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ABSTRACT

Stroke is the third leading cause of death and disability in US. Cerebral edema is a
major consequence of brain ischemia. Despite the importance of cerebral edema, no
effective pharmacological treatments have been developed.

Previous research indicates that the aquaporin-4 channel facilitates water
movement during cerebral edema formation. Mice lacking the normal expression of
aquaporin-4 have decreased cerebral edema, reduced infarct formation and improved
neurological outcome induced for classic models of cerebral edema (1, 2, 3). To our
knowledge, no compounds that effectively block water permeability through aquaporin-4
have been discovered.

My hypothesis is that an aquaporin-4 blocker would significantly decrease the
cerebral edema formation after ischemic stroke in mice. My objective was to identify and
characterize a novel aquaporin-4 blocker using Xenopus /aevis. 1 also proposed that
dystrophin deficient mice, a mouse strain that has a decreased expression of aquaporin-4
channels would have a decrease formation of cerebral edema after transient ischemic
stroke when compared with a strain matched controls.

I found that bumetanide, a well-described Na*, K', CI cotransporter inhibitor,
reversibly and dose dependently inhibited water permeability through aquaporin-4
channels. These results indicated that the protective effect of bumetanide seen in rats after
ischemic stroke (4) might be through a combined effect on aquaporin-4 channels and the

Na', K", CI cotransporter.
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In order to identify the relative amount of protection conferred from the
aquaporin-4 channels compared to the Na', K*, CI" cotransporter, I characterized the
dystrophin deficient mouse after ischemic stroke. I found that dystrophin-deficient mice
had a decrease in the formation of cerebral edema after transient brain ischemia when
compared with strain-matched controls. Dystrophin-deficient mice had an increased
mortality and seizure-like activity after transient brain ischemia. One hypothetical
mechanism might be that increased plasma potassium is associated with a presumably
decreased ability to buffer potassium after neuronal stimulation, due to its lack of
aquaporin-4 and potassium channels (Ki:4 1) at the end feet of astrocytes. Because of these
additional effects, I concluded that the mdx mouse is not an ideal model for the study of a

protective effect of an aquaporin-4 blocker after ischemic stroke.
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CHAPTER 1. INTRODUCTION: AQUAPORIN-4 WATER CHANNELS AS A
POSSIBLE TARGET FOR THE TEATMENT OF CEREBRAL EDEMA AFTER

ISCHEMIC STROKE.

The brain is the origin of thoughts and action and controls the organism. Hence, it
can be considered the most important of all organs (5). Although this is a philosophic
consideration, the brain might truly be the last frontier in studies of the body’s
physiology. Great effort has been directed to the understanding of its normal physiology
and the mechanisms of cerebral diseases. Ischemic stroke is one of the most important
diseases of the central nervous system in modern society. A major consequence of the
ischemic stress is the formation of cerebral edema. In the following chapter, we will
discuss brain water physiology, pathophysiology of cerebral edema and how a
pharmacological inhibition of a key player in cerebral edema, aquaporin-4 water channel,

might be an important tool in stroke therapy.

Significance

Stroke is a devastating disease; with a mortality rate near 30%, it is the third
leading cause of death in the United States when considered separately from heart disease
(6, 7). It affects about 700,000 Americans every year; from the total number of strokes
approximately 500,000 are first attacks and 200,000 are recurrent attacks. Either as an

underlying cause of death or a contributing factor stroke is associated with 273,000
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deaths annually (5). About 50% of those deaths occurred out of hospital. The estimated
direct cost of stroke for 2006 is 57.9 billion dollars (8).

Of all strokes, 88% are ischemic, 9% are intracerebral hemorrhages, and 3% are
subarachnoid hemorrhages. Ischemic stroke results from a transient or permanent
reduction in cerebral blood flow that is restricted to the territory of a major brain artery.
Ischemic stroke is frequently caused by the occlusion of a cerebral artery either by an
embolus or by local thrombosis (7).

Despite advances in stroke management, the propensity of ischemic brain tissue to
develop edema and swelling remains the major cause of death in patients with large
infarctions, particularly for those occurring within the middle cerebral artery territory and
cerebellum (9). The mortality of progressive cerebral edema after middle cerebral artery
strokes approaches 80% (10). Brain edema is one of the major determinants of whether
patients survive beyond the first few hours after stroke (7). It must be acknowledged that
besides hypothermia, most edema treatments have proven to be of limited value for the
majority of patients with massive stroke edema. It is believed that an efficient treatment
for cerebral edema will significantly reduce the fatal cases of stroke.

Recent research has suggested that a membrane water channel, aquaporin-4,
might be involved in the formation of cerebral edema and an aquaporin-4 blocker would
be a beneficial treatment for cerebral edema after ischemic stroke (1). To our knowledge,

no compounds able to block aquaporin-4 channels have been described previously.

Brain Barriers
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Water homeostasis in the mammalian central nervous system is directly
influenced by the presence of selectively permeable barriers (9). The central nervous
system is protected at the interface between blood and tissue by three main barrier layers:
the endothelium of brain capillaries (blood brain barrier), the epithelia of the choroid
plexus and the arachnoid epithelium of the meninges. Early studies on the barriers of the
nervous system were conducted almost entirely on in vivo and in situ preparations (12)
and later studies introduced by Ferenc Joo utilized methods to isolate cerebral capillaries
(13) which enabled the examination of the mechanisms responsible for barrier function at
the cellular and molecular levels, particularly for the blood-brain barrier (14).

The blood brain barrier differs from other capillary beds because it is
impermeable to water and water-soluble compounds larger than 500 Daltons. Contrasting
the blood brain barrier, all other tissues have a high water and solute flow through spaces
between the endothelial cells of blood vessels (paracellular flow), and only plasma
proteins and blood cells are large enough to be retained in the vascular space. Paracellular
flow occurs in the capillaries of the peripheral circulation because the endothelial cells
are not connected by tight junctions; paracellular flow pathway do not exist in the
cerebral vascular endothelial cell lining (15) because the endothelial cells at the blood
brain barrier are connected by tight junctions. As a consequence of the limited
paracellular flow during a single passage through the cerebrovascular bed essentially no
sodium is exchanged between the blood and the tissue, whereas up to 50% of the sodium

leaves the blood during a single passage through muscle capillaries and a similar amount
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returns from the interstitial space to the blood (11). The major significance of the
selective characteristic of the blood brain barrier is the negligible water transport from in

the cerebral capillaries.

Blood-Brain Barrier

Paul Ehrlich, in 1885, originally observed an effect consistent with the presence
of blood-brain barrier. He noted that water-soluble dyes injected at the peripheral
circulation stained all organs but not the central nervous system and spinal cord (16).
Ehrlich’s student, Goldmann, showed that when water-soluble dyes were injected into the
cerebrospinal fluid they stained all cell types in the brain but failed to penetrate in the
periphery (16). Therefore, it was clear that the central nervous system was isolated from

the peripheric circulation by what is now know as the blood brain barrier.

Anatomical Description of the Blood-Brain Barrier

Our current understanding of the structure of the blood-brain barrier was built
based on the work of Reese, Karnovsky, and Brightman done in the late 1960s (17, 18).
Ultrastructural and permeability characteristics of capillaries were studied using
horseradish peroxidase (molecular weight 40,000), as an ultrastructural tracer in vivo, and
colloidal lanthanum as a trace in vitro. A tracer is a compound used to reveal the location

of cells and transport pathways. Horseradish peroxidase was visualized through electron
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microscopy in the mouse brain microcirculation. Continuous capillaries have a sealed
epithelium and were named as maculae (“spot”) occludentes if permeable to horseradish
peroxidase and zonulae (“zone”) occludentes if not permeable. Fenestrated capillaries (as
their name implies "window") have openings that allow larger molecules to diffuse. The
tracers appear to permeate the fenestrated capillaries. The blood-brain barrier is
characterized by the presence of tight cell-cell junctions and lack of fenestrations.

The tightness of intercellular junctions of the brain endothelial cells impose a
resistance to water filtration generated by hydrostatic or osmotic pressure gradients. The
junctional proteins at the blood brain barrier include adherens junctions (19), tight
junctions (20, 21, 22), and possibly gap junctions (23, 24, 25, 26). Both water filtration
through tight junction complexes (paracellular route) and diffusion of water through the
lipid bilayer of the endothelial cell membranes (transcellular route) are comparatively
small (27). The tightness of intercellular junctions of the blood brain barrier expressed by
their electrical resistance (R), and defined as Q/cmz, 1s about 1130-2000 Q/cmz, whereas
in the choroid plexus this value is about 73 Q/cm” (28). Pathological conditions that
affect the blood brain barrier integrity are responsible for inducing cerebral edema.
Ischemic stroke is a good example of a pathological condition that causes cerebral edema
and will be the major focus of this work. Figure 1.1 illustrates the major protein
components of endothelial cell junctions and its localization. Together with the
endothelial cells, basal lamina, pericytes, astrocytes and neurons are other cellular

components of the blood brain barrier.
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Figure 1.1 SIMPLIFIED AND INCOMPLETE SCHEME SHOWING THE
MOLECULAR COMPOSITION OF ENDOTHELIAL TIGHT JUNCTIONS.
Occludin and the claudins are the most important membranous components. The
junctional adhesion molecules (JAMs) and the endothelial selective adhesion
molecule (ESAM) are members of the immunoglobulin superfamily. Within the
cytoplasm are many first-order adaptor proteins, including zonula occludens 1, 2
and 3 (ZO-1-3) and Ca2+-dependent serine protein kinase (CASK) that bind to
the intramembrane proteins. Among the second-order adaptor molecules,
cingulin is important, and junction-associated coiled-coil protein (JACOP) may
also be present. Signalling and regulatory proteins include multi-PDZ-protein 1
(MUPP1), the partitioning defective proteins 3 and 6 (PAR3/6), MAGI-1-3
(membrane-associated guanylate kinase), ZO-1-associated nucleic acid-binding
protein (ZONAB), afadin (AF6), and regulator of G-protein signalling 5
(RGS5). The most important molecule of endothelial adherens junctions is
vascular endothelial cadherin (VE-cadherin). In addition, the platelet—
endothelial cell adhesion molecule (PECAM) mediates homophilic adhesion.
The chief linker molecules between adherens junctions and the cytoskeleton are
the catenins, with desmoplakin and p120 catenin (p120ctn) also involved. Itch,
E3 ubiquitin protein ligase (29).
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Endothelial cells

The endothelial cells are a major component of the blood brain barrier. Their
principal characteristic is to form tight connections with neighboring endothelial cells
restricting paracellular flow. Four major characteristics distinguish the cerebral capillary
endothelial cell from the peripheral endothelial cell: (i) increased mitochondrial content,
which is a characteristic of secretory epithelium since ionic transport is sustained by ATP
hydrolysis from ion pumps (30) and (ii) lack of fenestrations, (iii) minimal pinocytotic
activity and (iv) presence of tight junctions, which are characteristic that decrease
paracellular and transcellular transport (31, 32, 33) confers the endothelial cells all
necessary tools for a selective water transport property. In the contest of ischemic stroke
the understanding of endothelial cells properties and protective mechanisms able to
inhibit paracellular pathway water transport are key in the development of future
treatments for cerebral edema.

The basal lamina, a membrane 30 to 40-nm thick composed of collagen type IV,
heparin sulfate, proteoglicans, laminin, fibronectin, and other extracellular matrix
proteins ensheathes both pericytes and endothelial cells (34). The basal lamina interacts
with the cerebral microvascular endothelium and the disruption of those interactions are
strongly associated with increased blood-brain barrier permeability in pathological states
(35, 36). The extracellular matrix anchors the endothelium via interaction of laminin and
other matrix proteins with endothelial integrin receptors (37); these interactions can
stimulate a number of intracellular signaling pathways (38) that influence the expression

of endothelial tight junction proteins (39, 40) and therefore being important in the
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maintenance of tight junctions. The disruption of any component of the blood brain
barrier might affect blood brain barrier structure and therefore have an impact in cerebral
edema formation. Other components, such as astrocytes, are well known to be

responsible for blood brain barrier maintenance.

Astrocytes and pericytes

Astrocytes and pericytes are also important cellular components of the barrier.
Astrocytes end-feet process surround the endothelial cells and pericytes making an extra
layer around the blood brain barrier. Astrocytes are important in generating the full
blood—brain barrier phenotype in brain capillaries (41, 42) although underlying
mechanisms are being elucidated at the molecular and genomic levels (43). Studies of
cultured endothelial cells have shown that blood-brain barrier characteristics appear only
when the cells are co-cultured with astrocytes (44). Pericytes are also present in between
the endothelial cells and are divided into granular and filamentous subtypes (45).
Pericytes are also suspected to be involved in the induction or maintenance of the blood-
brain barrier (46, 47). Pericytes express a contractile protein, actin isoform, and are
credited to be involved in capillary blood flow regulation, although more research is
needed (48). Pericytes may also be involved in increasing blood-brain barrier
permeability since pericytes migrate away from the blood-brain barrier after hypoxia and
trauma (49, 50). It has also been speculated that astrocytes act together with neurons

mediating the regulation of cerebral microvascular permeability (48).
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Another important characteristic of the brain microcirculation is to adapt to
regional metabolic need of brain activity by a dynamic and highly responsive change in
flow to sustain neuronal metabolism (51). Although the cellular mechanisms of this
process are not well established, an important role for astrocytes in neurovascular
metabolic coupling is recognized. Neurons directly innervate the microvascular
endothelium and astrocytic processes, through noradrenergic (52, 53), serotonergic (54),
cholinergic (55, 56), and GABA-ergic (57) neurons, as well as others (58). Therefore, it
appears that there is an interaction between neurons and the blood-brain barrier to

mediated cerebral flow in normal and pathological conditions.

Brain Water Homeostasis

Water crosses cell membranes by several routes: across lipid bilayers, through
specific water channels, and via transmembrane proteins usually associated with other
functions such as uniports and cotransporters. The involvement of aquaporin channels in
brain water transport at the endothelial cell level is still under debate. The presence of
aquaporins in endothelial cells remains to be proven although recent research claims the
presence of aquaporin-4 in the endothelium cells of the brain microcirculation (59).

The brain has unique characteristics for maintaining water homeostasis and those
characteristics can be modeled using an equation called the Starling relationship. The
Starling relationship can be used to describe water flow from the blood to the

parenchyma. In the blood brain barrier, the hydraulic conductivity is affected by the
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tightness of the endothelial cells and the expression pattern of the endothelial cellular
proteins able to transport water. Water flux (Jc,p) is determined by the hydrostatic
pressure difference between plasma and tissue and the osmotic pressure difference
between plasma and tissue multiplied by the hydraulic conductivity (Lcap) as described in

the following equation (60, 61, 62).

