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Abstract 

Title of Dissertation: Molecular Mechanisms Governing Aquaporin-4 Mediated Cerebral 

Edema 

Jesse Alan Stokum, Doctor of Philosophy, 2017 

Dissertation Directed by: J Marc Simard, M.D., Ph.D., Professor, Neurosurgery, 

Physiology, Pathology 

Cerebral edema, which accompanies all forms of CNS injury, is a pressing 

clinical problem. Aquaporin-4 (Aqp4), a passive astrocytic transmembrane water 

channel, has a central role in cerebral edema formation. However, the molecular 

mechanisms that govern Aqp4 activity after CNS injury are incompletely understood. 

Here, I sought to characterize the role of two Aqp4-governing mechanisms in Aqp4-

mediated cerebral edema: (i) Aqp4 expression and subcellular localization, and (ii) 

transmembrane osmotic gradients.  

I determined that, following ischemic stroke, Aqp4 is upregulated to a greater 

extent in white matter astrocytes versus grey matter astrocytes. I hypothesized that 

regional heterogeneity in Aqp4 expression generates regional differences in tissue 

swelling. I report that white matter exhibits greater swelling than grey matter after 

cerebral ischemia. These results demonstrate a direct correlation between the pattern of 

Aqp4 expression and the differential propensity of white matter versus grey matter to 

swell after ischemic insult. 

Astrocyte swelling occurs after CNS injury and manifests as brain swelling. 

Mechanisms proffered to explain astrocyte swelling emphasize the importance of either 

aquaporin-4 (Aqp4), an astrocyte water channel, or of Na+ channels and pumps, which 



mediate cellular osmolyte influx. However, it is unclear how Na+ and water interact to 

drive swelling. I hypothesized that, after injury, Aqp4 physically co-associates with 

newly-expressed Na+ channels, accounting for astrocyte swelling. I report that the Aqp4 

water channel physically co-assembles with the Sur1-Trpm4 monovalent cation channel 

to form a novel heteromultimeric water/ion channel. In vitro functional studies showed 

that ion and water flux through the Sur1-Trpm4-Aqp4 complex synergize to mediate fast, 

high-capacity water transport that generates cell swelling. In a murine model of brain 

edema, astrocytes de novo expressed Sur1-Trpm4, which co-associated with Aqp4. 

Genetic inactivation of the Sur1-Trpm4-Aqp4 complex via knockout of Trpm4 blocked 

astrocyte swelling, corroborating in vitro functional studies of cell swelling. Together, 

these findings demonstrate a novel molecular mechanism involving the Sur1-Trpm4-

Aqp4 complex to account for bulk water influx during astrocyte swelling. Furthermore, 

these data indicate that ion channel antagonists could be used to indirectly modulate 

Aqp4.  
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Chapter 1: Molecular Mechanisms Governing Aquaporin-4 

Mediated Cerebral Edema 1 

1 

Cerebral edema 

Historically, the goal of brain protection following injury has been to reduce 

neuronal damage. Edema, which inevitably occurs following brain injury, was considered 

a secondary event. A renewed interest in edema has shifted this paradigm.  

Cerebral edema is a pressing clinical problem. Cerebral edema and brain swelling 

inevitably accompany ischemic infarcts and intracerebral hemorrhages and, when severe, 

may increase mortality to nearly 80%.2 Even in non-life-threatening stroke, the 

magnitude of brain swelling is strongly predictive of patients’ functional 

outcome.3 Cerebral edema and brain swelling occur in 20–30% of patients with acute 

liver failure, and increase mortality to ∼55%.4 Cerebral edema and brain swelling after 

traumatic brain injury are estimated to account for up to 50% of patient mortality.5 

Currently approved treatments for cerebral edema—decompressive craniectomy 

and osmotherapy—were developed prior to any knowledge of modern cerebral edema 

pathophysiology. These therapies attempt to manage downstream end-stage events 

without directly attenuating the underlying molecular mechanisms of cerebral edema. 

New advances have shed light on heretofore poorly understood cellular and molecular 

                                                 
1 Stokum JA, Gerzanich V, Simard JM. Molecular pathophysiology of cerebral edema. 

Journal of Cerebral Blood Flow & Metabolism. 2015:0271678X15617172. 
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pathophysiology of cerebral edema, and have led to clinical trials of antagonists of key 

molecular events in cerebral edema formation. It is now understood that cerebral edema 

evolves in stages, where each stage is characterized by distinct morphological and 

molecular changes. Cytotoxic edema, or cellular swelling, manifests minutes after acute 

central nervous system (CNS) injuries. Ionic edema, an extracellular edema that occurs in 

the presence of an intact blood brain barrier (BBB), forms immediately following 

cytotoxic edema. Vasogenic edema, an extracellular edema that includes extravasation of 

plasma proteins, manifests hours after the initial insult. 

 In this introduction, the most current cellular and molecular models of cerebral 

edema formation, transport, and clearance are discussed. This introduction will provide 

important context for the experimental work contained in this dissertation.  

 

The blood brain barrier 

The term BBB refers to a complex of cells and extracellular matrix that separates 

the brain interstitium from the luminal contents of the cerebral vasculature. In addition, 

the term can be used to describe the relative independence of brain interstitial fluid (ISF) 

composition from that of blood plasma, an arrangement that was likely evolved to tightly 

regulate perisynaptic electrolyte homeostasis, thereby ensuring accurate synaptic 

integration.6 Brain ISF, which freely communicates with cerebrospinal fluid (CSF), is 

optimized for neuronal activity and differs from blood serum in that it contains higher 

concentrations of Cl– and Mg2+ and lower concentrations of K+, Ca2+, and HCO3– 

(Table 1.1).7 The solute composition of plasma and brain ISF in adult humans is shown in 

Table 1.1. 
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Table 1.1 Mean concentrations of select solutes in plasma and CSF of healthy adult 

humans.  

 Blood Plasma a,b 
Interstitial Fluid / 

CSF a,b 

Na+
 150 147 

Cl– 99 113 

K+ 4.63 2.86 

Mg2+ 1.61 2.23 

Ca2+ 2.25 1.25 

HCO3
–
 26.8 23.3 

Total Protein 

(mg/dl) 
6987.2 39.2 

Osmolality 

(mosm/kg) 
289 

289 

 

pH 7.397 7.3 

pCO2 41.1 50.5 

 

a Unless otherwise specified, concentrations are shown as mEq/kg 
b Adapted from Irani D.N. Cerebrospinal Fluid in Clinical Practice.8  
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Various aspects of the BBB functionality are distributed among its constituent cell 

types. A diagram of the BBB, demonstrating the relationship of these cell types, is shown 

in Figure 1.1.  

The innermost layer of the BBB is comprised of a monolayer of endothelial cells 

that directly contacts the circulating blood. Excepting select fenestrated capillary beds in 

the circumventricular organs,9 vertebrate cerebral endothelial cells are continuously 

interconnected by tight junctions that collectively form the ‘physical barrier’ of the BBB. 

Notably, interendothelial tight junctions physically divide the brain endothelium 

plasmalemma into luminal and abluminal membrane faces, which allows for polarized 

localization of transporters and channels akin to secretory epithelium.10,11 

External to the endothelium is a layer of basement membrane, a connective tissue 

composed of extracellular matrix proteins including collagens, laminins, heparin sulfate 

proteoglycans, fibronectin, vitronectin, nidogens, perlecan, and agrin.12 Pericytes, a 

mesenchymal cell type that contributes to cerebral blood flow regulation,13 and increases 

BBB ‘tightness,’14,15 are embedded within the endothelial basement membrane at varying 

intervals along the vessel. Pericytes possess contractile properties, and some studies show 

that they mediate cerebral blood flow fluctuations in response to neuronal activity.16  

Interestingly, pericytes play a major role in angiogenesis, particularly in glioblastomas, 

where newly derived pericytes promote tumor outgrowth.17 

In vessels larger than capillaries, the endothelial basement membrane is bounded 

externally by the perivascular Virchow Robin space. The Virchow Robin space is a CSF 

filled extension of the subarachnoid space that is internally bounded by the endothelial 

basement membrane and externally bounded by a second, glial, basement membrane. The 
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Virchow Robin space follows penetrating arterioles into the brain parenchyma, becomes 

fenestrated close to the capillary bed, and eventually disappears at the level of brain 

capillaries, where astrocyte endfeet directly contact the vessel wall.18,19 

Astrocyte endfeet, the terminal pads of large astrocyte processes, comprise the 

outermost layer of the BBB at all levels of the vasculature, including capillaries. 

Astrocytes are supportive cells that completely fill the brain parenchyma, and in grey 

matter, are arranged in a 3-dimensional matrix with non-overlapping spatial domains.20 

Nearly all astrocytes extend at least one process that contacts a vessel with an astrocyte 

endfoot.20 The parenchymal surface of cerebral vessels are completely covered by a 

mosaic of astrocyte endfeet that are separated by gaps of approximately 20 μm.21 The 

astrocyte endfoot is a specialized membrane domain that is enriched in transporters and 

channels involved with brain ISF homeostasis.  

Recently, the Virchow Robin spaces and the astrocyte endfeet were identified as 

key anatomical components of the cerebral glymphatic system.22 This system accounts 

for CSF movements observed in the healthy brain that may function to clear solutes such 

as amyloid β from the parenchyma and facilitate transport of small lipophilic molecules, 

particularly during sleep.22,23 While some controversy exists regarding details of this 

model,24 these observations are clearly impactful, in that they give potential insight into 

the function of the astrocyte endfoot syncytium with regards to brain fluid movements.   
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Figure 1.1 Anatomy of cerebral arterioles (top) and capillary (bottom). The 
innermost layer of arterioles and capillaries is composed of a continuous layer of 
endothelial cells, linked by tight junctions, and bounded externally by a layer of basement 
membrane that contains pericytes; arterioles, but not capillaries, travel inside the 
perivascular Virchow Robin Space (VRS); the outermost layer of the blood brain barrier 
is composed of astrocyte endfeet, the terminal pads of large astrocyte processes. Adapted 
from Stokum JA, et al. Journal of Cerebral Blood Flow & Metabolism. 2015 
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Historical models of cerebral edema 

In the mid-to-late 1700s, cerebral edema was beginning to be recognized as an 

entity distinct from acute hydrocephalus, which theretofore was believed to etiologically 

underlie all cases of excess intracranial water. This recognition was driven by the 

observations of Robert Whytt (1714–1766) and George Cheyne (1671–1743) that excess 

intracranial fluid can occur without enlarged ventricles, a presentation typically 

accompanied by a “soft” appearing brain.25,26 Some observers in that era speculated that 

the brain itself held the excess fluid. 

