 expression and their respective
contribution in AQP4 cluster formation. Since both laminin and fibronectin have recently been
proposed to influence cell volume on myocytes (65), we finally assessed the functional
significance of laminin-mediated AQP4 clustering on water transport, using a model of hypo-
osmotic shock where a decrease in the calcein-loaded fluorescence has been correlated with

cytoplasmic volume increase and AQP4 activity (66-71).

3.2 Materials and methods

3.2.1 Antibodies

The following antibodies were used in the present study: rabbit anti-AQP4 against rat
GST AQP4 corresponding to residues 249-323 (Alomone Laboratories, Jerusalem, lIsrael),
mouse anti-p-DG, 43DAG1/8D5, against the 15 of the last 16 amino acids at the C-terminus of
the human dystroglycan sequence (Novocastra Laboratories, Newcastle, UK), rabbit anti-agrin
against purified agrin (generous gift from Dr M. Ferns, University of California, Davis, CA,
USA) and mouse anti-mitochondrial heat shock protein 70 against a synthetic peptide
corresponding to residues 615-633 (Affinity BioReagents, USA). The laminin-yl blocking
antibodies were a generous gift from Dr. T. O’Connor (University of British Columbia, BC,

Canada).
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3.2.2 Astrocyte primary cultures

Primary hippocampal astrocyte cultures were prepared from post-natal day 1 (P1) rats
(Sprague-Dawley, Charles River) or mouse (C57BL/6, Charles River). Cortices were dissected,
and meninges and choroid plexus were removed. They were then cut into small pieces and
incubated for 25 min with trypsin (3.0 mg/ml; Gibco, Burlington, Canada). Dissociated cortices
were then plated in culture flasks and grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 1 mM L-glutamine
(Gibco) for 2-3 weeks. The culture medium was changed every 3 days. To remove microglia
and oligodendrocyte progenitors, the flasks were shaken the day following the plating. After
trypsinization, the cells were plated on glass coverslips coated with poly-D-lysine (0.1 mg/ml;
Sigma) in 24-well plates at a density of 200-250 x10° cells/ml. Two days after plating, the cells
were treated for 1 to 8 hours with 20 nM Engelbreth-Holm-Swarm Sarcoma laminin-1, 30 nM
Engelbreth-Holm-Swarm Sarcoma collagen 1V Miller (Sigma-Aldrich, St. Louis, MO, USA) or
40 pg/ml Matrigel™ (BD Biosciences, USA).

3.2.3 siRNA transfections

Mouse astrocytes were transfected in suspension before plating with 100 nmol/l Agrin
SiRNAs (ON-TARGETplus SMARTpool siRNA reagents; Dharmacon, USA) and control
SIRNA (ON-TARGETplus siCONTROL nontargeting siRNA; Dharmacon) using
Lipofectamine-2000 (Invitrogen, USA), following the manufacturer’s protocol. One day and a
half after plating, astrocytes were treated or not for 8 hours with 20 nM of laminin and

subsequently analyzed by immunofluorescence or RT-PCR.

3.2.4 Immunofluorescence

Cells were rinsed with warm PBS and fixed by immersion in 4% (w/v) paraformaldehyde
in 0.1 M phosphate buffer for 20 min followed by rinsing in PBS, 3 x 15 min. The cells were

incubated for 1 h at room temperature (20-22°C) in a solution containing 2% bovine serum
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albumin (Sigma) and 0.25% Triton X-100. Double immunolabelling was performed by
incubating the cells at room temperature for 1 h in the presence of primary antibodies against 3-
DG (1/25) and AQP4 (1:200) or B-DG (1/25) and agrin (1/500). Subsequently, they were rinsed
with PBS (3 x 15 min) and incubated with Alexa Fluor 568 goat anti-mouse 1gG and Alexa Fluor
647 goat anti-rabbit or Alexa Fluor 488 goat anti-mouse 1gG and Alexa Fluor 568 goat anti-
rabbit 1gG for 1 h (1/200; Molecular Probes, USA). After several washes with PBS, coverslips
were mounted on glass slides using Prolong Gold Antifade Reagent with or without 4°, 6-
diamidino-2-phenylindole (Invitrogen, Burlington, ON, Canada). To confirm the specificity of
the labeling, control cells were treated equivalently in the absence of primary antibodies.
Fluorescent labeling of cultured cells was visualized using a confocal microscope (Fluoview

1000; Olympus) and an Uplan Apochromat 1.35 NA 60x objective (Olympus).

3.2.5 Cell surface biotinylation

Primary astrocyte cultures grown in 25 cm? flasks were placed on ice and washed with
cold PBS containing 1.0 mM CaCl, and 0.5 mM MgCl, (DPBS) three times for 5 min each
before being incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin (Pierce Biotechnology,
Rockford, IL, USA) for 30 min at 4°C. The biotin solution was removed, and the reaction was
quenched with 50 mM NH4CI in DPBS for 10 min. The cells were extensively washed and
incubated for 20 min with extraction buffer (25 mM Tris pH 7.4, 25 mM glycine, 150 mM NaCl
and 5 mM EDTA) containing 1% Triton X-100 and 1 x complete protease inhibitor cocktail
(Roche, Laval, QC, Canada). The biotinylated proteins were precipitated using streptavidin

covalently attached to agarose beads (Pierce Biotechnology, Rockford, USA).
3.2.6 Immunoblotting

Astrocyte cultures were harvested and lysed on ice for 20 min in extraction buffer (25
mM Tris pH 7.4, 25 mM glycine and 150 mM NacCl) containing 1% Triton X-100, 1 x complete
protease inhibitor cocktail and 5 mM EDTA. Nuclei and cellular debris were removed from the
suspension by centrifugation at 16,000 g for 10 min. Extracted proteins were denatured by
boiling for 9 min in reducing sample buffer and then loaded on a 10% sodium dodecy! sulfate-

polyacrylamide electrophoresis gels. The gels were electrotransferred to nitrocellulose
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membranes (Bio-Rad, Mississauga, ON, Canada) and the blots were probed with antibodies to -
DG (1/300), AQP4 (1/1000) and HSP-70 (1/1000). Bound antibodies were detected using
horseradish peroxidase-conjugated goat anti-rabbit 1gG or goat anti-mouse 1gG (1/2000; Jackson
ImmunoResearch, USA). Signals were visualized on Bioflex econo films (Interscience,
Markham, ON, Canada) using chemiluminescence (Amersham Biosciences, Buckinghamshire,
UK).

3.2.7 Water permeability measurements

For water permeability measurements, cells were grown on round coverglasses and
loaded with calcein by incubation for 45 min with 6 puM calcein-acetoxymethyl (calcein-AM,
Molecular Probes) at 37°C. Loading of calcein was similar in all the conditions tested. After
being rinsed in PBS (pH 7.4), the coverglasses were mounted in a perfusion chamber on the
stage of a two-photon laser-scanning microscope Zeiss LSM510-Axioskop-2 fitted with a 40X-
W/0.80 numerical aperture objective lens directly coupled to a Mira Ti:sapphire laser (~ 100-fs
pulses, 76 MHz, pumped by a 5 W Verdi laser; Coherent) which continuously measured calcein
fluorescence. The cells were perfused with isotonic CSF 330 mOsm (120 mM NacCl, 3.3 mM
KCI, 26 mM NaHCOj3, 1.3 mM MgSO,, 1.2 mM NaH,PO,4, 1.8 mM CaCl, and 11 mM D-
Glucose) and scanned every 3.4 s with excitation at 835 nm. An in-line heater/cooler was
constructed in which perfusate passed through 80 cm of tubing enclosed by a water jacket with
circulating fluid. Effluent temperature was monitored via an in-line thermistor. The fluorescent
signal which has large two-photon absorption cross-sections, were excited at 835-840 nm and
epifluorescence was detected at 560 nm from the optical slice within the cell body. The cells
were then subjected to an osmotic shock by switching the perfusate to a hypoosmotic, 250
mOsm, CSF, obtained by omission of 40 mM NaCl from the isotonic solution. Solution
osmolarities were measured using a freezing point-depression osmometer and perfusion solutions
were gravity pumped with a flow rate approximately 4ml/min as used in water transport
measurements. The swelling of the cells was monitored as a decrease of calcein fluorescence,
which occurred to the dilution of the fluorophore (66-69,72).
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3.2.8 RNA extraction and RT-PCR

Total RNA extraction was performed on mouse confluent primary astrocyte cultures
transfected with siCTL or siAgrin and treated with 20 nM laminin or 40 pg/ml Matrigel™, and
on mouse brains dissected out immediately after sacrificing mice by exposure to CO,, using a
micro-homogenizing device (VWR, Mississauga, ON, Canada) and TRIZOL® reagent
(Invitrogen) following the supplied protocol. The quality and integrity of RNA was assessed on
formaldehyde agarose gel and concentration was determined using NanoDrop® ND-1000
spectrophotometer (NanoDrop Technologies, USA).

Total cDNA was prepared using Oligo dT (1g) (Invitrogen), 1 ug of total RNA from each
sample and SuperScript™ III Reverse Transcriptase (RT; Invitrogen) following the supplied
protocol. The presence of M1 and M23 isofroms of AQP4 was assessed on 2 ul of synthesized
total cDNA of condition by PCR using the set of primers described by (60) and Platinum®-Taq
DNA polymerase (Invitrogen). A set of GAPDH primers (Forward: 5’ACC ACA GTC CAT
GCC ATC AC3’, Reverse: 5’TCC ACC ACC CTG TTG CTG TA3’) was used as control. To
verify that the amplified signal was not the product of genomic DNA, RNA samples that were

not reverse transcribed (- RT) were used.

3.2.9 Quantitative analyses

The number of clusters and surface area of the DG, AQP4 and laminin clusters were
determined on images subjected to a threshold using ImagePro Plus software (Media
Cybernetics, Inc.). Pictures from the same experiment were captured using identical acquisition
parameters and subjected to the same threshold. Statistical analyses were performed using

GraphPad Prism 3.00 software and unpaired Student’s t-test.
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3.3 Results

3.3.1 Endogenous agrin is recruited at the laminin-induced clusters of B-DG and is crucial

for their stabilization

In previous studies, our laboratory showed that neither exogenous C-agrin 4, 8 nor C-
agrin 0, 0 could induce B-DG clustering on their own or potentiate cluster formation in the
presence of laminin (23,73). The splice variant C-agrin 0,0 (also known as AOBO) has since been
reported to be restricted to the subendothelial basal lamina of CNS capillaries and meningeal
cells (47) whereas C-agrin 4,8 is secreted by both neurons and astrocytes (74). We therefore
studied the distribution of endogenous agrin in the presence or absence of laminin. Figure 3.1
illustrates primary astrocyte cultures stained with an antibody against agrin recognizing the
different splice variants. The results show that the immunoreactivity is mainly perinuclear
without any specific plasma membrane labeling in absence of laminin (Fig. 3.1C). In contrast,
when the astrocytes were treated for 12 hours with laminin-1 and immunolabeled for agrin, agrin
is found to be coclustered with B-DG clusters (Fig. 3.1D). We therefore investigated the cell
surface expression of endogenous agrin using a biotinylation assay followed by immunoblot.
Figure 3.1G shows that the cell surface expression was significantly increased upon laminin
treatment suggesting that exogenous laminin influences the cell surface expression of

endogenous agrin as well as its clustering.

We then asked whether endogenous agrin plays a role in the laminin-induced clustering
of B-DG. Astocyte cultures were transfected with Agrin siRNA to silence endogenous agrin and
the laminin-induced clustering was assessed by immunofluorescence. In control astrocytes
transfected with scramble siCTL showed a band at 250 kDa by western blot using an antibody
against agrin whereas siAgrin transfected cells did not present such a band confirming the high
efficiency of agrin silencing (Fig. 3.2G). When these cultures were assessed for 3-DG clustering
upon laminin treatment, we observed a decrease in immunoreactivity for agrin in the siAgrin
transfected astrocytes as well as a reduction in the fluorescence intensity of the B-DG clusters
(Fig. 3.2B). A quantitative analysis comparing the B-DG clusters between the control and
siAgrin transfected astrocytes reveals that the number of B-DG clusters remains constant

whereas the total area covered by these clusters shows a significant decrease upon agrin
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Figure 3.1 Laminin treatment results in an increase in the cell-surface expression of
endogenous agrin in B-DG-containing clusters. (A-1) Rat hippocampal astrocytes incubated
with (B, D and F) or without (A, C and E) 20 nM laminin were double immunolabeled for -
DG (A-B) and agrin (C-D). Scale bar, 30 um. G. Astrocytes were incubated with 20 nM laminin
(+LAM) or left untreated (-LAM) and proteins were harvested in extraction buffer.

Immunoblots were probed for agrin.
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Figure 3.2 Silencing of endogenous agrin expression prevents the extension of B-DG
clustering upon laminin treatment. (A-1) Rat hippocampal astrocytes transfected with siCTL
or siAgrin and incubated with 20 nM laminin (+LAM) were double immunolabeled for 3-DG
(A-B) and agrin (C-D). Scale bar, 30 um. G. Astrocytes were transfected with siCTL or siAgrin
for a duration of 2 days. Proteins were harvested in extraction buffer. Immunoblots were probed
for HSP70 and agrin. Representative blots from three independent experiments are shown. H.
Quantitative analysis of the laminin-induced clustering of B-DG. The histograms represent the
mean number of clusters £SE and surface area of clusters £SE in astrocyte cultures treated with
laminin for 8 hours after transfection with siCTL or siAgrin from three experiments. All

quantifications were performed on 15 fields acquired randomly from each experiment.
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silencing (Fig. 3.2D). Together these results suggest a crucial role for endogenous agrin in the
consolidation of the laminin-induced B-DG clusters. Laminin clustering might be a dynamic
process whereby small dot-like structures are consolidated first into linear arrays and second into
complex plaque-like clusters.

3.3.2 Matrigel ™ induces a laminin-like effect on B-DG and AQP4 clustering which can be

prevented by laminin-y1 antibody or DG silencing

We previously established that exogenous laminin-1 was able to induce 3-DG and AQP4
clustering after 12 hours treatment. Interestingly, we found that neither exogenous C-agrin 0,0,
C-agrin 4,8 nor fibronectin could induce a similar clustering (23,73). Astrocyte cultures were
therefore incubated with other ECM molecules, such as collagen 1V and Matrigel ™ to determine
their effects on -DG and AQP4 distribution. We observed that the immunoreactivity of both 8-
DG and AQP4 was diffusively distributed within both control (-LAM) and collagen 1V treated
astrocytes (Fig. 3.3A, C, F, H). In contrast, when astrocytes were cultured in presence of
Matrigel™ we observed a laminin-like clustering of p-DG and AQP4 (Fig. 3.3B, G, E, and J).
When quantified, the clustering of both B-DG and AQP4 was higher in astrocytes treated with

ITIVI

Matrigel'™ compared to astrocytes treated with laminin alone (Fig. 3.3P and O). These results

ITIVI

suggest that Matrige is more efficient in the induction of B-DG and AQP4 clustering

ITM

compared to laminin-1. Since Matrigel ™ is an artificial basal lamina mixture composed of 50%

laminin and 30% collagen, we decided to test whether collagen IV, which is the most abundant

collagen present around blood vessels, could explain the greater Matrigel™

-induced clustering
compared to laminin-1. Astrocytes were cotreated with laminin-1 and collagen IV and the
distribution of B-DG and AQP4 was assessed by immunofluorescence. Interestingly, no
difference was observed compared to laminin alone suggesting that collagen 1V is not one of the

Matrigel™ components participating to the laminin-induced clustering of f-DG and AQP4.

To investigate further the molecular mechanisms determining the effect of Matrigel™
compared to laminin, we decided to incubate astrocytes with an antibody directed against LE1
domain of laminin-y1 and purified as previously described (75). This domain of laminin y1 has

been identified as a nidogen-binding site that is crucial for ECM morphogenesis (35,76-79).
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Figure 3.3 Laminin and Matrigel™ treatments induce the clustering of p-DG and AQPA4.
(A-O) Rat hippocampal astrocytes incubated in the absence (A, F and K) or the presence of 20
nM laminin (B, G and L), 30 nM collagen IV (C, H and M), 20 nM laminin and 30 nM
collagen IV (D, I and N) or 40 pg/ml Matrigel™ (E, J and O) were double immunolabeled for
B-DG (A-E) and AQP4 (F-J). Scale bar, 30 um. P and Q. Quantitative analysis of AQP4 (P)

I™ treatment. The

and B-DG (Q) clustering upon laminin, laminin/collagen 1V or Matrige
histograms represent the mean number of clusters +SE and surface area of clusters £SE in
astrocyte cultures treated with laminin, laminin/collagen IV or Matrigel™ for 8 hours from three
experiments. All quantifications were performed on 15 fields acquired randomly from each
experiment.
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Figure 3.4 shows that coincubation of astrocytes with laminin-y1 antibodies completely

block the laminin-induced clustering of B-DG and AQP4 (Fig. 3.4B and E). However, we

ITM

observed that astrocytes coincubated with Matrigel'™ and laminin-yl antibodies were still

expressing residual B-DG and AQP4 clustering (Fig. 3.4C and F). Together these results suggest

that Matrigel™ effect on B-DG and AQP4 is mainly mediated by laminin-y1 containing laminins

™
|

present in the mixture but that other molecular determinants are present in Matrigel ™ and are

responsible of the remaining B-DG and AQP4 clustering.

Finally, to investigate the role of laminin-binding to DG in Matrigel™

effect, astrocyte
cultures were transfected with siDAG1 which leads to an efficient silencing of DG (Fig. 3.5J).
The distribution of B-DG and AQP4 was assessed by immunofluorescence following the
addition of laminin-1 or Matrigel™

prevented both laminin- and Matrigel™ -induced clustering of B-DG and AQP4 (Fig. 3.5B, E, C,

in the culture medium. Figure 3.5 shows that DG silencing

F and K). These results confirm our previous observation that DG silencing prevented laminin-
induced B-DG and AQP4 clustering (23) and suggest here that the Matrigel™ effect on B-DG
and AQP4 is mediated by DG.

The different properties of AQP4 isoforms M1 and M23 to form orthogonal array of
particles (OAPs) have been extensively studied in the last few years. Current consensus
implicates M23 as being the principal isoform triggering OAPs formation and M1 being a more
mobile isoform (80-89). It also has been proposed that the ratio of M23/M1 would determine the
extent of OAPs density and that exogenous agrin could play a role in this ratio. Indeed Noell at
al.(60) have shown that C-agrin 4,8 induces an increase of M23 expression compared to M1 and
leads to a high OAPs density in cultured astrocytes. We therefore investigated the expression of
the AQP4 isoforms M1 and M23 in astrocytes treated with laminin-1 and Matrigel™ using RT-
PCR. The expression of the two AQP4 isoforms did not differ between the different treatments.
Figure 3.6 shows that the treatments with laminin, Matrigel™ or the agrin siRNA did not induce
any change in either M1 or M23 mRNA (Fig. 3.6A) and protein expression (Fig. 3.6B). The
laminin treated, Matrigel™-treated and the agrin knock-down astrocytes with or without laminin
treatment displayed the same expression of the AQP4 isoforms as the control untreated
astrocytes. Only, the brain presented a higher expression of M23 compared to M1 confirming
previous results (60). These findings demonstrate that none of the ECM molecules tested here

were able to change the M1/M23 expression ratio in astrocytes.
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I™ -induced clustering

Figure 3.4 Laminin y1 antibody prevents the laminin- and Matrige
of B-DG and AQP4. (A-1) Rat hippocampal astrocytes incubated with 20 nM laminin (A, B, D,
E, G and H) or 40 pg/ml Matrigel™ (C, F and 1) in the absence (A, D and G) or the presence of
laminin g1 antibodies (B, C, E, F, H and 1) were double immunolabeled for 3-DG (A-C) and
AQP4 (D-F). Scale bar, 30 um. J and K. Quantitative analysis of the laminin- and Matrigel™ -
induced clustering of AQP4 (J) and B-DG (K) in the absence (Preimmune) or the presence of
laminin y1 antibodies (Laminin y1 1gG). The histograms represent the mean number of clusters
+SE and surface area of clusters +SE in astrocyte cultures treated with laminin or Matrigel™ for
8 hours in absence or presence laminin g1 antibodies from three experiments. All quantifications

were performed on 15 fields selected at random from each experiment.
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Figure 3.5 Dystroglycan silencing prevents the laminin- and Matrigel™

of B-DG and AQP4. (A-1) Rat hippocampal astrocytes transfected with siCTL (A, D and G) or
siDAG1 transfected (B, C, E, F, H and I) and incubated with 20 nM laminin (A, B, D, E, G and
H) or 40 pg/ml Matrigel™ (C, F and 1) were double immunolabeled for 8-DG (A-C) and AQP4
(D-F). Scale bar, 30 um. J. Astrocytes were transfected with siCTL or siDAG1 for a duration of

-induced clustering

2 days. Proteins were harvested in extraction buffer. Immunoblots were probed for HSP70, -
DG and AQP4. Representative blots from three independent experiments are shown. K.
Quantitative analysis of the laminin- and Matrigel™ -induced clustering of AQP4. The
histograms represent the mean number of clusters +SEM and surface area of clusters £SEM in
astrocyte cultures treated with laminin or Matrigel ™ for 8 hours after transfection with siCTL or
SsiDAG1 from three experiments. All quantifications were performed on 15 fields acquired

randomly from each experiment.
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Figure 3.6 Expression of M1 and M23 isoforms of AQP4 in mouse brain and mouse
astrocytes transfected with siCTL or siAgrin and treated with laminin or Matrigel™ A.
RT-PCR of M1 and M23 isoforms of AQP4 shows that the 2 transcripts are expressed in similar
amount in the different conditions tested in mouse astrocytes. However, in mouse brain, M23
isoform is expressed at an higher level compare to M1. B. Astrocytes were transfected with
SiCTL or siAgrin for a duration of 2 days. Cells were treated or not with laminin or Matrigel
Proteins were harvested in extraction buffer. Immunoblots were probed for 3-DG and AQPA4.