J cap — Lcap [ {Pplasma‘Ptissue} =Gprotein {nprotein, plasma~TCprotein, tissue} ] [ 1 ]

Where, Pplasma-Pissue 1 the hydrostatic pressure difference between plasma and tissue in
mm (Hg), Tprotein, plasma-Tprotein, tissue 15 the difference in protein osmotic pressure between
plasma and tissue in mm (Hg). L, is capillary hydraulic conductivity in cm’sec”. This
will be per gram of tissue when L is expressed g or can be for the whole tissue when the
g constant is multiplied by the weight of the whole tissue, such as 1500 for a human

1500g brain. Osmotic reflection coefficient, which is a measurement of particles (e.g.
salt, proteins) movement from the blood to the tissue, for salt (Og) equals O at the
peripheral capillaries indicating that plasma fluid entering tissue will contain its normal
salt content. Osmotic reflection for protein (Oprowin) has a value of 0.93 at peripheral

capillaries indicating that about 7% of the plasma protein will leek to the tissue from the
vascular bed. Protein flux due to bulk fluid flow (mg.sec) is directly proportional to Jeap

(cm3 sec']) and the albumin concentration (Cprotein plasma) (mg.cm’3 )

(1 'Gprotein) = Cprotein,plasma X1 cap [2]
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In the low-pressure end of the capillary bed, the retained proteins are responsible
for a net osmotic driving force of fluid from tissue towards the blood and this
phenomenon is known as the Starling’s relationship. The protein that extravasated to the
peripheral tissues determines that a smaller amount of fluid will be retained in the
parenchyma. The lymphatics remove this additional extravasated fluid and prevent
edema. In the central nervous system, the blood brain barrier effectively prevents the
movement of hydrophilic substances, including monovalent cations such as Na™ and K,
and proteins. Thus in the brain both 6, and Gproein have a potential contribution to fluid

movement, as follows:

J cap — Lcap [ {Pplasma‘Ptissue} =Gprotein {nprotein, plasma~7Cprotein, tissue} - Gsalt {nsalt, plasma=Tlsalt, tissue} ] [3]

Because there is no movement of ions and proteins towards the brain tissue, G
and Gprotein are equal to 1. To allow adequate blood flow arterial blood pressure must be
higher than intracranial pressure. So, any movement of water into the central nervous
system driven by the blood pressure, is immediately opposed by the osmotic pressure
gradient generated by the ions and proteins retained in the vascular lumen and the
dilution of the extravascular ions, which are the major constituents of extracellular fluid
(figure 1.2). When some water is forced into the brain due to the driving force of Ppiasma-

Piissue 1t dilutes T tissue and concentrate mgaii plasma that immediately set up an opposing salt
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TC salt, tissue  Ptissus=ICP Normal 7 tissue

5100mmHg | 5-10mmHg

OmmHg 10-30mmHg 1 25mmHg | Jeap ~ 0
5100mmHg T35-20mmHg 25mmH,

7T salt, plasma Pplasma 7T pt, plasma

. Ptissue=ICP
7T salt, tissue 7T tissue 1% diluted

5049mmHg | 5-10mmHg

5ImmHg 10-30mmHg | 25mmHg | Jeap ~ -46mmHg
5100mmHg T35-20mmHg 25mmH

T salt, plasma Pplasma TT pt, plasma

Figure 1.2. SCHEMATIC OVERVIEW OF WATER FLUX. Indicates tha the water flux (Jcap) in normal
physiological conditions (Table 1.1) is very small (upper) and (lower) that water flow cannot be reached with
small dilutions of brain extracellular fluid with an intact blood brain barrier. Once the blood brain barrier is
dirupted the resulting net increase in brain volume leads to edema and a life threatning rise in intracranial
pressure. Essentially G goes to zero and Gprotein becomes <1. Oprorein may decrease to the 0.93 value of the
capillaries of peripheral tissue or less depending on the degree of the disruption of the blood-brain barrier (22).
Cerebrospinal fluid (CSF), Tississue (tissue salt osmotic pressure), s, plasma (Plasma salt osmotic pressure),
Tpiplasma (Plasma protein osmotic pressure), Pissue (tissue pressure = intracranial pressure), Pplasma (capillary
pressure), Jea, (Water flow).

Tablel.1 Typical mammalian CSF and plasma concentrations of
ions (meq/l) and glucose and proteins (mg/100ml) (22)

CSF Plasma CSF/Plasma
K+ 2.8 4.5 0.6
Nat 138 138 1.0
CF 119 102 1.2
HCO; 22 24 0.9
Ca?+ 2.1 4.8 0.4
Mg+ 2.3 1.7 1.4
PO 0.5 1.8 0.3

Albumin 20 7000 0.003
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osmotic driving force to reduce Jcap and therefore reduce further movement of water into
the central nervous system (63). The structure of the blood brain barrier results in a
negligible passive water transport under normal physiological conditions from the blood
to the brain parenchyma. Based on this evidence it appears that the presence of
aquaporin-4 at the endothelial cells are not a contributing factor in water transport since
any dilutions in the brain parenchyma would create an counterbalance force inhibiting
water movement. It appears that water follows an active ionic transport in endothelial

cells; this active transport might be generated by cotransporters.

Brain Endothelial Cell Cotransporters

Several cotransporters that are expressed in the brain (Table 1.2) have been found
to transport water: the KCC (K'-CI"), the NKCC (Na'-K'-CI"), the MCT (H-lactate), the
GAT (Na'-GABA), and the EAAT (Na'-glutamate) (64, 65). The precise mechanism of
water transport in cotransporters is not entirely understood and the mechanism is specific
to each cotransporter. Cotransport of water has been demonstrated in a number of
physiological phenomena, which cannot be explained by simple osmosis, such as the
water transport in small intestine, glandular secretion (secretion of saliva), and the retinal
pigment water transport. Table 1.2 summarizes the principal transporters in the brain and
summarizes their major physiological role and localization (66). Aquaporin-4 water
channels are highly expressed at the end feet of astrocytic cells and might be an important

in accommodating excess water that crossed the endothelial cells. Therefore an
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aquaporin-4 channels blocker might have a beneficial effect in decreasing the formation

of cerebral edema.

Cotransporter
name

Major
physiological
role

Isoforms

localization

Co-
localization

Tissue

KCC (K* and CI)

Volume regulation

KCC1-4

KCC1-brain  Na'/K" ATPase
(undefined)

KCC2- N

KCC3- CP (bl)

KCC4- CN,

SC, CP (ap)

Na*/K*/CI
symporter

Electroneutral
cotransport

NKCC1-2

NKCC1- most
cells, EP bl,
CP (ap), RP
ap, AC
NKCC2-
ascending
loop of Henle

MCT (H"-coupled
monocarboxylate)

Glucose
substitutes
transport

MCT1-4

MCT1- EP, NKCCA1
CP,AC,N, M

MCT2-N, G

MCT3-RP, CP

MCT4- AC

EAAT (Na'-
coupled
glutamate)

Glutamate
reuptake

EAAT1-5

EAAT1-G
EAAT2-G
EAAT3- N
EAAT4- PK
EAATS5- retina

GAT (Na'-
coupled GABA)

GABA reuptake

GAT1-3
BTG1

GAT1-N, AC
GAT2- PC,
AR
GAT3-N, AC
BGT1- most
brain regions

Table 1.2.

BRAIN COTRANSPORTERS:

PHYSIOLOGY, LOCALIZATION,

NOMENCLATURE AND CO-LOCALIZATION. Table abbreviations: bl (basolateral
membrane), ap (apical membrane), CP (choroid plexus), CN (cranial nerves), SC (spinal
cord), EP (epithelium), RP (retinal pigment), AC (astrocytes), N (neurons), G (glial
cells), M (Muller cells), PK (Purkinje cells), PC (Pia cells), AR (arachnoid membranes)

(11).
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Aquaporin Channels

The existence of a channel pore for water was realized prior to the identification
of the protein, based on observations that red blood cells have higher water permeability
than would be expected from an equivalent area of bilayer lipid membrane. This
hypothesis was confirmed in 1992 by Peter Agre and colleagues with the identification
the first member of the aquaporin family of water channels (67). Aquaporins are
members of the membrane intrinsic protein family of channel-forming proteins. The
mammalian aquaporin protein family has more than 11 members (68). Aquaporins are
transmembrane proteins that assemble as homotetramers (figure 1.3). Each individual
monomer is formed by six transmembrane domains with intracellular carboxyl (C) and

amino (N) terminals.

Figure 1.3. AQP1 STRUCTURE. Top-view (a) and side-view (b) of the tetrameric
structure of hAQPI1, (ref) and a close-up of the monomeric structure (c). The
pictures were generated with a modified version of Molscript and Raster3D (69).
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Aquaporins are divided in two groups based on the carboxy and amino terminal
sequence homology (70) and function. Aquaporins (aquaporin-0, 1, 2, 4, 5, and 8) are
proteins, which transport water; aquaglyceroporins (aquaporin-3, 6, 7, 9, and 10) are
channels permeable to glycerol, urea, and other solutes. Aquaporin-4, first isolated in
1994 (71), has two methionine initiation sites (M1 and M23), which yield products at 32
and 30kDa respectively. Transport studies found that aquaporin-4 heterologously
expressed in Xenopus laevis oocytes increased water permeability by 20-fold and was not
blocked by HgCl, even after cysteine substitution to mimic the site that creates mercury-
sensitivity in aquaporin-1 (cysteine 189 in loop E), thus aquaporin-4 also is known as the
«mercury-insensitive water channel» (72). Aquaporin-4 has the highest water
permeability followed by aquaporin-1 and 9, 2 and 5, 3 and 10.

Aquaporins have been found to facilitate transmembrane transport of water in a
number of organs, such as the kidney, lungs and secretory glands (73). Aquaporin-4
channels are found in tissues such as kidneys, lungs, ears, sweat glands, and were one of
the first subtypes described in the central nervous system. Aquaporin-4 is concentrated in
the astrocyte end-feet membrane adjacent to blood vessels in neocortex and cerebellum
by association with alpha-syntrophin protein (74). Studies (71, 75, 76, 77) have
demonstrated the presence of aquaporin-4 in glial limitan, ependymal lining system,
cerebellum, hippocampal dentate gyrus, hypothalamus, neocortex, hippocampal areas
CA1-CA3, in the nucleus of stria terminalis, medial habenular nucleus, and supraoptic

nuclei.
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There have been a number of studies showing that aquaporin-4 is member of a
signaling protein complex (78). In the dystrophin- deficient mouse, dystrophin deficiency
leads to severe injury of the endothelial and glial cells with disturbance in alpha-actin
cytoskeleton, ZO-1, claudin-1, and aquaporin-4 assembly, as well as blood-brain barrier
breakdown (79) (figure 1.4). Aquaporin-4 is anchored at these membranes by its

carboxyl terminus to alpha-syntrophin, an adapter protein associated with dystrophin.

AOP4/cantrol | ' \ AQP4/dystrophin-null

Figure 1.4. IMMUNOFLUORESCENCE LOCALIZATION OF AQP4 IN BRAIN.
(a) In brain from control mice, AQP4 labeling is concentrated in glial processes
forming the glia limitans (arrowheads) and surrounding intracerebral capillaries
(arrows), but AQP4 labeling is not associated with neuronal elements or meninges
(asterisk). (b) In brain from the dystrophin-null mice, AQP4 labeling is markedly
decreased. Magnifications: X250 (2).

The advantage of aquaporin-4 selective localization is presumably to rapidly
facilitate water transport from the extracellular space into the cytoplasm of astroglial
cells, to accommodate glucose transport from the blood and K™ buffering after K” release
from neurons during the falling phase of the action potential. (80, 81, 82). Under this

circumstance, it seems reasonable that water movement from the capillaries to the brain
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has to be facilitated by a active transport system with the consumption of energy, which
might be important in maintaining brain homeostasis since water transport has to be

connect to a active ionic transport and therefore subject to a more strict regulation.

Pharmacological Inhibition

Previous studies Andrea Yool and colleagues (83, 84) were conducted to find
novel agents that could be used to block water transport through aquaporin-1. The
strategy to screen for ion channel blockers as novel inhibitors for aquaporin-1
permeability was based on structural similarities between membrane intrinsic protein
family and ion channels (85). Tetraethylammonium was identified as a nonmercurial
blocker of water transport through aquaporin-1 channels (83). The fact that
tetraecthylammonium sensitivity was removed by site-directed mutagenesis of aquaporin-
1 confirms that inhibitory action. Using a standard swelling assay method
tetracthylammonium was found to inhibit the water permeability of aquaporin-1-
expressing oocytes in a dose-dependent and reversible manner. Mutagenesis of tyrosine
186 reduced the sensitivity of aquaporin-1 channels to block caused by external
tetracthylammonium, demonstrating that the inhibitory effect of tetraethylammonium was
mediated directly by aquaporin-1, not by native oocyte channels, and loop E region is
involved directly or indirectly in forming the tetraethylammonium binding site.

Figure 1.5 demonstrates that aquaporin-1 function can be modified by
pharmacological agents other than mercurial compounds. Tetraethylammonium, unlike

mercury, is a reversible blocker that does not need treatment with reducing agents (83).
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This observation is an exciting one because it may identify a potential lead compound for
development of drugs for therapeutic intervention in clinical disorders that could be
associated with disturbances in aquaporin-1 function, such as glaucoma, pulmonary
edema, and autosomal dominant polycystic kidney disease. It was also found that
tetraecthylammonium blocks water permeability of aquaporin-1 channels in kidney and
kidney-derived Madin-Darby Canine Kidney cells, demonstrating this effect is not
limited to the oocyte expression system. Those studies support the idea that aquaporin-4

blockers can be  identified and used as  therapeutic  tool  (84).

Agp-1 (11O
Agp-1
100uM TEA (83)
Aqp-1 3
100uM Hg 13}
Y 186F (210
Y 1BBF
100uM TEA (e
Y186F 7
100uf Hg
Y1BGMN (3>
Y1864 3
Sham (37
injected , , ) , , . ,
0 20 40 60 80 100 120

Mean Pf (x10cmisec)

Figure 1.5 Summary of the blocking effects of tetraecthylammonium on aquaporin-1
channels expressed in oocytes (84). Aquaporin-1 expressing oocytes have a decrease in
water permeability when treated with 100uM tetraethylammonium and 100uM HgCl,,
but with the Y186F mutant the blocking effect is abolished.
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Pathophysiology of Cerebral Ischemia and Reperfusion

Cerebral ischemia is a complex insult that involves loss of blood flow and
consequently depletion of oxygen and essential nutrients like glucose (86); the pathology
is also associated with increased microvascular permeability (87, 88). The brain is
dependent on blood flow for normal function as well as maintaining cellular ionic
gradients. Two distinguished zones are identified in the ischemic brain: the core and the
penumbra (89). The core of the ischemic event has a massive reduction of blood flow
with shutdown of metabolic processes, decrease cellular energy supply, ion homeostasis,
and consequently cellular integrity; cell death generally occurs by necrosis. The
penumbra of the ischemic event still has the collateral circulation that provides a residual
flow; cell death is a slow process that occurs through inflammation and apoptosis.
Penumbra can account for up to 50% of the infarct volume. The mechanisms that are
involved in the pathophysiology of stroke are energy failure and excitotoxicity, peri-
infarct depolarization, inflammation, apoptosis and edema (7). Figure 1.6 shows a
schematic representation of the mechanisms involved in the ischemia-reperfusion

pathophysiology.