Soon after these observations, writings and experiments by Alexander Monro 

(1733–1817), George Kellie (1720–1779), and John Abercrombie (1780–1844) led to the 

formation and rise in popularity of the Monro-Kellie axiom, which states that during 

health, the volume occupied by the contents of the cranium must remain in dynamic 

equilibrium, the implication being that the fluid influx rate must equal the efflux rate.27,28 

This axiom was an important precursor to models of brain swelling. Unfortunately, 

excepting a few articles describing brains with a soggy gross appearance, interest in 

cerebral edema waned until the late 1800s.29 

Interest in cerebral edema was renewed due to Paul Ehrlich’s (1854–1915) 

identification of the BBB with aniline dyes in 1886, and the revival of the Monro-Kellie 

axiom. The latter was partially driven by the writings of Harvey Cushing (1869–1939).30 

The growing popularity of these concepts drew attention to the unique anatomy and 

physiology of cerebral circulation and indicated to contemporaneous researchers that 

mechanisms of cerebral edema formation were unique from those that drive edema 

formation in other body regions. 
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Based upon the gross appearance of brain tissue and data from a newly developed 

technique to quantify brain swelling, in the late 1910s and early 1920s cerebral edema 

was subdivided into “brain swelling” and “cerebral edema”, characterized by wet and dry 

tissue, respectively.31,32 While debate arose regarding the exclusivity of these subtypes, 

the controversy remained unresolved until the advent and optimization of electron 

microscopy techniques. 

In 1965, Bakay and Lee applied electron microscopy to describe two different 

types of cerebral edema in their text Cerebral Edema.33 In 1967, Igor Klatzo (1916–

2007) termed these subtypes “cytotoxic” and “vasogenic”.34 Vasogenic edema was 

defined by extravasation of fluid that contained plasma proteins and was attributed to 

vascular injury. In contrast, cytotoxic edema was characterized by cellular swelling and 

was attributed to inhibited cell volume regulation. While the latter edema subtype was 

termed cytotoxic to reflect its occurrence following toxicant exposure, such as triethyltin 

(TET) poisoning, water intoxication, or cyanide poisoning, cytotoxic edema was also 

known to occur following ischemia. Importantly, in Klatzo’s schema, cytotoxic edema 

could include extravasation of ions and water, but by definition did not include 

extravasation of plasma protein. 

While reviewing these historical models, it is important to note that they are 

purely phenomenological and offer little in terms of mechanistic explanation. The 

development of molecular biology in the 1950s and 1960s allowed researchers to probe 

the molecular drivers of edema formation. Findings from studies utilizing these 

techniques indicated that all subtypes of cerebral edema, as well as hemorrhagic 

transformation, share common molecular antecedents. Thus, subtypes of cerebral edema 
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are best viewed as the manifestations of a program of pre- and post-transcriptional 

molecular events that is ultimately triggered by a brain insult. 

 

Core concepts of cerebral edema 

Cerebral edema and swelling 

The cranial contents are divided into a series of fluid compartments, which are 

spaces separated by barriers that are relatively impermeable to water and are maintained 

at homeostatic volumes. Examples of fluid compartments include the vasculature (∼100 

mL), CSF (∼100 mL), brain interstitial space (∼100 mL), and brain intracellular space 

(∼1.1 L) (volumes refer to the human brain).35 The water masses contained by these 

compartments are dynamic during health; for example, neuronal activity precipitates an 

increase in the intracellular water mass of local astrocytes.36,37 

Cerebral edema is a pathological increase in the water mass contained by the 

brain interstitial space. Incidentally, although cytotoxic edema (oncotic cell swelling) is 

referred to as “edema” for purely historical reasons, it results in intracellular, rather than 

extracellular, fluid accumulation, it does not include a swelling component, and it is best 

regarded as a premorbid precursor to extracellular ionic edema. Transvascular cerebral 

edema (ionic edema and vasogenic edema) is detrimental because it manifests as brain 

tissue swelling. Swelling refers to a volumetric expansion of a given mass of tissue and 

can be generated by the accumulation of tumor, edema, or blood, although here, the focus 

is on edema. 

Brain swelling causes a mass effect that exerts pressure on the surrounding shell 

of tissue. This pressure increase is magnified by the rigid enclosure of the skull, which 
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places an upper limit on the volume that the brain might expand to. As the brain swells, it 

exerts mechanical forces on the skull interior, thereby increasing intracranial tissue 

pressure. When tissue pressure exceeds capillary pressure, capillary lumens collapse, 

precipitating a feedforward process wherein ischemia of the surrounding shell triggers 

further edema formation and further swelling in the next shell.38 

 

Cerebral edema requires perfusion 

For cerebral edema and swelling to occur, the brain tissue must be perfused by an 

external fluid source. To illustrate this concept, imagine that a fresh biopsy of brain tissue 

is placed upon a dry surface. As the tissue is completely ischemic, cytotoxic edema will 

form and water will redistributed from the interstitium to the intracellular compartment. 

However, as the tissue is isolated from any possible source of new ions or water mass, the 

tissue will not become heavier and will not swell. For in vivo brain tissue, blood or CSF 

might serve as the source of this new water, although the relative contributions of these 

sources are in debate, as is described in the next section. 

 

Water sources of ionic cerebral edema 

While the water that drives ionic edema originates ultimately from the 

vasculature, there exist two major hypotheses regarding the immediate source of the new 

water mass that is required for brain swelling. In one hypothesis, water moves from the 

capillary lumen into the parenchyma, driven by osmotic forces, and is conveyed across 

capillary endothelial cells by mechanisms discussed in later sections of this review. In the 
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context of ischemic stroke, the requirement for perfusion by an outside water source is 

fulfilled by post-ischemic reperfusion of the core and/or the ischemic penumbra. 

The recent description of the glymphatic system led to the formulation of a 

second hypothesis, whereby CSF serves as the immediate source of ions and water. In 

this hypothesis, swelling occurs when influx of CSF into the parenchyma is enhanced 

and/or efflux of ISF is impaired, a situation that precipitates relative accumulation of ISF 

within the parenchyma.39 Interestingly, both of these major hypotheses were alluded to in 

an essay on cerebral edema published in 1894.29 

In support of the first hypothesis, ionic edema formation is intimately associated 

with the local blood perfusion status. The post-ischemic reperfusion flow magnitude is 

positively correlated with edema load.40 Furthermore, regional brain perfusion is 

correlated with the spatial magnitude of edema influx: In a rat model of malignant 

cerebral edema 8 h after permanent middle cerebral artery occlusion, edema fluid is 

located mostly in peri-infarct regions, with minimal edema fluid in the poorly-perfused 

core.41 In human stroke, magnetic resonance imaging (MRI) shows that edema is first 

found in peri-infarct regions that are actively perfused.42 In addition, following acute liver 

failure, cerebral blood flow is positively associated with edema load.43 However, 

acceptance of this hypothesis is not universal, as there are uncertainties regarding the 

expression level of commonly cited molecular mechanisms for ion and water influx 

across brain endothelium.39 

As the second hypothesis was only recently formulated, relatively little literature 

exists to support or refute it. However, as acute CNS injury does appear to trigger chronic 
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dysregulation of glymphatic clearance of interstitial solutes, this hypothesis merits 

additional scrutiny.44 

Two salient features of the BBB indicate that these hypotheses need not be 

mutually exclusive. Firstly, since brain endothelial cells in the healthy brain mediate high 

rates of water flux between the vascular compartment and interstitium without net water 

movements,45 and thus exhibit high water permeability, the two aforementioned 

hypotheses could represent steps in a sequential process of water movements from blood 

to parenchyma. Secondly, the absence of a perivascular CSF-filled space surrounding 

brain capillaries suggests that their contribution to the glymphatic system may be 

minimal.18,19 Thus, these two hypotheses could explain ionic edema formation at different 

levels of the vascular tree. 

Interestingly, the absence of a perivascular CSF-filled space surrounding brain 

capillaries does not prevent intracisternally-delivered fluorescent tracers from appearing 

in the capillary basement membrane.22 In the glymphatic hypothesis, this presumably 

occurs due to the marker migrating first along the periarteriolar Virchow Robin spaces 

and then ostensibly by migrating longitudinally through the capillary basement 

membrane itself. However, it is unclear how the relatively dense pericapillary basement 

membrane is able to serve as a high-capacity channel for CSF flux, especially since the 

basement membrane is usually thought to serve as a physical barrier to solute 

movements.46 It has been suggested that nonspecific binding of the fluorescent dextran 

tracer to the capillary basement membrane could underlie the pericapillary fluorescence 

reported in the abovementioned study.47 
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Importantly, although the aforementioned points accurately reflect our current 

understanding of the formation of ionic edema, the two hypotheses do not account as 

equally well for the formation of vasogenic edema, which is best understood as reflecting 

the transcapillary flow of plasma proteins. 

 

Diffusion versus bulk flow 

The phenomenon of diffusion, namely, the tendency for molecules to spread from 

a point of high concentration to surrounding points of lower concentration, arises from 

random Brownian motions exhibited by particles when suspended in fluid. One property 

of diffusion is that the probability of finding a molecule at a given distance from its 

starting position within a given period of time, essentially the molecule’s speed of 

diffusion, is inversely proportional to the hydrodynamic radius of the molecule. In a 

dilute aqueous environment, larger molecules will diffuse more slowly than smaller 

molecules. 

Solutes may also move by bulk flow. In contrast to diffusion, where molecular 

migration is driven by movement of the molecule within a static substrate, bulk flow 

migration is driven by the movement of the fluid substrate itself, which in turn is driven 

by hydrodynamic or osmotic forces. Essentially, suspended particles are “swept along” 

by the fluid substrate. An important property of bulk flow is that the speed of migration 

of a suspended particle is dictated solely by the forces driving the migration of the fluid 

substrate and is therefore independent of the solute’s hydrodynamic radius. This property 

can be exploited to probe whether observed movements are due to diffusion or bulk flow. 