Representative blots from three independent experiments are shown.
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3.3.3 Laminin induces a decrease in cell swelling upon hypoosmotic shock

Noell et al. (60) showed that exogenous C-agrin 4,8 was able to induce an increase in
water permeability in astrocytes. Here, we asked whether ECM molecules, specifically laminin
and collagen, have an effect on AQP4-mediated water transport in astrocytes. Cultured
astrocytes were loaded with calcein and brought into a flow through chamber for few minutes at
constant flow in isotonic CSF (330 mOsm) to allow equilibration. After 120 s of acquisition by
2-photon microscopy, the solution was switched to hypotonic CSF (220 mOsm) for another 120
s before returning to isotonic CSF again. Under normal growth conditions without any ECM
molecule, the calcein fluorescence intensity decreased by 20-25% (Fig. 3.7B), indicating a
volume increase in the imaged cell (Fig. 3.7A), and then returned to the initial intensity when
cells returned to isotonic conditions. However, laminin-treated astrocytes subjected to the same
experimental paradigm, presented a decrease in cell swelling upon hypoosmotic shock. The
decrease in calcein fluorescence in hypotonic condition is approximately 10-15% under laminin
treatment (Fig. 3.7C). The clustering of AQP4 was assessed after the water transport
measurement by immunofluorescence (Appendix A). To determine whether laminin could
influence the initial cell volume before any hypoosomotic shock, we decided to acquire z-scans
of the calcein signal in both control and laminin-treated astrocytes. Appendix B shows that the
cell volume was similar in both condition confirming our precedent observation that laminin has
minimal effect on the morphology/volume of the cells (23). Interestingly, the collagen IV
treatment did not show any effect on the swelling of astrocytes in comparison to control
astrocytes suggesting that the effect observed with laminin was specific to a laminin receptor and

not due to non specific alterations associated to the ECM molecules used (Fig. 3.7D).

When we coated the coverslips with laminin-1 prior to plating the astrocytes (data not
shown), we obtained similar results as the laminin treatment on top of the cells confirming again
the specific implication of laminin binding to a receptor. We have previously shown that DG is
the laminin receptor involved in the regulation of the laminin-induced clustering of DG and
AQP4. We therefore silenced DG in astrocytes and assessed the water transport of these cells
after treatment with laminin. Figure 3.7E shows that the silencing of DG rescues the decrease in

cell swelling induced by laminin upon hypoosmotic shock supporting a role for the binding of
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Figure 3.7 Laminin treatment induces a decrease cell swelling upon hypoosmotic shock. (A)
Calcein-loaded astrocytes in the x-y plane were recorded from 0 to 300s after incubation with
(+LAM) or without (-LAM) 20 nM laminin. B and C. Mean trace of recordings from a time
series of 30 calcein-loaded astrocytes treated with (+LAM) or without (-LAM) 20 nM laminin.
The buffer solution was changed from isotonic to hypotonic and from hypotonic to isotonic at
120 and 240s, respectively (dotted line). D and E. Mean trace of recordings from a time series of
30 calcein-loaded astrocytes treated with (+LAM) or without (-LAM) 20 nM laminin, 30 nM
collagen IV (+Col) or 20 nM laminin after silencing of DG (siDAG1+LAM). The buffer
solution was changed from isotonic to hypotonic and from hypotonic to isotonic at 120 and 240s,

respectively (dotted line).
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laminin to DG in this process. In addition to the volume changes observed, the exchange rate of

water was faster in laminin-treated DG knock-down astrocytes compare to the laminin-treated
controls. This is reflected by the steeper slope of the swelling curve for cells deficient for DG
(Fig. 3.7E). These results show that laminin binding to DG regulates the rate of water transport
across the membrane of cultured astrocytes.

3.4 Discussion

The present study has provided three main findings: first, that endogenous agrin is
recruited in the laminin-induced clusters of B-DG, where it plays an important role in the

morphogenesis of the clusters. Second that the artificial ECM mixture, Matrigel™

, Induces a
clustering of B-DG and AQP4 in the same manner as laminin. The effect is stronger and
involves more than laminin-y1-containing laminins as antibodies against this chain do not

™
I

totally prevent the Matrigel ™-induced clustering. However this effect was revealed to be DG-

dependent since silencing of DG expression prevents the Matrigel™

-induced clustering of
AQP4. Together, this suggests that another laminin containing LG4/5 but not LE1 domain is
present in Matrigel™ and is responsible for DG clustering. Laminins 5, 12, 14 and 15 could be
such potentiators (90). Considering the higher affinity that a-DG has for the a2 chain, present
in laminin 12, as well as the lack of self-polymerization of a3 and a4 chains also present in
laminin 12, laminin 12 might be the best possibility (91-95). Finally, this study shows that
exogenous laminin-1 treatment decreased the swelling capacity of cultured astrocytes under

hypotonic conditions.

Studies conducted previously by other groups have described agrin as being important
within CNS for the integrity of the blood-brain barrier (43,96,97) and our results confirm these
findings. It has also been suggested that agrin plays a pivotal role in the assembly of OAPs in the
endfoot membranes of astrocytes (61). The agrin AOBO variant has been shown to lack any effect
on AQP4 expression levels or water transport activity (60) even though it is able to induce
increased insertion of AQP4 in to the plasma membrane. The agrin A4B8 variant has been
shown to increase the level of M23 isoform of AQP4 compared to M1 isoform and that led to an
increased swelling capacity of astrocytes. In our laboratory, we have shown that exogenous

agrins AOBO and A4B8 are both unable to potentiate the effect of laminin on the clustering of
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AQP4. Here, our study investigated further the role of exogenous and endogenous agrin in AQP4
expression and distribution and showed that endogenous agrin is crucial in the stabilization of
DG and therefore AQP4 clustering without playing a role in M1 or M23 isoforms expression.

The role of agrin in the laminin-induced clustering of DG might be similar in nature to
that of perlecan, which has been suggested to act as a linker between DG and laminin (24,29). In
addition, these results correlate well with those of previous studies suggesting that DG mediates
the assembly of laminin at agrin clusters (25) and that agrin facilitates the laminin
polymerization (98). Alternatively, agrin could play the role of linker between the sulfatides
present at the cell surface and laminin (98-100). These findings that in absence of agrin AQP4
immunoreactivity is randomly distributed across the surface of the cell (62) support the above
results. In addition, our data could explain why agrin-null mouse and wild-type mice differ
neither in AQP4 immunoreactivity at the astrocyte endfeet nor M1/M23 expression ratio but
differ in the OAPs density (47,61).

Several studies presented evidences suggesting that AQP4 is mainly responsible for rapid
water movement into and out of the brain (101). AQP4 knockdown in cultured astrocytes
significantly contributed to protection against water influx during hypoxia, suggesting a
dominant role of AQP4 in edema formation (102,103). Here, we showed that the presence of
laminin-1 in the culture medium of astrocytes induced a slower and smaller volume increase
after hypotonic stimulation. This effect was specific to laminin binding to DG since DG
silencing rescued this effect. In addition, the plating of astrocytes on laminin-1 or the treatment
of laminin on top of astrocytes led to similar results suggesting that the effect was not due to an
ECM “encaging” of the cells. Collagen VI treatment did not induce any change in the swelling
capacity of the astrocytes confirming again the specificity of laminin. It is difficult to determine
with certainty if this effect is strictly dependent on AQP4 activity since astrocytes with no

expression of AQP4 do not present a swelling comparable to the control cells (data not shown).

According to Neveux I. et al., (65), laminin and fibronectin treatment on myocytes
triggered an earlier onset of a larger hypotonic-induced Volume-Sensitive Osmolyte Anion
Channels (VSOACs) current which lead to an earlier Regulatory Volume Decrease (RVD).
Similarly, it could be hypothesized that laminin treatment triggers an earlier RVD in astrocytes
which could explain the observed reduction in water swelling. Interestingly, Noell et al. (60)

have shown that exogenous agrin A4B8 was able to induce a reverse effect by increasing the
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volume increase of astrocytes following hypoosmotic shock. They suggested that this effect was
a result of the upregulation of M23 expression compared to M1 and that M23 isoform was
therefore the more conductive water channel. However, some controversy exists regarding
whether the two AQP4 isoforms differ in their activities. It has been proposed that M23 might be
more efficient than M1 but also that both isoforms have the same water transport capacity
(82,86,104,105).

From the well-known distribution of AQP4 in vivo and the precedent studies, it could be
hypothesized that endogenous and exogenous agrin have a role in the insertion and expression of
AQP4 which leads to stabilized clusters in the presence of laminin. However, it is laminin that
localizes AQP4 into specific membrane domains. The enrichment of AQP4 at the perivascular
endfeet of astrocytes that is observed in the brain may therefore be the result of the combined
effects of both agrin and laminin. In what appears to be a paradox, our results also indicate that
the localization of AQP4 to astrocyte endfeet may be accompanied by concomitant suppression
of channel conductivity. We propose that this may represent a protective mechanism that serves
in vivo to insulate the brain from osmotic variations in the bloodstream under normal
circumstances. However, this suppression may be released in response to stress cues resulting
from the occurrence of pathological states, thereby allowing for rapid rectification of osmotic
imbalances via the perivascular population of AQP4 channels. Alternatively, this result may
indicate that our chosen model inadequately reflects the complexities of the regulatory
interactions that may take place in the intact brain, which may vary on a domain-by-domain
basis. Whereas astrocytes come into contact with laminin at their endfoot regions only in vivo,
the entire dorsal surfaces of the cells were available to laminin in this study, which may have
resulted in there having been an initial overabundance of AQP4 at the cell surface. As excessive
AQP4 accumulation may be deleterious to cell survival, as has been demonstrated to be the case
in cytotoxic edema; the cells may have subsequently down-regulated AQP4 amounts, leading to

a reduction in overall permeability.
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4 INTERDEPENDENCE OF LAMININ-MEDIATED CLUSTERING OF
LIPID RAFTS AND THE DYSTROGLYCAN COMPLEX IN
ASTROCYTES®

4.1 Introduction

The basement membrane is a specialized extracellular matrix (ECM) composed of
collagen, fibronectin, perlecan, agrin, and laminin. Several studies have focused on the
involvement of these ECM molecules in the formation and maturation of neuromuscular
junctions (1-4) and interneuronal synapses (5). More recently, much effort has been made by
our group and others to understand the role of these molecules at the interface of astroglia and
blood vessels (6-8). Laminin is highly expressed at the perivascular ECM and the laminin
receptor, dystroglycan (a-DG), together with many other components of the dystroglycan-
associated protein (DAP) complex, is particularly enriched at astrocyte endfeet abutting the
blood vessels (9-11). The binding of laminin to a-DG at these specialized astrocyte domains in

brain plays a key role in the polarized distribution of components of the DAP complex (6,12).

Multiple lines of evidence indicate that the DAP complex is crucial for the functional
distribution both of the water-permeable channel, AQP4, and the inwardly rectifying potassium
channel, Kir4.1, at astrocyte endfeet. Indeed, mutations in the dystrophin gene, deletion of o-
syntrophin or loss of laminin binding to o-DG caused by a mutation in the Largel
glycosyltransferase result in a dramatic reduction of the expression of AQP4 and Kir4.1 at
perivascular astrocyte endfeet (6,7,12-15). The mislocalization of AQP4 in the dystrophin
mutant and o-syntrophin null mice results in delayed onset of brain edema and K* clearance
(16-18). Collectively, these studies highlight a cooperative role between the ECM and both the
extracellular and cytoplasmic components of the DAP complex in the proper targeting of
proteins to functional domains of astrocytes leading to the regulation of electrolyte balance and

fluid movement.

®A version of this chapter has been published. Noel G., Tham DK. and Moukhles H. (2009) Interdependence of
laminin-mediated clustering of lipid rafts and the dystroglycan complex in astrocytes. J Biol Chem. 284 (29):
19694-704
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Although the role of DG in targeting other members of the DAP complex (6) as well as
AQP4 and Kird.1 to astrocyte endfeet has been well established (12), the mechanisms
underlying this highly organized distribution remain poorly understood. In C2C12 myotubes,
agrin triggers AChR clustering, a DG-dependent process, through the coalescence of lipid rafts
which is necessary for proper AChR gating functions (19-21). In oligodendrocytes, laminin
induces the relocalization of a6p1 integrin to lipid rafts containing PDGFaR, thereby providing
a potential mechanism for the incorporation of cell survival signals (22). Lipid rafts are defined
as small (10-200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-enriched
domains that compartmentalize cellular processes. These small rafts can sometimes be
stabilized to form larger platforms through protein-protein and protein-lipid interactions (23).
Indeed, the immunological synapse is a good example where rafts are brought together to form
large functional membrane domains (24). At the immunological synapse, agrin induces the
clustering of lipid rafts and their colocalization with CD3 and CD28 complex surface antigens
as well as with Lck tyrosine kinase leading to T cell activation (24). Together, these studies

provide evidence for a functional role of ligand-induced clustering of lipid rafts.

We have previously shown that laminin induces the coclustering of the DAP complex
with Kir4d.1 and AQP4 in glial cell cultures (8,25). Moreover, in vivo studies have shown that
the perivascular localization of these channels and several components of the DAP complex at
astrocyte endfeet require the interaction of laminin with a-DG (6,12). In light of these data we
asked whether lipid rafts contribute to the laminin-DG-dependent compartmentalization of the
DAP complex and AQP4 to key active domains of astrocytes. We show here using fluorescently
labeled cholera toxin subunit B (CtxB), a common marker for GM1-containing lipid rafts, that
laminin induces a dramatic reorganization of GM1 into large clusters or macrodomains that
colocalize extensively with components of the DAP complex in cortical astrocyte cultures.
Laminin-mediated clustering of AQP4 is dependent both on cholesterol-sensitive lipid rafts and
the DAP complex bringing novel insight into ECM-dependent membrane domain organization

and the mechanisms underlying the polarized distribution of these proteins in astrocytes.
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4.2 Materials and methods

4.2.1 Antibodies

The following antibodies were used in the present study: rabbit anti-AQP4 against rat
glutathione S-transferase AQP4 corresponding to residues 249-323 (Alomone Laboratories,
Jerusalem, Israel), rabbit anti-laminin against purified mouse Engelbreth-Holm-Swarm Sarcoma
laminin which recognizes laminin a1, B1 and y1 chains, rabbit polyclonal antibody to dystrophin
(a generous gift from Dr. S. Carbonetto, McGill University, Montreal, Quebec, Canada), rabbit
anti-caveolin-1 against the N terminus of human caveolin-1 (Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit anti-GFAP against the glial fibrillary acidic protein isolated from cow spinal
cord (Dako, Mississauga, Ontario, Canada), mouse anti-B-DG, 43DAG1/8D5, against the 15 of
the last 16 amino acids at the C terminus of the human dystroglycan sequence (Novocastra
Laboratories, Newcastle-upon-tyne, UK), mouse anti- syntrophin, SYN1351, against Torpedo
syntrophin (Affinity Bioreagents), mouse anti-flotillin-1 (BD Biosciences), mouse anti-o—
tubulin against residues 426-450 (Abcam), mouse anti-TfR against the transferrin receptor (TfR)
against residues 3-28 of the human TfR tail (Zymed Laboratories Inc.) and mouse anti-utrophin

(8A4, Dvelopmental Studies Hybridoma Bank, University of lowa).

4.2.2 Astrocyte primary cultures

Primary cortical astrocyte cultures were prepared from embryonic day 18 rats (E18)
(Sprague-Dawley, Charles River). Cortices were dissected, and meninges and choroid plexus
were removed. They were then cut into small pieces and incubated for 25 min with trypsin (3.0
mg/ml; Invitrogen). Dissociated cortices were then plated in culture flasks and grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin and 1 mM L-glutamine (Invitrogen) for 2-3 weeks. The culture medium
was changed every 3 days. To remove microglia and oligodendrocyte progenitors, the flasks
were shaken the day following the plating. After trypsinization, the cells were plated on glass
coverslips coated with poly-D-lysine (0.1 mg/ml; Sigma) in 24-well plates at a density of 200-
250 x10° cells/ml. Two days after plating, the cells were treated for 8 h with either 30 nM
Engelbreth-Holm-Swarm Sarcoma laminin-1 (Sigma-Aldrich), C-agrin 4,8 (10 nM), C-agrin 0,0
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(10 nM, generous gift from Dr M Ferns, University of California, Davis) or with 100 nM
fibronectin (Sigma).

4.2.3 siRNA transfections and cholesterol depletion and repletion

Astrocytes were transfected in suspension before plating with 100 nM Dagl and Agp4
SIRNAs (sSIGENOME and ON-TARGETplus SMARTpool siRNA reagents; Dharmacon) and
control siRNA (ON-TARGETpIlus siCONTROL nontargeting SiRNA; Dharmacon) using
Lipofectamine 2000 (Invitrogen), following the manufacturer’s protocol. One day and a half
after plating, astrocytes were treated for 8 h with 30 nM of laminin-1 (Sigma-Aldrich) and
subsequently analyzed by immunofluorescence. The efficiency of transfection was assessed by
immunoblot analysis of proteins extracted on ice using an extraction buffer (25 mM Tris pH 7.4,
25 mM glycine and 150 mM NaCl) containing 1% Triton X-100, 1 x Complete protease inhibitor
mixture, and 5 mM EDTA.

For the cholesterol depletion experiments, the cells were incubated in the presence of 10
uM mevastatin or 0.5 pug/ml filipin for 8 h or with 20 mM methyl B-cyclodextrin (Sigma) for 1 h
at 37°C. For the cholesterol repletion experiments, the cells were incubated in the presence of 10

uM mevastatin and 50 ug/ml cholesterol (Sigma) for 8 h at 37°C.

4.2.4 Immunofluorescence

Cells were washed and incubated for 25 minutes at 4°C with chilled phosphate-buffered
saline (PBS) containing 10 ug/ml FITC-conjugated CtxB (Sigma). Then, they were rinsed with
warm PBS and fixed by immersion in 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer for
20 min followed by rinsing in PBS, 3 x 15 min. The cells were incubated for 1 h at room
temperature (20-22°C) in a solution containing 2% bovine serum albumin (Sigma) and 0.25%
Triton X-100. Double immunolabeling was performed by incubating the cells at room
temperature for 1 h in the presence of primary antibodies against B-DG (1/25) and laminin
(1/1500) or AQP4 (1:200), syntrophin (1:100) and laminin (1/1500), utrophin (1/10) and
dystrophin (1/100), flotillin-1 (1/25) and AQP4 (1/100), B-DG (1/25) and caveolin-1 (1/100).
Subsequently, they were rinsed with PBS (3 x 15 min) and incubated with Alexa Fluor 568 goat
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anti-mouse 1gG and Alexa Fluor 647 goat anti-rabbit or Alexa Fluor 568 goat anti-mouse 1gG
and Alexa Fluor 488 goat anti-rabbit 1gG for 1 h (1/200; Molecular Probes). After several
washes with PBS, coverslips were mounted on glass slides using Prolong Gold Antifade Reagent
with or without 4°, 6-diamidino-2-phenylindole (Invitrogen). To confirm the specificity of the
labeling, control cells were treated equivalently in the absence of primary antibodies. Fluorescent
labeling of cultured cells was visualized using a confocal microscope (Fluoview 1000; Olympus)
and an Uplan Apochromat 1.35 numerical aperture 60x objective (Olympus).

4.2.5 Fluorescence recovery after photobleaching analysis

Cortical astrocytes plated in 8-well p-slides (Ibidi, Munich, Germany) were incubated
with 10 pug/ml FITC-CtxB for 20 min. Images were acquired on a confocal microscope (FV1000;
Olympus) with an Uplan Apochromat 1.35 numerical aperture 60x objective and fully opened
pinhole. Photobleaching of FITC-CtxB was performed for 50 ms using a 405 simultaneous
scanner set at 60% power within a circular area of 15 pixels diameter. Fluorescence recovery
data were collected every second for over 120 s from 8 cells per experiment and analyzed with

Prism software (GraphPad) using non-linear regression.

4.2.6 Subcellular fractionation of proteins from astrocyte cultures

To separate detergent-soluble from -insoluble fractions, the cultured astrocytes were
harvested and suspended in 0.5 ml of ice-cold TNE buffer (25 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 5 mM EDTA) supplemented with 0.5% Triton X-100 and 1 x Complete protease inhibitor
mixture. After 20 min incubation on ice, the lysates were centrifuged at 800 g for 10 min. The
supernatant was further centrifuged at 100,000 g for 1 h at 4°C to obtain detergent-resistant

membranes (DRMSs) and non-detergent resistant membranes (non-DRMS).

For the flotation assay, astrocyte cultures were harvested and lysed on ice for 30 min in
TNE buffer supplemented with 1% Triton X-100 and 1 x Complete protease inhibitor mixture.
Nuclei and cellular debris were removed from the suspension by centrifugation at 1000 g for 10
min. Other astrocyte cultures were harvested and lysed in a detergent-free buffer using 500 mM

sodium carbonate, pH 11.0, as previously described (26). The protein extracts were collected and
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subjected to a flotation assay using a discontinuous sucrose gradient. To prepare the latter, 1 ml
of supernatant was mixed with 3 ml of 85% sucrose in TNE and transferred to the bottom of a
Beckman centrifuge tube. The diluted cell lysate was overlaid with 2 ml of 50% sucrose, 3 ml of
35% sucrose, 1 ml of 15% sucrose and finally with 200 puL of TNE buffer. The samples were
centrifuged in an SW41 rotor at 200,000 g for 20 h at 4°C. Fractions numbered 1-8 were
collected from the top of the gradient and analyzed by western and dot blots.

4.2.7 Immunoblotting and dot blotting

The samples obtained from siRNA-tranfected astrocytes as well as from the subcellular
fractionation of astrocyte cultures were denatured by boiling for 9 min in reducing sample buffer
and then loaded on a 10% SDS-PAGE gels. The gels were electrotransferred to nitrocellulose
membranes (Bio-Rad, Mississauga, Ontario, Canada) and the blots were probed with antibodies
to AQP4 (1/1000), caveolin-1 (1/500), flotillin-1 (1/500), B-DG (1/300), a—tubulin (1/1000) and
TfR (1/1000). Bound antibodies were detected using horseradish peroxidase-conjugated goat
anti-rabbit 1gG or goat anti-mouse 1gG (1/2000; Jackson ImmunoResearch). To detect the GM1
ganglioside, 1uL of each fraction was dotted onto a nitrocellulose membrane and probed with
horseradish peroxidase-coupled CtxB (10 ng/ml horseradish peroxidase-CtxB; Sigma). Signals
were visualized on Bioflex econo films (Interscience, Markham, Ontario, Canada) using

chemiluminescence (Amersham Biosciences).