Energy failure and excitotoxicity
The drastic reduction of cerebral blood flow restricts the delivery of substrates,
particularly oxygen and glucose, and impairs the energetic required to maintain ionic

gradients. Consequently, neurons and glia hyperpolarize and activate voltage-gated
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calcium channels, which release excitatory amino acids, especially glutamate, in the
extracellular space. Due to the lack of energy, presynaptic reuptake mechanisms are
absent leading to NMDA and metabotropic glutamate receptor activation; the result is an
increase in intracellular calcium concentration, and Na" and CI” influx. Water follows the
ionic disturbance leading to cellular swelling, and eventually osmotic lysis and necrosis

(90, 7).
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Figure 1.6. SIMPLIFIED OVERVIEW OF PATHOPHYSIOLOGICAL MECHANISMS OF FOCAL
ISCHEMIC STROKE. Energy depletion and consequent neuron depolarization leads to activation of
specific glutamate receptor. Glutamate receptors activation increase Ca?*, Na*, and CI" levels while K* is
realesed in the extracellular space. Water follows the osmotic gradient causing cellular edema and lately cell
death (excitotoxicity). Diffusion of glutamate and K* in the extracellular space can propagate a series of
spreading waves of depolarization (peri-infarct depolarization). Intracellular calcium increase overactivates
numerous enzyme systems (proteases, lipases, endonucleases, etc) generating oxygen free radicals, which
damage membranes (lipolysis), mitochondria, DNA, and activates caspase-mediated cell death (apoptosis).
Free radicals also induce the formation of inflammatory mediators, which activate microglia and lead to the
invasion of blood-borne inflammatory cells (leukocyte infiltration) via upregulation of endothelial adhesion
molecules (modified from 7)

Periinfarct depolarization
Periinfarct depolarization refers to the depolarization of the surrounding areas,
which might be originated by the release of glutamate and potassium in the core of the

infarct. Glutamate and potassium diffusion to adjacent areas lead to an excitatory and
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electrochemical depolarization of adjacent neurons and glia in the penumbra dispensing
more glutamate and potassium which propagates from the core of the ischemic area to
neighboring areas (91, 92). Periinfarct depolarization has been shown experimentally to
occur at a frequency of one to four events per hour (92, 93). Periinfarct depolarization
compromises cells in the penumbra and may contribute to the growth of the lesion from

the core into the penumbra (91, 92, 93, 94, 95).

Inflammation

The key players of inflammation after cerebral ischemia are adhesion molecules
in the vascular endothelium and circulating leukocytes. Leukocytes adhere to the
endothelium and transmigrate from the blood into the brain parenchyma. This interaction
of endothelium and circulating leukocytes is an important factor in stroke-induced brain
inflammation. Antibodies against adhesion molecules (CD18, CDI11b, or ICAM-1) not
only reduce accumulation of leukocytes, but also the size of the infarct (96, 97, 98).
Neurons, astrocytes, microglia, leukocytes (granulocytes, monocytes or macrophages and
lymphocytes) produce cytokines and chemokines that play an important role as mediators
of the inflammatory phase of cerebral ischemia (99, 100, 101). Inflammation is initiated
by intracellular calcium increase that initiates several cascades of event that culminate
with the release of inflammatory mediators and ultimately leukocyte migration and
microglial cell activation. Calcium also activates another mechanism of cellular death

called apoptosis.
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Programmed cell death (apoptosis)

Apoptosis takes place in a similar time frame as inflammation. It starts hours after
ischemia onset and lasts for days. It is also a more characteristic phenomenon of the
penumbra region differently from the fast neuronal and glia cell death in the core. During
apoptosis, a biochemical cascade leads to the activation of caspases, which catalyze the
destruction of the cell, its compartments and molecules (90, 7).

Figure 1.7 shows a general estimation of their relative impact over time.
Excitotoxicity and peri-infarct depolarization are events that occur early in stroke and
together with the fact that most patients take an average of 3 hours to receive medical
support the treatment window might be lost explaining why some clinical trials targeting
those components had failed.

Inflammation and apoptosis are events that occur simultaneously and most
researchers have examined apoptosis and inflammation at hours and days after the
ischemic injury. Ritter and colleagues found that the inflammatory response to ischemia
reperfusion was significant within minutes of reperfusion, evidenced by significant
leukocyte and platelet adherence in the microcirculation (102). The same experiments
showed that fluid flux from the venules in the first minutes of reperfusion was increased
(103). After 4 hours of ischemia and 24 hours of reperfusion, anti-selectin adhesion
molecule treatment reduced both cerebral infarction and cerebral edema (102). While
these results emphasized the contribution of the early inflammatory response to the
formation of edema, little is known about the additional mechanisms of edema formation

early in reperfusion and its early mechanisms are still under debate.



38

The integrity of the blood-brain barrier is sustained by the interaction of the
cellular matrix, which is composed of endothelial cells and astrocytes. During ischemia,
this cellular matrix and the intercellular signal exchange is damaged. Proteases, such as
metalloproteases (MMP2 and MMP9) are induced and its expression correlates with the
damage of the blood-brain barrier, the risk of hemorrhagic transformation, and the extent
of neuronal damage (104, 105, 106). The destruction of the basal lamina by
metalloproteases permits the immigration of leukocytes and the formation of vasogenic
edema. Inhibition of metalloproteases not only reduces the damage to the blood-brain

barrier, but also reduces infarct volume (107, 108).
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Figure 1.7. TIME COURSE AND RELATIVE IMPACT OF THE MECHANISMS OF INJURY AFTER
ISCHEMIC STROKE (modified from 7)
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Cellular and Vasogenic Edema

Swelling of brain tissue is a common feature accompanying several pathological
states such as brain trauma, brain ischemia and central nervous system tumors (109, 110,
111). In the the 60’s, two forms of cerebral edema were defined and are currently

3

accepted: one was “vasogenic edema:” characterized by the breakdown of the blood-
brain barrier and accumulation of water into the surrounding brain tissue; the other was

termed “cytotoxic edema,” characterized by intracellular swelling, vascular permeability

remaining relatively undisturbed (112).

Cytotoxic or Cellular Edema

Early stages of vasogenic edema after stroke or trauma involve initial astroglial
swelling in both gray and white matter (109). Cellular edema consists principally of
swelling of the astrocytic soma and processes, plus some swelling of the neuronal
dendrites. Reduction of the extracellular space is observed (113, 114) although neuronal
cell (soma and axons) and oligodendroglia is generally not affected. In ischemic
conditions, astrocytes appear swollen and neurons shrunken within 30 min or so of
initiation of the ischemia (109, 115, 114) followed by a 50% decrease of the extracellular

space (115).

Vasogenic Edema
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Total brain volume is limited by its bone cage and is a net of blood, extracellular
space, and cellular volumes. Brain swelling must always involve a gain of water to the
extracellular space and after compensatory mechanisms reach its full capacity it can be
measured as a rise in intracranial pressure (115) or by measuring total brain water using
MRI (116). Hypoxia (permanent occlusion) and hypoxia followed by reoxygenation have
been shown, using in vitro models of the blood-brain barrier, to increase permeability and
sometimes is associated with the disruption of blood-brain barrier tight junctions (117,
118, 119). Hypoxic stress may increase water permeability via the transcellular route as
well (120, 121). With the breakdown of the blood-brain barrier, the ability to retain water
is lost; the barrier is breached, and a filtrate of blood, including plasma proteins, is driven
by the blood pressure into the brain. The blood cells are presumably retained in the
vessels by the residual permeability of the blood-brain barrier, except in injury sufficient
to lead to hemorrhage. Most of this ultrafiltrate fluid accumulates in the white matter due
to the greater compliance of this region, i.e. white matter will more easily accept the
increased volume at a given pressure. This is likely due to the greater ease of separation
of the parallel oriented white matter tracts when compared with the gray matter (112, 61).
Astrocytic swelling also occurs concomitantly in vasogenic edema and can involve
uptake of the extravasated plasma proteins (122).

The frequency of vasogenic edema in stroke and closed head injury and the
degree to which it contributes to an impaired outcome is by no means clear. The
existence of an increased intracranial pressure often is seen after head injury and is a

clear life-threatening signal (115). As has been suggested, “cytotoxic edema” with its
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potential for widespread metabolic dysfunction may be an equally serious problem since
it will ultimately lead to cell lysis and necrosis (109). The two phenomena are both
termed edema and involve unbalanced water movements, but in one case, it is cellular,
primarily involving astrocytes, and in the other is due to increased permeability or
breakdown of the blood-brain barrier. Thus, while water movement is the major
characteristic underlying both phenomena, the mechanisms and effects are quite different.
It seems that aquaporin-mediated edema could only be involved in cellular edema once
vasogenic edema is related with the breakdown of the blood-brain barrier. But mice
lacking aquaporin-4 expression show less brain glial cell (astrocyte) swelling, reduced
edema, and a better neurological outcome after ischemia (1). Studies of the physiological
roles of aquaporins in the brain are important and will lead to a better understanding of
water movements accompanying solute movements involved in water homeostasis in the
brain which, when the homeostasis breaks down in brain trauma and ischemia, is life-

threatening.

Possible roles of AQP4 in blood-brain-barrier integrity and brain edema after
ischemia.

Although cytotoxic edema might be closely related with infarct size, it does not
contribute to an increase in brain volume. Vasogenic edema is the cerebral edema
component that is clinically important. Astrocytes play a role in both vasogenic and
cytotoxic processes. Astrocyte processes (end-feet) cover much of the abluminal capillary

surface and thereby form part of the physical blood-brain barrier. Astrocytes also
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contribute to the function of the blood-brain barrier by inducing formation of tight
intercellular junctions between capillary endothelial cells and by regulating the
expression and function of several endothelial transporters. Several lines of evidence
suggest that astrocytes are in close apposition to the cerebral endothelial cell layer and
play an important role in blood-brain barrier maintenance (123). After ischemia,
vasogenic edema and blood-brain barrier disruption may occur by several mechanisms,
including active solute transport, vesicular transport (124), opening of paracellular
channels (125), and physical disruption of astrocyte-endothelial junctions (126). And as
described by Leslie Ritter and colleagues in an in vivo microcirculation study during
stroke, inflammation increases fluid movement from vascular bed to the brain early after
reperfusion (102).

Aquaporin-4 localization in astrocytes and ultrastructural studies indicates that
pericapillary astrocyte end-feet are the first cellular elements to swell during brain
ischemia (127) would place aquaporin-4 channels as an important pharmacological
candidate. Astrocyte swelling can result from uptake (cotransport) of extracellular K*, CI
and Na" with subsequent osmotic movement of water (128), impaired extrusion of ions
by failure of the membrane Na’, K'-ATPase, or from increased production of cytosolic
solutes by breakdown of macromolecules. Recent studies suggest that aquaporins are the
primary route by which water moves in and out of the astrocytes in response to these
osmotic changes and that aquaporins play an important role in astrocyte swelling and
cerebral edema formation (129). The concept is that initially a solute driven force for

water movement is formed, followed by water movement through aquaporin-4 into
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astrocyte end-feet processes. Subsequently, astrocyte swelling physically detaches
astrocytes from the endothelial cell layers and is followed by a compromise in blood-
brain barrier integrity. Early inhibition of aquaporin-4 water permeability would therefore
prevent acute vasogenic edema and blood-brain barrier disruption.

Results of experiments using aquaporin-4-null mice have shown the involvement
of aquaporin-4 in both cytotoxic and vasogenic edema. Mice lacking aquaporin-4
expression show less brain glial cell (astrocyte) swelling, reduced edema, and a better
neurological outcome after ischemic stroke and water intoxication (1). a-syntrophin
knockout mice (74) and dystrophin-null mice (59) indirectly affect aquaporin-4
expression. In both a-syntrophin and dystrophin-null mice, aquaporin-4 is not targeted
correctly to the plasma membrane and therefore is not functional. Dmd™™ mice
(C57BL/10ScSnDMD<mdx>J) have a decreased expression of AQP4 protein (by 90% in
adult mdx mice) without changes in the AQP4 mRNA levels; while the disruption of a-
syn gene (a-Syntrophin is a member of the dystrophin-associated protein membrane
complex and play an important role in connecting the cytoskeleton to the extracellular
matrix) indicates that the protein is essential for localization of AQP4 protein in astrocyte
end-feet membrane domains adjacent to brain capillaries (59, 130). Studies by Ottersen
and colleagues with a-syntrophin knockout mice after ischemic stroke (74) and
dystrophin-null mice after water intoxication (59) also suggested that the decreased
expression of aquaporin-4 is protective. Studies by Verkaman and colleagues with
aquaporin-4-null mice also suggested that the aquaporin-4 deletion limits brain swelling

in cytotoxic edema, but aggravates brain swelling in vasogenic edema (131). The
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opposing actions of aquaporin-4 are probably related to the bi-directional water transport
through aquaporin-4 channel (131). Aquaporin-4-null mice are surprisingly normal in
terms of neurological status and gross neuroanatomical features (1). They had no general
behavioral, motor, sensory, or coordination deficits. Comparison of brains from
aquaporin-4"~ and aquaporin-4”" mice indicated no gross differences in size or anatomy.
There were no gross differences in the posterior, anterior, or middle cerebral artery
anatomy. The distribution of the middle cerebral artery territory seemed to be identical
for aquaporin-4” and aquaporin-4"" mice. Microscopic examination of hematoxylin and
eosin stained brain sections also indicated no histological differences. Blood-brain barrier
permeability in aquaporin-4”" and aquaporin-4"" control mice was evaluated with Evans
blue. The blood brain barrier was intact in both groups of mice except in choroid plexus
where there is no barrier. Serum sodium and osmolality were not different in aquaporin-4-
" and aquaporin-4"" mice, and expression of other aquaporins appeared to be unchanged
as compared with wild type (1).

When stressed by transient cerebral ischemia, brain edema was attenuated in
alpha-syntrophin (-/-) mice, indicative of reduced water influx. Surprisingly, aquaporin-4
was strongly reduced but alpha-syntrophin was retained in perivascular astroglial end-feet
in wild-type mice examined 23 h after transient cerebral ischemia. Thus, alpha-
syntrophin-dependent anchoring of aquaporin-4 is sensitive to ischemia, and loss of
aquaporin-4 from this site may retard the dissipation of post-ischemic brain edema (74).

Other studies also shown that aquaporin-4 is colocalized with potassium channels such as
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Ki:1.4 and Ca"*-activated rSlo, which infers its participation in potassium clearance (132,
133).

To our knowledge, no compounds capable of inhibiting water permeability
through aquaporin-4 channels have been described. Studies form animals models that
disrupt the expression or the localization of aquaporin-4 channels indicate that a

aquaporin-4 blocker will attenuate cerebral edema after stroke.

Significance of the Present Study

The unique feature of this study is the discovery and characterization of a novel
pharmacological compound able to inhibit water movement through aquaporin-4
channels and the analysis of ischemic stroke after middle cerebral artery occlusion in
dystrophin-deficient mice. The knowledge gained from this study may lend further

insight in the treatment of cerebral edema after stroke.

Hypothesis

We hypothesized that an aquaporin-4 water channel blocker would decrease the
formation of cerebral edema after ischemic stroke in mice. The purpose of this study was
to determine if pharmacological blockers of aquaporin-4 water permeability can be
identified, and if these agents will significantly decrease the formation of cerebral edema

after ischemic stroke in mice. Particular emphasis was placed on comparing the
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formation of cerebral edema after ischemic stroke in dystrophin-deficient mice. The

specific aims of the project were as follows:

1- Identify novel aquaporin-4 blockers capable of inhibiting water permeability. (a) Use
quantitative assays to characterize water flux through cloned aquaporin-4 channels
expressed in Xenopus oocytes, and screen for pharmacological agents that significantly
decrease water flux. Determine a dose-response curve. (b) Determine amino acids in the
outer vestibule of the aquaporin-4 water pore that influence the inhibitory effect of the
blocker using site-directed mutagenesis. (¢c) Measure the protective effects of aquaporin-4
blockers identified in Aim 1 on cerebral edema, infarct size, neurological outcome, and

mortality rate, using the middle cerebral artery occlusion model in mice.

2- Evaluate the physiological response of dystrophin deficient (mdx) mice,
C57Bl/10SeSnDMD<MDX>J, after ischemic stroke using a filament method. Using
anatomical measurements of cerebral edema, infarct size and functional measurements of

neurological outcome after 24h reperfusion.
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CHAPTER 2. DISCOVERY AND CHARACTERIZATION OF A NOVEL

AQUAPORIN-4 WATER CHANNEL BLOCKER.