Parenthetically, bulk flow is utilized in convection-enhanced delivery, an 
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intraparenchymal drug delivery technique that allows for much wider distribution of a 

given agent than diffusion-driven delivery.48 

 

Cerebral edema moves by bulk flow 

The movement of ISF through the brain parenchyma was recognized as early as 

1865, when His observed that material injected into the brain parenchyma spreads from 

the initial point of delivery.49 In the early 1980s, Cserr et al. observed that radiotracers of 

varying molecular weights were cleared from the parenchyma with identical rates, 

indicating that brain ISF in the healthy brain moves by bulk flow rather than diffusion, 

with white matter tracts exhibiting higher fluid transport.50,51 Experiments using a cold 

lesion model of extracellular edema indicated that edema fluid also spreads through the 

parenchyma through bulk flow rather than diffusion.52 Interestingly, extracellular fluid 

appears to take both pericellular and transcellular routes through the parenchyma.53 Bulk 

flow of edema fluid is driven by hydrostatic and osmotic forces, produced by mass effect 

and derangements in ion transport, respectively. Better models of how these forces are 

generated in vivo are needed to improve our understanding of directional flux of ISF and 

cerebral edema in vivo. 

 

Clearance of cerebral edema 

The clearance routes of extracellular edema are incompletely understood. Studies 

examining clearance of ISF indicate that a sizable portion is removed from the 

parenchyma along perivascular spaces and is deposited into the subarachnoid space, 

whereupon it is cleared by mechanisms of CSF absorption, a topic that itself is not 



 

15 
 

without controversy.22,47,54,55 Historically, the arachnoid villi were considered to mediate 

most of the absorption of CSF. However, a significant portion of CSF might be cleared 

through the cervical lymphatics, either through the perineuronal subarachnoid spaces that 

surround cranial nerves or by passage through the olfactory submucosa.56 In addition to 

efflux into the subarachnoid space, a portion of brain ISF is cleared by cerebral 

capillaries, though their precise contribution remains controversial. 

The clearance pathway taken by ISF depends upon its location in the brain: In 

rats, CSF in the cisterna magna accounts for efflux of 60–70% of midbrain ISF but only 

10–15% of caudate nucleus ISF.57 

 

The transcapillary mechanism and Starling’s principle 

In the late 1800s, Starling formulated the basic model for the transcapillary 

driving forces during edema formation.58 In his model, edema formation requires two 

factors: (i) a driving force that either “pushes” or “pulls” substances into or out of tissues; 

(ii) a “permeability pore” that mediates the transcapillary flux of these substances. In its 

original formulation, Starling’s principle stated that the transendothelial flux of fluid 

depends upon the net osmotic and hydrostatic pressure and a single permeability 

coefficient, K. To reflect mechanisms of cerebral edema formation, Starling’s principle 

was reformulated in 2007, and the permeability coefficient K, was separated into two 

constants, the net hydraulic conductivity, KO, and the net osmotic conductivity, KH, to 

account for the transcapillary efflux of water (Jv).59  

Jv = KO(πi - πc) + KH(Pc - Pi) 
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Starling’s principle states that the driving force is the sum of the hydrostatic and osmotic 

pressure gradients. Capillary hydrostatic pressure (Pc) is dictated by the precapillary 

arteriolar pressure, the postcapillary venular pressure, and the capillary resistance, while 

the tissue pressure (Pi) is a function of the volume of the ISF and the tissue compliance. 

The osmotic pressures of blood (πc) and of ISF (πi) are a function of the number of 

particles suspended in each. The ability of the driving forces to actually produce fluid 

flux then depends on the net hydraulic (KH) and net osmotic (KO) conductivities of the 

BBB, i.e. the “permeability pores”. 

In healthy tissues, both the osmotic term [KO(πi−πc)] and hydrostatic term 

[KH(Pc−Pi)] are near zero and net water flux is minimal. For the osmotic term, although 

KO is nonzero due to passive endothelial water transport, the vascular and interstitial 

compartments normally exhibit equal osmolality (Table 1.1). For the hydrostatic term, 

while the hydrostatic gradient is nonzero (for example, in rats, the brain interstitial 

pressure is approximately 3.43 ± 0.65 mmHg while the brain capillary pressure is 

approximately 20 mmHg, resulting in a hydrostatic gradient of approximately 16.57 

mmHg),60 KH is near zero due to brain endothelium tight junctions. 

 

Driving forces for cerebral edema formation 

Cytotoxic edema 

Cytotoxic edema (oncotic cell swelling) is a premorbid process whereby cells 

swell due to influx of osmolites (mainly Na+ and Cl–) and water from the interstitial 

spaces into the intracellular compartment. This process takes place in all CNS cell types 

following CNS injury, and is particularly prominent in astrocytes. Astrocyte swelling 

appears to be a general response of astrocytes to injury and occurs quickly following a 
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variety of types of CNS injury, including ischemia, trauma, hypoglycemia, status 

epilepticus, and fulminant hepatic failure, though importantly, the mechanisms driving 

the swelling may differ among etiologies.61 Importantly, cytotoxic (cellular) edema 

does not generate tissue swelling, as it simply represents a rearrangement of parenchymal 

water mass and does not involve the addition of new water mass to the brain. 

Nevertheless, cytotoxic edema is an important initial step in the formation of cerebral 

edema and swelling, as it generates the driving force for influx of ionic and vasogenic 

edema, which do cause swelling. 

Cellular influx of osmolites may occur due to primary active transport or 

secondary active transport. Primary active transport requires a continuous supply of 

adenosine triphosphate (ATP) to provide energy for “pumps” such as the Na+/K+-ATPase 

and Ca2+-ATPase. Secondary active transport harnesses the potential energy stored in 

transmembrane ionic gradients previously generated through primary active transport. 

Examples of secondary active transporters include ion channels and cotransporters such 

as the Na+/ K+/ Cl– co-transporter (NKCC1) and the Na+/Ca2+ exchanger. Following 

many types of CNS injury, intracellular ATP becomes depleted and thus, mechanisms 

that are independent of intracellular ATP, like secondary active transport, are more likely 

to be relevant to the formation of ionic edema. 

Ions involved in cytotoxic edema can be conceptually divided into primary 

drivers and secondary participants. Primary drivers are substances that, through extrusion 

by primary active transport, are more concentrated outside of the cell than inside. 

Secondary participants exhibit no pre-existing electrochemical gradient. However, 

rearrangement of primary drivers stimulates secondary participants to flux. For example, 
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if Na+ is the primary driver, Cl– and water are secondary participants that move in order 

to maintain electrical and osmotic neutrality. 

Per its namesake, astrocytic cytotoxic edema is usually triggered by exposure to 

endogenous toxins (K+, glutamate, H+), exogenous toxins (ammonia, TET, cyanide)62,63 

or, unique to the Sur1-Trpm4 (sulfonylurea receptor 1 – transient receptor potential 

melastatin 4) channel, intracellular ATP depletion. Maladaptive ion influx may ensue, 

generating a transmembrane osmotic gradient that drives water influx and causes cell 

swelling. Cytotoxic edema is one instance of the more general category of astrocyte 

swelling; the latter includes forms of astrocyte swelling that are not strictly pathological. 

For example, while hypotonicity, i.e. water intoxication, may trigger astrocyte swelling, 

this swelling is a purely osmotic phenomenon and lacks the maladaptive ion transport 

characteristic of cytotoxic edema. 

 

Constitutively expressed drivers of cytotoxic edema 

Swelling due to endogenous brain toxin exposure occurs because astrocytes 

possess strong homeostatic mechanisms that evolved to maintain the extracellular fluid 

composition within a range of acceptable values. Following injury, certain molecules 

normally present in ISF greatly increase in concentration, whereupon astrocytes attempt 

to maintain ISF homeostasis by activating a variety of normally beneficial secondary 

active transporters that drive solute transport. In extreme conditions, excessive activation 

of these secondary active transport mechanisms occurs, leading to massive Na+ and water 

influx and cytotoxic edema.64 All mechanisms of cytotoxic edema involve Na+ overload 

which, interestingly, is sufficient to impair astrocyte volume regulation65 perhaps 
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indicative of why astrocytes normally exhibit relatively strong volume regulation,39,66,67 

yet swell so markedly following injury (Figure 1.2). 

The normal ISF K+ concentration ranges between 2.7 and 3.5 mM and is 

maintained by astrocytic Na+/K+-ATPase, NKCC1, and Kir4.1.36,68,69 Following many 

types of CNS injury, extracellular K+ accumulates to dangerous levels, sometimes in 

excess of 60 mM, due to energy depletion and Na+/K+-ATPase failure, cell membrane 

rupture, or as a byproduct of glutamate excitotoxicity.70 In the healthy brain, astrocytes 

function to clear excess extracellular K+
, a function that is associated with benign 

astrocyte swelling.36,37,71 However, in conditions of greatly increased extracellular K+, 

K+ clearance triggers cytotoxic edema formation. In the range of 25–117 mM, the 

magnitude of astrocyte swelling becomes linearly related to extracellular [K+].72 The 

bumetanide-sensitive electroneutral NKCC1 transporter, a member of the Na+/K+/2Cl–

 transporter family, is particularly important to K+-induced astrocyte swelling. NKCC1 is 

constitutively expressed by astrocytes in all regions of the adult brain and its activity is 

enhanced after ischemia and acute liver failure due to increased protein expression and 

phosphorylation.73-75 NKCC1 carries a net of four osmolites inward per turnover and is 

capable of water co-transport.76 In vitro experiments using cultured primary astrocytes 

demonstrated that NKCC1 contributes to cell swelling in conditions of high extracellular 

potassium.77-79 In vivo, swelling is attenuated with bumetanide, an NKCC1 inhibitor, 

following trauma and ischemia.80-83  

ISF glutamate in the healthy brain is typically maintained around 10 μM, 

depending on the region sampled. Following CNS injury such as stroke or trauma, 

extracellular glutamate can accumulate to greater than 200 μM due to spreading 
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depolarization, synaptic release, or neuronal lysis.84-86 Glutamate triggers neuron 

excitotoxicity with an ED50 of ~100 µM.87 Astrocytes buffer raised extracellular 

glutamate, and exhibit associated swelling when extracellular glutamate ranges between 