4.2.8 Quantitative analyses

The number of clusters, surface area of the clusters and the colocalization between
clusters containing GM1 and B-DG, B-DG and laminin, B-DG and AQP4, laminin and GML1 as
well as AQP4 and GM1 were determined on images subjected to a threshold using ImagePro
Plus software (Media Cybernetics, Inc.). Signals were considered as clusters when their intensity
was above background and above surrounding diffuse immunofluorescence and when their size
was at least 1.5 pm®. Clusters were counted in an average of 15 random fields per treatment, and
experiments were repeated at least three times. Images from the same experiment were captured
using identical acquisition parameters and subjected to the same threshold. Statistical analyses

were performed using GraphPad Prism 3.00 software and unpaired Student’s t test.
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4.3 Results

4.3.1 Cholesterol regulates AQP4 distribution to detergent-resistant membrane domains in

astrocytes

To determine the distribution pattern of p-DG and AQP4 in lipid raft-containing
fractions, Triton X-100 extracts from primary astrocyte cultures were subjected to a flotation
assay. The distribution of these proteins was also evaluated in lipid raft fractions obtained using
detergent-free astrocytes extracts. The efficiency of the subcellular fractionation was confirmed
by probing the obtained fractions with antibodies to the TfR, a-tubulin, flotillin-1, caveolin-1,
as well as with horseradish peroxidase -CtxB to detect GM1 (Fig. 4.1A). Fractions 1-4 obtained
from Triton X-100 and detergent free extracts were both enriched for the lipid raft markers
flotillin-1, caveolin-1 and GM1 (Fig. 4.1A). As previously described (27), AQP4 was enriched
in low density lipid raft-containing fractions 1 to 4 and was not detected in non-lipid raft
fractions 5-8 (Fig. 4.1A). However, B-DG co-distributed with the TfR and a-tubulin to fractions
5-8 (Fig. 4.1A). This is in agreement with previous findings showing that B-DG was not found

in the GM1-containing lipid raft fractions isolated from embryonic stem cell cultures (28).

We then determined whether the disruption of lipid rafts using mevastatin, filipin or
methyl B-cyclodextrin to deplete membrane cholesterol resulted in alteration of AQP4
distribution in astrocyte cultures. In control astrocytes, we found that the DRM fraction was
enriched for flotillin-1 and caveolin-1 as well as GM1 and contained AQP4 but virtually no -
DG (+DMSO, Fig. 4.1B). However, high amounts of B-DG were found in the non-DRM
fraction (+DMSO, Fig. 4.1B), confirming the results obtained using the flotation assay (Fig.
4.1A). In astrocyte cultures treated with either mevastatin (+Mevastatin, Fig. 4.1B), filipin
(Appendix C) or methyl B-cyclodextrin (Appendix C), a decrease in the amounts of flotillin-1

and caveolin-1 was observed in the DRM compared with control untreated cells
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Figure 4.1 The association of AQP4 with the DRMs is dependent on cholesterol in
astrocytes. (A) Rat cortical astrocytes were solubilized either in 1% Triton X-100 (left panel) or
detergent-free buffer (right panel) and fractionated through a discontinuous sucrose gradient.
(B) Astrocytes were incubated with 10 uM mevastatin for 8h, and proteins were harvested in
DRMs and non-DRMs. Immunoblots were probed for the TfR, o-tubulin, B-DG, AQP4,
flotillin-1, caveolin-1 and the dot blot was labeled for GM1. Representative blots from three

independent experiments are shown.
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(+DMSO, Fig. 4.1B). Moreover, a pool of flotillin-1, caveolin-1 and GM1 translocated to non-
DRM confirming that mevastatin (Fig. 4.1B), filipin and methyl B-cyclodextrin (Appendix C)
efficiently depleted membrane cholesterol. Most interestingly, AQP4 also partially translocated
to non-DRM fractions indicative of the cholesterol-dependent association of a pool of AQP4
with DRM (Fig. 4.1B; Appendix C).

4.3.2 Laminin induces the reorganization and stabilization of GM1 in astrocytes

To investigate the effect of laminin on the organization of lipid rafts containing the
ganglioside GM1, we used FITC-CtxB. In laminin-treated astrocytes, GM1 presented a robust
clustering (Fig. 4.2E) compared with control untreated astrocytes where the distribution of GM1
was diffuse (Fig. 4.2A). These clusters presented a high degree of colocalization with the
laminin clusters (Fig. 4.2E-H). Furthermore, laminin did not induce a detectable change in the
morphology of astrocytes, because laminin-treated astrocytes presented a flat and polygonal
shape similar to that of control untreated astrocytes as assessed by wheat germ agglutinin
labeling (Appendix D). Together these data show that the laminin-induced reorganization of the

raft component GML1 is not associated with a change in astrocyte morphology.

To determine whether laminin-induced clustering of GM1 affected its diffusion in the
membrane (29,30), we performed fluorescence recovery after photobleaching of FITC-CtxB in
untreated and laminin-treated astrocytes (Fig. 4.3). Laminin treatment resulted in a dramatic
reduction in the rate of FITC-CtxB recovery, but only for FITC-CtxB localized within the
laminin-induced clusters (Fig. 4.3A-C). This shows that laminin stabilizes GM1-bound FITC-
CtxB within the clusters and reduces the exchange rate of FITC-CtxB within the bleached
region with FITC-CtxB outside the bleached region. Therefore, the colocalization of CtxB and
laminin clusters not only reflects a laminin-induced redistribution of GM1 but also reveals a

role for laminin in the stabilization of this raft component in astrocyte membrane domains.
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-LAM

+LAM

Figure 4.2 Laminin organizes GM1-containing lipid rafts into clusters in astrocytes. (A-D)
Rat cortical astrocytes incubated in the absence or the presence (E-H) of 30 nM laminin were
labeled for GM1 using FITC-CtxB (A and E) and for laminin (B and F). High magnifications of

the areas boxed in C and G are shown in D and H, respectively. Scale bar, 45 um.
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Figure 4.3 Laminin regulates the membrane diffusion of GM1-containing lipid rafts
labeled with FITC-CtxB. (A) Rat cortical astrocytes treated with 30 nM laminin were
incubated with 10ug/ml FITC-CtxB at room temperature and areas within CtxB clusters were
bleached and imaged for fluorescence recovery. Areas with diffuse FITC-CtxB labeling in both
astrocytes treated with laminin and untreated astrocytes were also bleached and imaged for over
120 s. Percent fluorescence intensity +S.E. in the bleached area during recovery is shown for
one representative experiment out of three (n=8 cells/experiment). (B) Percent mobile fraction
of FITC-CtxB in areas of untreated astrocytes (-LAM), diffuse areas (+LAM diff.) and clustered
areas of laminin-treated astrocytes (+LAM clus.). (C) Representative images of FITC-CtxB
labeled astrocytes are shown before bleaching (-1 s), shortly after bleaching (2 s), and at various

time points during fluorescence recovery.
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4.3.3 Laminin induces the coclustering of the DAP complex, AQP4 and GM1

Given that laminin induces the coclustering of the DAP complex with both Kir4.1 and
AQP4 (8), we asked whether this coincided with the laminin-induced clustering of GML1. In the
absence of laminin, GM1 labeled with FITC-CtxB was homogeneously distributed throughout
the cell (Fig. 4.4A, E and 1). Utrophin (Fig. 4.4B), dystrophin (Fig. 4.4C), syntrophin (Fig.
4.4F), B-DG (Fig. 4.4J) and AQP4 (Fig. 4.4K) also exhibited a homogeneous distribution. Upon
laminin treatment, CtxB-labeled GM1 coclustered with utrophin and dystrophin (Fig. 4.4M-P),
syntrophin and laminin (Fig. 4.4Q-T) as well as with 3-DG and AQP4 clusters (Fig. 4.4U-X).
This laminin-induced clustering of these DAP complex components was not accompanied by a
change in their expression levels as determined by western blot analysis (data not shown).

Quantitative analysis revealed over 2-fold increase in the number of GML1 clusters in the
laminin-treated compared with the untreated astrocytes that parallels the increase in the number
of B-DG, laminin and AQP4 clusters, as previously reported (Fig. 4.5A; 8,25). The surface area
of GM1-containing clusters increased significantly by >6-fold in the laminin-treated compared
with untreated astrocytes, as did the surface area of B-DG and AQP4 (Fig. 4.5B). The higher
laminin concentration used in the present study (30 nM instead of 15 nM) may account for the
increase in the surface area of these AQP4 clusters relative to a previous study (8). A significant
degree of colocalization was found between B-DG, GM1 and AQP4 upon laminin treatment
(Fig. 4.5C). These results demonstrate an important role for the ECM and more specifically for
laminin in the coclustering of the DAP complex and GM1-containing lipid rafts in astrocytes. In
addition, the fluorescence data in Fig. 4.6 show that flotillin-1, another marker of lipid rafts,
underwent clustering upon laminin treatment (Fig. 4.6G compared with Fig. 4.6A) and that
these clusters colocalized extensively with AQP4 clusters (Fig. 4.6G-l). In contrast, the
distribution of the lipid raft marker, caveolin-1, did not change upon laminin treatment (Fig. 4.6,

compare J to D) and remained distinct from 3-DG clusters (Fig. 4.6J-L).

118



Figure 4.4 Laminin-induced clustering of the dystrophin complex and AQP4 is associated
with the organization of GM1-containing lipid rafts. Rat cortical astrocytes incubated in the
absence (A-L) or the presence (M-X) of 30 nM laminin were first labeled for GM1 using FITC-
CtxB and then double immunolabeled for utrophin (B and N) and dystrophin (C and O),
syntrophin (F and R) and laminin (G and S) as well as for 3-DG (J and V) and AQP4 (K and
W). Scale bar, 50 um.
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Figure 4.5 Quantitative analysis of the laminin-induced clustering of GM1-containing lipid
rafts, B-DG, laminin and AQP4. (A and B) The histograms represent the mean number of
clusters £S.E. and surface area of clusters £S.E. in astrocyte cultures treated with laminin
(+LAM) and control untreated cultures (-LAM) from three experiments. The asterisks represent
statistically significant differences from control (-LAM) as assessed by Student’s t test
(***p<0.0001; **p<0.001). (C) The table represents the mean Pearson’s colocalization
coefficient £S.E. from three experiments. The asterisks represent statistically significant
differences from control untreated cells as assessed by Student’s t test (***p<0.0001). All

quantifications were performed on 15 fields acquired randomly from each experiment.
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Figure 4.6 Laminin induces the coclustering of the lipid raft marker flotillin-1 with AQP4
but not of caveolin-1 with B-DG. Astrocytes incubated with in the absence (A-F) or the
presence (G-L) of 30 nM laminin were double immunolabeled for flotillin-1 (A and G) and

AQP4 (B and H) or caveolin-1 (D and J) and B-DG (E and K). Scale bar, 50 um.
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We also observed that laminin induces the coclustering of GM1-containing lipid rafts
with B-DG and AChR in C2C12 myotubes (Appendix E) as has been previously described for
the ECM protein agrin (21,24,31,32). However, this is not the case for GM1 in astrocytes
treated with either soluble recombinant C-agrin 4,8 (Appendix F) or C-agrin 0,0 (data not
shown). Similarly, fibronectin did not induce GML1 clustering (Appendix F). These data argue
that, in the astrocytes examined in the present study, laminin plays a primary role in GM1

reorganization.

4.3.4 Cholesterol is required for the laminin-induced coclustering of B-DG, AQP4 and
GM1-containing lipid rafts

Based on the laminin-induced colocalization of GM1-containing lipid raft clusters with
the DAP complex and AQP4 clusters (Figs. 4.4M-X; and 4.5C), we examined qualitatively and
quantitatively whether lipid raft integrity is crucial for the DAP/AQP4 clustering. To disrupt
lipid rafts, we used the cholesterol-depleting and -sequestering agents mevastatin and filipin,
respectively. Astrocytes treated both with laminin and mevastatin (Fig. 4.71-P) or laminin and
filipin (Appendix G) were fluorescently labeled for GM1, B-DG, laminin and AQP4. We found
that GM1 (Fig. 4.7, compare | and M to A and E), B-DG (Fig. 4.7, compare J and N to B and F)
and AQP4 (Fig. 4.7, compare O to G) had a uniform distribution and virtually no clustering
throughout the cells similar to untreated astrocytes (Fig. 4.41-L). Likewise, laminin did not
cluster (Fig. 4.7, compare K to C) and presented a diffuse immunolabeling pattern. The diffuse
immunolabeling is indicative of binding of exogenous laminin that is, however ineffective in
terms of assembling at the cell surface and clustering the DAP complex and AQPA4.

When astrocytes were incubated in the presence of laminin, mevastatin, and cholesterol,
clustering of GM1, B-DG, laminin and AQP4 was significantly rescued (Fig. 4.7Q-Z). These

data show that the laminin-induced cluster formation requires membrane cholesterol.
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Figure 4.7 The laminin-induced clustering of GM1, B-DG and AQP4 is dependent on
cholesterol. Astrocytes incubated in the presence of 30 nM laminin and DMSO (A-H), 30 nM
laminin and 10 uM mevastatin diluted in DMSO (I-P), or 30 nM laminin, 10 uM mevastatin and
50 ug/ml cholesterol (Q-X) were labeled for GM1 (A, I, and Q), B-DG (B, J, and R) and
laminin (C, K, and S) or GM1 (E, M, and U), B-DG (F, N, and V) and AQP4 (G, O, and W).
Scale bar, 50 um. (Y, Z) The histograms represent the mean number of clusters as well as their
mean surface area +S.E. from three different experiments. The quantifications were performed
on 15 fields acquired randomly from each experiment. The asterisks and number signs represent
statistically significant differences from laminin and laminin plus mevastatin-treated astrocytes,
respectively, as assessed by Student’s t test (***p<0.0001; **p<0.001; #p<0.03; # #p<0.005;
##H#p<0.0001).
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To assess the effect of cholesterol depletion on the expression levels of a-DG, -DG, and
AQP4, we compared by western blot the amounts of these proteins in mevastatin-treated
astrocytes versus untreated astrocytes (Appendix H). We found that the expression levels of
these proteins are similar in treated and untreated astrocytes, indicating that the decrease in the
clustering of DG and AQP4 in mevastatin-treated astrocytes is not a consequence of a reduction
in their expression levels. These data demonstrate the cholesterol dependence of laminin-induced

cell surface organization and DG and AQP4 clustering.

4.3.5 Dystroglycan is required for the laminin-induced clustering of GM1

We have previously shown both in astrocytes and Muiller glia that the laminin binding
receptor a-DG, but not Bl-integrin, clusters extensively upon laminin treatment (8,25). We
therefore asked whether DG had a role in the laminin-mediated clustering of GM1. To address
this question, we used siRNA to silence DG expression (siDagl) and determined whether this
altered the laminin-mediated clustering of GM1 by quantitative fluorescence analysis. As
previous evidence demonstrated a dramatic alteration of the morphology of siAqp4-transfected
rat astrocytes that occurs between 2 and 6 days after transfection, we carried out our analysis at
2 days following transfection (33,34). First, we assessed by western blot the efficiency of the
siDagl transfection and found that 3-DG could not be detected in the siDagl-transfected cells
when compared with the control scrambled siRNA- transfected astrocytes (SiCTL; Fig. 4.8A)
and untransfected astrocytes (data not shown). As an additional control, we used siRNA to
silence AQP4 expression (siAgp4) and found that, although this inhibited AQP4 expression, it
had no impact on B-DG expression (Fig. 4.8A). Second, we verified that the morphology and
the GFAP immunolabeling of the siDagl- and siAgp4- transfected astrocytes were comparable
to that of siCTL-transfected cells (Appendix I). The data obtained here show a high efficiency
of siDagl gene silencing and no detectable effect of either siDagl or siAqp4 on astrocyte
morphology when compared with siCTL-transfected (Appendix I) or to untransfected astrocytes

at 2 days post-transfection (data not shown).
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Figure 4.8 Dystroglycan and AQP4 siRNAs mediate gene silencing in astrocytes. (A)
Western blot analysis of 3-DG and AQP4 was performed 2 days following the transfection of
astrocytes with siDagl, siAgp4 and siCTL (scrambled siRNA). (B) The histograms represent
the mean expression levels of B-DG and AQP4 +S.E. from three experiments normalized to
tubulin and compared with siCTL. The asterisks represent statistically significant differences

from control as assessed by Student’s t test (***p<0.0001).
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The immunofluorescence analysis corroborates the western blot data (Fig. 4.8) and
shows virtually no immunolabeling for 3-DG in the siDagl-transfected astrocytes (Fig. 4.9J and
N). However, some small clusters of laminin (Fig. 4.90) were detected even in the absence of
any signal for B-DG (Fig. 4.9N). Of particular interest, the laminin-induced GM1 clustering in
the siCTL-transfected astrocytes (Fig. 4.9A and E) was significantly reduced in the siDagl-
transfected astrocytes (Fig. 4.91 and M). In addition, the astrocytes deficient for DG exhibited
reduced clustering of AQP4 compared with the siCTL astrocytes (Fig. 4.9, compare K to C).
The siAqgp4-transfected astrocytes presented a decrease in AQP4 imunolabeling (Fig. 4.9,
compare S to C) and no change in 3-DG (Fig. 4.9R and V) and laminin immunolabeling and
clustering (Fig. 4.9W) compared with control cells (Fig. 4.9B, F and G). In addition, the
laminin-induced clustering of GM1 was not affected by AQP4 silencing (Fig. 4.9Q and U). It is
noteworthy that the effect of siDagl was more pronounced on the surface area of the GM1, -
DG, laminin and AQP4 clusters than on their number (Fig. 4.10, compare B to A). This
suggests that, despite the fact that a small proportion of these clusters can form, their size is
dramatically reduced in astrocytes deficient for DG.

4.4. Discussion

4.4.1 Laminin coclusters GM1 with the DAP complex and AQP4 in astrocytes

In brain, astrocytes are polarized and present an asymmetrical distribution of proteins
such as DG and AQP4 that are diffusely distributed along the astrocyte processes in the
parenchyma but highly concentrated at astrocyte endfeet abutting blood wvessels. Astrocyte
endfeet interact with the perivascular ECM and previous studies have shown both in vivo and in
vitro that astrocyte interaction with laminin via DG is essential for the concentration of several
members of the DAP complex as well as Kir4.1 and AQP4 at specialized astrocyte membrane
domains (6,8,12). Although such a distribution is functionally important in potassium ion and
water homeostasis, the mechanisms regulating the formation of these Kird.1- and AQP4-

enriched domains remain to be elucidated. AQP4 is associated with lipid raft-containing
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Figure 4.9 Dystroglycan is essential for the laminin-induced GM1-containing lipid raft, -
DG and AQP4 coclustering. Astrocytes were transfected with siCTL (A-H), siDagl (I-P) or
siAgp4 (Q-X) and incubated with 30 nM laminin. They were then incubated with FITC-CtxB to
label GM1 (A, E, I, M, Q, and U) and double immunolabeled for 3-DG (B, J, and R) and AQP4
(C, K, and S) or 3-DG (F, N, and V) and laminin (G, O, and W). Scale bar, 50 pum.
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Figure 4.10 Quantitative analysis of the effect of the dystroglycan silencing on the laminin-
induced clustering of GM1-containing lipid rafts, B-DG and AQP4. (A and B) The
histograms represent the mean number of clusters £S.E. and surface area of clusters +S.E. in
astrocyte cultures from three experiments. The asterisks represent statistically significant
differences from control siCTL-transfected cells as assessed by Student’s t test (¥***p<0.0001).

All quantifications were performed on 15 fields acquired randomly from each experiment.
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fractions in both brain and retina (27,35) as is another aquaporin, AQPS5, that participates in fluid
secretion in parotid gland cells (36). We therefore undertook a study to evaluate the role of lipid
rafts in laminin-DG-dependent AQP4 clustering, and our data show that laminin induced a
dramatic redistribution of GM1 into large cell surface clusters or macrodomains that colocalized
extensively with B-DG and AQP4. The recruitment of AQP4 to laminin-rich clusters is therefore

interdependent on both DG and cholesterol-rich lipid raft domains.

The DAP complex and AQP4 associate in a subset of rafts containing GM1 and flotillin-
1 distinct from caveolin-1-containing caveolae. Indeed, flotillin has been reported to be localized
to lipid raft domains distinct from caveolin-1 (37). Laminin therefore promotes coclustering of
the DAP complex and AQP4 with a select population of lipid rafts in astrocyte membrane
domains. How these coclusters of the DAP complex and AQP4/GMZ1/flotillin-containing lipid
rafts are organized remains uncertain. In fact, laminin-induced clustering does not result in the
recruitment of B-DG to DRMs (Appendix J). Raft-dependent laminin remodeling may induce
spatial reorganization in the membrane such that the DAP complex and lipid rafts coexist and
interact within the same polarized macrodomain. Indeed, the fact that GM1-bound CtxB exhibits
reduced exchange in laminin-induced clusters shows that lipid raft dynamics and behavior are

altered within these large membrane domains.

4.4.2 Laminin-induced coclustering of GM1, the DAP complex and AQP4 depends on the
integrity of lipid rafts and dystroglycan

Cholesterol depletion experiments show that the integrity of lipid rafts is essential not
only for the recruitment of AQP4 to DRMs (27) but also for the laminin-dependent assembly of
the AQP4, B-DG and GMl-enriched domains. Conversely, DG silencing resulted in the
disruption of laminin assembly and a significant decrease of clustering of not only AQP4 and j3-
DG at the cell surface but also the raft marker GM1. Coordinate plasma membrane domain
organization by both lipid rafts and laminin binding to the DG complex may therefore restrict
lateral diffusion of AQP4 within the plasma membrane shedding new light on the mechanisms
involved in the polarized distribution of AQP4, and the DAP complex, at perivascular astrocyte

endfeet.
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Interestingly, the coclustering of GM1 and -DG with AQP4 and AChRs in astrocytes
and C2C12 myotubes (Appendix E), respectively, is consistent with a role for laminin in
orchestrating the distribution of both lipids and a specific set of proteins to establish functional
membrane domains. In C2C12 myotubes, laminin-induced coclustering of components of the
DAP complex with AChRs requires Src- and Fyn-dependent tyrosine phosphorylation that
enhance the association of postsynaptic proteins with cholesterol-rich membrane domains
leading to the stabilization of AChR-containing synapses in muscle (32). Laminin-mediated
clustering of a6PB1-integrin within the platelet-derived growth factor receptor-containing lipid
rafts in oligodendrocytes creates a signaling environment that promotes survival of these cells
(22). Furthermore, integrin-mediated adhesion to the ECM regulates Racl signaling by
preventing internalization of lipid raft-containing membrane domains (38). More recently, the
laminin-mediated clustering of GM1 and the agrin association with lipid rafts have both been
involved in promoting neurite outgrowth by activating Lyn/Akt/MAPK and Fyn/MAPK
signaling pathways, respectively (39,40). These data define a role for the ECM in regulating raft-
associated signaling. It is therefore likely that the laminin-mediated reorganization of GM1-
containing lipid rafts and coclustering with the DAP complex provides a signaling environment

that promotes the formation of AQP4-rich membrane domains in astrocytes.

4.4.3 Potential role of laminin and lipid raft-dependent clustering of AQP4 on its activity

AQP4 is the main structural component of intramembrane particles called orthogonal
arrays of particles (41-43). Recently, an increase of the density of orthogonal arrays of particles
as well as an increase in AQP4 expression accompanied by a more efficient water transport has
been reported in astrocytes treated with the ECM molecule, agrin (44). This substantiates
further the role of the ECM in the formation of assemblies of orthogonal arrays of particles rich
in AQP4 at astrocyte endfeet. Mislocalization of AQP4 at perivascular astrocyte endfeet in the
Large™" mouse (6,12) and loss of its clustering in astrocytes deficient in DG may cause the
dispersion or a decrease in the density of orthogonal arrays of particles at these specialized

domains that will ultimately alter water transport.