Abstract

Aquaporins are members of the major intrinsic protein (MIP) family of channel-
forming proteins. Aquaporin-4 is a member of the aquaporin channel family and it is
widely distributed in the central nervous system. It is localized at the astrocytic end feet
membrane facing the blood-brain barrier; prompting the hypothesis, that aquaporin-4
mediates water transport from the blood into the brain. Evidence of a protective effect in
aquaporin-4 deficient mice in classic models of cerebral edema have also implicated it as
a key player in the formation of cerebral edema after ischemic stroke. The objective of
this work is: 1) to identify and characterize novel aquaporin-4 blockers capable of
inhibiting water permeability in aquaporin-4 expressing oocytes; 2) to evaluate the effect
of an aquaporin-4 blocker in the cerebral edema formation after ischemic stroke. We
found that bumetanide inhibits water permeability through aquaporin-4 channels in a
dose dependent and reversible manner. We also developed novel bumetanide derivatives
that showed inhibitory properties in aquaporin-4 channels. Bumetanide was previously
described as a protective agent against cerebral edema after ischemic stroke in rats; we
confirmed this effect in mice and hypothesized that its protective mechanism in cerebral
edema formation might involve a combination of inhibitory actions on the Na', K*, CI

cotransporter and aquaporin-4.
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Introduction

No compounds able to inhibit water permeability in aquaporin-4 channels have
previously been described. The unique finding of this work is that bumetanide
significantly inhibited the water permeability of AQP4-expressing oocytes. The
inhibitory effect of bumetanide on AQP4 water permeability was dose dependent and
reversible.

Aquaporin-4 (AQP4) is a member of the major intrinsic protein family of
channel-forming proteins. The mammalian aquaporin protein family has 11 members.
Aquaporins are transmembrane proteins that assemble as homotetramers. Each individual
monomer is formed by six transmembrane domains with intracellular carboxyl (C) and
amino (N) terminals. AQP4 was first cloned in 1994 (71) and has two methionine
initiation sites (M1 and M23) which yield products at 32 and 30kDa respectively.
Transport studies showed that AQP4 heterologously expressed in Xenopus laevis oocytes
increased water permeability by 20-fold and was not blocked by HgCl, even after
cysteine substitution to mimic the site that creates mercury-sensitivity in AQP1 (cysteine
189 in loop E), thus AQP4 also is known as the «mercury-insensitive water channel.»

Several groups have proposed the involvement of AQPs in the pathophysiology of
brain edema (127, 134, 135, 72). AQP4 is the predominant water channel in normal
brain. It is strongly expressed in the astrocyte end-feet plasma membrane facing the blood
brain barrier and at the CSF-brain interface. AQP1 and AQP9 are also expressed in

normal brain, but the distribution appears to be limited to the choroid plexus, glia limitans



50

and tanycytes (136). At present, its possible expression in the endothelial cells is still
under debate; in lieu of aquaporin-mediated fluxes, water transport from the blood to the
CNS parenchyma (through the endothelial cells) might involve a route other than water
channels, such as cotransporters (66). The presence of water channels in astrocytes
suggests that AQP4 mediates the rapid fluid exchange in the extracellular space and
allows accommodation for changes in volume in the cytoplasm of the astrocytes.

Results of experiments using AQP4-null mice reveal the involvement of AQP4 in
both cytotoxic and vasogenic edema (1). Some other genetically modified mice also have
a protective effect in edema thought to be due to decreased function of AQP4: a-
syntrophin knockout mice (72) and dystrophin-null mice (130) presented alterations in
the pattern of AQP4 expression or the protein is not targeted correctly to the plasma
membrane.

Our study was initiated to find agents capable of blocking water transport through
AQP4. We hypothesized that an AQP4 blocker would decrease the formation of cerebral
edema after ischemic stroke in mice. Various compounds (Table 2.1 and Table 2.2) that
are known to affect channels, transporters, or receptors were chosen with the singular
goal of identifying a lead compound for further development. One of those compounds,
bumetanide, had a significant effect on osmotic swelling rate. Our studies indicated that
bumetanide reversibly blocked the water permeability of AQP4 in a dose-dependent
manner. Our studies also indicates that bumetanide has a protective effect in the cerebral
edema formation after ischemic stroke in mice as its was previously demonstrated in rats

(4). The uniqueness of our study is that bumetanide was administered after ischemic,



51

more relevant from the clinical perspective. A novel compound derived from bumetanide

was generated and showed inhibitory properties in AQP4 channels.

Material and Methods

Preparation of Oocytes

Oocytes at stage V and VI were harvested from female Xenopus laevis and
prepared as described previously (137). Oocyte placed in 30ml of OR-2 saline solution
(82mM NaCl, 2.5mM KCI, ImM CaCl, 5mM HEPES, 30mg Penicillin, 50mg
Streptomycin) containing 0.015g Trypsin inhibitor (Sigma-Aldrich Co.) plus 0.045g
Collagenase (Sigma-Aldrich Co.) at 18°C for 1.5 to 2h to achieve 50% loss of follicular
coats. After oocyte digestion, oocytes were washed 3 times with OR-2 saline solution for
15min and 3 times in ND96P (96mM NaCl, 2mM KCIl, 1.8mM CaCl,, 5SmM HEPES, pH
7.6) plus 2.5mM sodium pyruvate. Oocytes were stored in ND96P saline solution at 18°C
overnight. Cloned rat AQP4 DNA was provided by Peter Agre. Oocytes were injected on
the following day harvest with either 50nl of DEPC water or 50nl of DEPC water

containing AQP4 RNA. Oocytes were incubated for 48hrs at 18°C in ND96P.

Bursting Time
Bursting time during swelling was recorded at 22°C, using a Cohu CCD video
camera (Cohu, San Diego, CA). After 5-minute incubation with 200mOsM NacCl saline

or 200mOsM NacCl saline plus a drug candidate (Table 2.2) oocytes were transferred
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(time 0) from 200mOsM NaCl saline to 0mOsM NaCl saline (control group) or 0OmOsM
NaCl saline with drug candidates and time of bursting was measured visually through

continuous recording of aquaporin water channel expressing oocytes.

Measurements of Osmotic Permeability (Py).

Oocytes were transferred from the culture medium (ND96P) to 200mOsM NaCl
saline (control group) or 200mOsM NaCl saline with a selected drug candidate, and
incubated for Smin at room temperature. At time 0 in the swelling assay, oocytes were
transferred into 100mOsM NaCl saline with or without drug, to match the pre-incubation
condition. Osmotic swelling was performed at 22°C, recorded with a Cohu CCD video
camera (Cohu, San Diego, CA), and analyzed by computer using Scion Image software
(Scion Corporation). Images were captured every 2s for a period of 1.5min. The area of
the oocyte was recorded, and used to calculate the relative volume change and the water
permeability value (Py), as previously described (67). The measured increase in relative
volume as a function of time was fit optimally with a second order polynomial, and the
initial rates of swelling were calculated between 4 and 120s, as d(V/V,)/dt, from the
linear component of the fits. This measurement is used in the formula Py =
[Voxd(V/V,)/dt] / [SxVyXx(0osmi-0smey)], where initial oocyte volume is V0=9><10'4,
molar ratio of water is VW=180m3/m01, initial oocyte surface area is S=O.0450m2,
osmolarity inside the oocyte is estimated as osm;,=200mOsM, and osmolarity outside the
oocyte in hypotonic saline is 0smy,=100mOsM. P values are calculated individually for

each oocyte and the groups are analyzed as Pr mean + SD.



53

Site-Directed Mutagenesis.

Aquaporin-4 mutants were generated by using site-directed mutagenesis strategy.
The purpose of this experiment is to evaluate if the blocking effect observed is directly
related to aquaporin-4 channels and not in native channels expressed in Xenopus oocytes.
Site-directed mutagenesis takes advantage of the QuikChange Site-directed mutagenesis
method available from Stratagene (La Jolla, CA), (83). Synthetic oligonucleotide primers
(Table 2.3), complementary to opposite strands of the vector carrying the AQP4 gene
that contain the desired mutation are designed. The product is then treated with Dpnl
endonuclease that is specific for methylated and hemimethylated DNA; this digests the
parental DNA template to select for mutation-containing synthesized DNA. The vector
DNA incorporating the desired mutation is then transformed into Epicurian coli XL1-
Blue supercompetent cells. Successful incorporation of the mutations is confirmed by
sequence analysis, using forward and reverse sequencing primers to double check the
correct sequence. RNA synthesized in vitro for each mutant was injected, and the

expression of channels in oocyte was verified by swelling assay.

Middle Cerebral Artery Occlusion in Mice.

Animal Preparation

The purpose of this experiment is to test the effect of an aquaporin-4 channel

blocker in the cerebral edema formation after ischemic stroke. C57Bl/J mice (male, 8-
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10weeks, 20-25g) were obtained from Jackson Laboratories and housed with free access
to food and water at the University Animal Care Facility at the University of Arizona. All
mouse procedures were approved by the University Animal Care and Use Committee in
accordance with JACUC guidelines. Mice were housed in a quiet room before surgery.
All mice were subjected to temporary occlusion (60 min) of the right middle cerebral
artery with the silicone-coated filament technique and 24hrs reperfusion (figure 2.1), as
previously described (138).

Briefly, the animals were anesthetized via inhalation mask with 3.0V%
isofluorane and maintained with 1.5% to 1.75% isofluorane in a mixture of 30% oxygen
and 70% nitrox. Rectal temperature was monitored and held constant during surgery
using a thermostatically regulated heating lamp. A skin incision in the right
temporoparietal area was made, the temporalis muscle was retracted, and a microtip of
the laser-Doppler probe (Periflux system 5000, Perimed, Stockholm, Sweden) was placed
on the skull surface (bregma 0 and 6 mm, probe tip 0.5 mm in diameter) to monitor blood
flow from the beginning of the time of anesthesia until 15 min after removal of the
occluding filament (Figure 2.1). The common carotid was occluded with a slip knot
immediately before filament placement, and remained occluded during the total ischemic
period. A 7-0 monofilament silicone-coated nylon surgical suture with a diameter varying
between 150-250um was prepared the day before the experiment. The occluding filament
was threaded through the external carotid and into the internal carotid, up to the
bifurcation to the middle cerebral artery. MCAO was considered successful if there was

greater than 85% reduction in blood flow, compared to baseline values, throughout the
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entire ischemic period. For the following 60 minutes, the animal remained untouched
under constant conditions. At the end of the ischemic period, the filament was withdrawn,
the external carotid artery stump was tied, the common carotid artery was untied, and
reperfusion was confirmed by laser Doppler (>50% of baseline). The animals were then
permitted to recover from anesthesia at room temperature and sheltered from drafts. In all
experimental animals, blood flow returned to near pre-MCAO levels within 15 min of the
removal of the suture.

Mice undergoing surgery were divided into 2 groups, a control and a treated
group. Animals in the treated group were given 60mg/kg of bumetanide to achieve a
plasma concentration of 100uM bumetanide 10 minutes before reperfusion and animals
in the control non-treated group were administered placebo-saline. Placebo-saline or

saline plus bumetanide were administered intravenously in the jugular vein.

Neurological Function
At 24 hours after reperfusion, the animals were scored for neurological deficit by
a 28-point focal scoring system. The neurological exam was combined from studies by
Clark and colleagues (138) and Hurn and colleagues (139), who used the exams to

describe postischemic neurologic deficits in mice.

Cerebral Edema and Infarct Size Determination
After neurological scoring, the mice were deeply anesthetized with isoflurane

inhalant and euthanized by cervical dislocation. Brains were isolated rapidly, the
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olfactory bulb and cerebellum were removed, and the brain was sectioned into four 2-mm
slices. These slices were placed in a well plate containing 2% tetrazolium chloride (TTC)
solution (Sigma-Aldrich, Inc.) and allowed to develop for 30 minutes. TTC stains the live
mitochondria and therefore isolates the live tissue (red) from the dead tissue (white). The
tissue was then placed in 10% formalin and all slices were scanned in a table top light
scanner, and images were captured with Adobe Photoshop (7.0). The National Institutes
of Health Image Analysis program (ImagelJ software-\; Scion Image Co.) was then used
to measure the area of ischemia and total hemisphere area. Cerebral edema was measured
by subtracting the total contralateral volume from the total ipsilateral volume divided by

the total contralateral volume and expressed and percentage (140).

Edema (%) = (Total ipsil. volume-total contralat. volume)
Total contralat. volume *100

Total infarct volume was calculated by adding the product of the measured infarct area in
each slice by 2 (since each slice is 2 mm thick). To partially correct for effects of edema

on the ipsilateral side, infarct volumes were corrected by (140):

Infarcted volume (mm’) = ¥ (Infarcted area *(total Ipsil. area / total contralat. area) * 2)

All results are expressed as mean + Standard Deviation. ANOVA and post hoc
(Holm-Sidak method) were used to assess the significant differences in cerebral edema

and infarct volumes (P<0.05).
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Results

Oocyte bursting times were used to identify potential inhibitors of AQP4 water
permeability. Figure 2.2 indicates the mean and standard deviation bursting time for each
treatment group. To account for variability in the level of protein expression between
oocytes from different frogs, each treatment group was standardized to the mean value of
the non-treated AQP4 group (control) measured on the same day. AQP4-expressing
oocytes were pre-incubated for 5 minutes with and without the drug candidate (Table 2.1
and Table 2.2). Non-treated AQP4-expressing oocytes pre-incubated with isotonic saline
had a rapid osmotically driven increase in cellular volume leading to an average bursting
time of 305.79 + 97.27 sec. In contrast, AQP4-expressing oocytes that were pre-
incubated in 25mM CsCl, 100uM bumetanide, 100uM kynurenic acid or 1uM
charybdotoxin significantly increased in the bursting time suggesting that those
compounds inhibited the osmotically induced swelling (Table 2.4). Sham injected control
oocytes did not show any appreciable increase in relative volume. One-way analysis of
variance (ANOVA) followed by Holm-Sidak method was used for statistical analysis.

Quantitative oocytes swelling assays were used to further characterize potential
inhibitors of AQP4 water permeability. Osmotically induced swelling was measured by
transferring oocytes to 50% hypotonic saline (at time 0) and recording the relative
volume increase over 90s. Figure 2.3 indicates the mean relative area change (RAC) and

standard deviation in each treatment group, for AQP4-expressing oocytes that were pre-
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incubated for Smin in control isotonic saline (non-treated) or in isotonic saline containing
either 25mM CsCl, 100uM bumetanide, 100uM furosemide, 100uM kynurenic acid or
0.1uM charybdotoxin (treated). Non-treated AQP4-expressing oocytes had a rapid
osmotically driven increase in relative volume. In contrast AQP4-expressing oocytes that
were pre-incubated in 100uM bumetanide showed a marked reduction in the rate of
relative area change after their transfer into 50% hypotonic solution also containing 100
uM bumetanide (Table 2.5), suggesting that bumetanide inhibited the osmotically
induced swelling. AQP1-expressing oocytes treated with bumetanide and furosemide did
not have similar swelling rates with non-treated AQP1-expressing oocytes.

Increased concentrations of bumetanide indicated a dose-dependent inhibitory
effect on the osmotic water permeability of AQP4-expressing oocytes (Figure 2.4). To
avoid the variability of the protein expression between oocytes collected from different
frogs each treatment group was corrected to the mean value of the non-treated AQP4
group measured on the same day. Data in figure 2.4 are compiled from a total of 195
oocytes (from 11 different frogs); each oocyte was previously tested with control saline
without any treatment and used as its on control for the treatment analysis; also the same
oocyte was used a third time to assess its recovery to bumetanide treatment. There was a
non-significant increase of the inhibitory effect of the bumetanide treatment between
1uM to 500uM (Table 2.6), but for the highest dose tested, there was a decrease of the
inhibitory effect. Blocking effect was calculated by correcting the RCA for the treated

swelling by the control swelling in regular saline.
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The inhibitory effect of bumetanide on osmotic water permeability was reversible
(Figure 2.5). After testing the rate of volume increase after pre-incubation in several
different treatment concentrations of bumetanide, the oocyte was allowed to recover to
normal volume over a period of an hour. The oocyte was then tested again in a swelling
assay in hypotonic saline. The rapid osmotic swelling response seen in the recovered
oocyte demonstrated that the inhibitory effect of bumetanide was reversible.