50 μM and 5 mM.88 Parenthetically, while brain extracellular glutamate is increased after 

acute liver failure,89 glutamate is thought to play a minor role in astrocyte swelling after 

acute liver failure, a process that is driven primarily by ammonia. Glutamate can induce 

astrocyte swelling through two mechanisms. Firstly, the human excitatory amino acid 

transporter (EAAT) glia-specific family members EAAT1 (a.k.a. GLAST in rat) and 

EAAT2 (a.k.a. Glt-1 in rat) mediate influx of glutamate with co-transport of Na+ and 

water.90 Both transporters are constitutively expressed by astrocytes in the adult 

brain.91 EAAT2 is the major (>90%) contributor to CNS glutamate uptake and 

homeostasis during health, and forms a multiprotein complex with aquaporin-4.92-

94 Secondly, the metabotropic glutamate receptor 5 (mGluR5),95 which forms a 

multiprotein complex with Na+/K+-ATPase and aquaporin-4, also has been implicated in 

glutamate-induced astrocyte swelling.96,97 Notably, mGluR5 is minimally expressed by 

resting (nonreactive) adult astrocytes.98 In line with the notion that many of the 

mechanisms that drive cytotoxic edema were evolved due to their beneficial actions, if 

glutamate uptake and glial swelling are inhibited, glutamate mediated neurotoxicity is 

worsened.99  

ISF pH is also tightly regulated by astrocytes. Many types of CNS injury interrupt 

oxygen delivery and lead to ATP depletion, triggering anaerobic metabolism and lactic 

acid generation that can precipitate a drop in extracellular pH. If ISF pH drops below 6.8, 

compensatory ion fluxes in astrocytes are sufficient to induce cytotoxic edema.100,101 Two 
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general classes of astrocyte transporters are involved in pH homeostasis and acidosis-

induced astrocyte swelling. Firstly, the constitutively expressed bicarbonate-independent 

and amiloride sensitive Na+/H+ exchanger (NHE),102 which facilitates a 1:1 exchange of 

intracellular H+ for extracellular Na+, mediates acidosis-induced astrocyte swelling 

in vitro and in vivo.103-110 Secondly, the constitutively expressed bicarbonate dependent 

Na+/HCO3– transporter family (NBC) may also contribute to acid-induced 

swelling.101,102,111 However, compared to the NHE family, the contribution of the NBC 

family to cytotoxic edema in vivo is less well understood. 

Brain interstitial ammonia is normally ∼100 μM,112 and can rise above 5 mM 

during acute liver failure.113 Astrocyte swelling occurs when cells are exposed to 

millimolar concentrations of ammonia.114 Ammonia is internalized by astrocytes and 

converted to glutamine via glutamine synthetase. It has been hypothesized that glutamine 

is shuttled to the mitochondria, whereupon mitochondrial phosphate-activated 

glutaminase (PAG) converts glutamine to glutamate and ammonia, which can trigger 

production of reactive oxygen species (ROS) and activation of the mitochondrial 

permeability transition, culminating in astrocyte swelling, i.e. the “Trojan horse 

hypothesis”.115 Treatment of astrocytes with ammonia also triggers upregulation and 

phosphorylation of NKCC1, which mediates ammonia-induced osmolite influx and 

astrocyte swelling.116 

 

De novo expressed drivers of cytotoxic edema 

In contrast to constitutively expressed mechanisms of cytotoxic edema, which can 

be viewed as maladaptive versions of normally beneficial processes, the Sur1-Trpm4 

channel is expressed in the CNS only following injury, and is absent from healthy brain. 
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Trpm4, a constitutively expressed monovalent cation channel that opens in response to 

intracellular Ca2+, is the pore forming subunit of Sur1-Trpm4.41,117,118 In all CNS cells, 

CNS injury triggers activation of the hypoxia-inducible factor 1 (HIF1) transcription 

factor, which induces de novo expression of Sur1,119 an ATP-binding cassette, which 

associates with Trpm4 and doubles its Ca2+ sensitivity and sensitizes the channel to ATP 

depletion.41,118 It is hypothesized that this channel evolved to protect cells against 

Ca2+influx in less extreme types of CNS injury by allowing Na+ influx, membrane 

depolarization, and thus a reduction of the inward driving force for Ca2+. However, in the 

context of severe CNS injury and ATP depletion, excessive influx of Na+ through Sur1-

Trpm4 drives maladaptive cell swelling and cytotoxic edema (Figure 1.2). Inhibition of 

Sur1-Trpm4 with sulfonylurea drugs prevents cytotoxic edema in vitro and reduces 

edema in vivo following ischemia and trauma.117,120,121  

 

Routes for transmembrane water flow during cytotoxic edema 

The influx of ions generates a transmembrane osmotic gradient that favors the 

influx of water. Water might flow into astrocytes through three routes (Figure 1.2). 

Firstly, simple diffusion through the lipid bilayer can account for some water influx; 

however, this route is low capacity and not thermodynamically favored. Secondly, 

transmembrane water channels, including the aquaporin family as well as certain 

astrocytic transporters such as SGLT1, GLUT1, and GLUT2 possess passive water 

permeable pores, where water flux is driven by an osmotic gradient.76 Thirdly, certain ion 

transporters expressed by astrocytes that drive ion fluxes during cytotoxic edema also 

mediate secondary water co-transport by carrying a fixed number of water molecules 
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with their ionic cargo per turnover. Examples of these transporters include NKCC1 and 

the glutamate transporters EAAT1 and EAAT2.76 
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Figure 1.2 Major routes for influx of ions and water in astrocytic cytotoxic edema. 
Schematic depiction of the major astrocytic transporters and channels that are implicated 
in the formation of cytotoxic edema; in regards to water transport, single-headed arrows 
denote water co-transport, while double-headed arrows denote passive water transport. 
Adapted from Stokum JA, et al. Journal of Cerebral Blood Flow & Metabolism. 2015 
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Cytotoxic edema generates driving forces 

The influx of primary drivers like Na+ and secondary participants like Cl– and 

water into cells during cytotoxic edema depletes these constituents from the extracellular 

space.122,123 Sequestration of these constituents is possible because the intracellular 

compartment is much larger than the extracellular compartment, which only comprises 

12–19% of total brain volume.124 Cytotoxic edema thereby generates a new Na+ gradient 

across the BBB, where Na+ concentration becomes higher in the vascular compartment 

compared to the interstitial compartment. For example, in one study that used a rat model 

of global ischemia, extracellular [Na+] declined from a baseline of 141 mM to 74 mM; as 

plasma [Na+] was 134 mM, cytotoxic edema generated a transendothelial 

Na+ concentration differential of approximately 60 mM.122  

This newly formed Na+ gradient is preserved even if cells lyse and release their 

intracellular contents because the extracellular space is much smaller than the 

intracellular space and because K+ will remain mostly bound to intracellular proteins and 

macromolecules.125 The Na+ gradient generated by cytotoxic edema serves as a source of 

potential energy that drives subsequent influx of ionic edema fluid. 

 

Endothelial dysfunction 

The endothelial permeability pore 

Acute CNS injury triggers a program of pre- and post-transcriptional molecular 

changes in the neurovascular unit that results in the formation of endothelial 

“permeability pores” and subsequent loss of BBB integrity. Progressive endothelial 

dysfunction can be organized into three phases (ionic edema, vasogenic edema, and 
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hemorrhagic transformation), based upon the principle substances that undergo 

transcapillary movement (Figure 1.3). 

The three phases of endothelial dysregulation are thought to occur sequentially, 

although the rapidity of transition between phases probably depends on injury type and 

severity. Furthermore, as many etiologies of brain endothelial dysregulation and cerebral 

edema are focal in nature, brain tissue usually exhibits a complex spatiotemporal pattern 

of the different phases of endothelial dysregulation. 
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Figure 1.3 Phases and select mechanisms of endothelial dysfunction. In ionic edema, 
water flux (blue arrows) and ion flux (grey arrows) are mediated by plasmalemma 
channels and transporters; vasogenic edema, which includes extravasation of plasma 
proteins, but not erythrocytes, is mediated by transcellular channels, MMP degradation of 
tight junctions, and endothelial retraction, phenomena that are, in part, triggered by 
VEGF, Ang2, and CCL2 signaling; hemorrhagic transformation occurs due to structural 
failure of the vessel, driven by either complete degradation of tight junctions or Sur1-
Trpm4-mediated oncotic cell death of endothelial cells. Adapted from Stokum JA, et al. 
Journal of Cerebral Blood Flow & Metabolism. 2015 
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First phase: ionic edema 

During ionic edema, the potential energy contained in the transendothelial 

Na+ gradient generated by cytotoxic edema drives extravasation of osmolites and water. 

Na+ is transported inward along its concentration gradient by brain endothelial cells, 

resulting in the accumulation of Na+ in the brain parenchyma and the generation of a 

nonzero osmotic driving force (the (πc−πi) term in Starling’s principle).126 This influx of 

Na+ requires blood perfusion, supportive of the hypothesis that the vascular compartment 

serves as the source of ionic edema.127 As secondary participants, Cl– and water follow 

Na+ inward to maintain electrical and osmotic neutrality, resulting in the formation of 

ionic edema.126 While the relative contributions of brain arterioles, venules, and 

capillaries to ionic edema formation has not been experimentally tested, ionic edema may 

form primarily at the capillary level due to the relatively thin walls and large surface area 

of the capillary bed. 

Ionic edema and vasogenic edema are forms of extracellular edema that differ in 

an important way. Vasogenic edema, but not ionic edema, includes extravasated serum 

proteins. The preservation of BBB integrity has two important implications for 

mechanisms of ionic edema. Firstly, ion influx during ionic edema is exclusively 

mediated by endothelial ion channels and transporters; physical disruptions to the BBB, 

such as occurs with reverse pinocytosis or degradation of tight junctions, do not represent 

viable pathways for ion flow, as they would inevitably include plasma proteins. 

Secondly, preservation of the BBB integrity implies that KH remains zero. The dynamics 

of ionic edema are governed only by the osmotic term in Starling’s principle. 
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Parenthetically, while a subtype of extracellular edema that lacked serum protein 

extravasation has long been recognized, ionic edema was only recently defined as a 

distinct cerebral edema subtype.59 Prior to this distinction, all edema subtypes not 

involving serum protein extravasation were grouped under the common term “cytotoxic 

edema”, which therefore encompassed cytotoxic edema, as the term is used presently, as 

well as ionic edema. 

For ionic edema to form, Na+, Cl–, and water must first be transported inward 

through the luminal membrane and then transported through the abluminal membrane of 

brain capillary endothelial cells (Figure 1.4). Therefore, ionic edema is essentially a two-

step transport process. Given that many brain endothelial channels and transporters 

exhibit a polarized distribution at these membrane faces, the transmembrane routes taken 

by ions and water differ between the luminal and abluminal membrane. Similar to 

cytotoxic edema, ion flux is driven by either primary active transport or secondary active 

transport. 