Recent studies have reported that lack of the lipid raft gangliosides GM1 and GD1 (45) or
depletion of cholesterol resulted in abnormal paranodal sodium channel clusters in the
peripheral nervous system and prevented the agrin-induced clustering of AChRs in C2C12
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myotubes, respectively (31,45,46). Moreover, cholesterol depletion in neuronal cultures
decreases the number of synapses and a-amino-3-hydroxy-5-methyl-4-isoazolpropionic acid
receptor stability (47). In some instances, it has been demonstrated that cholesterol can
influence the activity of ion channels (19,48). These data raise the interesting hypothesis that
lipid rafts may participate in the regulation of the AQP4 channel properties that define its role in

water transport.

The present study demonstrates that loss of interaction between laminin and DG mimics
the effect of membrane cholesterol depletion on AQP4 clustering and points to a concerted
action between lipid rafts and ligand binding to DG that leads to the formation of membrane
specializations at specific astrocytic sites. These findings therefore implicate lipid rafts in the
polarization of the DAP complex and AQP4 in astrocyte endfeet and potentially in AQP4-

mediated water transport.
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5 LAMININ-INDUCED REDISTRIBUTION OF AQUAPORIN-4 IS
MEDIATED BY THE PHOSPHORYLATION OF THE PROTEIN-
SERINE KINASE C & IN ASTROCYTES"

5.1 Introduction

The dystroglycan-associated protein (DAP) complex is a group of interacting proteins
that link the cytoskeleton to the extracellular matrix (ECM). In muscle, where the complex has
been most thoroughly examined, it is believed to maintain the structural integrity of muscle
fibers by protecting myotubes from the shear stress arising from repeated cycles of contraction
and relaxation (1). The axis of the complex is composed of the two subunits of dystroglycan
(DG), a-DG and B-DG, which form a bridge between the extracellular matrix and the
intracellular cytoskeleton (2,3). Both are derived from post-translational cleavage of a single
polypeptide. Extracellular a-DG binds the ECM proteins laminin, agrin, perlecan and neurexin
(4-7), whereas transmembrane B-DG interacts directly with o-DG and intracellular dystrophin,
which in turn binds syntrophin, dystrobrevin and cytoskeletal actin (2,8-10).

Mutations of various members of the DAP complex underlie the pathogenesis of many
muscular dystrophies, a class of congenital disorders characterized primarily by progressive
muscle weakness and degeneration and secondarily by defects in brain and ocular development,

the etiologies of which are poorly understood (11-14).

Dystroglycan and many members of the DAP complex are expressed in the central
nervous system where they form complexes in both neurons and astrocytes (15,16). Of
particular interest, DG is enriched at boundaries between neural tissues and fluid compartments,
namely at glial cell endfeet abutting blood vessels of the brain (17). These specialized

membrane domains are enriched for the water permeable channel aquaporin-4, AQP4 (18).

Multiple lines of evidence suggest that the integrity of the DAP complex is essential for
the proper localization and function of AQP4. Indeed, mutations in the dystrophin gene or

deletion of a-syntrophin result in a dramatic reduction of the expression of AQP4 at

*A version of this chapter will be submitted for publication. Noel G., Guadagno E. and Moukhles H. (2010)

Laminin-induced redistribution of aquaporin-4 is mediated by the phosphorylation of the protein-serine kinase C &
in astrocytes.
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perivascular astrocyte endfeet (19-21). In addition, in cultured astrocytes, laminin induces the
coclustering of AQP4 with the DAP complex (22,23), suggesting that the ability of the DAP to
bind ECM ligands is essential for the localization and stability of this channel.

The DAP complex may be involved in localizing signalling proteins to specific cell
domains. Several studies have strongly implicated the DAP complex in enzymatic cascades that
regulate the clustering of acetylcholine receptors (AChRs) at the neuromuscular junction (NMJ)
(24-27). 1t is interesting to note that laminin binding to DG induces the tyrosine phosphorylation
of DG and syntrophin, which increases its binding to Grb2 and, via Grb2-Sos1, activates Racl
and PAK1-JNK. The activation of this pathway results in actin remodelling, PI3K/AKT pathway
activation and tyrosine phosphorylation of c-jun and AChR via the activation of c-Src (28-35).

In several respects, the clustering of AQP4 in astrocytes apposed to the laminin-rich basal
lamina is similar to the clustering of AChR at NMJs. In previous results, we have shown that
laminin induces the coclustering of lipid rafts with the DAP complex and AQP4, and that lipid
rafts integrity is crucial for their clustering (23). Recent studies in muscle have shown that agrin
and laminin induce a similar lipid raft-dependent coclustering of AChR with the DAP complex
at the NMJ (36-39).

Since lipid rafts have been associated with the recruitment of signalling proteins and
syntrophin can bind signaling molecules such as nNOS, Grb2, guanine nucleotide-binding
protein alpha subunit (protein Ga), stress-activated protein kinase-3 (ERKG6), microtubule-
associated serine/threonine kinase, syntrophin-associated serine/threonine kinase, ARMS and
diacylglycerol kinase-zeta (40-49), we hypothesize that the laminin-mediated coclustering of
DG, AQP4 and lipid rafts is associated with the recruitment of signalling molecules and their

level of phosphorylation at these clusters.

In the present study, we set out to characterize the signalling events involved in the
coclustering of DG and AQP4 upon laminin treatment. Here we used immunofluorescence and
immunoblot analyses to examine the dynamic and alterations of DG and AQP4 clustering in
astrocytes treated with laminin after using selective kinase inhibitors. We hypothesized that the
coclustering of lipid rafts with the laminin-induced clusters of DG and AQP4 as we previously
reported (23) may be associated with the activation of signaling cascades. Indeed, our data show
an increase in tyrosine phosphorylation approximately at 3 hours following laminin treatment

coinciding with the time where laminin-induced clustering of DG, AQP4 and GML1, reaches a
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“plateau”. In addition, we show that laminin induces the formation of phosphotyrosine-rich
clusters that are reminiscent of laminin clusters. Incubation with the tyrosine kinase inhibitor,
genistein, induces a significant decrease in DG and AQP4 clustering. Furthermore, we used
antibody-based microarrays which allowed us to identify both the proline-rich/Ca**-activated
tyrosine kinase 2 (Pyk2) and the protein-serine kinase C delta (PKCd) as two of the main kinases
exhibiting a high increase in tyrosine phosphorylation upon laminin treatment. Using specific
inhibitors, we also demonstrated that PKC? is the only enzyme involved in the laminin-induced
clustering of AQP4. Signalling through PKC was found to be a regulator of not only the
coalescence of the laminin-induced clusters of AQP4 and DG but also AQP4-mediated water

transport in astrocytes treated with laminin.

5.2 Materials and methods

5.2.1 Antibodies

The following antibodies were used in the present study: rabbit anti-AQP4 against rat
GST AQP4 corresponding to residues 249-323 (Alomone Laboratories, Jerusalem, Israel), rabbit
anti-laminin against purified mouse Engelbreth-Holm-Swarm (EHS) Sarcoma laminin that
recognizes laminin al, B1 and y1 chains, mouse anti-B-DG, 43DAG1/8D5, against the 15 of the
last 16 amino acids at the C-terminus of the human dystroglycan sequence (Novocastra
Laboratories, Newcastle, UK), rabbit anti-PKC3 against synthetic peptide corresponding to
residues 662-673 (Abcam), anti-phospho-PKCd against synthetic phospho-peptide from residues
surrounding Y311 (Abcam), rabbit anti-Pyk2 against human GST Pyk2 corresponding to
residues 726-863 (Upstate), rabbit anti-phospho-Pyk2 against the phosphorylated isoform Y579
(Upstate), anti-FAK, mouse anti-phosphotyrosine, 4G10, against phosphotyramine-KLH
(Upstate) and mouse anti-B-actin against a synthetic -actin N-terminal peptide (Sigma-Aldrich,
St. Louis, MO, USA).
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5.2.2 Astrocyte primary cultures

Primary hippocampal astrocyte cultures were prepared from postnatal day 1 Sprague-
Dawley rats (Charles River). Hippocampi were dissected, and meninges and choroid plexus were
removed. They were then cut into small pieces and incubated for 25 min with trypsin (3.0
mg/ml; Gibco, Burlington, Canada). Dissociated cortices were then plated in culture flasks and
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 1% penicillin-streptomycin and 1 mM L-glutamine (Gibco) for 2-3 weeks. The culture
medium was changed every 3 days. To remove microglia and oligodendrocyte progenitors, the
flasks were shaken the day following the plating. After trypsinization, the cells were plated on
glass coverslips coated with poly-D-lysine (0.1 mg/ml; Sigma) in 24-well plates at a density of
200-250x10° cells/ml. Two days after plating, the cells were treated for every hour up to 8 hours
with 15 nM Engelbreth-Holm-Swarm Sarcoma laminin-1 (Sigma-Aldrich, St. Louis, MO, USA)

in the absence of serum.

5.2.3 siRNA transfections

Astrocytes were transfected in suspension before plating with 100 nmol/l Pyk2 siRNAs
(ON-TARGETplus SMARTpool siRNA reagents; Dharmacon, USA) and control siRNA (ON-
TARGETplus siCONTROL nontargeting siRNA; Dharmacon) using Lipofectamine-2000
(Invitrogen, USA), following the manufacturer’s protocol. One day and a half after plating,
astrocytes were treated for 4 hours with 15 nM of laminin-1 and subsequently analyzed by

immunofluorescence.

5.2.4 Drug treatments

For the tyrosine kinase inhibition experiments, the cells were incubated in the presence of
50 uM genistein (Calbiochem), 0.5 ug/ml herbimycin (Calbiochem) or with 5 nM staurosporin
(Calbiochem) for 4 hours at 37°C in the presence of laminin. For the specific inhibition of Pyk2
or PKC9, the cells were incubated in the presence of 50 uM dantrolene (Calbiochem), and 0.15-
0.30 pg/ml Ro 31-8220 (Sigma) or 1.5-3 ug/ml GF-109203 (Sigma), respectively.
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5.2.5 Kinex antibody microarray preparation

Primary hippocampal astrocytes were treated or not with 15 nM laminin for 3 hours. The
cells were washed twice in ice-cold PBS and then sonicated in Kinex lysis buffer (20 mM
MOPS, 1% Triton X-100, 2 mM EGTA, 5 mM EDTA, 30 mM NaF, 1 mM NagVO,; 1 mM
phenylmethylsulfonyl fluoride, 5 uM pepstatin A, 1x complete protease inhibitor mixture (Roche
Applied Science), 1 mM DTT). 100 pg of cleared lysate protein from control and laminin-treated
astrocytes were shipped to Kinexus Bioinformatics Corporation (Vancouver, Canada) for Kinex

antibody microarray services.

5.2.6 Immunofluorescence

Cells were washed and incubated for 25 minutes at 4°C with chilled phosphate-buffered
saline (PBS) containing 10 ug/ml FITC-conjugated cholera toxin subunit B (CtxB, Sigma).
Then, they were rinsed with warm PBS and fixed by immersion in 4% (w/v) paraformaldehyde
in 0.1 M phosphate buffer for 20 min followed by rinsing in PBS, 3 x 15 min. The cells were
incubated for 1 h at room temperature (20-22°C) in a solution containing 2% bovine serum
albumin (Sigma) and 0.25% Triton X-100. Double immunolabelling was performed by
incubating the cells at room temperature for 1 h in the presence of primary antibodies against 3-
DG (1/25) and laminin (1/1500) or AQP4 (1:200), phosphotyrosine 4G10 (1:400) and laminin
(1/1500), B-DG (1/25) and phospho-PKC3 (1/100). Subsequently, they were rinsed with PBS (3
x 15 min) and incubated with Alexa Fluor 568 goat anti-mouse 1gG and Alexa Fluor 647 goat
anti-rabbit, Alexa Fluor 488 goat anti-mouse 1gG and Alexa Fluor 568 goat anti-rabbit 1gG or
Alexa Fluor 568 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit 1gG for 1 h (1/200;
Molecular Probes, USA). After several washes with PBS, coverslips were mounted on glass
slides using Prolong Gold Antifade Reagent with or without 4°, 6-diamidino-2-phenylindole
(Invitrogen, Burlington, ON, Canada). To confirm the specificity of the labeling, control cells
were treated equivalently in the absence of primary antibodies. Fluorescent labeling of cultured
cells was visualized using a confocal microscope (Fluoview 1000; Olympus) and an Uplan
Apochromat 1.35 NA 60x objective (Olympus).
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5.2.7 Immunoblotting

Astrocyte cultures were harvested and lysed on ice for 20 min in extraction buffer (25
mM Tris pH 7.4, 25 mM glycine and 150 mM NacCl) containing 1% Triton X-100, 1 x complete
protease inhibitor cocktail, 1 mM phenylmethylsulfonylfluoride, 1 mM sodium orthovanadate,
30 mM sodium fluoride, 20 mM sodium pyrophosphate and 5 mM EDTA. Nuclei and cellular
debris were removed from the suspension by centrifugation at 16,000 g for 10 min. Extracted
proteins were denatured by boiling for 9 min in reducing sample buffer and then loaded on a
10% sodium dodecyl sulfate-polyacrylamide electrophoresis gels. The gels were
electrotransferred to nitrocellulose membranes (Bio-Rad, Mississauga, ON, Canada) and the
blots were probed with antibodies to phosphotyrosine (1/1000), PKC3 (1/500), phospho-PKCd
(1/500), B-DG (1/300), AQP4 (1/1000), Pyk2 (1/1000), phospho-Pyk2 (1/1000), FAK (1/1500)
and B-actin (1/20000). Bound antibodies were detected using horseradish peroxidase-conjugated
goat anti-rabbit 1gG or goat anti-mouse 1gG (1/2000; Jackson ImmunoResearch, USA). Signals
were visualized on Bioflex econo films (Interscience, Markham, ON, Canada) using

chemiluminescence (Amersham Biosciences, Buckinghamshire, UK).

5.2.8 Water permeability measurements

For water permeability measurements, cells were grown on round coverglasses and
loaded with calcein by incubation for 45 min with 6 uM calcein-AM (Molecular Probes) at 37°C.
Loading of calcein was similar in all the conditions tested. After being rinsed in PBS (pH 7.4),
the coverglasses were mounted in a perfusion chamber on the stage of a two-photon laser-
scanning microscope Zeiss LSM510-Axioskop-2 fitted with a 40X-W/0.80 numerical aperture
objective lens directly coupled to a Mira Ti:sapphire laser (~100-fs pulses, 76 MHz, pumped by
a 5 W Verdi laser; Coherent) which continuously measured calcein fluorescence. The cells were
perfused with isotonic CSF 330 mOsm (120 mM NacCl, 3.3 mM KCI, 26 mM NaHCO3, 1.3 mM
MgSQ,, 1.2 mM NaH,PQO4, 1.8 mM CaCl, and 11 mM D-Glucose) and scanned every 3.4 s with
excitation at 835 nm. An in-line heater/cooler was constructed in which perfusate passed through
80 cm of tubing enclosed by a water jacket with circulating fluid. Effluent temperature was
monitored via an in-line thermistor. The fluorescent signal which has large two-photon
absorption cross-sections, were excited at 835-840 nm and epifluorescence was detected with

142


http://www.biocompare.com/natureproducts/go.asp?id=nature02827_p_p7
http://www.biocompare.com/natureproducts/go.asp?id=nature02827_p_p8

external detectors with 560 nm from the optical slice within the cell body. The cells were then
subjected to an osmotic shock by switching the perfusate to a hypoosmotic, 250 mOsm, CSF,
obtained by omission of 40 mM NaCl from the isotonic solution. Solution osmolarities were
measured using a freezing point-depression osmometer and perfusion solutions were gravity
pumped with a flow rate of approximately 4ml/min as used in water transport measurements.
The swelling of the cells was monitored as a decrease of calcein fluorescence, which occurs as a
result of the dilution of the fluorophore and a reduction of self-quenching (50-54).

5.2.9 Quantitative analyses

The number of clusters and surface area of the DG, AQP4 and laminin clusters were
determined on images subjected to a threshold using ImagePro Plus software (Media
Cybernetics, Inc.). Pictures from the same experiment were captured using identical acquisition
parameters and subjected to the same threshold. Statistical analyses were performed using

GraphPad Prism 3.00 software and unpaired Student’s t-test.

On receiving the Kinex protein microarray data, we created a corrected fold change to
account for error in the replicates and stringently selected candidate proteins with a true increase
that was outside the error limits of replicates. Using the data provided by Kinexus, we calculated
our corrected fold change = [(average intensity of treated samples - % error of replicates) /
(average intensity of control samples + % error of replicates)]. This corrected fold change was
used to rank the candidate proteins, and those with a corrected fold change of >1.5 was selected

for further investigation.

5.3 Results

We previously described the formation of large clusters containing lipid rafts, AQP4 and
DG following astrocyte treatment with extracellular laminin-1. Several lines of evidence point to
a role of ECM in regulating raft-associated signalling (55-58). We hypothesize that the laminin-
induced redistribution of lipid rafts and coclustering with the DAP complex in astrocytes

provides a signalling platform that promotes the formation of AQP4-rich clusters in astrocytes.
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In the present study, we focused on the identification of candidate signalling molecules
that may regulate this process.

5.3.1 Modulation of protein phosphorylation by laminin and implication in DG and AQP4

cluster formation

We carried out a time-dependent study of the laminin-induced clustering of GM1, B-DG
and AQP4 every hour following the laminin treatment from 1 to 8h. We found that the maximum
clustering of GM1 and AQP4 reaches a “plateau” at 3h following laminin treatment and that this
was preceded by the clustering of p-DG and laminin that occurs 1lh earlier (Fig. 5.1 and
Appendix K). However, the maximum area of the clusters of GM1, AQP4, 3-DG and laminin
reaches a “plateau” at 5h after laminin treatment (Fig. 5.1V). Together these results indicate a
primary assembly of DG and laminin into clusters followed by AQP4 and GML1 clustering.

The immunoblot analysis of the tyrosine phosphorylation revealed an increase between
3-4h in laminin-treated compared to untreated astrocytes (Fig. 5.3A). In addition, astrocytes were
coincubated with laminin and either genistein or herbimycin, two commonly used tyrosine
kinase inhibitors. We found that while herbimycin did not alter the level of tyrosine
phosphorylation, genistein decreased it significantly (Fig. 5.3A), suggesting that the laminin-
induced increase in tyrosine phosphorylation is tyrosine kinase dependent. We subsequently
studied the effect of tyrosine kinase inhibition on the formation of DG and AQP4 clusters. These
inhibitors were coincubated with laminin and the clustering was assessed after 4 hours by
immunofluorescence. Figure 5.3C and E shows that the degree of DG and AQP4 clustering was
greatly altered upon genistein treatment. These results suggest the requirement of tyrosine kinase

activity in the laminin-induced coclustering of DG with AQP4.
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Figure 5.1 Laminin-induced clustering of GM1, B-DG, and AQP4 is time-dependent. Rat
hippocampal astrocytes incubated in the absence (A-D) or the presence (E-T) of 15 nM laminin
were first labeled for GM1 using FITC-CtxB (A, E, I, M and Q) and then double
immunolabeled for -DG (B, F, J, N and R) and AQP4 (C, G, K, O and S). Scale bar, 30 pum.
Quantitative analysis of the laminin-induced GM1, B-DG, laminin and AQP4 clusters (U and V).
The histograms represent the mean number of clusters £SE (U) and surface area of clusters =SE
(V) in astrocyte cultures treated with laminin for 0 to 8 hours from three different experiments.

All quantifications were performed on 15 fields acquired randomly from each experiment.
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Figure 5.2 The laminin-induced increase in tyrosine phosphorylation and clustering of -
DG and AQP4 are prevented by the tyrosine kinase inhibitor, genistein. Astrocytes were
incubated in the presence (+LAM) or the absence (-LAM) of 15 nM laminin for 3 hours either
alone or with 0.5 ug/ml herbimycin (+LAM +Herb) or 50 mM genistein (+LAM +Gen).
Protein extracts were immunoblotted for phosphotyrosine (PY). A representative blots from
three independent experiments is shown (A). Rat hippocampal astrocytes incubated in the
presence of 15 nM laminin alone (+LAM, B, D and F) or with 50 uM genistein (+LAM
+Genistein, C, E and G) were double immunolabeled for B-DG (B and C) and AQP4 (D and E).
Scale bar, 30 pum.

147



Blot: PY

+Genistein

+LAM +LAM

148



5.3.2 Reorganization of the tyrosine phosphorylation labeling upon laminin treatment and

identification of Pyk2 and PKC as the main targets of tyrosine phosphorylation

To investigate the effect of laminin on the organization of tyrosine phosphorylated
proteins, we labeled laminin-treated astrocytes for tyrosine phosphorylated proteins and
quantified their clustering. We show that laminin enhanced tyrosine phosphorylation labeling,
induced clustering of tyrosine phosphorylated proteins, and that some of these clusters
codistributed with laminin clusters (Fig. 5.3).

Quantitative analysis revealed over 1.6-fold increase in the number of phosphotyrosine
clusters in the laminin-treated compared to the untreated astrocytes reminiscent of the increase
in the number of B-DG, laminin, GM1 and AQP4 clusters, as previously reported (Fig. 5.3G). It
is important to note here that we previously demonstrated that laminin does not induce a
detectable change in the morphology of astrocytes as laminin-treated astrocytes presented a flat
and polygonal shape similar to that of control untreated astrocytes as assessed by WGA labeling
(23). Together these data show that the laminin treatment of astrocytes induces an increase in
protein tyrosine phosphorylation and that reorganization into clusters of these phosphotyrosine

proteins is associated with their increase.