Structural studies suggested that the interaction sites for bumetanide in AQP4
channels are located on the cytoplasmic side of the protein. Intracellular administration of
bumetanide indicated a dose-dependent inhibitory effect on the osmotic water
permeability of AQP4-expressing oocytes (Figure 2.6). Data in figure 2.6 are compiled
from a total of 175 oocytes (from 8 different frogs); each oocyte was tested with 50%
hypotonic saline. Non-treated oocytes were injected with 3ng of AQP4 RNA in 50nl of
DEPC water (control group) and treated oocytes were injected with 3ng AQP4 RNA with
DMSO or 3ng AQP4 RNA with DMSO plus 5, 15, or 45uM bumetanide. The inhibitory
effect of the bumetanide treatment was tested at calculated final intracellular
concentrations from 5uM to 45uM (Table 2.7). At the intracellular concentration of
45uM bumetanide significantly reduced osmotically induced swelling in oocytes.

To increase the membrane permeability of bumetanide our collaborator, Dr. Gary
Flynn (an organic chemist in the Univ. Ariz. BIOS Institute) developed a set of
methylated bumetanide derivatives. The prediction is that once the compound crosses the
membrane, endogenous esterases clip the modified portion, simultaneously restoring the

original bumetanide structure and trapping the compound in the cytoplasmic
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compartment. Synthetic bumetanide derivatives are predicted to increase intracellular
availability of bumetanide and consequently increasing the potency of the blocking
effect.

Two of the new compounds showed an inhibitory effect on the osmotic water
permeability of AQP4-expressing oocytes (Figure 2.7). Data in figure 2.7 are compiled
from a total of 29 oocytes (from a single frog); each oocyte was tested with 50%
hypotonic saline (table 2.8). There is a greater inhibitory effect of the bumetanide
derivative #3 than unmodified parent compound.

Computational analyses have identified specific amino acids of AQP4 and the
structural features of bumetanide likely to be involved in binding. While this diagram is
not necessarily correct, it generates testable predictions for sites in the AQP4. The
character of the putative binding sites can be used to identify specific amino-acid residues
that are predicted to play a role in ligand binding. The rationale for designing mutants
was based on ligand protein binding studies that identified possible interactions sites for
bumetanide in AQP4. As well, the model of the binding sites predicted the nature of the
interaction (e.g., hydrogen bonding, -electrostatic, pi-electron, and hydrophobic
interactions). These predictions were tested experimentally by site-directed mutagenesis
of AQP4. A series of amino acid substitutions tested the contributions of candidate sites
(Table 2.3). Certainly there are more possibilities than are listed here. The effect of
bumetanide on the water permeability of mutant AQP4-expressing oocytes was evaluated
by osmotic swelling assays in 50% hypotonic saline. Figure 2.8 shows the relative area

change for oocytes that were pre-incubated in either control saline or in saline containing
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100uM bumetanide for 15 minutes. Sham injected (control) oocytes were resistant to
osmotically induced swelling and were unaffected by the presence of bumetanide.
Substitutions of phenylalanine (F) with alanine (A) in the position 175 generated a
mutant resistant to bumetanide blocking effect. Osmotic water permeability (Pr) values
were calculated for oocytes expressing wild type or mutant AQP4 and for sham oocytes.
The results shown in Figure 2.8 are compiled from oocytes taken a single frog. The lack
of effect of bumetanide in the Phel75Ala mutant suggests that bumetanide inhibitory
effect involves AQP4 channels and is not related to native volume regulatory channels
present in oocytes.

In order to assess the effect of bumetanide in the formation of cerebral edema and
infarct size, we compared two groups subjected to 1h ischemia and 24h reperfusion. Data
in Figure 2.9 are compiled from a total of 8 mice, four in the control and four in the
bumetanide group. While not statistically significant, bumetanide-treated animals showed
reduced (37.3% reduction) cerebral edema and smaller (75.83% decrease) infarct volume
when compared with placebo treated animals. Neurological evaluation showed no

statistical difference between placebo-treated and bumetanide-treated animals.

Discussion
No compounds able to inhibit water permeability in aquaporin-4 channels have
previously been described. The unique finding of this work is that extracellularly applied
bumetanide and a novel bumetanide derivative significantly inhibited the water

permeability of AQP4-expressing oocytes at 100uM; intracellular delivery of bumetanide
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confirmed our initial prediction of an intracellular binding site. The inhibitory effect of
bumetanide on AQP4 water permeability was dose dependent and reversible.

Bumetanide is a potent diuretic agent. Bumetanide, furosemide, and ethacrynic
acid belong to the class of diuretics referred to as the “high-ceiling” or “loop” diuretics,
which exert their effects in the ascending limb of the loop of Henle. Bumetanide is
known to block Na®, K, ClI- cotransporter. The active secretion of bumetanide into the
renal tubule filtrate occurs in cells of the proximal tubule through a process involving
transporters of the renal organic anion (OA) secretory pathway. It is interesting that the
concentrations of bumetanide that block the Na,K,Cl cotransporter (<1uM; 141) and that
can saturate renal OA transporters (<10uM, 142) are much lower than the concentration
reported to have a beneficial effect in post-stroke edema (100uM, 143); this higher
concentration of bumetanide is curiously similar to the amount needed externally for
block in our studies of AQP4. This difference, though not proof, is consistent with the
idea that AQP4 is one of the targets in the observed beneficial effect in cerebral edema
formation of bumetanide in vivo.

The crystal structure of AQPI1, obtained by x-ray crystallography, showed that
each subunit narrows at the central NPA region (a conserved asparagine-proline-alanine
signature motif) to a diameter near that of a single water molecule. All aquaporins with
solved structures thus far share the same organization (144). Superimposed polypeptide
backbones for the known structure of bovine AQPI1, and a proposed structure for rat
AQP4 derived from a comparative model building showed a similar structure of AQP4

and AQPI. Using a pilot homology structure of AQP4 based on the crystal structure of
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AQP1, Dr. Yool and our colleagues in BIO5 (The University of Arizona Institute for
Collaborative Research) identified two possible binding domains for bumetanide, both at
the intracellular face. Site I is near the water pore, and site II is in a pocket formed by
different domains including the carboxyl terminus and an intracellular loop. The finding
of internal sites for bumetanide suggested that this poorly membrane-permeant compound
and should be more effective when applied intracellularly.

Intracellular administration of bumetanide proved to be effective. Since
bumetanide slowly crosses biological membranes, we developed several compounds
derived from bumetanide. We found that one derivative (bumetanide #3) significantly
reduces water permeability of AQP4 expressing oocytes. This agent might have promise
in the treatment of cerebral edema after stroke.

As described above, bumetanide was shown by others to decrease the formation
of cerebral edema associated with ischemic stroke at 100uM plasma concentration
administered in advance of the ischemia event (140). My work extended the possible
therapeutic significance of this finding by testing the effects of administering bumetanide
after the stroke at the time of reperfusion, a scenario more likely to occur in practice since
at best, patients arrive at the emergency room 1 to 3 hrs after the onset of the ischemic
event. Treatment of the vascular clot with tissue plasminogen activator is clearly effective
and used in reducing the infarct core. This initiates reperfusion and consequently
increases the formation of cerebral edema. We propose that an additional agent that
mitigates cerebral edema would be beneficial at the reperfusion period as well as in

patients with persistent stroke at the time of arrival at the hospital. Although the data do
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not show statistically significant levels, we note that despite the small n values, the trend
towards a protective effect clearly supports what has been described previously by others.

Bumetanide has been described as a potential treatment for cerebral edema after
stroke; our work is the first to describe a potential molecular target for this compound as
an aquaporin-4 blocker. An encouraging finding of this work is the demonstration that
bumetanide is effective after the ischemic event, and thus holds promise as a therapeutic

agent in the realistic setting of emergency clinical medicine.
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Compound name Synonym Molecular Formula Molecular Action
Weight
Bumetanide 3-(Aminosulfonyl)-5- C17H0N>05S 364.42 Inhibitor of Na*",K*,CI cotransporter (283)
(butylamino)-4-
phenoxybenzoic acid
Cesium chloride CsCl 168.36 Ton channel blocker (284)
TRIS hydrochloride Tris(hydroxymethyl)a NH,C(CH,OH); - HC1 157.60 Inhibitor of NMDA receptors (285)
minomethane
hydrochloride
.Tetramethylammonium TMA (CH;)4N(Cl) 109.60
chloride
4-Amino-3- CeHsF3N, 162.11
(trifluoromethyl)pyridine
Mercury Chloride Calomel Mercurous Hg,Cl, 472.09 AQP1 blocker (286)
chloride
Disopyramide o- Cy1HyoN;0 339.47 Class IA antiarrhythmic; sodium channel blocker (296)
Diisopropylaminoethyl
-a-phenylpyridine-2-
acetamide
Clofilium tosylate 4-Chloro-N,N-diethyl- C,H;3,CIN - C;H,0;S 510.17 K" channel blocker; cardiac depressant; anti-arrhythmic
N- (295)
heptylbenzenebutanam
inium tosylate
(+)-3-Aminobutanoic acid (+)-3-Aminobutyric CH;CH(NH,)CH,COOH 103.12 GABA receptor inhibitor (294)
acid DL-3-
Aminobutyric acid
Kynurenic acid 4-Hydroxyquinoline-2- CoH7NO; 189.17 Non-selective antagonist at NMDA and AMPA/kainate
carboxylic acid receptors; blocks kainic acid neurotoxicity (293)
N-methyl-D-aspartate NMDA receptor inhibitor (292)
Phosphopentanoic
Colchicine CyHy5NOg 399.44 Chloride channel blocker (291)
Forskolin 7B-Acetoxy-8,13- CyH3407 410.50 Cell-permeable  diterpenoid that possesses anti-
epoxy-1a,6B,9a- hypertensive, positive inotropic, and adenylyl cyclase
trihydroxylabd-14-en- activating properties. Many of its biological effects are
11-one due to its activation of adenylyl cyclase and the
Coleonol resulting increase in intracellular cAMP concentration.'
Forskolin effects calcium currents and inhibits MAP
kinase (290)
Tetrodotoxin Fugu poison Cy1H7N;04 319.27 Reversible, selective blocker of Na' channels; blocks
Maculotoxin propagation of impulses in excitable membranes. Used
Tarichatoxin to characterize sodium channels in excitable membranes
TTX and to study the role of sodium channels in normal
physiology and disease (289)
Tetraethylammonium TEA chloride (C,H;5)4N(Cl) 165.70 Blocks K" channels; blocks nicotinic acetylcholine
chloride neurotransmission by blocking the receptor-mediated
K currents. AQP1 blocker (286)
Charybdotoxin C76H277N57055S7 4295.89 Potent and selective inhibitor of the Ca**-activated K"
channel present in GHj; anterior pituitary cells and
primary bovine aortic smooth muscle cells (288)
Anthracine Chloride channel blocker (287)

Table 2.1. SHOWS CANDIDATE COMPOUNDS. Compounds were
selected for AQP4 blocking screening and display its molecular formula,
molecular weight, action and names. Compounds where selected based on
previous reports of blocking effect in channels or transporters.
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Table 2.1 continued
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Compound name Dose Compound name Dose
Bumetanide 100uM Kynurenic acid 100uM
Cesium Chloride 25mM N-methyl-D-aspartate ~ 100uM
Tris hydrochloride 25mM Phosphopentanoic 100uM
Tetramethylammonium 25mM Tetraethylammonium  100uM
chloride chloride
4-Amino-pyridine SmM Forskolin 100uM
Mercury chloride 300uM Tetrodoxin 100uM
Disopyramide 100pM Charabdotoxin 1luM
Clofilium tosylate 100pM Colchicine 100pM
3-Aminobutanoic acid  100pM Anthracine 100uM

Table2.2. LIST OF CANDIDATE COMPOUNDS AND PRELIMINARY

DOSE TESTED.
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B)

Mutant

HO95A

F175A

R261D

S180R

VIB9A

A)

predicted interaction

substitutions

SITE 1

ser 177 polar

gly 93 main chain C-O

his 95 H-bond

val 189 hydrophobic

SITE 11

cys 253 main chain C-O

asp 255 electrostatic

arg 108 electrostatic

arg 261 electrostatic

lys 181 electrostatic ©
electron

lys 109 electrostatic 1
electron

phe 175 hydrophobic

Primers (Sense)

5’-c atc agc ggt gcc atc aac cca
gcg -3’

5’-cag ctg gta ttc acc acc att gct
gcc agc tgt gat tce-3’

5’-ct gac gtg ctc aaa cgt gac cta
aag gaa gcc-3’

5’-gcc agc tgt gat cgc aaa cgg act
gat gtt act gg-3’

5’-gat gtt act ggt tcc get get tta gca
att ggg-3’

gly, ala, thr, phe
ala, val (alter bulk)

gly, lys, asp, val,
leu, trp, phe, ala

ala, val (alter bulk)
asn, lys, ala, glu
asn, lys, ala, glu
asn, lys, ala, glu
ala, arg, glu, ser

ala, arg, glu, ser

ala, tyr, trp, val

Primers (Antisense)

3’-g tag tcg cca ccg cgg tag ttg ggt
cgc-5’

3’-gtc gac cat aag tgg taa cga cgg
tcg aca cta agg-5’

3’-ga ctg cac ctc gag ttt gca ctg gat
ttc ctt cgg-5’

3’-cgg tcg aca cta geg ttt gcc tga cta
caa tga cc-5’

3’-cta caa tga cca agg cga cga aat
cgt taa ccc-5’

Table 2.3 SITE DIRECTED MUTAGENESIS A) Partial listing of
mutagenesis studies of bumetanide candidate biding sites. B) Lists the
primer design used to generate the mutants.
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Figure 2.1. EXPERIMENTAL DESIGN TIME LINE. It also reveals a representative Doppler flow
recording from a C57BL/6J male mouse subjected to one hour of ischemia and 24 hrs of reperfusion. It
also indicates absolute values and the percent reduction during ischemia. This animal had a 91.51%
decrease in blood flow over the ischemic period which, after 15min, had recovered to 66.52% of baseline

flow.
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Figure 2.2. AQP4 BLOCKER DRUG SCREENING. The bursting time of Xenopus oocytes expressing
aquaporin-4 water channels from several different groups were compared with a control group from the
same preparation. The groups with asterisks were selected for a more quantitative swelling assay
experiment. non-treated group (Control), cesium chloride (CsCl), tris hydrochloride (TrisCl),
tetramethylammonium chloride (TMA), bumetanide (Bumet), 4-amino-pyridine (4-AP), mercury chloride (HgCl,),
disopyramide (Diso), clofilium tosylate (Clofilium), 3-aminobutanoic acid (Aminobut), kynurenic acid (Kynur), N-
methyl-D-aspartate (N-Methyl), phosphopentanoic acid (Phosp), charybdotoxin (Charyb), anthracine (Anthrac),
colchicines (Colch), forskolin (Forsk), tetrodoxin (TTX), tetracthyammonium chloride (TEA).
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Treatment AQP4 CsCl
wild type