As ionic edema involves, in part, the uptake of ions and water by brain endothelial 

cells, it is analogous to cytotoxic edema, but differs in that the ion and water fluxes are 

polarized. Specifically, channels on the luminal membrane of brain endothelial cells drive 

the cellular uptake of vascular ions and water, which may manifest as endothelial cell 

swelling. Endothelial swelling is then “relieved” by channels on the abluminal 

membrane, which permit efflux of ions and water into the brain interstitium, thereby 

completing the transcapillary flux of ions and water. 
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Figure 1.4 Major routes for influx of ions and water in ionic edema. Schematic 
depiction of the major endothelial transporters and channels that have been implicated in 
the formation of ionic edema; in regards to water transport, single-headed arrows denote 
water co-transport, while double-headed arrows denote passive water transport. Adapted 
from Stokum JA, et al. Journal of Cerebral Blood Flow & Metabolism. 2015  
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Constitutively expressed drivers of ionic edema 

The sodium-hydrogen antiporter (NHE) family members, NHE1 and NHE2, are 

constitutively expressed on both luminal and abluminal membranes of brain endothelium. 

During ionic edema, NHE family members contribute to Na+ influx across the luminal 

membrane.165 Na+/H+ exchange in vitro is stimulated by hypoxia and hypoglycemia, 

conditions that occur following cerebral ischemia.128 Intravenous delivery of 

Na+/H+ exchange inhibitors reduce cerebral edema formation in a rat stroke model, 

putatively by attenuating luminal NHE activity.107,129,130 

The cation-chloride transport family member, NKCC1, is constitutively expressed 

on the luminal membrane of brain endothelium, is upregulated and activated via 

phosphorylation in response to ischemia, and contributes to Na+ influx across the luminal 

membrane during ionic edema formation.83,131 In addition to mediating solute influx that 

osmotically drives water influx, NKCC1 also mediates secondary active transport of 

water at 590 molecules of H2O per transporter turnover, thereby allowing it to pump 

water up an osmotic gradient.76 Influx of ionic edema is attenuated with intravenous 

delivery of bumetanide, an NKCC1 inhibitor, thus supporting the role of NKCC1 in ionic 

edema formation.80,82 

Under conditions of adequate energy, Na+ efflux across the abluminal membrane 

is primarily mediated by the Na+-K+-ATPase, a primary active transporter that is 

selectively expressed on the abluminal membrane of brain endothelial cells.10 Notably, as 

this efflux route depends on ATP, its contribution is likely minimal during severe energy 

depletion such as during ischemia, although it may become relevant with timely 

reperfusion. In addition, the Na+/Ca2+ exchanger exists on the abluminal membrane and 
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might contribute to Na+ efflux by virtue of its ability to operate in reverse-mode where 

Na+ is expelled in exchange for Ca2+ influx.132,133 As this efflux route is ATP-

independent, Na+/Ca2+ mediated Na+ efflux might be particularly relevant during total 

ischemia. 

 

De novo expressed drivers of ionic edema 

The Sur1-Trpm4 channel is upregulated by capillary, arteriole, and venule 

endothelial cells in response to CNS injury,134 and contributes to the formation of ionic 

edema by mediating Na+ influx at the luminal membrane and Na+ efflux at the abluminal 

membrane. Post-ischemic blockade of the channel by glibenclamide, a potent Sur1 

antagonist,135-137 reduces edema formation by 50%, indicating that Sur-Trpm4 plays a key 

role in transcapillary Na+ influx that occurs during ionic edema. Parenthetically, as 

glybenclamide penetrates the BBB in ischemic brain tissue,41 and Sur1 is expressed after 

injury by all CNS cells, its effects upon edema formation may not be solely due to 

inhibition of luminal endothelial Sur1.138 As Sur1 is not constitutively expressed, this 

mechanism is injury-specific. Furthermore, as this mechanism relies on transcriptional 

gene expression and hence ATP, it is most relevant in ischemic, but still perfused vessels. 

A disease-specific molecular driver of cytotoxic and ionic edema, the Sur1-Trpm4 

channel is a highly promising target for pharmacological inhibition. Notably, the 

glyburide advantage in malignant edema and stroke (GAMES-RP) trial, a randomized 

phase II trial that evaluated the efficacy of an intravenous formulation of glybenclamide 

(CIRARA or RP-1127) in patients with large territory ischemic stroke,139 was recently 

concluded. Adverse drug reactions are most commonly due to unwanted effects upon 
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normal function that are mediated by the drug’s primary pharmacological mechanism. 

For example, inhibition of the N-methyl-D-aspartate receptor (NMDAR), a protein that is 

constitutively expressed throughout the brain, is associated with adverse CNS drug 

effects such as dizziness, sedation, agitation, hallucination, and confusion.140 These 

adverse effects have led many researchers to abandon NMDAR antagonism as a strategy 

to combat excitotoxic injury following ischemia. However, as Sur1-Trpm4 is only 

expressed in the injured brain, CNS effects resulting from the drug’s primary 

pharmacology will be specific to injured brain tissue, and adverse drug effects will be 

minimized. 

 

Transendothelial routes for Cl– and water during ionic edema 

Na+, the primary driver of ionic edema, drives the influx of secondary participants 

like Cl– and water in order to equalize electrical and osmotic gradients. Transendothelial 

Cl– flux is likely mediated by Cl– channels and Cl– co-transporters such as NKCC1 and 

KCC.141 

As during cytotoxic edema, there are three possible routes for water transport 

across the plasmalemma; however, some of the molecular details are specific to brain 

endothelium (Table 1.2). Firstly, simple diffusion can occur across the endothelial plasma 

membrane. While the water permeability of a small patch of endothelium is low, the 

surface area of the brain capillary bed is quite large, and could permit nontrivial net flux. 

Secondly, secondary co-transport of water can be mediated by NKCC1 at the luminal 

face,76 and by the K+/Cl– co-transporter KCC at the abluminal face.142 In addition to 

NKCC1 and KCC, all solute transporters that co-transport water can be driven to operate 
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in response to an osmotic gradient. Thus, endothelial transporters such as MCT1, GAT-1 

and EAAT-1, which, unlike NKCC1, do not contribute to ionic edema related Na+ influx, 

are able to contribute to water influx during ionic edema.76 Thirdly, brain endothelial 

cells express certain membrane proteins that can mediate passive water transport. Some 

studies report that brain endothelial cells weakly express certain members of the 

aquaporin family such as aquaporin-1.143 However, given their low abundance in 

endothelial cells, aquaporins are unlikely to mediate the bulk of endothelial water 

transport across the endothelium. Rather, the highly abundant glucose transporters, 

sodium-glucose linked transporter 1 (SGLT1) and glucose transporter 1 (GLUT1) might 

represent a major route for transendothelial water flux, as they have the ability to 

passively transport water independently of glucose, analogously to aquaporin 

channels.76,144,145 While the single protein water permeability of GLUT1 is less than 1% 

than that of aquaporin-4,76 GLUT1 is highly expressed by brain endothelium. 

Interestingly, the estimated net contribution of GLUT1 to passive water permeability of 

endothelium (0.5 × 10-3 cm/s) is remarkably close to the measured total passive water 

permeability of the BBB (1 × 10-3 cm/s).76,146 GLUT1 and GLUT2 are expressed at both 

luminal and abluminal faces, while SGLT1 is expressed at the luminal face.144,145 
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Table 1.2 Routes for transendothelial water influx during cerebral edema 

formationa 

 
a Portions of Table 2 are adapted from MacAulay and Zeuthen, Neuroscience 2010.76  
b Expressed as the hydraulic permeability coefficient (Lp with units of cm3 sec-1). 

c Expressed as the diffusive water permeability coefficient (Pf with units of cm sec-1) of 
unmodified Xenopus oocytes (first row), or Xenopus oocytes expressing a particularly 
water-permeable channel. Note that Pf is dependent upon the abundance of the expressed 
water channel and thus measurements of single-channel Lp is not directly translatable to 
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plasmalemma Pf measurements. In addition, note that Pf is surface-area independent and 
is related to Lp through the equation:  

�� = ����
	
��  

where � is the membrane area, 	
� is the partial molar volume of water, R is the gas 
constant, and T is the temperature.159  
d Expressed as number of water molecules co-transported per transporter turnover 
e Not applicable (-) 
f Aquaporin channels are minimally expressed by brain endothelium. 
g Not Determined (ND) 
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Second phase: vasogenic edema 

Vasogenic edema is a form of extracellular edema characterized by breakdown of 

the BBB, wherein a transendothelial permeability pore forms that permits extravasation 

of water and plasma proteins such as albumin and IgG into the brain interstitial 

compartment. Unlike hemorrhage, capillary structural integrity is maintained during 

vasogenic edema such that passage of erythrocytes is prohibited. Therefore, vasogenic 

edema is best viewed as a cell-free blood ultrafiltrate, i.e. plasma.34,160 The permeability 

pore that allows the passage of solutes during vasogenic edema likely has contributions 

from more than one mechanism (see below). While all levels of the vascular tree 

contribute to vasogenic edema formation, brain capillaries are a particularly major 

contributor.161 

Once physical communication between the vascular and interstitial compartments 

is established, microvessels behave like fenestrated capillaries and therefore both 

hydrostatic and osmotic pressure gradients can affect edema formation, although 

hydrostatic pressure represents the primary driving force for vasogenic edema 

formation.162 Determinants of the hydrostatic pressure gradient, such as intracranial 

pressure, systemic blood pressure, capillary occlusion, and vasospasm, are important to 

vasogenic edema dynamics. Determinants of the osmotic pressure gradient, which now 

include all osmotically active molecules such as Na+ and proteins, also can influence 

water flux. 

The influence of hydrostatic pressure on vasogenic edema has direct clinical 

implications. For example, systemic blood pressure must be kept high enough to maintain 

brain perfusion, but in excess will promote edema formation.162,163 In addition, 
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intracranial pressure must be kept low enough to maintain tissue perfusion, but high 

enough to counteract edema influx.162 Optimization of these parameters is a difficult, 

multifactorial problem. 

The concept that only the osmotic forces influence ionic edema, while both 

osmotic and hydrostatic gradients influence vasogenic edema may help to explain the 

mixed outcomes that occur following decompressive craniectomy, a procedure that 

abruptly lowers intraparenchymal pressure.164,165 Decompression is safe if done early, 

during the ionic edema stage, as it aids in the restoration of tissue perfusion. However, if 

done later during vasogenic edema, decompression will decrease tissue pressure, thereby 

increasing the hydrostatic gradient and driving edema influx.166,167  

 

Mechanisms of vasogenic edema 

Protein and water may passage from the vascular compartment to the interstitial 

compart through transendothelial channels formed by dysregulation of pinocytosis. 