In parallel experiments, we screened for signalling molecules to identify those that
exhibit increased phosphorylation upon laminin treatment using the Kinexus antibody KAM-1.1
microarray. Such an approach allowed us to identify both the proline-rich/Ca**-activated tyrosine
kinase 2 (Pyk2) and the protein-serine kinase C delta (PKCd) as two of the main proteins for
which tyrosine phosphorylation increases upon laminin treatment (Fig. 5.4). Figure 5.4 shows
that Pyk2 phosphorylation on tyrosine 579 and PKC3& on tyrosine 313 (or 311 in human
compared to rats) are enhanced by which reach 1.51 and 2.21, respectively. Together these
results identify Pyk2 and PKCd as two different kinases which phosphorylation is activated by

laminin.
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Figure 5.3 Laminin organizes phosphotyrosine protein distribution into clusters in
astrocytes. Rat hippocampal astrocytes incubated in the absence (-LAM, A-C) or the presence
of 15 nM laminin (+LAM, D-F) were labeled for phosphotyrosine (PY; A and D) and laminin
(B and E). Scale bar, 30 pum. Quantitative analysis of the laminin-induced clustering of
phosphotyrosine (G). The histograms represent the mean number of clusters +SE in astrocyte
cultures treated with laminin for 3 hours from three different experiments. All quantifications

were performed on 15 fields acquired randomly from each experiment.
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Figure 5.4 Laminin induces changes in the expression of signaling molecules as identified
by the Kinexus antibody KAM-1.1 microarray chip. Equal amounts of protein extracts from
laminin-treated astrocytes labeled with Cy5 and untreated astrocytes labeled with Cy3 were
applied to separate antibody chips. Red and green represent the ratios of proteins from laminin-
treated astrocytes over untreated astrocytes which expression increases and decreases,
respectively. Note that the protein-serine kinase C & undergoes a high level of tyrosine

phosphorylation on residue Y313.
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5.3.3 Involvement of PKC but not Pyk2 in the laminin-induced coclustering of DG and
AQP4

Implication of Pyk2 and PKCS3 in the laminin-induced clustering of the DAP complex
with AQP4 was first investigated by confirming the increase signal by western blot of the two
phosphoisoforms of these kinases and second by their localization by immunofluorescence in
astrocytes treated with laminin. Appendix L shows that the phosphorylation of Pyk2 on tyrosine
579 is clearly increased in the presence of laminin and that the level of total Pyk2 remains
unchanged. We therefore asked whether Pyk2 had a role in the laminin-mediated clustering of
DG and AQP4. To address this question, we used the general inhibitors of tyrosine
phosphorylation, staurosporin, herbimycin and genistein. Appendix L shows that both
staurosporine and genistein prevented the increased tyrosine phosphorylation of Pyk2 in laminin-
treated astrocytes. These results indicate a similar effect of genistein on the tyrosine
phosphorylation, the laminin-induced clusters of DG (Fig. 5.2) and the phosphorylated form of
Pyk2.

Alternatively, siRNA to silence the Pyk2 gene (siPyk2) was used and we determined
whether this knock-down altered the laminin-mediated clustering of DG and AQP4 by
quantitative fluorescence analysis. First, we assessed by western blot the efficiency of the siPyk2
transfection and found that Pyk2 expression was significantly decreased (Appendix L). Pyk2
could not be detected in the siPyk2 transfected cells when compared to the control scrambled
SiRNA transfected astrocytes (siCTL; Appendix L) and untransfected astrocytes (data not
shown). The data obtained here show a high efficiency of siPyk2 gene silencing at 2 days post-
transfection but this silencing did not show any effect on AQP4 clustering (Appendix L) and
similar results were obtained using dantrolene, a selective Pyk2-specific inhibitor (data not
shown). Previous studies have suggested a compensation of Pyk2 loss by the focal adhesion
kinase (FAK) in different in vitro system and that FAK could interact with DG (59). Since these
two kinases have been shown to be involved in polarization of cellular compartment, we
therefore assessed the level of FAK in siPyk2 in astrocytes. Appendix L shows that the level of
FAK does not increase in the siPyk2-transfected astrocytes and suggests that FAK does not

compensate for the loss of Pyk2 in astrocyte cultures.
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We then investigated the role of PKCS in the laminin-induced clustering of DG and
AQP4. Western blot analyses confirm the data obtained from the microarray analysis showing a
high level of phosphorylation on tyrosine 311 of PKCd (Fig. 5.5A). We also examined the
localization of the phosphorylated form of PKCS in astrocytes and found that PKC-5-Y311
distribution is altered in laminin-treated astrocytes (Fig. 5.5E) and that PKC-5-Y311 presented
some colocalization with 3-DG (Fig. 5.5 C-G). Based on this laminin-induced colocalization of
PKC-6-Y311 with the B-DG clusters, we examined quantitatively whether the PKC activity is
involved in the DG/AQP4 clustering. To disrupt PKC activity, we used two commonly used
selective PKC inhibitors, GF-109203 and Ro 31-8220 (Fig. 5.6). Astrocytes treated both with
laminin and GF-109203 or laminin and Ro 31-8220 were fluorescently labeled for B-DG and
AQP4. We found that the number of B-DG clusters increased upon the incubation with these
inhibitors but that the total area occupied by these clusters decreased, suggesting a break-down
of DG clusters (Fig. 5.6A, D, G and K). However, Figure 5.6 B, E, H and J show that both the
number and area of AQP4 clusters decreased. Together these results suggest that GF-109203 and
Ro 31-8220 prevent the coalescence of 3-DG clusters upon laminin treatment with a concomitant

block of AQP4 clustering confirming the dynamic of DG and AQP4 clustering.

5.3.4 Modulation of AQP4 function by PKC

It has been previously shown that the phosphorylation of AQP4 by PKC modulates the
water permeability of this water permeable channel (51,60-66). This raises the question of
whether laminin regulates AQP4 phosphorylation and whether this phosphorylation is

implicated in its functional properties.

We previously showed that laminin treatment of astrocytes leads to a decrease in cell
swelling upon hypoosmotic shock (data presented in chapter 3). We therefore used a similar
assay to test whether inhibition of PKC in presence of laminin could alter the hypoosmotic-
induced cell swelling. Astrocytes were thus loaded with calcein and subjected to a hypoosmotic
chock for 60 seconds by dropping the osmolarily of the CSF from 300 mOsm to 250 mOsm.

Figure 5.7A-1 shows a time lapse representation of the calcein signal during 360 seconds
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Figure 5.5 Laminin induces an increase and redistribution in phospho-PKC3 in astrocytes.
Astrocytes were incubated in the presence (+LAM) or absence (-LAM) of 15 nM laminin-1 for
3 hours. Protein extracts were immunobloted for phospho-PKCS, PKCS and B-actin. A
representative blot from three independent experiments is shown (A). Rat hippocampal
astrocytes incubated in the absence (-LAM, B, D and F) or presence of 15 nM laminin (+LAM,
C, E and G) were double immunolabeled for B-DG (B and C) and phospho-PKCs (D and E).
Scale bar, 30 pum.
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Figure 5.6 PKC inhibitors, Ro 31-8220 and GF-109203, prevent the laminin-induced
clustering of B-DG, and AQP4. Rat hippocampal astrocytes incubated in the presence of 15 nM
laminin alone (+LAM) or with 3 ug/ml GF-109203 (+LAM +GF) or 0.30 ug/ml Ro 31-8220
(+LAM +Ro) were double immunolabeled for B-DG (A, D and G) and AQP4 (B, E and H).
Scale bar, 30 um. J and K. Quantitative analysis of the laminin-induced clustering of -DG and
AQP4. The histograms represent the mean number of clusters £SE and surface area of clusters
+SE of AQP4 (J) and B-DG (K) clusters in astrocyte cultures treated with laminin and 1.5-3
ug/ml GF-109203 or 0.15-0.30 ug/ml Ro 31-8220 for 3 hours from three different experiments.

All quantifications were performed on 15 fields acquired randomly from each experiment.
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Figure 5.7 Cell volume measurements in cultured astrocytes. Calcein-loaded astrocytes in the
x-y plane were recorded from O to 300 seconds after incubation with (+LAM; D, E and F) or
without (-LAM; A, B and C) 15 nM laminin alone or in the presence of 0.3 pg/ml Ro 31-8220
(+LAM +Ro; G, H and 1). Mean trace of recordings from a time series of 30 calcein-loaded
astrocytes treated with (+LAM; K) or without (-LAM; J) 15 nM laminin alone or with 0.3
ug/ml Ro 31-8220 (+LAM +Ro; K). The buffer solution was changed from isotonic to

hypotonic and from hypotonic to isotonic at 160 and 240 seconds, respectively (dotted line).
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between untreated, laminin-treated and laminin and Ro 31-8220 co-treated astrocytes. We found
that laminin treatment reduced the cell swelling reflected by a lower decrease in calcein-signal
upon hypoosmotic chock, confirming our previous results (see chapter 3). Interestingly, the co-
treatment of laminin with Ro 31-8220 led to an increased cell swelling compared to laminin
alone (Fig. 5.7K). The cell swelling rescue was partial compared to the untreated control (Fig.
5.7J). Together these results suggest that laminin treatment induced PKC activation which may
be a regulator of the laminin-induced clustering of AQP4 as well as AQP4-mediated water
transport.

5.4 Discussion

In the present study, we show that the effect of laminin on the clustering of GM1, B-DG
and AQP4 is time-dependent and reaches a “plateau” at 2h for B-DG and laminin and 3h for
GM1 and AQP4 following the addition of laminin. These data indicate that laminin co-
assembles with B-DG prior to the GM1-containing lipid raft and AQP4 clustering. It is
noteworthy that the surface area of all these clusters reaches a maximum at the same time (5h)
which suggests that even though the formation of B-DG and laminin clusters precedes that of
lipid rafts, the coalescence and stabilization of B-DG and laminin clusters may be regulated by
lipid raft.

Lipid rafts have received much attention in the past few years and are known to be
enriched for cholesterol and sphingolipids and form liquid-ordered islands at the plasma
membrane, which is composed mainly of phospholipids in liquid-disorder. Proteins that
concentrate in lipid raft domains include doubly acylated proteins such as a subunits of
heterotrimeric G-proteins and Src-family kinases (67). The concentration of such signalling
proteins in lipid raft domains may provide a platform for a better interaction between these
proteins which is necessary for coordinated signal transduction. Interestingly, it has been
proposed that Src-dependent phosphorylation of B-DG on tyrosine 890 regulates SH2-SH3-

mediated signalling that plays a role in membrane protrusion (68-71).

We therefore asked whether the laminin and DG-mediated clustering of lipid rafts in
astrocytes was associated with specific signalling events. First, we investigated whether laminin
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induces a change in tyrosine phosphorylation and found that not only it increases the level of
phosphorylation on tyrosine-containing proteins but induces the formation of phosphotyrosine-
rich clusters some of which colocalized with laminin clusters. We have previously shown that
laminin induces the clustering of a- and B-DG but not B1-integrin (23,72) suggesting that the

binding of laminin to a-DG triggers the increase in tyrosine phosphorylation.

In this study, we also show that the tyrosine kinase inhibitor, genistein, led to a decrease
in laminin-induced DG and AQP4 clustering. These implicate tyrosine kinases in the clustering
of the DAP complex and AQP4. Indeed, we identified the protein-serine kinase C delta (PKCJd)
as one of the main kinases that undergoes a high increase in the level of tyrosine phosphorylation
upon laminin treatment using the Kinexus antibody KAM-1.1 microarray chip. Using selective
inhibitors of PKCg, we found that it differentially regulates the laminin-induced clustering of j3-
DG and AQP4. Indeed, while PKC3 inhibition decreases the surface area of both B-DG and
AQP4 clusters, it increases the number of B-DG clusters and decreases that of AQP4. A possible
explanation would be that the size of 3-DG clusters is a determinant factor for the formation and
stabilization of AQP4 clusters at the cell surface. Interestingly, it has been shown in various
studies that lipid rafts were critical for PKC activity in T cells (73-75) to mediate apoptosis-
resistance (76) or contribute to inflammatory signalling (77). It has also been suggested that
ceramide recruits PKC into lipid rafts (78) and that its activation can induce changes in the
composition of detergent-resistant membrane domains that are representative of lipid rafts (79).
Together, these data suggest that the reorganization of lipid rafts mediated by laminin is

associated with the activation of PKC.

Several studies have reported the implication of protein kinases such as protein kinase A
(80), Ca’*/calmodulin-dependent kinase Il (60) or casein kinase Il (81,82) in water transport.
Moreover, PKC has been shown to be a regulator of the AQP4-mediated water transport
(51,61,64,65,83). Indeed, it has been suggested that phosphorylation of serine 180 (S180)
inhibits AQP4-mediated water transport whereas phosphorylation of serine 111 (S111) activates
it (66). Interestingly, we found that laminin-induced activation of PKC was associated with a
decrease in AQP4-mediated water transport upon laminin treatment. On the contrary, the
inhibition of PKC activity results in an increase in water transport in laminin-treated astrocytes.
The specific mechanism regulating AQP4-mediated water transport via PKC remains unclear. It

has been proposed that PKC down-regulates water transport by increasing AQP4 internalization
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(63,84-86). In our case, this hypothesis seems unlikely because laminin-induces a clear cell
surface clustering of AQP4. The only possibility would be that the pool of AQP4 expressed in
the areas outside of the clusters may be internalized which could impede the apparent water
permeability. The other hypothesis involves a differential regulation of both M1 and M23
isoforms of AQP4 by laminin (62,87-89).

In conclusion, we show in the present study that laminin regulates AQP4 clustering by
facilitating the lipid raft-mediated signalling possibly associated with PKC38. Using selective
inhibitors of PKCg, we found a dramatic disruption of 3-DG and AQP4 clustering associated
with an increase in AQP4-mediated water transport in astrocytes treated with laminin. These
findings indicate that PKCd not only regulates AQP4 clustering but also its role in water

permeability in astrocytes.
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6 A HIGH THROUGHPUT SCREEN IDENTIFIES CHEMICAL
MODULATORS OF THE LAMININ-INDUCED CLUSTERING OF
DYSTROGLYCAN AND AQUAPORIN-4 IN PRIMARY ASTROCYTES®

6.1 Introduction

Cerebral edema with excess accumulation of water and cellular swelling is a common
consequence of stroke, traumatic brain injury, brain tumor and meningitis. In the normal brain,
water is distributed between cerebrospinal fluid, blood, intracellular and interstitial
compartments and moves between these compartments in response to osmotic gradients. In
pathological conditions, the abnormal accumulation of water in brain parenchyma gives rise to
either cytotoxic or vasogenic edema (1). Cytotoxic edema is seen in early cerebral ischemia and
is primarily characterized by an increase in astrocyte volume due to enhanced water flux from
the bloodstream into these cells. Vasogenic edema is often seen following brain tumor formation
and is characterized by enhanced water entry in the interstitial compartment of the brain due to

disruption of the blood-brain barrier (1).

Aquaporin-4 (AQP4), the principal water channel in the brain, is mainly expressed at the
interface between the brain tissue and the blood at the perivascular astrocyte endfeet (2). Recent
studies in the AQP4 knockout or overexpressing mice demonstrated a dual role for AQP4 in the
pathophysiology of brain edema (1,3-7). Indeed, there is increasing evidence that AQP4
deficiency is associated with reduced water entry into the brain and reduced water outflow from
the brain parenchyma in edema models that include water intoxication, focal cerebral ischemia,
bacterial meningitis, cortical freeze-injury and brain tumor (1,4). Because AQP4 permits
bidirectional water transport it has been shown that it plays a role not only in the early
accumulation of water in cytotoxic edema (4) but also in the removal of excess water in
vasogenic edema (1,8-10). Therefore, blocking AQP4 or inhibiting its clustering around blood
vessels would reduce water entry which may be beneficial in preventing cytotoxic edema at early
stages of stroke. On the contrary, activating AQP4 or increasing its clustering around blood
vessels would promote the extrusion of the excess water from the brain preventing thereby
vasogenic edema.

>A version of this chapter has been submitted for publication. Noel G., Stevenson S. and Moukhles H. (2010) A high
throughput screen identifies chemical modulators of the laminin-induced clustering of dystroglycan and aquaporin-4
in primary astrocytes.
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Several studies have focused their effort in designing drugs that specifically inhibit AQP4
function (11-17). To date, only three drugs, tetraethylammonium (TEA), 6-ethoxybenzothiazole-
2-sulfamide (EZA) and acetazolamide (AZA) have been identified as potential inhibitors of
AQP4 activity. However, the ability of these candidate blockers to inhibit cell swelling upon
hypo-osmotic chock has been disputed (18). In an attempt to identify other drugs that inhibit the
function of AQP4 in water transport, Mola et al (15) developed a functional high-throughput
assay based on the measurement of osmotically-induced cell volume changes to screen several

libraries of drugs and identified four blockers of AQP4-mediated water transport.

Multiple lines of evidence suggest that the integrity of the dystroglycan-associated
complex (DAP) is essential for the proper localization and function of AQP4. This multiprotein
complex includes numerous intracellular proteins such as syntrophin, dystrobrevin and
dystrophin downstream of dystroglycan (DG) (19,20). DG is post-translationally cleaved into a
transmembrane protein, B-DG, and an extracellular protein, a-DG. a-DG binds non-covalently to
the short extracellular domain of B-DG as well as to the ECM proteins laminin, agrin and
perlecan as well as neurexin (21-24). Intracellularly, -DG binds directly dystrophin, which in
turn binds dystrobrevin and syntrophin. Interestingly, DG, dystrophin, dystrobrevin and
syntrophin are co-clustered with AQP4 at perivascular astrocyte endfeet (25,26). We have shown
in astrocyte cultures that this co-clustering is mediated by the interaction of DG with
extracellular laminin-1 (27,28). Likewise, we have demonstrated that o-DG interaction with
perivascular laminin is key to the polarized distribution of AQP4 at astrocyte endfeet in brain
(25). Furthermore, the deletion of a-syntrophin or mutations of dystrophin result in the loss of
AQP4 clustering, relocating it away from astrocyte endfeet (29-31). Most importantly, the loss of
AQP4 polarized distribution in these mice resulted in a beneficial effect as it delayed the onset of
brain edema (32,33). Therefore, treatments using drugs capable of disrupting the clustered
distribution of the DAP complex at astrocyte endfeet will ultimately lead to the disruption of
AQP4 distribution as well.

In the present study we used a well established assay of laminin-induced clustering of the
DAP complex and AQP4 in primary astrocyte cultures to screen a library of >3,500 chemicals
and identified 5 enhancers and 6 inhibitors of this clustering. Here, we focused our analysis on
chloranil, one the inhibitory drugs, and demonstrate that it causes cell surface cleavage of the 43

kDa B-DG to a 31 kDa form via a metalloproteinase-mediated mechanism. Chemical variants of
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chloranil also induce B-DG shedding leading to the loss of cell surface tethering of o-DG and
subsequent severance of laminin binding, resulting in the inhibition of DG and AQP4 clustering.
This study provides evidence that the DAP complex is a valuable target for the disruption of
laminin-induced AQP4 clustering and validates the high-throughput screen on primary astrocyte
cultures as a powerful tool in the discovery of potential therapeutic drugs for both cytotoxic and
vasogenic edema that occur in brain disorders including stroke, tumour, hydrocephalus, infection

and traumatic brain injury.

6.2 Materials and methods

6.2.1 Chemicals

The 3,594 chemicals used in the screen were from the Pretswick, Sigma LOPAC,
Microsource Spectrum and Biomol natural products collections, and were provided by the
Canadian Chemical Biology Network (www.ccbn-rbc.ca). P-chloranil (referred to as chloranil in

the rest of the text), benzoquinone and flunarizine were purchased from Sigma-Aldrich and
Hoechst 33342 was from Invitrogen. Prinomastat (AG3340) was purchased from Agouron
Pharmaceuticals, the tissue inhibitors of metallo-proteinases TIMP1 and TIMP2 were a generous
gift from Dr. C.M. Overall (University of British Columbia, Vancouver) and N-acetyl-L-cysteine
(NAC) was purchased from Sigma-Aldrich.

6.2.2 Antibodies

The following antibodies were used: rabbit anti-AQP4 raised against rat GST-AQP4
residues 249-323 (Alomone Laboratories, Jerusalem, Israel), mouse anti-B-DG, 43DAG1/8D5,
raised against 15 of the last 16 C-terminal amino acids of human dystroglycan (Novocastra
Laboratories, Newcastle-upon-tyne, UK), mouse anti- syntrophin, SYN1351, raised against
Torpedo syntrophin (Affinity Bioreagents, USA), rabbit anti-MMP-2 (anti-gelatinase A BIV),
raised against a synthetic peptide of human gelatinase A (34) and mouse anti-p-actin raised

against a mouse synthetic peptide (Sigma, USA).
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6.2.3 Chemical screen for modulators of laminin-induced dystroglycan clustering in
astrocytes

Experiments were performed using postnatal day 1 Sprague-Dawley rats (Charles River)
in accordance with the protocols of the animal care committee of University of British
Columbia. Primary hippocampal astrocyte cultures were prepared from postnatal day 1
Sprague-Dawley rats (Charles River). Hippocampi were dissected, and meninges and choroid
plexus were removed. They were then cut into small pieces and incubated for 25 min with
trypsin (3.0 mg/ml; Gibco, Burlington, Canada). Dissociated hippocampi were then plated in
culture flasks and grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 1% penicillin-streptomycin and 1 mM L-glutamine (Gibco) for 2-3
weeks. To remove microglia and oligodendrocyte progenitors, the flasks were shaken the day
following the plating.

The culture medium was changed every 3 days. After trypsinization, the cells were plated
in PerkinElmer View 96-well plates at 8000 cells per well. One day after seeding, the cells were
treated for 7 h with 20 nM Engelbreth-Holm-Swarm Sarcoma laminin-1 (Sigma-Aldrich),
washed with warn PBS and fixed with 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer for
20 min followed by rinsing in PBS, 3 x 15 min. Four hours before fixation, chemicals were
transferred from stock plates (5 mM in DMSO) to each well for a final concentration of =15 uM
using a Biorobotics Biogrid 11 robot equipped with a 0.7 mm diameter 96-pin tool that adds ~20
nl per well. Fixed cells were incubated for 1 h at room temperature (20-22°C) in a solution
containing 2% bovine serum albumin (Sigma) and 0.25% Triton X-100. Immunolabelling was
performed by incubating the cells at room temperature for 1 h in the presence of primary
antibodies against -DG (1/100). Subsequently, cells were rinsed with PBS (3 x 15 min) and
incubated with Alexa Fluor 568 goat anti-mouse 1gG (1/200; Molecular Probes, USA). After
three 15 min washes with PBS, the cells were incubated with PBS containing 500 ng/ml Hoechst
33342 for 15 min at room temperature. Plates were read in a Cellomics™ Arrayscan V"
automated fluorescence imager. Cells were photographed using a 20x objective in the Hoechst
and TRITC (XF-100 filter) channels. The compartment analysis algorithm was used to identify
the nuclei, apply a cytoplasmic mask and quantitate TRITC spots in the TRITC channel fixed at

250 pixel intensity units. Fluorescence intensity in the TRITC channel was gated at 10 average
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pixel intensity units inside the cytoplasmic mask to select against diffuse p-DG staining. The

total pixel intensity for clustered 3-DG was acquired as ‘circ spot total intensity ch2’.

Compounds inducing an increase or decrease greater than 1.5 in clustered B-DG staining
were considered as active. Wells showing 3-fold or higher increase in clustered p-DG staining
over control were re-examined to eliminate any false positives resulting from precipitation of
fluorescent compounds. Similarly, compounds causing a decrease in cell number were
disregarded as toxic chemicals. The Z-factor of the assay was determined from clustered 3-DG
measured in cells treated with DMSO (negative control) or laminin (positive control). Effective
drugs identified in the screening assay were further evaluated in a dose-response curve where
DMSO concentration was kept at 0.1% in all wells for all experiments.