AV 336.56 434.20

STDEV 74.40 140.10

AV (#) 100 151.11

STDEV (#) 31.80 48.76

n values 24 5

aminobut kynur N-Methyl

233.00 480.00 232.80

74.84 164.34 60.84

81.09 167.05 69.17

26.05 57.20  18.08

n values 5 5

Tris
Cl
258.60
129.74
90.00
45.15

5

Phosp
349.80
190.83
103.94
56.70

5

TMA

346.40
70.36
120.56
24.49

5

charyb
614.40
52.41
182.56

15.57

bumet

537.50

69.62

187.07

24.23

10

anthrac

290.00

107.88

86.17

32.05

5

4AP

221.60

97.18

77.12

33.82

HgClz

257.20

115.77

89.51

40.29

5

colchicine forsk

292.6

127.60

86.94

37.91

5

244.60

35.10

72.68

10.43

5

diso

217.20

124.32

75.59

43.27

5

TTX

244.67

56.44

72.70

16.77

3

clofilium

224.60

72.87

78.17

25.36

5

TEA

181.75

112.25

54.00

33.35

Table 2.4. AQP4 BLOCKER DRUG SCREENING. Shows the average (AV) and standard deviation
(STDEV) of bursting time in seconds of aquaporin-4 expressing oocytes (oocytes were injected with
3ng RNA) incubated with normal saline and saline with drug candidates (see Figure 2.2) for 5
minutes. It also shows AV and STDEV of the bursting time corrected (#) for the aquaporin-4 wild

xrian
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Figure 2.3. BLOCKING EFFECTS OF PRELIMINARY COMPOUNDS. Relative area change values of AQP4-

© expressing oocytes from treated groups were compared with a control group. Oocytes treated with 100uM

. bumetanide have smaller water permeability when compared with acontrol non-treated group. n values = 5.
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Groups 100pM

bumet
Mean 35.60
stdev 25.25
nvalues 5

Table 2.5. BLOCKING EFFECTS OF PRELIMINARY COMPOUNDS. Shows the average (AV) and
standard deviation (STDEV) of relative area change in seconds of AQP4 expressing oocytes and
AQP1 (oocytes were injected with 3ng AQP4 and AQP1 RNA) incubated with normal saline and
saline with drug candidates (100uM bumetanide(bumet),
charybdotoxin (charyb), 25mM CsCl, 100uM kynurenic acid (kynur), AQP1 wild type (wt), 100uM

bumetanide (bumet), 100uM furosemide (furo)) for 5 minutes. The values are corrected for the mean

100pM
furo
38.81

25.34

0.1pM
charab
31.49
23.38

5

value of the AQP4 non-treated group.

25SmM

CsCl

42.74

30.55

100pM
Kynur
48.52

28.33

AQP1
wt
38.95

19.92

100 pM
bumet
37.02

20.21

100 pM
furo
42.50

24.73

100uM  furosemide (furo), 0.1uM
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Figure 2.4. DOSE-RESPONSE OF
AQP4- EXPRESSING OOCYTES
TREATED WITH BUMETANIDE.
Relative area change values of
oocytes treated groups were
compared with a control group (bigger
graph). Blocking effect (smaller graph)
was calculated by correcting the
treated value to the previous control
RCA for every oocyte. Increased
bumetanide concentrations showed a
proportional increased blocking effect
in water permeability of oocytes when
compared with a non-treated group.
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Groups 1pM 10pM 50uM 100pM  500pM  1000pM
bumet bumet bumet bumet bumet bumet
Mean 90.87 93.60 83.56 75.01 68.68 84.05
stdev 56.38 52.61 65.75 52.66 39.97 36.57

n values 29 33 7 50 9 20

Table 2.6. DOSE RESPONSE OF BUMETANIDE TREATED OOCYTES.
Shows the average (AV) and standard deviation (STDEV) of relative area change
in seconds of AQP4 expressing oocytes (oocytes were injected with 3ng AQP4
RNA) incubated with normal saline and saline with increased bumetanide (bumet)
concentration (1, 10, 50, 100, 500, 1000uM) for 5 minutes. The values are

corrected for the mean value of the AQP4 non-treated group.
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Figure 2.5. RECOVERY EFFECT OF AQP4-EXPRESSING OOCYTES AFTER BUMETANIDE
TREATMENT. Relative area change values of oocytes from treated groups were compared with a

control group. Recovery effect was calculated by correcting the recovery value to the previous control
RCA for everv oocvte No recidnal effect in water nermeahilitv of nocvtes when comnared with a
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Figure 2.6. INTRACELLULAR ADMINISTRATION OF BUMETANIDE. Relative area change
values of oocytes from treated groups were compared with a control group. Oocytes treated with 45uM
intracellular bumetanide have smaller water permeability when compared with a control non-treated

oronm
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Groups DMSO SpuM

bumet
Mean 72.13
stdev 44.01
n values 19 17

Table 2.7. INTRACELLULAR ADMINISTRATION OF BUMETANIDE.
average (AV) and standard deviation (STDEV) of relative area change in seconds of AQP4
expressing oocytes. Oocytes were injected with 3ng AQP4 RNA plus DMSO and increased

concentration of bumetanide (bumet) (5, 15, 45uM). The values are corrected for the mean

value of the AQP4 non-treated group.

15pM
bumet
75.39
52.79

18

45uM
bumet
61.39
40.90

19

Shows the
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Figure 2.7. BUMETANIDE DERIVATIVES AQP4-EXPRESSING OOCYTE TREATMENT.
Relative area change values of oocytes from treated groups were compared with a control

group. Oocytes treated with 100uM extracellular bumetanide #3 have smaller water
nermeahilitv when comnared with a non-treated orann

79



Groups  100pM  100pM  100pM

bumet bumet #1  bumet #3

Mean 83.03 56.61
stdev 22.53 26.38
n values 12 5 6

Table 2.8. BUMETANIDE DERIVATIVES AQP4-EXPRESSING OOCYTE
TREATMENT. Shows the average (AV) and standard deviation (STDEV) of relative
area change in seconds of AQP4 expressing oocytes (oocytes were injected with 3ng
AQP4 RNA) incubated with normal saline and saline with 100uM bumetanide (bumet),
100uM bumetanide derivative #1 (bumet #1), and 100uM bumetanide derivative #3
(bumet #3) for 5 minutes. The values are corrected for the mean value of the AQP4 non-

treated group.
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Figure 2.8. BUMETANIDE BIDING-SITE DETERMINATION ON AQP4-
EXPRESSING OOCYTES. Relative area change values of oocytes from treated groups
were compared with a control group. Wild type oocytes treated with 100uM extracellular

bumetanide have smaller water permeability when compared with a control non-treated
orolnmn
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Figure 2.9. CEREBRAL EDEMA AND INFARCT SIZE
DETERMINATION. Cerebral edema and infarct size of C57Bl/6]
male mice subjected to 1hr ischemia and 24hrs reperfusion. A- shows
a representative brain slice stained with TTC from a placebo-treated
animal and B- shows a representative brain slice from bumetanide-
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Groups Control Bumetanide Control Bumetanide

IS IS CE CE
Mean 120.55 29.14 6.81 4.28
stdev 74.38 25.27 4.39 4.64

Table 2.9. CEREBRAL EDEMA AND INFARCT  SIZE
DETERMINATION. Shows the average (AV) and standard deviation
(STDEV) of infarct size (IS) and cerebral edema (CE) in control non-treated
and bumetanide treated C57B1/6J mice. All animals were subjected to lhr
ischemia and 24hrs reperfusion. Bumetanide was administered to achieve an

estimated 100uM plasma concentration.
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CHAPTER 3. EVALUATION AND CHARACTERIZATION OF MDX KNOCK

OUT MICE SUBJECTED TO ISCHEMIC STROKE.

Abstract

Several groups have proposed the involvement of aquaporin channels (AQP) in
the pathophysiology of brain edema. AQP4 deficient mice had a protective effect after
permanent ischemia and water intoxication. Another knockout mouse, a-syntrophin, that
mistarget the AQP4 protein to the cellular membrane also showed less cerebral edema
after transient ischemia and reperfusion. Dystrophin deficient mice, that had a decreased
expression of AQP4 by 90%, also reveal protective effects after water intoxication. To
our knowledge, no studies have been performed to characterize the effects of transient
ischemia and reperfusion in dystrophin deficient mice. The purpose of this study was to
evaluate the physiological response of dystrophin deficient (mdx) mice,
C57Bl/10SeSnDMD<MDX>J, after ischemic stroke using a filament method. We
hypothesized that the absence of aquaporin-4 water channels at the blood-brain barrier
would decrease the formation of cerebral edema after ischemic stroke in mice. We found
significant differences in ipsilateral brain water content formation after ischemic stroke in
mdx (dystrophin deficient) mice when compared with all other strain controls. We also
found that mdx mice showed increased mortality and increased epileptic-like activities
that might be related with a higher plasma K" concentration when compared with other

strains.
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Introduction

Stroke is a devastating disease; with a mortality rate near 30% it is the third
leading cause of death in the United States when considered separately from heart disease
(6, 7). Brain edema, characterized by water accumulation in the brain tissue, is an acute,
serious complication in stroke, often determining the clinical outcome. The mortality of
progressive cerebral edema after middle cerebral artery strokes approaches 80% (10). The
propensity of ischemic brain tissue to develop edema and swelling remains the major
cause of death in patients with large infarctions, particularly for those occurring within
the middle cerebral artery territory and cerebellum (9). Therefore, the understanding of
brain edema mechanisms is a major area of research.

Several groups have proposed the involvement of aquaporin channels in the
pathophysiology of brain edema (127, 134, 135, 72). The mammalian aquaporin family
has 11 members and are transmembrane proteins that assemble as homotetramers. AQP4
is abundantly expressed in ependymal cells and astrocytes (71, 145), with a highly
polarized distribution in glial membranes to face the capillaries and pia mater (75). AQP4
is abundant in Miiller glial cells with a polarized distribution at the end feet process. It
colocalizes with the inward rectifying K™ channel Kir4.1 (146, 147, 148). This supports
the view that AQP4 may serve a role in activity dependent water and K" redistribution;
clearance of K by astrocytes serves to maintain the extracellular space homeostasis after
neuronal activity. By short-circuiting osmotic gradients and by directing water flux to
specific extracellular compartments, AQP channels facilitate K clearance. AQP1 and

AQP9 are also expressed in normal brain, but the distribution appears to be limited to the
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choroid plexus, glia limitans and tanycytes (77) reinforcing the importance of AQP4 in
water transport through the blood-brain barrier (BBB).

A knockout mouse is a genetically engineered mouse in which one or more genes
have been made inoperable. Knockout is a route to learning about a gene that has been
sequenced but has an unknown or incompletely known function. AQP4-deficient mice
are surprisingly normal in terms of neurological function and macroscopic neuro-
anatomy. Two other knockout models also interfere with the normal expression of AQP4
at the astrocytic end feet plasma membrane. Dmd™* mice (C57BL/10ScSnDMD<mdx>])
have a decreased expression of AQP4 protein (by 90% in adult mdx mice) without
changes in the AQP4 mRNA levels; while the disruption of a-syn gene (a-Syntrophin is a
member of the dystrophin-associated protein membrane complex and play an important
role in connecting the cytoskeleton to the extracellular matrix) indicates that the protein is
essential for localization of AQP4 protein in astrocyte end-feet membrane domains
adjacent to brain capillaries (149). In contrast to findings in the Dmd™™ mice (150),
immunoblots of brain and cerebellar samples from the a-syntrophin knockout mice
revealed that AQP4 protein expression was quantitatively unchanged (149).

AQP4 deletion or mislocalization in mice reveal several improved outcomes
compared to strain matched control when subjected to four classic models of cerebral
edema: permanent or transient middle cerebral artery occlusion (MCAO), water
intoxication, freeze-injury model and continuous intracerebral fluid infusion. The absence
of AQP4 channels were linked with smaller mortality rate, improved clinical outcome or

smaller neurological deficit, decreased pericapillary astrocytic foot process swelling,
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smaller intra cranial pressure (ICP) and brain water content, decreased cerebral edema
and infarct volume in those experiments. Experimental data by Verkman and colleagues
reveal worse clinical outcome and ICP in AQP4 null mice after brain tumor implantation
also supports the conclusion that AQP4 facilitates removal of excess brain water in
vasogenic edema (151). AQP4-null mice and dystrophin null (mdx) mice had differences
in survival after water intoxication and that might be in part related to baseline
morphological alterations found in the dystrophin null mice such as increased BBB
permeability (77), which may enhance the transport of water from the intravascular space
to the brain thereby increasing cerebral edema and worsening outcome. To our
knowledge, no studies have been done to evaluate cerebral edema in mdx mice after
ischemic stroke.

The purpose of this study was to evaluate the physiological response of
dystrophin deficient (mdx) mice, C57B1/10ScSnDMD<MDX>J, after ischemic stroke
using a filament method. We hypothesized that the absence of aquaporin-4 water
channels at the blood-brain barrier would decrease the formation of cerebral edema after

1schemic stroke in mice.

Material and Methods

Middle Cerebral Artery Occlusion in Mice.

C57Bl/6J, C57B1/10Sn) and C57B1/10ScSnDMD<mdx>J mice (male and female,

8-10 weeks, 20-25g) were obtained from Jackson Laboratories and housed at the
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approved University Animal Care facility at the University of Arizona, with free access
to food and water. All mouse procedures were approved by University Animal Care &
Use Committee in accordance with IACUC guidelines. Mice were housed in a quiet room
before surgery. Mice undergoing surgery were divided into 4 groups: C57Bl/6J male
(6JM), C57Bl/6]  female  (6JF), C57BL/10SnJ  female  (SnJF) and

C57B1/10ScSnDMD<mdx>J female group (mdx).

Animal Preparation

The purpose of this experiment is to test the effect of an aquaporin-4 channel
blocker in the cerebral edema formation after ischemic stroke. C57BI1/J mice (male, 8-
10weeks, 20-25g) were obtained from Jackson Laboratories and housed with free access
to food and water at the University Animal Care Facility at the University of Arizona. All
mouse procedures were approved by the University Animal Care and Use Committee in
accordance with IACUC guidelines. Mice were housed in a quiet room before surgery.
All mice were subjected to temporary occlusion (60 min) of the right middle cerebral
artery with the silicone-coated filament technique and 24hrs reperfusion (figure 2.1), as
previously described (138).

Briefly, the animals were anesthetized via inhalation mask with 3.0V%
isofluorane and maintained with 1.5% to 1.75% isofluorane in a mixture of 30% oxygen
and 70% nitrox. Rectal temperature was monitored and held constant during surgery
using a thermostatically regulated heating lamp. A skin incision in the right

temporoparietal area was made, the temporalis muscle was retracted, and a microtip of
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the laser-Doppler probe (Periflux system 5000, Perimed, Stockholm, Sweden) was placed
on the skull surface (bregma 0 and 6 mm, probe tip 0.5 mm in diameter) to monitor blood
flow from the beginning of the time of anesthesia until 15 min after removal of the
occluding filament (Figure 2.1). The common carotid was occluded with a slip knot
immediately before filament placement, and remained occluded during the total ischemic
period. A 7-0 monofilament silicone-coated nylon surgical suture with a diameter varing
between 150-250um was prepared the day before the experiment. The occluding filament
was threaded through the external carotid and into the internal carotid, up to the
bifurcation to the middle cerebral artery. MCAO was considered successful if there was
greater than 85% reduction in blood flow, compared to baseline values, throughout the
entire ischemic period. For the following 60 minutes, the animal remained untouched
under constant conditions. At the end of the ischemic period, the filament was withdrawn,
the external carotid artery stump was tied, the common carotid artery was untied, and
reperfusion was confirmed by laser Doppler (>50% of baseline). The animals were then
permitted to recover from anesthesia at room temperature and sheltered from drafts. In all
experimental animals, blood flow returned to near pre-MCAO levels within 15 min of the
removal of the suture.