Pinocytosis, a process whereby blood solutes are enveloped by luminal endothelial 

membrane ruffles,168 are transported across the cytoplasm, and are released at the 

abluminal membrane.169 Following CNS injury, pinocytic vesicles that are capable of 

carrying solutes and water have been observed to fuse and form transendothelial channels 

that span from the luminal to the abluminal membrane.170,171 Controversy still exists 

regarding this mechanism.172 

It is generally agreed that vasogenic edema can form via paracellular transport 

past endothelial cells. Inflammation and cerebral ischemia can trigger actin-dependent 

endothelial cell rounding or retraction and increased endothelial 
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permeability.173 Endothelial retraction is an ATP-dependent process that can be triggered 

by thrombin,173-176 a protease that is upregulated following ischemia and is highly 

abundant in the brain parenchyma following intracerebral hemorrhage. However, as some 

evidence suggests that in lieu of tight junction disruption, endothelial retraction is not 

sufficient to impair barrier resistance,177 this mechanism might serve to enhance rather 

than initiate vasogenic edema formation. It has been speculated that endothelial cell 

retraction might have been evolved to facilitate transmigration of leukocytes that 

contribute to the beneficial clearance of necrotic debris produced by many types of CNS 

injury.178 

Paracellular permeability pores also can be generated by vascular endothelial 

growth factor (VEGF) signaling. Brain injury triggers expression of VEGF,179-181 which 

triggers decreased expression of tight junction proteins,182,183 uncoupling of 

interendothelial tight junctions, increased hydraulic permeability of vessels184 and 

promotes edema formation.185 Inhibition of VEGF reduces edema associated with post-

ischemia reperfusion and brain tumors.186,187 Like many mechanisms that produce 

cerebral edema, VEGF signaling is not purely maladaptive, but rather is linked to 

angiogenesis. If administered early following experimental stroke in rats, recombinant 

VEGF increases edema formation, but if given at later times, VEGF stimulates 

angiogenesis in the penumbra and improves neurological recovery.188 As some studies 

have shown that the extent of angiogenesis is correlated with survival following ischemic 

stroke, angiogenesis might be an important factor in recovery following ischemia.189 In 

addition to VEGF, a host of signaling molecules including CCL2, angiopoietin 2 (Ang2), 
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and nitric oxide are released following injury, and can inhibit expression of tight junction 

proteins and thereby exacerbate vasogenic edema formation.190-194 

Endothelial basement membrane proteins and tight junction proteins also can be 

lost following CNS injury through protease degradation. Following injury, matrix 

metalloproteinase (MMP) activity increases through de novo expression and activation of 

latent MMPs, resulting in degradation of basement membrane and tight junction 

proteins.195-200 MMP inhibitors reduce ischemia- and reperfusion-associated cerebral 

edema,201,202 partially by preventing degradation of tight junction proteins.203 

 

Third phase: intracerebral hemorrhage 

Intracerebral hemorrhage can occur as a primary injury, as in the context of 

traumatic brain injury, or as secondary injury, where its formation is due to downstream 

injury-related mechanisms. The latter, also referred to as hemorrhagic conversion or 

hemorrhagic transformation, represents the third and final phase of endothelial 

dysfunction, where the structural integrity of the capillary is lost, allowing extravasation 

of all constituents of blood, including erythrocytes and other cells. Up to 30–40% of 

ischemic strokes undergo hemorrhagic transformation, a phenomenon that accounts for 

approximately 26–154 additional deaths per 1000 patients.204-206 

Like vasogenic edema, hydrostatic pressure is the primary driving force for 

hemorrhagic transformation. Interestingly, extravasated blood increases the local tissue 

hydrostatic pressure and should thus impair further hemorrhage. However, this meager 

benefit is outweighed by the mass effect and tissue distortion created, as well as the 

robust inflammatory response triggered by blood products such as methemoglobin. 
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Implications for clinical management of hemorrhage are similar to vasogenic edema, but 

this challenge is much more difficult, given the inflammatory milieu created by 

hemorrhage. 

 

Mechanisms of hemorrhagic transformation 

Mechanisms that drive hemorrhagic transformation are complicated, 

multifactorial, and incompletely understood. The aforementioned mechanisms of 

vasogenic edema formation are likely also relevant to hemorrhagic transformation. For 

example, exogenous VEGF administration following reperfusion worsens hemorrhagic 

transformation. MMP-driven extracellular proteolysis appears to play a major role in 

hemorrhagic transformation as its inhibition reduces hemorrhage.197,207-210 In addition to 

these shared mechanisms, there exist several mechanisms that are specific to hemorrhagic 

transformation. Oncotic death of endothelial cells mediated by Sur1-Trpm4 is likely an 

important factor in hemorrhagic transformation after a variety of CNS 

injuries.41,211,212 Other mechanisms might include damage mediated by ROS, basement 

membrane degradation, endothelial cell activation, and transmigration of 

leukocytes.204,208  

 

Perihematomal cerebral edema 

As blood is exquisitely toxic to brain tissue, hemorrhage by itself is a form of 

focal CNS injury that triggers formation of cerebral edema in the shell of tissue 

immediately surrounding the hemorrhage, i.e. the perihematomal space, a phenomenon 

referred to as perihematomal edema.213 Perihematomal edema occurs in three stages: 
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ionic edema, vasogenic edema, and delayed vasogenic edema. While the aforementioned 

core concepts that govern the formation of edema during phases of endothelial 

dysregulation (e.g. Starling’s principle) apply also to perihematomal edema, some 

mechanistic details are unique to the latter. 

Perihematomal ionic edema, the first stage of perihematomal edema, is driven by 

transendothelial osmotic forces generated by two processes. Firstly, cytotoxic edema 

forms in the perihematoma space, putatively because glutamate tends to accumulate in 

this region.214,215 As described above, cytotoxic edema generates a strong driving force 

for the influx of ionic edema. Secondly, a hemorrhage-specific phenomenon called clot 

retraction, where activation of the coagulation cascade in the hematoma results in 

exudation of serum proteins and increased colloidal pressure of the perihematomal space, 

drives influx of water.216,217 

Perihematomal vasogenic edema, the second stage of perihematomal edema, 

occurs when extravasation of blood products triggers changes in brain endothelium that 

manifest as extravasation of serum proteins without extravasation of erythrocytes. 

Thrombin, a protein that is extravasated with hemorrhaged blood and is produced at the 

site of injury, is a major contributor to the formation of perihematomal vasogenic 

edema.213 Thrombin activates microglia primarily through PAR-1 receptors,218-

220 resulting in secretion of tumor necrosis factor (TNF) and IL-1β,219,221,222 cytokines that 

elicits downregulation of tight-junction proteins in endothelial cells and BBB 

opening.223,224 In addition, thrombin enables the transmigration of circulating leukocytes 

by triggering endothelial retraction (as discussed above) and endothelial upregulation of 

chemokines and adhesion molecules.219,225 Infiltrating leukocytes contribute to 
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perihematomal edema through the secretion of mediators such as ROS. In addition to 

thrombin, the compliment cascade is an important mediator of perihematomal vasogenic 

edema. Activation of the compliment cascade results in the production of anaphylatoxins, 

membrane attack complex (MAC)-mediated lysis of red blood cells and iron-induced 

edema, as well as infiltration of neutrophils.226 

The third and final stage of perihematomal edema, delayed vasogenic edema, is 

principally mediated by hemoglobin degradation products that originate from 

extravasated and lysed erythrocytes. In the interstitium, hemoglobin is quickly oxidized 

to methemoglobin; the latter can spontaneously release its heme moiety, which may be 

further degraded by heme oxygenase enzymes to free iron.227 Erythrocyte lysis and 

hemoglobin degradation is apparently a relatively slow process, as free iron reaches 

maximal tissue levels at approximately 3 days following a hemorrhage 

event.219,228 Perihematomal delayed vasogenic edema exhibits similar temporality: 

Infusion of free iron increases brain water content by 24 h, whereas infusion of packed 

red blood cells increases brain water content only after 3 days.228,229 Many hemoglobin 

degradation products can independently contribute to perihematomal delayed vasogenic 

edema. Free iron triggers ROS generation, MMP-9 activation, and BBB breakdown, 

while iron chelation reduces edema influx in models of intracerebral hemorrhage.230-232 In 

addition, extracellular methemoglobin is a potent TLR-4 ligand that can trigger 

microglial TNF secretion and neuroinflammation.233 
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Aquaporin channels and cerebral edema 

Aquaporin channels in the CNS 

Recently, aquaporin channels have been recognized as important mediators of 

plasmalemmal water fluxes in cerebral edema. In 1992, Peter Agre described a novel 

molecular conduit for bulk water flow through the plasma membrane, a protein later 

christened aquaporin-1.234 Aquaporin monomers constitute the functional water channel 

subunit of aquaporin channels and are exquisitely selective to water by virtue of a 

dumbbell-shaped pore with an amphipathic bottleneck.235 Aquaporin water transport is 

passive and bidirectional; the rate and directionality of aquaporin mediated water flux is 

determined exclusively by the transmembrane osmotic pressure gradient. 