6.2.4 Cell viability assay

Cells were seeded in 96-well plates at 8000 cells per well and grown for 24 h prior to the
treatment with the drugs for 4h as described above. The drugs and media were then removed and
cell viability was measured using the 3-[4,5-dimethylthiazol-2-yl]-2.5-diphenyl-tetrazolium
bromide (MTT) assay (Sigma, USA). Cells were incubated for 2 h at 37°C with MTT, then 20%
sodium dodecyl sulfate was added and the absorbance at 570 nm was measured after overnight

incubation.

6.2.5 Immunoblotting

Treated astrocytes were harvested and suspended in 0.5 ml of ice-cold extraction buffer
(25 mM Tris pH 7.4, 25 mM glycine and 150 mM NaCl) containing 1% Triton X-100, 1x
complete protease inhibitor cocktail and 5 mM EDTA. After 20 min incubation on ice, the
lysates were centrifuged at 800 g for 10 min. Supernatant was collected and protein was
quantified using a BCA protein assay kit (Pierce, USA). Extracted proteins were denatured by
boiling for 4 min in reducing sample buffer and then loaded on 10% sodium dodecyl sulfate-
polyacrylamide electrophoresis gels. The gels were electrotransferred to nitrocellulose
membranes (Bio-Rad, Mississauga, ON, Canada) and the blots were probed with antibodies to -

DG (1/300), AQP4 (1/1000), syntrophin (1/1000) and B-actin (1/10000. Bound antibodies were
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detected using horseradish peroxidase-conjugated goat anti-rabbit 1gG or goat anti-mouse 1gG
(1/2000; Jackson ImmunoResearch, USA). Signals were visualized on Bioflex econo films
(Interscience, Markham, ON, Canada) using chemiluminescence (Amersham Biosciences,
Buckinghamshire, UK).

6.2.6 Gelatin zymography

Media from treated astrocytes were collected and 10 ul aliquots per well were applied to
10% SDS-PAGE gels co-polymerized with 1% gelatin (Fisher, USA). After electrophoresis
under non-reducing conditions, the gels were washed in 2.5% Triton X-100 for 1 h to remove
SDS and then incubated for 16 h at 37°C in 20 mM Tris, 150 mM NaCl, 5 mM CaCl, and stained
with SimplyBlue™ Safestain (Invitrogen, USA). For the standards, we used the pre-stained
protein ladder from Bio-Rad as well as purified gelatinase A (MMP-2) and B (MMP-9). Regions

of gelatinolytic activity regions were observed as clear bands against a blue background.

6.3 Results

6.3.1 Development of an automated microscopy screen for chemical modulators of the

laminin-induced dystroglycan clustering in primary astrocyte cultures

To screen libraries of compounds for modulators of the laminin-induced clustering of -
DG in primary astrocyte cultures, we used an automated microscopy assay. The high-content
screening instrument programmed to detect and quantify fluorescent spots enabled the automatic
imaging of B-DG fluorescent clusters on a Cellomics ArrayScan V™' HCS Reader and analysis
by the Compartmental Analysis BioApplication. Representative images obtained with this
automated image analysis system are shown in Figure 6.1A in which each cell is outlined in red
and nuclei of each live cell overlaid in blue. Individual clusters associated with each cell are
shown in yellow (Fig. 6.1A). To determine the most suitable conditions for optimum detection of
B-DG clustering in astrocytes cultured in 96 well plates using the Cellomics reader, we treated

these cultures with increasing concentrations of laminin-1 for 7 h. In the absence of laminin-1,
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Figure 6.1 Validation of the Cellomics™ Arrayscan VV'' automated fluorescence imaging of
the laminin-induced clustering of B-dystroglycan in primary astrocyte cultures. A. Images
of untreated astrocytes and astrocytes treated with 20 nM laminin-1 were acquired on the
ArrayScan V™' HCS Reader. The right panels are merged images of Hoechst 33342 (left panels)
and B-DG labeled astrocytes (middle panels). Automatic identification of the cytoplamic mask of
individual astrocytes (red) and detected spots (yellow) by the Compartmental Analysis
BioApplication. B, C. Dose-response curve of laminin-induced B-DG clustering in astrocytes
grown in 96 well-plates. Each point represents the mean number of clusters or areas of clusters +

S.E.from three different experiments. Scale bar, 30 um.
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B-DG labelling was largely diffuse at the cell surface (Fig. 6.1A), however in the presence of
laminin a dose-dependent response both in the number and area of the clusters was observed
reaching a plateau at 20 nM of laminin-1 as previously reported in Muller glial cells (Fig. 6.1A-
C; 21).

Evaluating assay performance: The values from untreated negative control and treated
(20 nM laminin) positive control wells were used to assess the Z’ factor for the number of
clusters and the total area covered by the clusters per cell. The values of 0.54 and 0.62 for the
number of clusters and the total area of clustering per cell, respectively, are greater than 0.5,
indicating that the criteria tested in this assay (i.e. number and area of the clusters) are
appropriate for use in screening (Table. 1). As demonstrated by the automated assay, the addition
of laminin-1 for 7 h caused a 9.11 to 18.35-fold increase in the number and area of B-DG
clusters, respectively (Table 1). Other criteria shown in Table 1 include the assay’s signal/noise
and signal window, both of which are greater than 2-fold, further demonstrating the robustness
of this assay (35).

Screening of compound collections: A collection of 3,584 drugs and pharmaceutically
active chemicals was tested at a concentration of 15 uM for the final 4 h of the 7 h laminin
incubation. In addition to automatically reporting the number of clusters and their total area, the
number of cells (i.e., number of nuclei) and the nuclear area were simultaneously measured.
Chemicals causing 80% reduction in cell number were considered cytotoxic and were eliminated
from our analysis. Compounds causing over 1.6-fold increase or decrease in the clustering of -
DG without causing cell death were considered as active (Fig. 6.2 C and D). Examples of these
are illustrated in Figure 6.2A and B in which data compiled from three 96-well plates
corresponding to approximately 200 compounds are shown. Twelve active chemicals were
initially identified as inhibitors of the clustering, but subsequent testing by dose-response proved
that only 6 of these were true inhibitors inducing a reduction of B-DG clustering ranging from
2.2 to 17.1-fold (data not shown). To our knowledge, none of these 6 compounds have been
previously reported to reduce laminin-DG interaction or laminin-induced clustering of the DAP
complex. Subsequent analysis has shown that two of these inhibitors, namely chloranil and

flunarizine, induce a dose-dependent decrease in -DG clustering (Fig. 6.3).

Subsequent experiments were done to determine the most efficient concentration of

chloranil and flunarizine required to induce a 50% inhibition (ECsg) of laminin-induced
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Number of clusters | Area of clustering per
per cell cell (um?2)
Z’ factor 0.54302 0.62
Signal to background 9.1156798017 18.35
Signal to noise 28.62252524 35.39
Signal window 4625771126 6.42

Table 6.1 B-dystroglycan clustering is a suitable assay for detection using the Cellomics™
Arrayscan V"' automated fluorescence imager. B-DG clustering in laminin-treated astrocytes
was used as the positive control and the spontaneous clustering occurring in the absence of
exogenous laminin was used as the negative control. Z’ = 1 — ((3Smax™ 36min)/|lmax — Umin|), Where
Umax 1S the mean positive control signal, omax IS the standard deviation of the positive control
signal, pmin is the mean negative control signal, and omin IS the standard deviation of the negative
control signal. Signal/background (fold increase) = [max/Imin- Signal/noise = (lmax — HUmin)/Cmin-

Signal window= (max — tmin— 3(Smaxt Omin))/ Smax (35).
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Figure 6.2 Identification of modulators of B-dystroglycan clustering using a high
throughput screen of a library containing 3,594 drugs. A, B. Duplicate experiments (red and
green) from three 96-well plates corresponding to approximately 200 drugs are represented.
Drugs inducing a change greater than 1.6 fold in B-DG clustering in laminin-treated compared to
untreated astrocytes in both experiments (as circled in black) were considered effective and used
for subsequent testing. C, D. Normalized fold differences in the number and area of the clusters

plotted for each of the 3,594 compounds tested.
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Figure 6.3 Dystroglycan clustering in cells treated chloranil and flunarizine
dihydrochloride. A. Primary astrocytes were treated for 7 h with 20 nM laminin-1 alone, 20
nM laminin-1 and 15 uM chloranil or 20 nM laminin-1 and 15 uM flunarizine during the last 4
h. The chemical structures of chloranil and flunarizine are represented. B, C. Dose-response
curve of laminin-induced B-DG clustering in astrocytes treated with increasing concentrations of
chloranil or flunarizine (2.5 to 100 uM). Clustered staining was automatically quantified using

the Cellomics ArrayScan V™' HCS Reader. Scale bar, 30 um.
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clustering. Astrocytes were incubated with 20 nM laminin-1 and either chloranil of flunarizine at
concentrations ranging from 1 to 100 uM (Fig. 6.3B). The data from this dose-response
experiment are represented as curves that were fitted using a sigmoidal function allowing the
determination of the ECsy Figure 6.3B shows a dose-dependent inhibition of the laminin-
induced B-DG clustering by both drugs, however chloranil presents an ECsp (~20 uM) lower

than that of flunarizine (~30 uM) indicating that chloranil is more potent than flunarizine.

6.3.2 Characterization of the effect of chloranil and flunarizine on B-dystroglycan and
AQP4 clustering

To assess whether AQP4 clustering is also reduced in the presence of chloranil and
flunarizine, B-DG and AQP4 clusters were examined at higher resolution by laser confocal
microscopy. The data show that chloranil significantly inhibits the laminin-induced AQP4
clustering and as for B-DG, this inhibition is dose-dependent (Fig. 6.4). Similar results were

found for flunarizine (data not shown).

To ensure that the reduction in B-DG and AQP4 clustering was not due to either
cytotoxicity or reduction in B-DG or AQP4 expression levels, we assessed cell viability using the
MTT assay and B-DG and AQP4 levels by immunoblotting. Figure 6.5 shows that while B-DG
expression level remains unchanged in the presence of flunarizine that of AQP4 is slightly
decreased. Interestingly, chloranil causes the cell surface cleavage of full length 43kDa B-DG
and consequent formation of the 31 kDa fragment of B-DG (Fig. 6.5A). The size of this fragment
is consistent with the cleavage of the short extracellular domain of 3-DG that has been reported
to be mediated by metallo-proteinases. We next investigated the effect of increasing
concentrations of chloranil and flunarizine on astrocyte survival. Four hours following the
treatment, we subjected the astrocytes to the MTT cell viability assay and found that chloranil
caused a slight reduction in the total number of actrocytes but only at a very high concentration
(100 uM; Fig. 6.5B). These results demonstrate that the inhibition of B-DG and AQP4 clustering

observed with <100 uM chloranil is not due to adverse effects on cell survival (Fig. 6.3 and 4).
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Figure 6.4 Effect of chloranil on the laminin-induced coclustering of B-DG and AQPA4.
Primary astrocytes were treated for 7 h with 20 nM laminin and 15 uM chloranil during the last
4 h. The concentration of chloranil varied from 0 (A, B, C), 6 (D, E, F), 12 (G, H, 1), 25 (J, K,
L), 50 (M, N, O) to 100 uM (P, Q, R). The cells were fixed and labeled for B-DG (A, D, G, J,
M and P) and AQP4 (B, E, H, K, N and Q). Clustered staining was quantified using confocal

microscopy. Scale bar, 30 um.
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Figure 6.5 Effect of chloranil and flunarizine on astrocyte survival and B-dystroglycan, and
AQP4 expression. A. Primary astrocytes were incubated for 4 h with 15 uM of active
chemicals. Extracted proteins were loaded (30 pg/lane) and analyzed for B-DG, syntrophin and
AQP4 expression levels by western blot analysis. Note the 31 kDa band under the 43 kDa band
corresponding to the cleaved form of B-dystroglycan upon chloranil treatment. B. Primary
astrocytes were incubated for 4 h with different concentrations of the active chemicals.
Chemicals and media were washed away and the cells were assayed for cell viability by MTT

assay.
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6.3.3 Chloranil-induced B-dystroglycan shedding is mediated by metalloproteinases other
than MMP-2 and MMP-9

Since the formation of the 31 kDa B-DG fragment in chloranil-treated astrocytes is
consistent with a proteolytic cleavage of B-DG possibly implicating metalloproteinases, we
tested whether longer exposure to chloranil results in increased accumulation of the 31kDa f3-
DG. The data show a more intense 31 kDa band and weaker 43 kDa band at 7 h compared to 4 h
post-treatment (Fig. 6.6). This time-dependent accumulation of the proteolytic 31 kDa B-DG
fragment is consistent with proteolytic activity. Increasing accumulation of the 31kDa B-DG
fragment was also seen with chloranil concentrations raging from 15 uM to 50 uM (data not

shown).

We next evaluated the role of metallo-proteinases in the chloranil-induced B-DG
cleavage using the metalloproteinase inhibitor, Prinomastat at 15 and 30 uM. Immunoblots of
protein extracts of astrocytes co-incubated for 7 h with 15 uM chloranil and 15 or 30 uM
prinomastat show that prinomastat inhibits the chloranil-induced B-DG cleavage partially when
applied at 15 uM and completely at 30 uM (Fig. 6.6). These data show conclusively that the

chloranil-induced cleavage of B-DG is mediated by metalloproteinases.

Shedding of B-DG at the cell surface has been studied in many cell types including tumor
cells and glial cells. Several studies have reported that the two metalloproteinases, MMP-2 and
MMP-9 are involved in this process in brain (36,37). To determine whether chloranil-induced
shedding of B-DG in astrocytes is mediated by these two metalloproteinases, we investigated
their activity and expression via gelatin zymography and immunoblotting, respectively. Culture
media from untreated astrocytes and chloranil-treated astrocytes were collected and analyzed by
gelatin zymography. As standards, we used a mix of gelatinase A (MMP-2) and B (MMP-9)
from CHO cells or purified gelatinase A. The gelatinolytic regions observed on both untreated
and chloranil-treated astrocytes culture media corresponded to MMP-9 and the pro-form of
MMP-2, as revealed by the clear bands at 92 and 72 kDa, respectively (Fig. 6.7A). No difference
in intensity or activation state of either one of these MMPs was observed between the untreated
and chloranil-treated astrocytes (Fig. 6.7A). To evaluate the possible implication of membrane
associated MMP-2, membrane protein extracts from untreated and chloranil-treated astrocytes

were analyzed by immunoblotting. The results confirm that MMP-2 is indeed present
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Figure 6.6 Time-dependent shedding of B-dystroglycan by chloranil is blocked by the
metalloproteinase inhibitor, prinomastat. Primary astrocytes were incubated with 25 mM
chloranil for 4 or 7 h with or without addition of prinomastat 15 uM or 30 uM. Extracted
proteins were loaded (30 pg/lane) and analyzed for B-DG and AQP4 expression levels by
western blot analysis. Note the increase in signal intensity of the 31 kDa B-DG band after

extended incubation with chloranil and its disappearance with prinomastat co-incubation.
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Figure 6.7 Gelatin zymography and the effect of tissue inhibitors of metalloproteinases on
the chloranil-induced shedding of dystroglycan. A. Primary astrocytes were incubated in the
absence or the presence of 25 uM chloranil for 7 h. Media samples were collected and analyzed
by SDS-PAGE gelatin zymography. Note the clear bands against the blue background with an
apparent molecular weight of 92 and 72 kDa, representing gelatinolytic activity of pro-MMP-9
and pro-MMP-2, respectively. The chloranil does not modulate the amount of MMP-2 and 9 or
their activation state. B. Primary astrocytes were incubated for 4 h with 25 uM chloranil alone,
25 uM chloranil with 30 uM prinomastat, 25 uM chloranil with 110 nM TIMP1 or 25 uM
chloranil with 100 nM TIMP2. Protein extracts were loaded (30 upg/lane) and analyzed for 3-DG
expression levels by western blot analysis. Note that the chloranil-mediated shedding of B-DG is
inhibited by prinomastat but not TIMP1 or 2.
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predominantly in its pro-form as shown on the zymogram and that levels do not change in the
chloranil-treated compared to untreated astrocytes (Fig. 6.7A). Further analysis was conducted
using the tissue inhibitors of metalloproteinases, TIMP1 (110 nM) and TIMP2 (100 nM) that
inhibit selectively MMP-2 and MMP-9 but not the ADAMs (a disintegrin and a
metalloproteinase). Astrocytes treated for 4 h with chloranil alone, chloranil with prinomastat or
chloranil with TIMP1 or TIMP2 were analyzed by immunoblotting. Unlike prinomastat, neither
TIMP1 nor TIMP2 were capable of preventing the chloranil-induced cleavage of B-DG (Fig.
6.7B), suggesting that metalloproteinases other than MMP-2 and MMP-9, possibly ADAMs,

may be involved.

6.3.4 B-dystroglycan shedding by chloranil and its chemical variants is mediated by

reactive oxygen species

Chloranil is a general electron acceptor that has a role in radical ion formation and has
been shown to be most effective at producing reactive oxygen species (ROS) by accepting
electrons from oxygen (38). Based on this property of chloranil, its reported inability to interact
or regulate collagenase activity (39) and the fact that metalloproteinases can be activated by
ROS, we hypothesized that choranil induces B-DG shedding by producing ROS that in turn
activate specific metalloproteinases. To test this hypothesis, astrocytes were incubated either
with chloranil alone or chloranil plus the ROS scavenger, N-acetyl-cysteine (NAC).
Interestingly, NAC completely inhibited the proteolytic cleavage of B-DG by chloranil (Fig.
6.8A).

Similar to chloranil, chemical variants of chloranil such as 2,3-dichloro-5,6-dimethyl
(1,4)benzoquinone and benzoquinone, induced B-DG cell surface cleavage and a significant and
dose-dependent decrease both in the number and area of B-DG clusters as assessed by
immunblotting and immunofluorescence (Fig. 6.8). The effect of chloranil and its variants is
most likely mediated by the benzoquinone which is common to these three aromatic compounds.
The observation that these variants induce a similar effect to chloranil and that chloranil acts via
the production of ROS suggest strongly that chloranil variants increase ROS production as well

leading to the activation of metalloproteinases.
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Figure 6.8 Effect of chloranil, 2,3-dichloro-5,6-dimethyl-(1,4)benzoquinone and
benzoquinone on B-dystroglycan shedding and laminin-mediated clustering. A. Primary
astrocytes were incubated for 4 h with 15 uM of active chemicals. Protein extracts were loaded
(30 ng/lane) and analyzed for B-DG expression levels by western blot analysis. Note the 31 kDa
band corresponding to the cleaved form of B-DG upon chloranil as well as 2,3-dichloro-5,6-
dimethyl-(1,4)benzoquinone or benzoquinone treatment. The chloranil induced shedding of -
dystroglycan is prevented by co-incubation of the cells with 15 uM of chloranil and 1 mM of the
ROS scavenger, N-Acetylcysteine (NAC). B, C. Primary astrocytes were treated for 7 h with 20
nM laminin and chloranil, 2,3-dichloro-5,6-dimethyl-(1,4)benzoquinone or benzoquinone during
the last 4 h. The concentration of the compounds varied from 2.5 to 100 uM. Clustered staining

was quantified using the automated microscopy assay.
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6.4 Discussion

Several studies have supported the role of the DAP complex and its interaction with
extracellular laminin in the polarized distribution of AQP4 at astrocyte endfeet abutting blood
vessels. Indeed, the severance of the DG interaction with laminin in the DG-glycosylation
deficient mouse, Large™?, results in the loss of AQP4 localization at astrocyte endfeet without
affecting its expression level (25). We have also shown that the laminin-induced clustering of
AQP4 in astrocyte cultures requires DG (27,28). In addition, the deletion of a-syntrophin or
mutations in the dystrophin gene result in the mislocalization of AQP4, distributing it away from
astrocyte endfeet (29-31). It is noteworthy that AQP4 mislocalization in these mice results in a
better outcome as it delays the onset of brain edema (32,40). A study in the AQP4-null mouse
reported brain swelling in models of vasogenic edema where excess fluid accumulates in the
extracellular space, due to impairment of the AQP4-dependent water clearance in the AQP4 null
mouse (41). On the contrary, another study in the AQP4 null mouse reported reduced brain
swelling and improved neurological outcome following water intoxication and focal cerebral
ischemia. This defines a role for AQP4 in the development of cytotoxic (cellular) cerebral edema
where excess fluid accumulates mainly in the astrocyte foot processes (4). Modulators of AQP4
expression or perivascular clustering may therefore have a therapeutic application to reduce
cytotoxic edema by blocking water influx in astrocytes at early stages of stroke and recent
studies have identified potential inhibitors of AQP4-mediated water transport in vitro (12,14,15),
although the data by Huber et al (12,14) have been disputed (18).

In the present study we implemented a high-throughput screen in primary astrocyte
cultures to identify compounds that modulate the laminin-induced clustering of B-DG and
AQP4. First, we showed that the Cellomics'“Arrayscan VTI automated fluorescence imager is
suitable for efficient detection of the laminin-induced clustering of -DG (Fig. 6.1). Indeed, the
7’ factor (0.54), signal/background, signal/noise and signal window values of this assay are
appropriate for use in screening (Table. 6.1). Screening of the Pretswick, Sigma LOPAC,
Microsource Spectrum and Biomol natural products collections identified a number of
chemically active molecules, 6 of which inhibited 3-DG clustering. Here, we focused our study
on flunarizine and chloranil, two inhibitors of the clustering, and show based on the ECs, that

chloranil (EC50~20 uM) is more potent than flunarizine (ECso~30 uM). The effect of these drugs
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on B-DG clustering was reversible (data not shown) and neither of them compromised astrocyte
viability at the concentration used throughout the experiments (15 uM). These are generally

considered favourable properties for drugs with a therapeutic potential.

Flunarizine has been reported to increase the rate of recovery in a rat model of cerebral
ischemia (42) and spinal cord contusion injury (43). Flunarizine plays the role of a calcium
channel blocker in astrocytes (44,45) and protects rats from severe ischemic cell death without
disrupting the blood-brain barrier (46). Its role on brain edema has been investigated by (42) and
despite a remarkable functional recovery, flunarizine did not induce a significant change in brain
swelling and blood brain barrier damage. However, conflicting results on ischemia showed that
flunarizine can be used in humans to treat both ischemia and epilepsy (47). Further in vivo
experiments aiming at investigating the role of flunarizine in models of brain edema addressing

particularly its effect on DG and AQP4 perivascular distribution are warranted.