Mice undergoing surgery were divided into 2 groups, a control and a treated
group. Animals in the treated group were given 60mg/kg of bumetanide to achieve a
plasma concentration of 100uM bumetanide 10 minutes before reperfusion and animals
in the control non-treated group were administered placebo-saline. Placebo-saline or

saline plus bumetanide were administered intravenously in the jugular vein.
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Neurological Function
At 24 hours after reperfusion, the animals were scored for neurological deficit by
a 28-point focal scoring system. The neurological exam was combined from studies by
Clark and colleagues (138) and Hurn and colleagues (139), who used the exams to

describe postischemic neurologic deficits in mice.

Cerebral Edema and Infarct Size Determination

After neurological scoring, the mice were deeply anesthetized with isoflurane
inhalant and euthanized by cervical dislocation. Brains were isolated rapidly, the
olfactory bulb and cerebellum were removed, and the brain was sectioned into four 2-mm
slices. These slices were placed in a well plate containing 2% tetrazolium chloride (TTC)
solution (Sigma-Aldrich, Inc.) and allowed to develop for 30 minutes. TTC stains the live
mitochondria and therefore isolates the live tissue (red) from the dead tissue (white). The
tissue was then placed in 10% formalin and all slices were scanned in a table top light
scanner, and images were captured with Adobe Photoshop (7.0). The National Institutes
of Health Image Analysis program (Imagel software-\; Scion Image Co.) was then used
to measure the area of ischemia and total hemisphere area. Cerebral edema was measured
by subtracting the total contralateral volume from the total ipsilateral volume divided by

the total contralateral volume and expressed and percentage (140).

Edema (%) = (Total ipsil. volume-total contralat. volume)
Total contralat. volume *100
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Total infarct volume was calculated by adding the product of the measured infarct area in
each slice by 2 (since each slice is 2 mm thick). To partially correct for effects of edema

on the ipsilateral side, infarct volumes were corrected by (140):

Infarcted volume (mm’) = ¥ (Infarcted area *(total Ipsil. area / total contralat. area) * 2)

Dehydration

Previous experiments done in our laboratories showed that mice subjected to 1h
ischemia and 24h reperfusion lost approximately 10% of the body weight (data not
shown). We concluded that water intake deprivation after surgical procedure leads to
body weight loss and possibly dehydration. To avoid dehydration, animals were injected
immediately after ischemia with 150ul/per gram of sterile PBS saline in the subcutaneous
space for slow absorption. To address this additional experimental variable, mice were
evaluated for dehydration by monitoring urine osmolarity before surgery and after
reperfusion monitoring urine osmolarity, plasma Na', K*, and CI' concentrations and
plasma osmolarity. All samples were stored at -20°C overnight and submitted to

University Animal Care laboratory for testing.

All results are expressed as mean + Standard Deviation. ANOVA and post hoc

(Holm-Sidak method) were used to assess the significant differences in cerebral edema

Results
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Dehydration
Table 3.2 illustrates that, although there were no significant difference between
the strains in any variable, plasma K concentrations were elevated in mdx mice. Previous
studies (152) were done to evaluate the normal plasma electrolyte concentration in mdx
mice and found that plasma K" increases over time after first week of life. Table 3.2 also
indicates that plasma electrolyte concentration in mdx mice returns to normal values after

the surgical procedure.

Cerebral edema in mdx mice
Figure 3.2 is a TTC stained brain slice illustrating the extent of edema in a C57Bl
male animal. Figure 3.3 indicates the results of cerebral edema analyses in 6JM, 6JF,
10SnJ, and mdx mice. The results indicate that both 10SnJ and mdx mice have a reduced

edema formation when compared with the male and female C57B1/6]J (table 3.3).

Wet-to-dry measurements
Using this method (figure 3.4), we found that there was significant difference in
cerebral edema between mdx mice and all other strains. 6JM, 6JF, and 10SnJ also have a
significant increase in brain water content in the ipsilateral side compared to the
contralateral side. The mdx mice did not have a significant increase in brain water content

demonstrating a protective effect in the mdx knockout animals. (Table 3.4).
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Infarct size
Figure 3.5 indicates the results of infarct size analyses conducted in 6JM, 6JF,
10SnJ, and mdx mice. There was no significant difference in infarct size between groups.
There was a non-significant decrease in infarct size (cubic mm) in 10SnJ and mdx mice

when compared with both male and female C57B1/6J (Table 3.5).

Mortality rate
Mdx mice had a higher mortality rate (figure 3.6) (35.29%) when compared with
all other strains (23.08, 15.38, 16.67%). Mortality was measured at any period after the

end of the surgery and was not significant (table 3.6).

Seizures
We also found that 40% of the mdx mice presented with epileptic behavior after 1
h ischemia and 24 h reperfusion (figure 3.6). No other animal in any group (male and

female C57B1/6J and C57BIl/10SnJ female) displayed any epileptic behavior.

Neurological outcome
Figure 3.7, indicates the results of the assessments of neurological outcomes in
6JM, 6JF, 10SnJ, and mdx mice. We found that there was no difference in neurological

outcomes between mdx and all other strains.

Discussion
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We found that ipsilateral brain water content (BWC) was significantly decreased
in C57Bl/10ScSnDMD<mdx>J mice when compared with all other strains. Those
findings suggest that mdx mouse has a decrease cerebral edema formation when
compared with all other strains.

Most studies using mice for understanding the mechanisms of cerebral edema
after ischemic stroke have not examined daily water intake, and consequently, the effects
of dehydration of water deprivation after cerebral ischemia and reperfusion have not been
considered. Average water intake in mice varies between strains. The average 24-h water
intake for a 30g mouse is 3-10 ml (153), although the majority of studies showed an
average of 4ml/per day per animal (154). This represents a daily water intake between
150-250ul per gram per day. Another study indicates that activity started shortly after
lights off and consumption rose to a peak of 0.9 ml/h during the first half of the dark
phase, which, in our experimental setting, represents 6-10 h after the induction of
ischemic stroke. During the dark phase, water uptake was significantly higher than during
the light phase (155). Studies showed that average urine output is 2-3ml (156, 157, 158).
Another study showed that 24hr deprivation was showed to increase plasma
concentration and cause weight loss in mice (159). These values can increase remarkably
in genetically modified animals as showed in Table 3.1.

AQP4-deficient mice urine concentrating ability was also evaluated from urine
osmolalities after a 36-h water deprivation (159) No significant differences in urine
osmolalities were found in hydrated mice (just before the water deprivation period).

Serum sodium concentrations (ranging 151-161 mM) and osmolalities (ranging 304-335)
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also did not differ significantly among hydrated mice of (+/+, +/-, and -/-) genotypes (n
=2). However, there was a significant reduction in maximum urine osmolality in the (-/-)
mice after a 36-h water deprivation. Urine osmolalities in mice dehydrated for 36 h did
not increase further after desmopressin, a vasopressin analog, administration. These
results demonstrate a mild urinary concentrating defect in the AQP4 null mice (159). To
our knowledge no studies were done in mdx mice measuring water intake and urine
concentrating abilities after water deprivation. Therefore, in prelimnary studies, we tested
body weight loss in mice subjected to 1h ischemia and 24h reperfusion. Our preliminary
results demonstrated that mice subjected to 1h ischemia and 24h reperfusion have a
weight loss of about 10% of body weight. Therefore, to avoid dehydration effects after
the water deprivation that follows the surgical procedure, we injected 150ul of PBS saline
subcutaneously. Importantly, we found no differences in urine and plasma osmolarities
between strains after stroke and reperfusion, and no animals presented with signs of
dehydration.

Previous research showed that mdx mice have an increase in plasma K" starting
after the first week of life and those values were sustained chronically. In our study
plasma K" was significantly increased in mdx animals although the mean value was not
above the normal values (7.5 mEq/L). Interestingly, after reperfusion, we found that K"
values were not different from all other strains. A decrease in plasma K" is more likely to
be related to the s.c. fluid administration.

Our results indicated a significant decrease in cerebral edema formation of mdx-

deficient mice when compared with C57Bl/6]J female (6J Female) control mice.
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C57B1/10SnJ (10SnJ Female) mice also had a significant decrease in cerebral edema
formation when compared with C57Bl/6] female control mice. The fact the 10SnJ
Female had a significant decrease in cerebral edema formation when compared with
another control strain (6J Female) suggests that different mouse strains might be
genetically different to the point that they might not be an appropriate control for
ischemic stroke, and that could be the case of the 6] Female and the 10SnJ Female.
Therefore, the fact that mdx mouse did not have a significant decrease in the cerebral
edema formation when compared with 10SnJ Female could be related that the method is
not sensitive enough to detect the differences of cerebral edema formation between mdx
and 10SnJ animals.

The mdx deficient mice also did not reveal any protection after ischemic stroke as
observed by the infarct size. Those results indicated that although mdx deficient mice had
the same ischemic insult as the strain matched control, mdx had smaller edema formation
when compared with all other strains. Another main difference between previous studies
using aqp4 expression defective mouse and the experiments conduct in our laboratory is
that there was an administration of saline solution in order to correct the dehydration
effect. Since mice are sensitive to 24h water deprivation and AQP4 null mice had a
decreased ability to concentrate urine we conclude that dehydration might be adding to
the apparent beneficial protective effect of the deletion of AQP4 channels in cerebral
edema. That might be adding to the decreased protection observed in mdx mouse when

compared with strain matched controls.
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In separate studies, in vivo EEG characterization of seizures induced by electrical
stimulation in the hippocampus indicated greater electrographic seizure threshold and
remarkably longer seizure duration in AQP4-null mice compared with wild-type mice
(31). An important finding in our studies is that mdx mice presented with 29.41% of
epileptic behavior after 1 h ischemia and 24 h reperfusion, while no other animal
presented any epileptic behavior. This finding supports previous experiments (74), which
indicated that AQP4 null mice and a-syntrophin deficient mice showed an increase in
seizures activity. Our findings that mdx mouse have an increase in seizure activity after
ischemic stroke supports the hypothesis that AQP4 and potassium channels Kj4.1
mediates the buffering of K in the extracellular space. We also were unable to find any
improvements in neurological outcome of mdx deficient mice when compared with all
other strains. All animals behaved equally on total neurological outcome after the
ischemic event.

In summary, we hypothesized that acute water movement in cerebral edema is
mediated by AQP4 and later water transport is occurring through the disruption of BBB.
Our findings do support the role of AQP4 in cerebral edema in mdx mice. AQP4 channels
are important in the formation and maintenance of the BBB. The formation of cerebral
edema after ischemic stroke is demonstrated to start before the disruption of the BBB
(140) and AQP4 channels might have a fundamental role in edema formation during this
early time frame. If so, AQP4 channels may be novel target for neuroprotection after
ischemic stroke. Our experiments did not test the mechanisms of early and late edema

formation—we only tested edema after 24 h. Since cerebral edema is a dynamic
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phenomenon, perhaps measuring the early and late phases of edema could be an

important addition in the understanding of aquaporin-4 and cerebral edema involvement.



99

Laser Doppler End Anesthesia Brain Staining

Ischemia  (1h) Reperfusion{24hs}

Anesthesia Filament Withdraw MNeurological
MCAO Evaluation

2

1PUH| |
2001
1801
bl
1401
1201
1001
80
60
40
204

1 3 00:10.00

' 00:20:00 003000  00:40:00 00:50.00

|
|
|
|
|
|
|
|
|
|
|
| T LI | | T LI}

01:10:00 #
Figure 3.1. EXPERIMENTAL DESIGN TIME-LINE. It also reveal a representative Doppler flow recording from a
C57BL/10ScSnDMD<mdx>] female mouse subjected to one hour of ischemia and 24 hrs of reperfusion. It also indicates absolute
values and its percent reduction during ischemia. Numbers in red are placed to identify areas selected for calculation of blood flow
changes. 1 baseline ventral position, 2 baseline dorsal position, 3 baseline immediately before ischemia, 4 after common carotid
occlusion, 5 after filament placement, 6 after filament withdraw and common carotid release.
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DWI uo AIUO Strain Reference
Increased Os/+ (Diabetes 299
fivefold insipidus)
Increased Decreased Angiotensin- 300
fourfold deficient mice
Increased Decreased Decreased AQP1-deficient | 303, 304
threefold mice
Increased Decreased AQP3-deficient 305
eightfold mice
Increased Decreased ClI channel- 306
three- deficient mice
fivefold (CLC-k1)

Table 3.1. EFFECTS OF GENE DELETION ON RENAL PHYSIOLOGY. Demonstrates the effects of five different

genetic knock out in daily water intake (DWI), urine osmolarity (UO) and ability to increase urine osmolarity(AIUO)

100



Groups C57Bl/6J C57Bl/6J C57Bl/10Snd | C57BlI/10ScSnDMD<mdx>J
male female female
Baseline urine 1435.67+ 841.67+ 1233.67+ 1209.33+
osmolarity 363.93 400.11 709.99 350.61
Post reperfusion 1241+
urine osmolarity 912+ 85.85 1444+ 447.23 | 1036+ 290.91 | 506.48
Post reperfusion 294.67+4.16 | 275.33+ 269.33+ 282+
plasma osmolarity 18.78 11.59 11.14
Plasma electrolytes
Na' baseline 172+5.66 177+21.21 147.33+26.10 | 221+100.41
Na' post reperfusion | 193.33+20.53 | 138.4+16.83 128.33+7.37 | 140+5.66
K" baseline 4.7+0.14 4.8+1.13 4.77+1.00 7.141.56 *
K" post reperfusion | 2.6+0.57 2.96+0.36 3.5+0.79 3.8+0.28
CI baseline 134+12.00 136+11.31 111+16.82 166+70.71
CI post reperfusion | 100+56.57 100.6+14.48 103.33+8.08 | 96+5.66

Table 3.2. RENAL FUNCTION. Demonstrates mean and standard deviation values of urine
osmolarity (before ischemia), urine osmolarity, plasma ions concentration, plasma osmolarity (after 24
h reperfusion) of animals subjected to 1 h middle cerebral artery occlusion and 24 h reperfusion.
Osmolarity (mol/kg), ion concentration (mEgq/l).(* p > 0.05)

101
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Figure 3.2. ILLUSTRATIVE DRAWING OF CEREBRAL EDEMA MEASUREMENT.
Indicates cerebral edema (%) after 1 h ischemia and 24 h reperfusion in C57B1/6] male

and a representative highlighted area used for edema measurement.
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Figure 3.3. CEREBRAL EDEMA MEASUREMENT. Shows cerebral edema (%)
after 1 h ischemia and 24 h reperfusion in C57B1/6J male and female, C57B1/10SnJ

female and C57Bl/10ScSnDMD<mdx>J female mice. (* p>0.05)
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Cerebral | C57Bl/6J | C57Bl/6J | C57BI/10Snd | C57Bl/10ScSnDMD<mdx>J
edema male female female female
(%0)
Average 9.39 13.13 5.51 4.38
Standard 8.15 7.17 5.30 5.60
Deviation

Table 3.3. CEREBRAL EDEMA MEASUREMENT. Shows average and

standard deviation of cerebral edema (%) after 1 h ischemia and 24 h

reperfusion in C57Bl/6]J male and female,

C57B1/10ScSnDMD<mdx>J female mice.

C57B1/10Sn) female and
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Figure 3.4. BRAIN WATER CONTENT. Shows cerebral edema (Brain Water

Content) after 1 h ischemia and 24 h reperfusion in C57Bl/6J male and female,

C57Bl/10Sn]) female and C57Bl/10ScSnDMD<mdx>J female mice. (* = p>

0.05). Abbreviations: C- contralateral, I- Ipislateral.