While there are 14 known aquaporin channels, only aquaporin-1, aquaporin-4 

(Aqp4), aquaporin-9, and aquaporin-11 are expressed in the CNS.236,237 Of these, Aqp4 is 

the major aquaporin expressed by astrocytes, and is the dominant contributor to cerebral 

edema formation and clearance. In the prefrontal cerebrum under normal conditions, 

Aqp4 expression is strongly localized to the perivascular astrocyte endfoot; astrocyte 

soma and main processes do not exhibit notable aquaporin-4 immunoreactivity.238 Aqp4 

also is localized to the submeningeal astrocyte endfeet and in the leading lamellipodia of 

migrating astrocytes.239 While Aqp4 is mostly astrocyte-specific, it has been reported to 

be upregulated in microglia following LPS injection.240 

Aqp4 is expressed in two major N-terminal splice variants, the M1 (323 amino 

acids) and M23 (301 amino acids), as well as four other alternative isoforms whose 

functional significance is still being investigated.241-244 The M23 isoform is able to 

multimerize on the plasmalemma into large complexes called orthogonal arrays of 
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intramembraneous particles (OAPs) that, on the luminal face of the astrocyte endfoot, 

exhibit a density of 500–600/µm2 and occupy approximately 50% of its surface 

area.238,245,246  

The precise contribution of the astrocyte endfeet and Aqp4 to brain ISF during 

health is currently being investigated. Aqp4 represents a high capacity route of water flux 

past the astrocyte endfoot layer of the BBB; other routes include paracellular water flux, 

co-transport of water, or simple diffusion.64 Aqp4 may then be necessary to rapidly 

neutralize osmotic gradients that are generated during ion transport, akin to its role in 

skeletal muscle during contraction.247 This might explain the dependence of the 

aforementioned glymphatic system on Aqp4.22 In addition, Aqp4 knockout animals 

exhibit CNS abnormalities linked with altered ion transport, such as expansion of the 

extracellular space, increased brain water content, cochlear deafness, and increased 

seizure threshold.248-251  

 

Role of Aqp4 in cytotoxic edema 

Aqp4 worsens subtypes of cerebral edema that form in the context of an intact 

BBB.252-256 Mice with Aqp4 knockout or mislocalized Aqp4 exhibit reduced astrocyte 

swelling during water intoxication, suggesting a role for aquaporin-4 in cytotoxic edema 

of astrocytes.255,257,258 Notably, the alternative routes of astrocyte plasmalemma water 

influx are physiologically and pathologically important, as even with knockout of 

aquaporin-4, astrocytes still swell quickly in response to hypoosmotic challenge.259 

 

Role of the astrocyte endfoot and Aqp4 in ionic edema 
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Aqp4 worsens ionic edema, a subtype of cerebral edema that occurs in the context 

of an intact BBB.252-255 Conversely, overexpression of Aqp4 enhances ionic edema 

formation.260  

Notably, certain studies have failed to show an effect of Aqp4 on ionic edema 

formation.261 However, since substantial edema forms only after relatively severe CNS 

injuries,262 these findings might reflect differences in the severity of the model of CNS 

injury studied.   

 

Role of the astrocyte endfoot and Aqp4 in vasogenic edema 

In contrast to its role in cytotoxic edema or ionic edema, knockout of Aqp4 is 

associated with worsened edema following injuries that precipitate vasogenic edema 

formation, such as trauma or cold lesion.251 These data suggest that the astrocyte endfoot 

and Aqp4 contributes to the clearance of vasogenic edema, and likely mediates the 

clearance of other forms of extracellular edema, such as ionic edema. 

 

Mechanisms that govern Aqp4 water flux 

As a passive water channel, aquaporins cannot actively pump water across cell 

membranes. However, Aqp4 has been functionally linked with a wide repertoire of 

cellular functions, including cell volume homeostasis,263 astrocyte swelling,264 brain 

edema formation,264 brain edema clearance,265 cell adhesion,266 astrocyte migration and 

glial scar formation,267 bulk flow of brain interstitial fluid,268 K+ buffering,269 gap 

junction coupling,270 neuroinflammation,271 neuroprotection,267 and neuro-worsening.272 

Given the complexity of these functions, astrocytes must possess mechanisms to regulate 
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Aqp4 water flux. Unfortunately, our understanding of these governing mechanisms is 

incomplete. Since efforts to develop Aqp4-specific inhibitors have largely failed, the 

characterization of mechanisms that govern Aqp4 activity may yield important new 

molecular targets for the attenuation of Aqp4 dependent phenomena, such as cerebral 

edema.  

 

Aqp4 is governed by expression and localization 

Astrocytes can modulate net Aqp4-mediated water flux by altering the membrane 

expression of Aqp4. For example, overexpression of Aqp4 has been linked with greater 

cerebral edema formation and astrocyte swelling with hypotonic challenge,260 whereas 

genetic knockdown or attenuation of Aqp4 reduces cerebral edema formation and 

astrocyte swelling.255,259  

In addition, astrocytes may also modulate Aqp4 water flux by altering Aqp4 

subcellular localization. Astrocytes are spatially polarized cells, and extend processes that 

contact the brain vasculature. In the healthy cortex, Aqp4 is mostly localized to the 

perivascular astrocyte endfeet.238 However, following CNS injury, astrocytes redistribute 

Aqp4 to the greater astrocyte plasmalemma, a process that is associated with reduced 

cerebral edema formation.273  

 

Aqp4 is governed by osmotic gradients 

Single channel Aqp4 water flux is determined by local transmembrane hydrostatic 

and osmotic pressure gradients. However, given that cellular transmembrane hydrostatic 

pressure gradient is nearly always zero in vivo, Aqp4 water flux is primarily determined 
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by transmembrane osmotic pressure gradients. Thus, astrocytes may drive Aqp4 water 

flux by manipulating local transmembrane osmotic gradients. 

Dissertation aims and scope 

 As discussed above, Aqp4 activity is governed by two basic mechanisms: 

expression/localization and osmotic gradients. In the present dissertation, I discuss my 

work characterizing the contribution of these mechanisms to Aqp4 mediated cerebral 

edema after ischemic stroke.  

 In chapter 3, I demonstrate that regional heterogeneity of Aqp4 expression and 

localization following ischemic stroke results in differences in white versus grey matter 

swelling. My data indicates that regional differences in Aqp4 expression and localization 

are key governing factors in the development of Aqp4-mediated brain edema. This study 

raises the intriguing possibility that the degree of white matter involvement in ischemic 

stroke may be associated with edema burden after ischemic stroke.  

 In chapter 4, I demonstrate that, following CNS injury, the Sur1-Trpm4 channel 

directly co-assembles with Aqp4, and osmotically drives Aqp4 activity. I demonstrate 

that Sur1-Trpm4 activity underlies the formation of astrocyte swelling (cytotoxic edema), 

a key Aqp4-mediated phenomena. This study indicates that Aqp4 physiology is 

determined by context-specific intermolecular interactions with various ion channel 

binding partners. 
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Chapter 2: Materials and Methods 

Materials and methods for chapter 3 

Human brain tissue 

All procedures pertaining to human subjects were approved by the University of 

Maryland School of Medicine Institutional Review Board. Three patients, 2 men and 1 

woman aged 61, 64, and 37  years, who died within 5 days of documented focal cerebral 

ischemia and who underwent autopsy between January 2010 and December 2012 were 

retrospectively identified by review of the records of the Department of Pathology. 

Histological validation of the presence of an ischemic lesion in these cases was made by 

a board certified neuropathologist (R.I.M.); these tissues were a subset of those used in a 

previous study.134 Lesions were located in the right posterior communicating artery 

territory, the left middle cerebral artery territory, or the right frontal lobe. A 54 year old 

male and 57 year old female both of whom had died rapidly from acute aortic dissection 

were used for controls. Postmortem intervals were 15–52 hours.  Human brain tissues 

were submitted to standard postmortem fixation consisting of 7–10 days in formalin and 

cryoprotection (30% sucrose) prior to cryosectioning (10 μm) for immunohistochemistry. 

 

Rat model of stroke 

All procedures pertaining to experimental animals were approved by the 

Institutional Animal Care and Use Committee of the University of Maryland School of 

Medicine. Male Wistar rats (250 to 300 g; Harlan, Indianapolis, IN) were anesthetized 

(50 mg/kg ketamine and 7.5 mg/kg xylazine intraperitoneally). Body temperature was 

maintained with a heating pad regulated by rectal temperature (Harvard Apparatus, 
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Holliston, MA) and rats were allowed to spontaneously ventilate room air. The skull was 

thinned 2 mm rostral and 2 mm lateral to the bregma, and a laser Doppler probe was 

affixed to the skull using α-cyanoacrylate adhesive. The right common, external and 

internal carotid arteries (CCA, ECA, ICA) were exposed by a ventral midline incision. 

The CCA, distal ECA and pterygopalatine artery were tied off prior to bisection of the 

ECA. A commercially available intra-arterial occluder (0.39 mm; 4039PK5Re; Doccol 

Corp, Redlands CA) was used. Middle cerebral artery occlusion (MCAO) was obtained 

by inserting the occluder retrograde into the external carotid artery (ECA) and advancing 

it into the ICA under guidance of the Doppler flowmeter. Only animals with a drop in 

relative cerebral blood flow (rCBF) >75% were included for further study. After 120 

minutes of MCAO, the occluder was withdrawn, the ECA was ligated and flow was 

restored in the CCA/ICA.  

Animals were sacrificed after 2, 10, 24, or 48 hours of reperfusion by 

intraperitoneal injection of pentobarbital. Uninjured animals served as controls. 

Following euthanasia, animals were intracardially perfused with saline and 4% 

paraformaldehyde. The brain was removed and immersion fixed for 24 hours followed by 

cryoprotection (30% sucrose).  

 To ensure that ketamine and xylazine anesthesia does not affect Aqp4 expression, 

total Aqp4 protein abundance was quantified in the cortex and subcortical white matter of 

animals submitted to intraperitoneal injection of either 50 mg/kg of ketamine and 7.5 

mg/kg xylazine (n = 3), or an equivalent volume of saline (n = 3). Immunoblot did not 

indicate that Aqp4 expression (p = 0.45) differed between rats administered saline and 

rats administered ketamine (Figure 2.1).  
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Figure 2.1 Aqp4 expression in control versus ketamine treated rats. Aqp4 
immunoblot with Hsc70 loading control of rat cortex treated with vehicle (CTR) or 50 
mg/kg ketamine showing no difference in Aqp4 expression with ketamine treatment. 
Here, the population mean value for CTR was normalized to 1, and all other values were 
normalized to this scale.  
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Immunohistochemistry and TUNEL 

For human tissues, antigen retrieval was performed prior to immunolabeling. 

Slides were immersed in IHC-Tek Epitope Retrieval Solution (IHC WORLD, LLC; IW-

1100), microwaved for 2 minutes and cooled at room temperature for 3 minutes; this 

protocol was repeated three times. Sections were allowed to rest at room temperature for 

20 minutes, rinsed briefly in phosphate buffered saline (PBS), and blocked for 1 hour in 

2% donkey serum with 0.2% TritonX-100. Sections were incubated overnight at 4 oC 

with a primary polyclonal rabbit antibody against Aqp4 (AB3594; Millipore, Billerica, 

MA) and double labeled with either anti-S100 (ab7852; Abcam, Cambridge, MA) or anti-

CD31 (M0823; Dako, Carpinteria, CA) antibody. The following day, Alexa Fluor 550- or 

fluorescein isothiocyanate-conjugated secondary antibodies (A31570 and A21206; 

Thermo Fisher Scientific Inc., Waltham, MA) were applied prior to coverslipping with 

ProLong Gold antifade reagent (P36930; Thermo Fisher Scientific Inc.). Omission of 

primary antibody was used as a negative control, and showed minimal immunolabeling. 