Chloranil is commonly used as an oxidizing agent in organic syntheses. Here we show
that it induces the shedding of -DG ectodomain resulting in formation of 31 kDa 3-DG and a
similar effect is seen with other oxidizing agents such as 2,3-dichloro-5,6-dimethyl-
(1,4)benzoquinone and benzoquinone, suggesting that the effect of chloranil and its variants on
B-DG is due to ROS production. This is further substantiated by the observation that chloranil-
induced B-DG cleavage is prevented by the anti-oxidant, NAC (Fig. 6.8). B-DG shedding is
typical of a metalloproteinase-mediated cell surface cleavage of B-DG as previously reported
(37,48,49). Indeed, our data show that prinomastat, an inhibitor with selectivity for MMP-2,
MMP-9, MMP-13, and MMP-14, completely blocks the chloranil-induced cell surface cleavage
of B-DG (Fig. 6.7B). These findings together with the established role of ROS in MMP
activation (50-52) indicates that the chloranil induces the production of ROS that in turn activate
metalloproteinases leading to the cleavage of -DG ectodomain. This is in accordance with the
report that cerebral ischemia seen after oxygen-glucose deprivation leads to a metalloproteolytic
cleavage of B-DG in astrocytes (53) and that prinomastat protects against ischemic brain injury
as shown in hippocampal organotypic slices (54). The observation that MMP-2 and MMP-9
expression remains unchanged in the chloranil-treated astrocytes as detected by zymography
analysis and the absence of reversal of the chloranil effect by the inhibitors of
metalloproteinases, TIMP1 and TIMP2 argue against an MMP-2 or MMP-9 mediated B-DG
shedding in astrocytes (Fig. 6.7). Although a number of studies have shown in various cells that
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B-DG is a substrate for MMP-2 and MMP-9 but not MMP-3, MMP-8 or MMP-13 (37,48,55-57),

our data eliminate MMP-2 and MMP-9 as possible targets for chloranil.

There is evidence that B-DG is a substrate of the disintegrin and metalloproteinase
family, ADAMs, including ADAMTS-4, ADAMTSL1 or TACE (58-60). TIMP2 does not inhibit
ADAMS and TIMP1 inhibits ADAM10 but not ADAM17 (TACE). Thus, we hypothesize that
ADAMS in particular ADAM17 could be involved in B-DG shedding induced by chloranil.
Several ADAMs including ADAM-10, ADAM-17 as well as ADAMTS-1 and ADAMTS-4 are
expressed in astrocytes (61,62). Furthermore, up-regulation ADAMTS-1 and ADAMTS-4 has
been shown in transient middle cerebral artery occlusion in rat (62).

In light of the fact that ROS-induced activation of MMPs is involved in BBB disruption
leading to vasogenic edema after stroke (63), the use of chloranil would be detrimental as it
would result in the breakdown of the BBB. While the detailed analysis of chloranil allows its
elimination as a potential drug that could be used in models of brain edema, several other drugs
that inhibit both B-DG and AQP4 clustering in a metalloproteinase-independent manner have
been identified using the high throughput screen on primary astrocyte cultures. It remains to be
determined whether these drugs are capable of reducing the clustering of B-DG and AQP4 at

perivascular astrocyte endfeet and whether this is beneficial in models of cytotoxic brain edema.
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7. CONCLUSION

As the extent of cell swelling in the brain is constrained by the encasing skull,
pathological conditions that disturb cell volume homeostasis can severely compromise neural
function and survival. Water accumulation in the brain is characteristic of many pathological
situations such as stroke, trauma, neoplasm, infection or metabolic disorders. In an attempt to
counteract the osmolarity disturbance generated during those conditions and restore normal cell
volume, neural cells initiate volume regulatory mechanisms by modifying the concentration of
active osmolytes (1) but these mechanisms are rapidly altered by the lack of ATP and the
acidosis which results from those conditions. Therefore, it seems that one primary target to
prevent brain swelling early on during its onset or even to accelerate its dissipation could be the
water channel AQP4. Although the general characteristics of AQPs have been extensively
studied, only recently has evidence emerged to indicate that both AQP4 activity and distribution

in the brain are crucial for water homeostasis and brain swelling evolution.

At the initiation of this thesis only two distinct factors had been described to regulate
AQP4 distribution; the necessity of DAP complex integrity for its proper localization as well as
the role of laminin in its cell surface organization. Studies reported in this dissertation highlight
the role of post-translational modifications of DG, ECM cooperation between laminin and agrin,

lipid rafts and signalling cascade in the control of DG-dependent AQP4 distribution.

In chapter 2, we focused on the defective O-glycosylation of a-DG which severs its
binding to laminin and is associated with muscular dystrophies, named dystroglycanopathies.
These conditions are characterized not only by muscle degeneration but also by brain and ocular
defects. When we used the Large™" mouse, an animal model with a hypoglycosylated form of a-
DG, to determine the impact of the Large™" mutation on the perivascular localization of Kir4.1
and AQP4 in brain and retina, we found that both Kir4.1 and AQP4 were lost from astrocyte
endfeet in brain. However significant labeling for these channels was detected at similar cell
domains in retina. Furthermore, while both a- and p1-syntrophins were lost from perivascular

d

astrocytes in brain, labeling for Bl-syntrophin was found in retina of the Large™“ mouse.

Together, these results have revealed many findings seminal to the understanding of the brain
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and retinal pathologies secondary to a-DG hypoglycosylated muscular dystrophies and it has
simultaneously unveiled a large number of questions that remain to be elucidated. Indeed, these
findings show that while ligand-binding to the highly glycosylated isoform of o-DG in concert
with a- and B1-syntrophins is crucial for the polarized distribution of Kir4.1 and AQP4 to

functional domains in brain, distinct mechanisms may contribute to their localization in retina.

The differences in the anchoring mechanisms could reflect a different complex entirely,
perhaps relying on another transmembrane protein capable of binding to proteins of the basal
lamina. The presence of integrin receptors in the retina (2) could account for these results.
Integrins are transmembrane proteins composed of an ab-heterodimer that bind matrix proteins
such as fibronectin and laminin (3). In the CNS, al1B1, a3p1, a6p1, a6B4 integrins have been
localized around the microvasculature (4,5). Our previous results in the laboratory showed that
unlike o-DG, Bl-integrin is not clustered upon laminin treatment suggesting a differential
implication of a-DG compared to B1-integrin in the clustering of Kir4.1 and AQP4. In addition,
both a6 and 4 were not found in the primary astrocytes cultures and assessment of integrin
activation state by use of tagged fragment of fibronectin did not show any activated integrin
capable of interacting with ECM molecules at the surface of our glial cell culture system (data
not shown). These results suggest that even though integrins might play a role in vivo, in our in
vitro system it appears that they are not expressed or responsive and therefore rule out their

potential implication in our findings.

In chapter 3, we focused on the blood-brain barrier which is characterized by the
interposition of endothelial cells, astrocytes and a rich basal lamina composed of collagens
perlecan, agrin, fibronectin and laminins. Interestingly, both agrin and laminins are known for
organizing the post-synaptic differentiation of the neuromuscular junction and for binding to
DG. In our laboratory, we demonstrated that exogenous laminin-1 but not exogenous agrin can
induce the coclustering of DG and AQP4 in both Muller cell and astrocyte cultures. In addition,
among the channels and receptors specifically concentrated at astrocyte endfeet in vivo, we
assessed the distribution of CIC2, Kv1.5 and P2Y4 (Appendix M) and found that, even if Kv1.5
presents a PDZ-binding motif in its C-terminal, only AQP4, Kir4.1 and DG cluster upon laminin
treatment, suggesting a specificity of the DAP vis a vis of AQP4 and Kir4.1 channels.
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Here we describe the effects of endogenous agrin as well as exogenous laminin-1,
collagen IV and Matrigel™, an artificial basal lamina mixture, on the distribution and expression
of AQP4. We also investigated the role of those ECM molecules on the swelling capacity of
cultured astrocytes. We found that upon laminin treatment, endogenous agrin was enhanced at
the cell surface and was coclustered with 3-DG. In addition, the silencing of agrin using SIRNA
led to an altered laminin-mediated clustering of AQP4 and DG suggesting a crucial role for
endogenous agrin in the laminin-induced clustering of AQP4, most likely in the coalescence of

I™ induces a laminin-like

the clusters. Among the other ECM molecules tested, Matrige
clustering which could be reduced by both incubation with laminin-blocking antibodies, directed
against LE1 domain of laminin-yl, and DG silencing suggesting that laminin molecules
contained in the Matrigel™ mixture and capable of binding to DG are responsible for the effect

of Matrigel™ on AQP4 distribution in astrocytes.

The discovery that endogenous but not exogenous agrin is translocated and coclusters
with DG upon laminin treatment and that agrin is crucial for the stabilization and extent of the
clusters adds to the growing list of cooperative components necessary for basal membrane
assembly with perlecan, nidogen, DG and integrins (6-8). Although only a limited amount of
information is available about the role of agrin in astrocytes, its role in process formation and
membrane domain polarity is well documented. Indeed, efforts to understand the role of agrin
have yielded multiple mechanisms that contribute to potentiating synapse and filopodia-like
processes formation which actually involves the membrane fluidity characteristics of the plasma
membrane (9-12). In addition, the properties of agrin to bind both laminin-yl and DG
simultaneously have been used to treat muscular dystrophy (13-15). This dissertation provides
evidence that agrin can enhance DG-laminin co-assembly by bridging the two partners together,
via its laminin LG4-5 domains binding to a-DG and its N-terminal Agrin (NtA) domain binding
to laminin y1 (16,17). Depending on the agrin forms present in our in vitro system, either the
secreted or transmembrane form, another hypothesis could involve the transmembrane form
bridging lipid rafts to DG, by its transmembrane domain located in lipid rafts and its LG4-5
domains binding to DG (18,19). In any case, since laminin can also binds to GM1 a major
component of lipid rafts, agrin, laminin, DG and lipid rafts co-assembly would stabilize and
extent the degree of clustering of DG and AQP4. Studies investigating the mechanism and the

nature of agrin involved in the clustering remains to be investigated further.
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Therefore, in chapter 4, we investigated the nature of astrocyte endfeet and focused on
the mechanism underlying the compartmentalization of membrane domains involved in water
and potassium ion transport. We found that AQP4 resided in Triton X-100-insoluble fraction,
whereas DG was recovered in the soluble fraction in astrocytes. Cholesterol depletion resulted in
the translocation of a pool of AQP4 to the soluble fraction indicating that its distribution is
indeed associated with cholesterol-rich membrane domains. Upon laminin treatment, AQP4 and
the DAP complex reorganized into laminin-associated clusters enriched for the lipid raft markers
GM1 and flotillin-1 but not caveolin-1. Reduced diffusion rates of FITC-CTX, a marker for lipid
rafts, in the laminin-induced clusters was indicative of the regulation of the dynamic of lipid rafts
at the plasma membrane by laminin. In addition, both cholesterol depletion and DG silencing
reduced the number and area of laminin-induced clusters of GM1, AQP4, and DG. These
findings demonstrate the interdependence between laminin binding to DG and GM1-containing
lipid raft reorganization and provide novel insight into the dystrophin complex regulation of
AQP4 polarization in astrocytes. They also represent a new line of investigation on the role of
cholesterol in modulating AQP4 distribution. Cholesterol is one of the major lipid components of
mammalian membranes. An increase in cholesterol content restricts the motion of phospholipids
resulting in lipid ordering and decreases in membrane fluidity, whereas a reduction in cholesterol
content increases this fluidity (20). Previous studies suggest that AQP4 activity is not dependent
on cholesterol but that AQP4 was certainly present in lipid rafts and that changes in the physical
properties of the membrane would have an impact on AQP4 function in the brain (21). My study,
which demonstrates a reduction of laminin-induced clustering of AQP4 with decreasing
cholesterol content, is consistent with this proposal and further investigated the propensity of
different inhibitors of cholesterol synthesis, called statins, on laminin-induced clustering of
AQP4. Appendix N presents the rank order of efficacy for 4 commercially available and FDA
approved statins (atorvastatin > mevastatin > simvastatin > lovastatin). It is noteworthy that,
among those inhibitors, it has been shown that the lipophilicity of simvastatin, lovastatin and
atorvastatin allows them to cross the blood-brain barrier (22-24), and could therefore be suitable
to study their effect on astrocyte endfeet properties. Interestingly atorvastatin dramatically
reduced brain water content after MCAO (25) and both lovastatin and simvastatin have

protective effects after ischemia (26).
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To identify the different components of the lipid rafts recruited in the AQP4 clusters
upon laminin treatment, we also initiated a proteomic analysis by light chromatography-mass
spectrometry following lipid rafts isolation and resuspension in either formaldehyde (control
astrocytes) or deuterated formaldehyde (laminin treated astrocytes) as previously described (27).
In Appendix O (collaboration with Dr. Foster at University of British Columbia), we can notice
the recruitment in lipid rafts of proteins such as phospholipase D3 and the exclusion of protein
kinase 7, AHNAK, membrane-associated progesterone receptor or Rap-1A, upon laminin
treatment. These different proteins have been shown to be related to signalling events or
signalling platform formation. Indeed, phospholipase D3 has been shown to be activated upon
PMA in a manner similar to PKC (28), AHNAK has been shown to interact with DG (29) and
Rap-1A is known to associate with NAPDH oxidase in mitochondria and participate in integrin
activation (30,31).

In the following chapter (chapter 5), we were interested in the signalling events triggered
upon laminin treatment since lipid rafts have been extensively associated with the recruitment of
signalling proteins and, in muscle, laminin binding to DG has been shown to induce the tyrosine
phosphorylation of syntrophin and the activation of Rac, PAK1-JNK and PI3K/AKT pathways.
We found that, concomitant to the sudden increase in DG, AQP4 and GML1 clustering between 3-
4 hours of laminin treatment, tyrosine phosphorylation labeling increased at 3 hours, both by
western blot and immmunofluorescence analyses. In addition, immunofluorescence data show
that laminin induces the formation of phosphotyrosine-rich clusters that are reminiscent of
laminin clusters. When co-treated with laminin and the tyrosine kinase inhibitor, genistein, we
subsequently found that DG and AQP4 clusters are significantly reduced in nhumber and surface
area. Antibody-based microarrays identified a number of signalling molecules which expression
was altered following laminin treatment, In the present thesis, | chose to focus on the protein-
serine kinase C delta (PKCd) exhibiting a high level of tyrosine phosphorylation following
laminin treatment. Using selective inhibitors of PKC5, we found that PKC? is involved in the
laminin-induced clustering of AQP4 (Appendix Q). Since PKC activation has been extensively
studied to be associated with release of intracellular stores of Ca®*, one possibility is that
laminin-binding to DG is linked to changes in [Ca?']; via an activation of phospholipase C.
Interestingly, calcium has been shown to bind to both syntrophin and dystrophin and regulate

their protein-protein interactions (32-34) in addition to having role in the laminin-DG interaction
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(35-37). This hypothesis is supported by the fact that among the inhibitors of the laminin-
induced clustering of DG, flunarizine is a calcium-channel blocker (38).

When the water transport capacity was assessed in the laminin-treated astrocytes, we
observed that laminin delays significantly the onset of cell swelling upon hypoosmotic stress.
These results could have two implications. The first possibility is that laminin may be decreasing
the threshold “set-point” of the volume-sensing and regulatory processes such that the cells
respond immediately to the stress. The second one is that laminin may be decreasing the AQP4-
dependent water entry. Since the experiments in this study also provide evidence for the
involvement of PKC activity in the laminin-induced reduction of cell swelling upon hypoosmotic
shock, both hypotheses could occur. Indeed, an increased mobilization of Ca?* and PKC activity
have been shown to be pre-requisite for the release of organic osmolyte in RVD (39-44) and a
PKC-dependent phosphorylation of AQP4 on serine 180 has also been shown to down regulate
AQP4-mediated water transport after PMA (45), vasopressin (46,47), thrombin (48), propofol
(49) or dopamine treatments (50). However, it is important to note that RVD has been shown to
normally take 20-60 min in order to reach a steady-state cell volume (51,52) and in this thesis
short hypoosmotic stresses (120 sec) were applied. Caution in interpretation is still warranted
due to the lack of knowledge of VSOAC identity and its mode of activation. Nevertheless,
together these data suggest that the processes whereby cells regulate volume may be under
neuro-humoral control and are more dynamic than previously considered. Interestingly, we could
hypothesize that laminin targets AQP4 at the astrocytes endfeet but in parallel downregulates its
water transport in a protective manner to avoid any excessive water influx following changes in
blood osmolarity. However, changes in brain activity could trigger signalling event that would
unleash AQP4-mediated water transport. This remains to be elucidated using mutants of AQP4.
Overall, these findings define a novel role for laminin-induced signalling in AQP4-mediated

water transport in astrocytes.

In chapter 6, we were interested in the major importance of AQP4 distribution as it
renders the channel capable of increasing water fluxes between the neuropil and the bloodstream,
thereby playing an important role in handling water accumulation characteristic of brain edema.
The quest to identify inhibitors of AQP4 has been increasingly popular in the last two years with

new screening assays (53-55). To date, no AQP4 modulators that are suitable candidates for

201



clinical development have been discovered. The new approaches to block or down-regulate
AQP4 activity and expression, in vitro and in vivo, have led to the identification of
erythropoietin (56), progesterone (57), zinc (58), tetraethylammonium (59), edaravone (60),
sulforaphane (61), tributyl-chloroplumbane and tributyl-(2,3,5-trichlorophenoxy) stannane (54)
or antiepileptic (62-64) and arylsulfonamides (55), although many have been subject to
controversy (65). The mechanisms involved in the observed effects on AQP4 expression and
activity following treatment with these compounds remain unknown and the use of antiepileptic
seems even contradictory with the fact that AQP4 deficiency is associated with longer durations
of epileptic seizures (66). In addition, none of the precedent compounds target the up-regulation
of AQP4 which is now believed to accelerate the absorption of vasogenic brain edema.
Interestingly, mice lacking components of the DAP complex show a delayed onset of cytotoxic
edema or an accentuated vasogenic edema due to a redistribution of AQP4 away from astrocyte
endfeet. It is therefore important to identify modulatory drugs of laminin-dependent AQP4
clustering which may prevent or reduce brain edema. In the present study we used primary
astrocyte cultures to screen a library of >3,500 chemicals and identified so far 6 drugs that
inhibit the laminin-induced clustering of DG and AQP4. Detailed analysis of the inhibitory drug,
chloranil, revealed that its inhibition of the clustering is due to the activation of
metalloproteinase which in turn leads to shedding of B-dystroglycan and subsequent loss of
laminin interaction with DG. Furthermore, chemical variants of chloranil induced a similar effect
on B-dystroglycan and this was prevented by the antioxidant N-acetylcysteine. These findings
reveal the mechanism of action of chloranil in preventing the laminin-induced clustering of DG
and AQP4, and offer an excellent proof of principle regarding the disruption of the BBB with
concomitant loss of AQP4 and DG perivascular distribution after stroke (67). Most importantly,
this study validates the use of high-throughput screening as a tool to identify drugs that modulate
AQP4 clustering and that could be tested in models of brain edema. We have indeed identified
and characterized 3 other compounds (A, B and C) that we are in the process of testing in vivo
(Appendix P).
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7.1 Relevance and future directions

The relevance of these studies needs to be considered in terms of both therapeutic and
pathological implications in the brain. Understanding the issues regarding the physiological,
pathophysiological and pharmacological factors that either impair or enhance astrocyte cell
volume can help in the design of therapies that alleviate the neurological manifestations

accompanying brain edema.

In order to further characterize the dissimilarities in the effects of the Large™" mutation
between the brain and retina, a more detailed investigation of integrins in vivo will be carried
out. The availability of integrin knock-out mice will be used to assess whether specific integrin
are crucial for Kir4.1 and AQP4 in retina.

It will also be important to carry out 2D Native/Denaturing SDS Polyacrylamide Gel
Electrophoresis separation that allows the analysis of stable multiprotein complexes ranging
from few kDa up to 10 MDa, to identify the proteins associated with either AQP4M1 or
AQP4M23. In 2008 and 2010, Nicchia GP. et al. (68,69) showed that dystrophin is important for
the formation of the M23-containing OAPs. It is therefore interesting to determine a preferential
association of some of the DAP members with either AQP4M1 or AQP4M23 and the
modification in the composition of these complexes during laminin-induced clustering. In
addition, to investigate the effect of laminin on the assembly of OAPs and the formation of large
clusters, astrocytes treated with laminin will be analyzed by freeze-fracture and electron

microscopy.

Experiments in this dissertation outline mechanisms involving PKC in the laminin-
induced reduction of cell swelling upon hypoosmotic chock, therefore studies investigating an
activation of RVD or alternatively a reduction of AQP4 activity need to be conducted. The
release of the inorganic osmolyte, CI', as well as the organic osmolyte, taurine, upon laminin
treatment and hypoosmotic chock will need to be measured. The use of VSOAC inhibitor 5-
nitro-(3-phenyl-propylamino)-benzoic acid (NPPB) will also help in demonstrating potential
activation of RVD. Alternatively, future studies using AQP4 phosphomimetic or missense
mutants for serine 180 conjugated with cell volume measurement will demonstrate the potential
correlation of laminin-induced decrease in cell swelling with AQP4 downregulation. Real time
imaging of the changes in cell volume may not only contribute to distinguish between the two
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hypotheses but may also unveil possible new kinetics of volume correction involving both AQP4
downregulation and subsequent RVD activation. The main motive underlying such investigation
would be that in spite of more than a 30 year history on the study of cell volume regulatory
mechanisms, the nature of the primary volume sensor as well as the identity of VSOAC remains
elusive. To accelerate the progress in the field of osmoregulation and delineate the proper role of
VSOAC and AQP4 activity in cell swelling, it seems critical to solve this issue. The fact that
both swelling activated CI" channels as well as AQP4 have been suggested to play a role in
tumour cell migration further emphasize the importance of studying the relation between these
two channels (70-72).

In addition to narrow down the full signalling cascade involved in AQP4 clustering and
concomitant decrease in cell swelling, another approach would be to study the distribution and
activity of nNOS with release of NO since NO has been shown to play a important role in
signalling pathways in addition to the finding that nNOS interact with syntrophin (73,74).

To evaluate further the effects of the modulators identified in chapter 6, I will undertake
in vivo studies. Compounds identified in vitro as inhibitors, including the statins, or potentiators
of AQP4 clustering will be administered at different concentrations either by intravenous or
intraventricular injections in rats. The ability of the relevant compounds to disrupt or potentiate
DG and AQP4 distribution will be assessed by immunofluorescence and confocal microscopy.
We will also evaluate the integrity of the blood-brain barrier permeability using Evans blue dye.
Since the basal lamina of Large™° mouse cerebral vessels remains intact despite the loss of o-
DG binding to perivascular laminin, we could expect an intact BBB in the drug treated rats. This
study will validate in vivo the effect of the characterized compounds on the distribution of AQP4

at the perivascular astrocyte endfeet.