BWC (%) | 6JM 6JM 6J F 6JF | 10SnJ | 10SnJ | Mdx Mdx
Ipsil | Contr | Ipsil | Contr | Ipsil | Contr | Ipsil | Contr

Average
81.03 78.83 80.04 78.31 81.44 78.49 77.75 76.85

Standard

Deviation
0.97 0.64 0.09 0.23 1.15 0.37 1.53 2.25

Table 3.4. BRAIN WATER CONTENT. Shows average and standard

deviation of cerebral edema (brain water content) after 1 h ischemia and 24

h reperfusion in C57B1/6J male and female, C57Bl/10SnJ female and

C57B1/10ScSnDMD<mdx>J female mice.”
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Figure 3.5 INFARCT SIZE DETERMINATION. Shows infarct size (cubic
mm) after 1h ischemia and 24h reperfusion in C57Bl/6J male and female,
C57B1/10SnJ female and C57B1ScSnDMD<mdx>J female mice.
Infarct CS57Bl/6J CS57Bl/6J C57BI/10SnJ | C57Bl/10ScSnDMD<mdx>J
size (mm®) male female female female
Average 94.98 82.90 38.20 28.53
Standard 70.10 53.23 23.64 34.28
Deviation

Table 3.5. INFARCT SIZE DETERMINATION. Shows average and

standard deviation of infarct size (cubic mm) after 1 h ischemia and 24 h

reperfusion in C57Bl/6J male and female, C57B1/10Sn] female and

C57B1/10ScSnDMD<mdx>J female mice.
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Figure 3.6. MORTALITY RATE AND SEIZURE ACTIVITY. Shows mortality rate
(%) and seizure activity after 1 h ischemia and 24 h reperfusion in C57B1/6] male and
female, C57B1/10SnJ female and C57B1/10ScSnDMD<mdx>J female mice.

Mortality | C57Bl/6J | C57Bl/6J | C57BI/10SnJ | C57B1/10ScSnDMD<mdx>J
rate (%) male female female female
23.08 15.38 16.67 35.29

Table 3.6. MORTALITY RATE AND SEIZURE ACTIVITY. Shows mortality rate
(%) after 1 h ischemia and 24 h reperfusion in C57Bl/6J male and female,
C57B1/10Sn] female and C57B1/10ScSnDMD<mdx>J female mice.
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Figure 3.7. NEUROLOGICAL OUTCOME. Shows neurological outcome (0-5 scale) of
cortical area after 1 h ischemia and 24 h reperfusion in C57Bl/6J male and female,

C57B1/10SnJ female and C57Bl/10ScSnDMD<mdx>J female mice.
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0-5 CS57Bl/6J | C57Bl/6J | C57B1/10Snd | C57BlI/10ScSnDMD<mdx>J
Neurological male female female female
Scale
Average 2.11 2.14 1.78 2.25
Standard 0.60 0.90 0.83 1.28
Deviation

Table 3.7. NEUROLOGICAL OUTCOME (0-5 SCORE). Shows average and

standard deviation of neurological outcome (0-5 scale) after 1 h ischemia and 24

h reperfusion in C57Bl/6] male and female, C57Bl/10Sn] female and

C57B1/10ScSnDMD<mdx>J female mice.

General | C57Bl/6J | C57Bl/6J | C57B1/10SnJ | C57B1/10ScSnDMD<mdx>J
Deficit male female female female

Average 13.39 17.64 7.96 16.90

Standard 9.54 14.95 4.86 19.08

Deviation

Table 3.8. NEUROLOGICAL OUTCOME (GENERAL). Shows average and

standard deviation of neurological outcome (General deficit) after 1 h ischemia

and 24 h reperfusion in C57Bl/6J male and female, C57B1/10Sn] female and

C57B1/10ScSnDMD<mdx>J female mice.
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Focal C57Bl/6J | C57Bl/6J | CS57BI/10Snd | C57Bl/10ScSnDMD<mdx>J
Deficit male female female female

Average 15.67 16.14 10.22 13.37

Standard 3.67 7.20 8.06 8.75

Deviation

Table 3.9. NEUROLOGICAL OUTCOME (FOCAL).

Shows average and

standard deviation of neurological outcome (Focal deficit) after 1 h ischemia and

24 h reperfusion in C57Bl/6]J male and female, C57Bl/10SnJ female and

C57B1/10ScSnDMD<mdx>J female mice.

Hanging | C57Bl/6J | CS57Bl/6J | C57Bl/10SnJ | C57Bl/10ScSnDMD<mdx>J
Wire male female female female
Average 14.41 7.94 19.15 11.28
Standard 9.14 11.46 20.64 12.04
Deviation

Table 3.10. NEUROLOGICAL OUTCOME (HANGING WIRE). Shows

average and standard deviation of neurological outcome (Hanging wire) after 1 h

ischemia and 24 h reperfusion in C57Bl/6J male and female, C57Bl/10SnJ

female and C57B1/10ScSnDMD<mdx>J female mice.
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Initiation | C57Bl/6J | C57Bl/6J | C57BI/10SnJ | C57B1/10ScSnDMD<mdx>J
of male female female female

Walking

Average 10.67 9.71 16.78 21.67

Standard 11.75 10.59 23.89 27.64

Deviation

Table 3.11. NEUROLOGICAL OUTCOME (INITIATION OF WALKING). Shows
average and standard deviation of neurological outcome (Initiation of Walking) after 1
h ischemia and 24 h reperfusion in C57Bl/6J male and female, C57B1/10SnJ female and

C57B1/10ScSnDMD<mdx>J female mice.
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CHAPTER 4. DISCUSSION AND CONCLUSIONS

The major finding of this work is a novel class of pharmacological agents that
could significant decrease the formation of cerebral edema after ischemic stroke. Stroke
is the third leading cause of death and disability in the United States; it affects over
700,000 people every year. With over 4 million survivors in US, stroke direct cost is
estimated to be more than 57 billion dollars in 2006. Therefore, stroke is an important
disease from the social perspective and from the economical perspective as well. Cerebral
edema is a life-threatening consequence of stroke. Cerebral edema is the major cause of
death after large infarcts of the middle cerebral artery territory. The mortality of
progressive edema after middle cerebral artery infarcts approaches 80%. Cerebral edema
occurs in 15-20% of all middle cerebral artery infarcts and in small infarcts of the
cerebellum. An effective treatment for cerebral edema would have a significant positive
impact in reducing the frequency of fatal cases of stroke.

Very few effective treatments are available in clinical practice. Great effort has
been invested in finding new treatments for brain ischemia and reperfusion but most of
the clinical trials have shown disappointing results. The only available treatment that
showed convincing results in clinical trials culminated with the identification of tissue
plasminogen activator (TPA) as an agent to restore blood flow to the affected area,
although the window of opportunity is limited to the first three hours after stroke.
Therefore, if the patient’s condition matches all the relevant requirements, the first choice

for action is to restore proper blood flow. Besides hypothermia, most treatments for
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cerebral edema have proven to be of limited value. The reason for the disappointing
results in clinical trials can be explained by the delayed arriving time at the hospital.

Stroke can be considered a “silent” disease since it is not accompanied with
severe pain. Stroke is usually accompanied by disorientation and disruption of cognitive
capabilities that can lead to a delay in the recognition of the problem, and in the arrival
time at the emergency room. The average time of patient arrival at the emergency room is
more than three hours after the stroke event. By this time, excitotoxicity and periinfarct
depolarization mechanisms are already established and it seems clear that preventative
treatments targeting those mechanisms would not be effective. Disappointing results in
clinical trials with candidate blockers for excitotoxicity and depolarization can be
explained because these mechanisms occur within minutes to few hours after ischemia.
On another hand inflammation, apoptosis and cerebral edema mechanisms extend over
days, and thus therapeutic intervention should have a better chance of being beneficial.

In addition to complexities caused by the various time frames of post-stroke
pathologies, it also relevant that human stroke patients typically are older, and more
likely to be affected by other diseases such as diabetes, hypertension, high cholesterol, or
a combination of factors. These are difficult conditions to mimic in a laboratory setting.
How can we translate a response from a neurological evaluation of a mouse to predict the
comparable outcome in a highly developed human brain? This complexity is another
important factor in explaining the history of disappointing results related to the use of
animal models in the development of new pharmacological compounds for stroke

treatment. Mice subjected to cerebral ischemia and reperfusion are not identical to
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humans suffering from stroke. Most research necessarily is done in an artificial situation,
isolating a discrete topic to study, such as the effect of nitric oxide (NO) in cerebral
edema. In a clinical setting, we have a multifactorial set of phenomena occurring.

What do we know about cerebral edema? Water has to move from the blood to
the brain parenchyma. With an intact blood-brain barrier, water transport is more likely to
be mediated by cotransporters across the endothelial cells following a gradient of salt.
The role of water channels in the brain endothelial cells is still unclear. Alternatively,
once the blood-brain barrier is disrupted, water can move paracellularly because of the
loss of the tight junctions. Viability of astrocytes is also an important aspect in
maintaining the blood-brain barrier; astrocyte swelling during ischemia might precipitate
early blood-brain barrier disruption. Landmark results published by Verkman and
colleagues using aquaporin-4 knockout mice highlighted the idea that aquaporin-4
channels might be an important player in the development of cerebral edema after
ischemic stroke (1). The few experiments done in this area have been followed by an
enormous number of review papers reiterating that an aquaporin-4 blocker would be
beneficial in cerebral edema management. Similar conclusions were reached in studies
using other genetic knockout mice that showed changes in the normal localization and
expression of aquaporin-4 channels such as the alpha syntrophin knockout mice.

The task of finding an aquaporin-4 blocker has been a difficult one. No compound
able to inhibit water permeability through aquaporin-4 has been described prior to my
work. We hypothesized that an aquaporin-4 water channel blocker would decrease the

formation of cerebral edema after ischemic stroke in mice. The purpose of this study was
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to determine if pharmacological blockers of aquaporin-4 water permeability can be
identified, and if these agents will significantly decrease the formation of cerebral edema
after ischemic stroke in mice.

We used a successful strategy previously used in our laboratory by Brooks et al
(83) where tetracthylammonium was identified as an aquaporin-1 blocker. The strategy
consisted of testing compounds known to block ion channels, receptors and compounds
thought to have a beneficial effect in cerebral edema after stroke. Using this strategy, we
determined that bumetanide inhibits water permeability through aquaporin-4 in a
reversible and dose-dependent manner. Bumetanide is a potent diuretic that acts in the
loop of Henle as a Na', K', CI' cotransporter inhibitor. It also has been shown to decrease
the formation of cerebral edema after ischemic stroke in rats. Bumetanide decreases the
formation of cerebral edema after 1h of ischemia and 23h of reperfusion in mice. I
discovered that it also blocks AQP4 water channels. This is the first aquaporin-4 blocker
to be characterized. The high dose necessary for reducing cerebral edema effects
contrasts with the low dose needed for blocking Na", K, CI cotransporter, and suggested
that another target such as aquaporin-4 participates in the cerebral edema formation and
is affected by the drug.

Bumetanide is poorly soluble in aqueous solutions and doesn’t cross the lipophilic
cellular membranes easily. Since computational studies pointed that interactions sites for
bumetanide might be intracellular, we develop a novel derivative compound, predicting
that this compound would cross the blood-brain barrier more easily. This novel

compound effectively inhibited the water permeability in aquaporin-4 channels expressed
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in Xenopus oocytes. Further studies are necessary to test the effect of this new compound
in cerebral edema after ischemic stroke. It is also necessary to evaluate if this new
compound inhibits the function of other transporters and channels, and if there is an
improvement in availability (transmembrane transport) as result of the selected
substitution of chemical groups on the parent compound template.

The fact that bumetanide reversibly blocks aquaporin-4 might be important for
determining a strategic time frame for edema treatment. Previous research showed that
aquaporin-4 knockout animals showed an increased formation in cerebral edema after
brain tumors, from which it can be inferred that aquaporin-4 might be beneficial in
draining the accumulated water in the brain. Bumetanide might be a effective treatment
because it inhibits salt movement at the endothelial cells through block of Na', K', CI
cotransporters, and water flux at the astrocytes by inhibiting aquaporin-4 channels.

Besides the challenge to come up with new therapeutic tools to inhibit cerebral
edema formation it is important to understand how edema is formed and how water
moves to brain parenchyma after ischemia. Knockout mice are important tools used to
isolate molecular candidates. We decided to characterize edema formation in a strain of
mice lacking expression of dystrophin protein. Dystrophin deficient mice have a
reduction in the expression of aquaporin-4 by 90% as compared with strain-matched wild
type animals; aquaporin-4 is absent at the astrocytic end feet membrane in the
dystrophin-deficient animals. Our initial hypothesis was that those animals would show a
protective effect in stroke-induced edema similar to that described for aquaporin-4 and

alpha-synthrophin-deficient animals. In agreement with our hypothesis, we found that
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dystrophin-deficient (mdx) animals have a phenotype that includes a protective effect
against edema after ischemic stroke. Ours results indicated that dystrophin deficient
animals and the strain-matched controls had thea similar insult since both strains had a
similar infarct size but the mdx animals showed protection for cerebral edema formation,
in that the affected hemispheres were not significantly different from contralateral control
hemispheres in volume. An unexpected observation was that mdx animals showed an
increased mortality and seizure activity. An interesting point is that mdx animals have
been found previously to show an increased plasma potassium concentration that might
be caused by muscle necrosis (152). I propose that the depolarizing effects of elevated K"
compounded with the further compromise of the blood-brain-barrier after stroke might
explain the increased mortality and “seizure-like” activity observed in mdx animals when
compared with other strains, although this idea remains to be tested. Impairment of renal
compensatory mechanisms in the mdx animals might also be implicated in the increase of
potassium concentration in the plasma since potassium channels might co-localize with
dystrophin proteins this hypothesis needs to be further investigated.

Also unexpected were the differences in cerebral edema formation and infarct
sizeobserved between the control strains in our experiments, which suggested that more
research is necessary to understand the broader extent of mechanisms that are involved in
edema and cell death after brain ischemia. Do differences in gene expression between
mice strains confer a resistance in cerebral edema formation or do they create a more
general resistance to a variety of causes of stress? More research is needed to elucidate

the answers to those questions.
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Stroke management involves multiple efforts to reduce incidence, including a
massive campaign to decrease risk factors such as obesity, lack of exercise, high
cholesterol, smoking, and others; and to instill a better public understanding of the
disease and the importance of rapid recognition and access to medical help. In parallel, a
better understanding of stroke mechanisms and the identification of drug agents and
strategies for treatment would provide benefits in offsetting neurological damage and
overall mortality that usually are associated with severe stroke.

In conclusion, we are the first group to describe a aquaporin-4 blocker and to
show that this novel pharmacological compound decreases the formation of cerebral
edema after stroke. We also show that a knockout mouse that doesn’t have a normal
expression and localization of aquaporin-4 in the astrocytes membrane surprisingly
showed a worse outcome after cerebral edema when compared with strain-matched
controls.

The future directions of this work are to test and identify novel bumetanide
derivatives able to block aquaporin-4 channels that have increased water solubility and
membrane permeant characteristics. Once this novel compound is identified, it would be
necessary to test its protective effect in the formation of cerebral edema after ischemic
stroke in mice. If we identify a water soluble and membrane permeant compound that has
protective effects in cerebral edema formation, it would be important to evaluate its
effects in other transporters (e.g., the Na', K', CI" cotransporter and organic anion
transporters) in order to evaluate if its beneficial protection is directly associated with the

aquaporin-4 channels. In addition, lately, it would be interesting to evaluate its
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pharmacological proprieties such as half maximum dose and toxicological effects in

animals and humans.
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