Interestingly, alterations in cholesterol content occur not only under conditions of dietary
modification (75) but also in conditions associated with disorders of cholesterol metabolism or
intracellular cholesterol transport, such as Niemann-Pick type C, Smith-Lemli-Opitz syndrome
or Tangier disease (76). My results raise the possibility that changes in cholesterol content could
further serve an important modulatory role in AQP4 distribution around the brain blood vessels.
Studies investigating the distribution of AQP4 after statin treatment or in Niemann-Pick type C,
Smith-Lemli-Opitz syndrome or Tangier patients would be carried out in a manner analogous to

the one presented above.
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The discovery that hypoglycosylation of a-DG, depletion of cholesterol or shedding of j3-
DG disrupt the laminin-mediated distribution of AQP4 (Appendix R) substantiates the role of the
DAP complex defects in the mislocalization of both Kir4.1 and AQP4. It also lays the ground for
future experiments to study the role of such defects in altering the electrical activity of the brain

and in reducing brain swelling after stroke, brain trauma or brain tumor.

With respect to the redistribution of Kir4.1 and AQP4 in Large™* brain, genetic linkage
studies have identified correlations between deficiency of Kir4.1 and AQP4 genes and increased
seizure susceptibility in humans (77,78). Since the DAP complex confers a specialized
organization of AQP4 and Kir4.1 at perivascular astrocyte endfeet to allow their proper activity,
a disruption in this organization would compromise potassium clearance and lead to seizure
susceptibility. In light of this, it is reasonable to speculate that the Large™¢ mouse would suffer
from an increased propensity towards chemoconvulsant pentylenetetrazol (PTZ) or hyperthermia
induced behaviour. In order to ascertain whether the Large™ mutation is associated with deficits
similar to the ones encountered in AQP4 and Kir4.1 null mice, Largemyd mice will be tested for
the incidence of febrile seizures, as well as their duration and severity by by injecting them PTZ

(66) or immersing them in a warm water bath (79).

In addition, since both perivascular and glia limitans localization of AQP4 is disrupted in
the brain of the Large™" mouse, it is also reasonable to speculate a possible alteration of water

Y mouse. To determine whether the mislocalization of AQP4 in the

extrusion in the Large™
Large™“ mouse could prevent cytotoxic edema, | will induce such edema by transient middle
cerebral artery occlusion and determine the hemispheric enlargement reflecting the water
exchange after ischemic stroke. Together these studies could offer valuable insights into the
water and potassium handling abilities of these animals when submitted to physiological stresses
and may shed light on the way humans with dystroglycanopathy type muscular disease handle

water and potassium imbalances secondary to stroke, trauma or kindling.

Similar studies investigating the susceptibility to seizure or brain edema of animal treated
with the different statins identified in Appendix M and the inhibitors identified in Appendix O
will be carried out. In parallel, since we also need to investigate the role of potentiators of DG
and AQP4 clustering in the treatment of vasogenic edema, | will determine their effects in rat
models of vasogenic edema using tumor implant and brain injury. The identified potentiators

should not only reinforce the BBB, but also facilitate the role of AQP4 in the absorption of the
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edema. Furthermore, since new studies investigating the loss of AQP4 in neuromyletis optica
(also known as Devic’s disease) revealed a common development of brain edema (80,81),
attention needs to be given not only to the efficiency of the AQP4 inhibitors but also to AQP4
potentiators in preventing both cytotoxic and vasogenic edema.

The paucity of effective drugs to be used in brain edema reflects, in part, the incomplete
understanding of cellular and molecular mechanisms involving AQP4 in brain edema formation
and resolution. Investigations into the molecular deficits that underlie the cognitive and ocular
abnormalities associated with muscular dystrophies gave us the tools to study the mechanisms
underlying the functional distribution of AQP4 around blood vessels. This polarized
concentration of AQP4 at astrocyte endfeet appears to be crucial to determine AQP4 role in
water homeostasis in the brain. The tools that we have developed present great possibilities
through which a comprehensive understanding of alternatives therapeutic targets can be
delineated.
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Appendix A: Supplemental Figure 3.1 Laminin-induced clustering of B-DG and AQP4
persists after calcein loading and live-imaging measurement. (A-T) Rat hippocampal
astrocytes incubated in the absence (A-D) or (E-T) the presence of 15 nM laminin were first
loaded with calcein, submitted to live imaging water measurements and then double
immunolabeled for B-DG (B and F) and AQP4 (C and G). Scale bar, 30 um.
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Appendix B: Supplemental Figure 3.2 Astrocyte volume remains unchanged upon laminin
treatment. (A and F) Live 3D-reconstruction of calcein signal from untreated and laminin-
treated astrocytes. The same astrocytes incubated in the absence (A-E) or (F-J) the presence of
15 nM laminin were then double immunolabeled for B-DG (C and H) and AQP4 (D and I).
Scale bar, 30 pum.
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Appendix C: Supplemental Figure 4.1 The association of AQP4 with the detergent-
resistant membranes (DRM) is dependent on cholesterol in astrocytes. (A) Detergent
resistant membranes (DRM) and non-detergent resistant membranes (Non-DRM) were
harvested from astrocytes incubated for 8h with 0.5 pug/ml of the cholesterol-sequestering agent,
filipin. Immunoblots were probed for the transferrin receptor (TfR), a-tubulin, B-DG, AQP4,
flotillin-1 and caveolin-1 and the dot blot labeled for GM1. (B) Proteins from astrocytes
incubated for 1h with 20 mM of the cholesterol-extracting agent, methyl B-cyclodextrin

(MBCD), were harvested in DRM and Non-DRM and immunoblotted for AQP4 and flotillin-1.
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Appendix D: Supplemental Figure 4.2 The morphology of astrocytes remains unchanged
after laminin treatment. (A-C) Astrocytes were incubated in the absence or (D-F) the
presence of 30 nM laminin and labeled for laminin (A and D). The plasma membrane of these
cells was labeled using wheat germ agglutinin conjugated to Alexa Fluor 568 (WGA,; B and E).
Scale bar, 45 pm.
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Appendix E: Supplemental Figure 4.3 Laminin induces the coclustering of GM1-containing
lipid rafts with AChR and B-DG in C2C12 myotubes. (A-D) Differentiated C2C12 myotubes
were incubated in the absence or (E-H) the presence of 30 nM laminin overnight and labeled for
GM1 using FITC-conjugated cholera toxin subunit B (A and E), acetylcholine receptors (AChR)
using RITC-conjugated a-bungarotoxin (B and F) and 3-DG (C and G). Scale bar, 8 um.
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Appendix F: Supplemental Figure 4.4 Laminin but not agrin or fibronectin clusters the the
GM1-containing lipid rafts in astrocytes. (A-D) Astrocytes were incubated with 30 nM
laminin, (E-H) 10 nM C-agrin 4,8 or (I-L) 100 nM fibronectin and labeled for GM1 (A, E and
1), B-DG (B, F and J) and AQP4 (C, G and K). Scale bar, 45 um.
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Appendix G: Supplemental Figure 4.5. The disruption of lipid rafts with the cholesterol-
sequestering agent, filipin, inhibits B-DG, AQP4 and laminin clustering. (A-F) Astrocytes
incubated with 30 nM laminin or (G-L) 30 nM laminin and 0.5 pg/ml of filipin were double
immunolabeled for B-DG (A, G) and laminin (B, H) or -DG (D, J) and AQP4 (E, K). Scale
bar, 50 pum.

217



150 =

100 =

75 ==

50 =

Appendix H: Supplemental Figure 4.6 Cholesterol depletion does not alter dystroglycan
and AQP4 expression levels in astrocytes. Western blot analysis of a-DG, B-DG and AQP4

total expression levels was performed in astrocytes treated with 10 uM (+Mevastatin) and
control astrocytes (+DMSO).
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Appendix I: Supplemental Figure 4.7 The morphology of astrocytes remains unchanged
after dystroglycan and AQP4 silencing. (A-C) Astrocytes transfected with siCTL, siDagl and
siAgp4 were immunolabeled for the glial fibrillary acidic protein (GFAP) and (D-F)
corresponding differential interference contrast photomicrographs are shown (DIC). Scale bar,
30 um.
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Appendix J: Supplemental Figure 4.8 B-DG remains associated with non-detergent-
resistant membranes in laminin-treated astrocytes. Proteins from astrocytes incubated with
(+LAM) or without 30 nM laminin (-LAM) were harvested in detergent resistant membranes
(DRM) and non-detergent resistant membranes (Non-DRM) and blotted for AQP4, B-DG and
GML1.
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Appendix K: Supplemental Figure 5.1 Laminin-induced clustering of GM1 and B-DG is
time-dependent. Rat hippocampal astrocytes incubated in the absence (A-D) or the presence of
15 nM laminin (E-T) were first labeled for GM1 using FITC-CtxB (A, E, I, M and Q) and then
double immunolabeled for B-DG (B, F, J, N and R) and laminin (C, G, K, O and S). Scale bar,
30 pum.
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Appendix L: Supplemental Figure 5.2 Laminin-induced increase in Pyk2 tyrosine
phosphorylation is reduced by staurosporine, genistein and siPyk2 but is not involved in
the laminin-induced clustering of AQP4. Astrocytes were incubated in the presence (+LAM)
or in the absence (-LAM) of 15 nM laminin-1 for 3 hours. Protein extracts were immunobloted
for phospho-Pyk2, Pyk2 and B-actin (A).. Astrocytes were incubated for 3 hours with 15 nM
lamininl alone (+LAM) or laminin plus 5 nM staurosporin (+Stau) or plus 0.5 pg/ml
herbimycin (+Herb) or plus 50 uM genistein (+Gen). Protein extracts were immunobloted for
phospho-Pyk2, B-DG, AQP4 and B-actin (B). Astrocytes were transfected with siCTL or siPyk2.
Protein extracts were immunoblotted for phospho-Pyk2, Pyk2, FAK and B-actin (C). A
representative blot from three independent experiments is shown (A, B and C). Quantitative
analysis of the laminin-induced clustering of AQP4. The histograms represent the mean number
of clusters £SE and surface area of clusters +SE in astrocyte cultures transfected with siCTL or
siPyk2 and treated with laminin from three different experiments (D). All quantifications were

performed on 15 fields acquired randomly from each experiment.
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Appendix M. Distribution and expression of B-DG, CIC2, P2Y4 and Kv1.5 upon laminin
treatment. Astrocytes incubated in the presence of 30 nM laminin were labeled for B-DG (D, |,E,
and F) and CIC2 (A), P2Y4 (B) or Kv1.5 (C). Scale bar, 30 um. (J) Western blot analysis of

CIC2, P2Y4, Kv1.5 and B-actin was performed in laminin treated and untreated astrocytes.
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Appendix N. Quantitative analysis of the laminin-induced clustering of B-DG and AQP4
upon treatment with lovastatin, atorvastatin, simvastatin or mevastatin. The histograms
represent the mean number of clusters +S.E. (A and B) and surface area of clusters +S.E. (C and
D) of B-DG (A and C) and AQP4 (B and D) in astrocyte cultures treated with laminin alone
(+LAM) or with laminin plus lovastatin (+LAM +Lova), plus atorvastatin (+LAM +Ator), plus
simvastatin (+LAM +Sim) or mevastatin (+LAM +Mev) from three different experiments. The
asterisks represent statistically significant differences from control (+LAM) as assessed by
Student’s t test (***p<0.0001; **p<0.001).
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Numberof peptides | Average ratio Standart Deviation Fold change Description
1 22.551 0 22.551 Sfrs11 Splicing factor, arginine/serine-rich 11
3 13.693 7.67 13.693 Rbm39 RNA binding motif protein 39
1 11.691 0 11.691 Lrrc59 Leucine-rich repeat-containing protein 59
2 9.51 8.15 9.51 U2af2;,L0C690372 similarto U2 (RNU2) isoform b
1 9.099 0 9.099 Pld3 Phospholipase D3
5 8.638 9.84 8.638 Gpnmb Transmembrane glycoprotein NMB
3 8.456 0.08 8.456 LOC682649 similarto Histone H2A type 1
2 7.243 5.31 7.243 Actn4 Alpha-actinin-4
2 7.107 7.71 7107 Prpf38b Pre-mRNA-splicing factor38B
7 7.067 1.84 7.067 Itth399 kDa protein
1 5.883 0 5.883 Tomm40 Mitochondrial importreceptor subunit
2 5.032 0 5.032 RGD1565117 similarto 40S ribosomal protein S26
2 4.625 3.43 4.625 8kDaprotein
2 4.162 0.17 4,162 Gja1 Gap junction alpha-1 protein
1 3.629 0 3.629 Cct2 T-complex protein 1 subunitbeta
2 3.338 3.1 3.338 Cct8chaperoninsubunit8
2 3.327 0 3.327 Serpine2 Glia-derived nexin
1 3.113 0 3.113 Rps2540S ribosomalprotein S25
6 3.043 1.04 3.043 28 kDaprotein
2 2.776 0 2.776 Fkbp11 Peptidyl-prolylcis-transisomerase
10 2.6915 2.24 2.6915 Ppap2b Lipid phosphate phosphohydrolase 3
6 2.663 1.27 2.663 Fn1lsoform 1 ofFibronectin
1 2.658 0 2.658 CtgfConnective tissue growth factor
3 2.588 0.38 2.588 Atp8a1 128 kDaprotein
2 2.581 3.33 2.581 Abcb10 ATP-binding cassette, sub-family B
1 2511 0 2.511 Cct3 T-complex protein 1 subunitgamma
3 2.297 1.78 2.297 Sfxn3 Sideroflexin-3
2 2.297 1.56 2.297 Siahbp1Isoform 2 0fPoly(U)-binding-splicing factor
2 2.24 0 2.24 Anpep Aminopeptidase N
9 2.206667 1.046667 2.206667 Vdac2 Voltage-dependentanion-selective channel
3 2171 1.055 2171 Slc25a3 Slc25a3 protein (Solute carrier family 25)
2 2.168 0.51 2.168 RGD1560475 Vesicle transport t-SNAREs homolog
2 2.166 0 2.166 Anxa6 Annexin A6
14 2.122333 0.98 2122333 Vdac331kDaprotein
2 2.02 1.605 2.02 45kDaprotein

Appendix O. Quantitative analysis of the lipid raft proteome in astrocytes treated with

laminin. Listed are the proteins with a minimum of two fold change in lipid rafts isolated from

astrocytes treated with laminin compared to untreated astrocytes.
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Numberof peptides | Average ratio Standart Deviation Fold change Description
5 0.499 0.07 -2.00401 Ptk7 PTK7 protein tyrosine kinase 7
2 0.494 0.11 -2.02429 Zmpste24 zinc metallopeptidase, STE24 homolog
171 0.492 0.176667 -2.03252 Ahnak similarto AHNAK nucleoprotein isoform 1
3 0.483 0.65 -2.07039 Rpl23a60S ribosomalprotein L23a
2 0.471 0.1 -2.12314 Cox5b Cytochrome ¢ oxidase subunit5B
24 0.4685 0.11 -2.13447 PtrfPolymerase land transcriptrelease factor
3 0.466 0.02 -2.14592 Gria2 Isoform Flip of Glutamate receptor 2
4 0.458 0.18 -2.18341 Pgrmc1 Membrane-associated progesterone receptor
2 0.44 0 -2.27273 H1343 kDaprotein
1 0.433 0 -2.30947 Did Dihydrolipoyldehydrogenase, mitochondrial
2 0.425 0.05 -2.35294 Ndufv2 NADH dehydrogenase flavoprotein 2
1 0.422 0 -2.36967 Armc10 armadillo repeatcontaining 10
4 0.421 0.09 -2.3753 Sec22b Vesicle-trafficking protein SEC22b
5 0.406 0.12 -2.46305 Vep Transitional endoplasmic reticulum ATPase
2 0.406 0.08 -2.46305 Mtch2 mitochondrial carrier homolog 2
5 0.404 0.27 -2.47525 Atp6v0a195kDaprotein
5 0.403 0.12 -2.48139 Pgrmc2 Membrane-associated progesterone receptor
2 0.403 0 -2.48139 Slc1a4 Neutral amino acid transporter ASCT1
2 0.401 0.06 -2.49377 Ssr4 Translocon-associated protein subunitdelta
3 0.398 0.06 -2.51256 Stt3a similarto Oligosaccharyltransferase STT3
2 0.396 0.1 -2.52525 Rpn2Dolichyl-diphosphooligosaccharide
4 0.39 0.1 -2.5641 Rap1aRas-related protein Rap-1A
1 0.389 0 -2.57069 Scfd 1 Sec1 family domain-containing protein 1
1 0.388 0 -2.57732 RGD1564709 ATP-binding cassette, sub-family G
2 0.387 0 -2.58398 Ssr1 Translocon-associated protein subunitalpha
1 0.379 0 -2.63852 46kDaprotein
1 0.371 0 -2.69542 Tmem85 transmembrane protein 85
1 0.361 0 -2.77008 Ap2m1 AP-2complex subunitmu-1
2 0.36 0.05 -2.77778 Ttc35 Tetratricopeptide repeat protein 35
2 0.358 0.05 -2.7933 Anxa5 Annexin A5
2 0.356 0.04 -2.80899 Atp1b1 Sodium/potassium-transporting ATPase
4 0.355 0.19 -2.8169 Rrbp1similarto Ribosome-binding protein 1
1 0.353 0 -2.83286 Ndufa10lNADH dehydrogenase 1 alpha subcomplex
0.347 0.1 -2.88184 Fads2 Fatty acid desaturase 2
5 0.499 0.07 -2.00401 Ptk7 PTK7 protein tyrosine kinase 7
1 0.343 0 -2.91545 LOC681252 similar to Myristoylated alanine
2 0.339 0 -2.94985 Rpsa40Sribosomalprotein SA
5 0.333 0.11 -3.003 Cp GPl-anchored ceruloplasmin
2 0.326 0.09 -3.06748 Sdha Succinate dehydrogenase flavoprotein subunit
1 0.325 0 -3.07692 Cdk5rap3 CDK5 regulatory subunit-associated protein
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Number of peptides | Average ratio Standart Deviation Fold change Description

2 0.325 0.05 -3.07692 Slc25a4 ADP/ATP translocase 1

3 0.324 0.16 -3.08642 DlatDihydrolipoyllysine-residue

1 0.309 0 -3.23625 17kDaprotein

1 0.303 0 -3.30033 Ndufb6 NADH dehydrogenase 1 beta

1 0.303 0 -3.30033 Vcp 89 kDaprotein

2 0.296 0 -3.37838 Cox7a2;Cytochrome c oxidase polypeptide 7A2

2 0.27 0.01 -3.7037 Vapa Vesicle-associated membrane protein

5 0.269 0.06 -3.71747 Bcap31 B-cell receptor-associated protein 31

5 0.267 0.1 -3.74532 Uqcrc2 Cytochrome b-c1 complex subunit2

3 0.262 0.01 -3.81679 Ogdh 2-oxoglutarate dehydrogenase E1 component

6 0.26 0.11 -3.84615 NntNicotinamide nucleotide transhydrogenase

2 0.2555 0 -3.91389 Ndufb4 NADH dehydrogenase 1betasubcomplex4

1 0.251 0 .3.98406 tggggmg;mcsawm hypothetical protein
DistDihydrolipoyllysine-residue succinyltransferase

4 0.25 0.02 -4 componentof2-oxoglutarate dehydrogenase complex,
mitochondrial

2 0.249 0 -4.01606 Ktn155kDaprotein

2 0.245 0.05 -4.08163 mt-Co2;mt-Co3 Cytochrome c oxidase subunit2

2 0.244 0.02 -4.09836 LrpprcLeucine-rich PPR motif-containing protein

17 0.2395 0.095 -4.17537 Ckap4 cytoskeleton-associated protein 4

3 0.239 0.05 -4.1841 55kDaprotein

1 0.234 0 -4.2735 Slc25a1 Tricarboxylate transport protein

1 0.233 0 -4.29185 RGD1309846 similarto Charged multivesicularbody

2 0.223 0.12 -4.4843 CltaIsoform Non-brain of Clathrin lightchain A

1 0.218 0 -4.58716 Rpl14 60S ribosomalprotein L14

1 0.217 0 -4.60829 Degs1Sphingolipid delta(4)-desaturase DES1

3 0.215 0.04 -4.65116 Rpl10a60Sribosomalprotein L10a

2 0.21 0 -4.7619 RGD1565438 similarto ATP synthase, H+ transporting

1 0.208 0 -4.80769 Ndufs3 NADH dehydrogenase Fe-S protein 3

2 0.207 0.16 -4.83092 Marcks|1 MARCKS-related protein

1 0.205 0 -4.87805 Wfs1 WFS1

2 0.179 0 -5.58659 Ptdss2 Phosphatidylserine synthase 2

1 0.17 0 -5.88235  |17kDaprotein

2 0.16 0 -6.25 Usmg5 Up-regulated during skeletal muscle growth

1 0.159 0 -6.28931 Hspg2396 kDa protein

1 0.148 0 -6.75676 Ndufa7 Ndufa7 protein

1 0.131 0 7.63359 INd ufa9 similarto NADH dehydrogenase 1 alpha

2 0.116 0 -8.62069 Atp50 ATP synthase subunitO, mitochondrial

2 0.087 0.06 -11.4943 RGD1307736 protein KIAAO152 homolog

1 0.05 0 20 FInb filamin, beta

2 0.047 0 .21.2766 Rps3a40Sribosomalprotein S3a
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Appendix P. AQP4, B-DG and syntrophin expression as well as B-DG clustering in cells
treated with the 3 different compounds A, B and C, chloranil or flunarizine. A. Primary
astrocytes were incubated for 4 h with 15 uM of active chemicals. Extracted proteins were
loaded (30 pg/lane) and analyzed for B-DG, syntrophin and AQP4 expression levels by western
blot analysis. Note the 31 kDa band under the 43 kDa band corresponding to the cleaved form of
-DG upon chloranil treatment. B, C. Dose-response curve of laminin-induced B-DG clustering
in astrocytes treated with increasing concentrations of compounds A, B and C (2.5 to 100 uM).

Clustered staining was automatically quantified using the Cellomics ArrayScan V™' HCS Reader.
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Appendix Q. Schematic representation of the molecular interactions within the DAP
complex, the ECM, AQP4 and lipid rafts at the astrocyte cell surface during laminin
treatment. Upon laminin treatment, the DAP complex, laminin, AQP4 and lipid rafts cocluster
through a PKC-3-dependent mechanism. In addition, an increased cell surface expression of

agrin with a subsequent coenrichment within those clusters is crucial for the clustering.

230



Hypoglycosylated

............

Cholesterol
depletion

Appendix R. Schematic representations for the disruption of the laminin-dependent AQP4
distribution following a-DG hypoglycosylation (A), lipid rafts disruption (B) or B-DG
shedding (C).
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