For rat tissues, coronal cryosections (12 μm) were obtained starting from 

approximately 4.5 mm posterior to bregma. Tissues were blocked for 1 hour in 2% 

donkey serum and 0.2% TritonX-100. Sections were then incubated overnight at 4 oC 

with rabbit primary antibody against Aqp4 (AB3594; Millipore) and double-labeled with 

mouse primary antibody against GFAP (C9205; Sigma-Aldrich, St. Louis, MO) or rat 

endothelial cell antigen-1 (RECA-1) (MA1-81510; Thermo Fisher Scientific Inc.). The 

following day, Alexa Fluor 550- or fluorescein isothiocyanate-conjugated secondary 

antibodies were applied prior to coverslipping with ProLong Gold antifade reagent 

(P36930; Thermo Fisher Scientific Inc.) Omission of primary antibody was used as a 
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negative control. Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) was performed on cryosections as per kit instructions (11684795910; Roche, 

Branchburg, NJ).  

The specificity of the anti-Aqp4 antibody was validated by confirmation of 

expected localization of Aqp4 immunoreactivity in control human and rat cortical tissues 

and by confirmation of expected molecular weight bands in immunoblot of control rat 

brain tissue (Figure 2.2). 
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Figure 2.2 Validation of Aqp4 antibody. (A, B) micrographs of human control brain 
tissue immunolabeled for Aqp4 (green) and co-labeled for CD-31 (red) or S100 (red). (C, 
D) micrographs of rat control brain tissue immunolabeled for Aqp4 (green) and co-
labeled for RECA-1 (red) or GFAP (red); co-labeling is indicated by yellow hue; Aqp4 
immunoreactivity was present surrounding cerebral vessels in human tissue (A) and rat 
tissue (C), and was localized to astrocyte endfeet, but not astrocyte somata in human 
tissue (B) and in rat tissue (D). Scale bar 20 μm. (E) Aqp4 immunoblot showing M23 and 
M1 Aqp4 isoforms in monomer form at ~26-29 kDa and in dimer form at ~40-50 kDa, 
and Mz Aqp4 isoform at ~33 kDa, demonstrating specificity of anti-Aqp4 antibody. 
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Regions of Interest – Immunohistochemistry 

For immunohistochemical analysis of rat brain sections, three mutually exclusive 

regions of interest (ROI) were defined. The first ROI was defined within the cortical 

penumbra, a zone of ischemic, but still viable tissue that in the MCAO model reliably 

includes the superior ACA-MCA watershed region.121,274,275 The center of the cortical 

penumbra ROI was defined as a rectangle of 1 mm width extending from pia to 

subcortical white matter, set orthogonally to the pial surface and offset laterally from the 

midline by 3 mm. The value of the lateral offset was obtained from averaging the 

distance between midline and onset of necrosis in the cortex identified with TUNEL 

staining among 3 rats sacrificed after 24 hours reperfusion.  The second ROI, a square of 

500 μm, was placed lateral to the first ROI in the necrotic ischemic core. The third ROI 

was hand drawn over the subcortical white matter ipsilateral to MCAO to include the 

lateral corpus callosum and external capsule.  

 
Image Analysis – Immunohistochemistry 

For quantification of perivascular Aqp4 in rat tissues, sections were double-

labeled for Aqp4 and RECA-1 and three epifluorescence images were obtained at random 

locations within each ROI using a 20x air objective. From each image, a random 

microvessel oriented parallel to the slice plane was selected.   With assistance from the 

RECA-1 channel, the microvessel was segmented by hand prior to summation of the 

Aqp4 signal and normalization to the microvessel area. Signals from the three 

microvessels were then averaged and normalized to the average value of the control 

microvessels.  
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Immunoblot analysis 

 For quantification of Aqp4 protein abundance in rat tissues, brains from rats 

submitted to 120 minutes MCAO were harvested after 48 hours reperfusion. Brains were 

isolated and 3 mm coronal slabs were cut; a slab that bridged from approximately 1 mm 

anterior to bregma to –2 mm posterior to bregma was isolated. Coronal slabs from control 

and from rats submitted to MCAO were stained with 2% triphenyl tetrazolium chloride 

(TTC) dissolved in 0.9% saline for 20 minutes at room temperature to determine the 

location of the ischemic core and penumbra; this technique does not affect the quality of 

isolated RNA or protein.276 The necrotic tissue (white) was removed and discarded (the 

core was not analyzed due to protein degradation) whereas the surrounding cortical 

penumbra (red) and the ipsilateral subcortical white matter (lateral corpus callosum and 

external capsule) were dissected, homogenized in lysis buffer (1% Triton X-100 in 1 x 

dPBS), and analyzed by immunoblot. Proteins were detected using anti-Aqp4 (AB3594; 

Millipore) and anti-Hsc-70 (sc-7298; Santa Cruz Biotechnology, Inc., Dallas, TX).  

 

Silver Infarct Staining 

For silver staining, 12 μm cryosections were briefly washed with PBS, submerged 

for 2 minutes in a silver impregnation solution with vigorous shaking, washed 6x in 

deionized water, submerged for 3 minutes in a developer solution, washed 3x in 

deionized water, and coverslipped with ProLong Gold antifade reagent (P36930; Thermo 

Fisher Scientific Inc.). The impregnation and the developer solutions were prepared 

according the protocol described in Vogel et al.277 Stained sections were digitized, 

converted to greyscale and inverted. ROIs used for analysis corresponded to those used 
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for analysis of immunohistochemistry data. The pixel intensity within each ROI was 

summed and normalized to ROI area.  

 

Measurement of Tissue Swelling 

 For swelling analysis, tissues were obtained from rats submitted to a 4.5 hour 

MCAO with 24 hours of reperfusion; a longer MCAO was used for this experiment to 

maximize edema formation. Coronal cryosections of 40 μm thickness separated by 460 

μm were sectioned sequentially from a 2 mm coronal block centered at approximately 1 

mm posterior to bregma 

First, to distinguish subcortical white matter from cortical grey matter, sections 

were stained with the myelin stain Black Gold II as per the manufacturer’s instructions 

(Histo-Chem Inc., USA), and counterstained with Cresyl Violet, a nucleic acid stain. 

Stained sections were digitized to the RGB (red-green-blue) color space and converted to 

the HSI (hue-saturation-intensity) color space, whereupon the hue channel was isolated 

and used for all downstream image analysis. 

For each section, the ipsilateral and contralateral cortical grey matter and 

subcortical white matter (lateral corpus callosum and external capsule) was segmented 

for volumetric analysis. To minimize bias in defining the boundary between cortical grey 

matter and subcortical white matter, the segmentation of subcortical white matter was 

automated using an active contour segmentation algorithm, as implemented in the Snake: 

Active Contour MATLAB (MathWorks, Natick, MA) toolkit. On each section, an initial 

contour that outlined the subcortical white matter was initialized by hand. This initial 

contour was then fitted to the image by optimizing the external and internal energies of 

the contour through 100 iterations of the active contour algorithm. A medial boundary 
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was then defined on the output subcortical white matter segmentation and corresponded 

to a line oriented normal to the superior zenith of the rostral-caudal fibers of the corpus 

callosum. Next, the cortex segmentation was defined by hand; the lateral margin of the 

subcortical white matter segmentation was used as the medial boundary of the cortical 

grey matter segmentation. The volume of each segmented region was then estimated by 

the rectangular estimation of morphometric volume,  

	 =  � ��
�

���
 

 

where d is the distance between sections, Ai is the area of the ith of n segmented regions, 

and V is the volume of the segmented region.  

 

Statistical analysis 

Data were analyzed using the R software package (available at www.r-

project.org) and plotted using OriginPro version 7 (Origin Lab Corp., Northampton, 

MA). A value of 0.05 was used to evaluate significance for all tests. For the analysis of 

immunohistochemistry data, prior to group comparisons with ANOVA and post-hoc tests 

with Tukey’s test, Levene’s test was applied to ensure homoscedasticity. For immunoblot 

analysis, Student’s t-test was used for comparison between control and MCAO groups. 

For measurement of tissue swelling, Student’s t-test was used for comparison.  

Materials and  

 

Materials and methods for chapter 4 

Cryo-ischemic model of cerebellar stroke 
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The present study was approved by the Institutional Animal Care and Use 

Committee of the University of Maryland. Trpm4-/- mice, backcrossed for 6 generations 

on the C57B6 background, were derived as previously described.278 Wild type (WT) 

C57B6 mice served as control.  

C57BL/6 mice were anesthetized with 60 mg/kg ketamine and 7.5 mg/kg 

xylazine. Animal body temperature was maintained with a homeothermic blanket 

controlled by a rectal thermometer. A dorsal midline incision was performed over the 

skull, whereupon a 0.5 cm x 0.5 cm craniectomy was performed over the right lateral 

cerebellum. A 0.25 cm diameter copper rod was cooled in liquid nitrogen for 2 minutes, 

whereupon the rod was placed in contact with the exposed cerebellum for 45 seconds. 

Following a 45-second re-cooling period, cryo-ischemic injury was repeated for a total of 

3x. After cryo-ischemic injury, cranioplasty was performed, and mice were returned to 

their cages. Control animals were subjected to sham surgery, which consisted of 

craniectomy and cranioplasty only. Animals were euthanized 3 days after cryoischemia 

for immunolabeling or in situ astrocyte volume quantification. Sham surgery served as 

control. 

A random number generator assigned animals to group. Surgeries and tissue 

analysis were performed by three investigators blinded to treatment.  

 

Immunolabeling and TUNEL assay 

Coronal cryosections (12 μm thickness) were obtained at approximately 12 mm 

posterior to bregma, a location that was centered over the anterior-posterior axis of the 

cryolesion. Tissues were blocked for 1 hr in 2 % donkey serum with 0.2 % TritonX-100 
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and labeled overnight at 4 °C with primary antibodies against GFAP (C9205; Sigma-

Aldrich, St. Louis, MO), Aqp4 (AB3594; Millipore, Billerica, MA), Trpm4 (sc-27540; 

Santa Cruz Biotechnology, Dallas, TX), or Sur1 (in-house antibody). Alexa Fluor 500- or 

fluorescein isothiocyanate-conjugated secondary antibodies were applied, and tissues 

were coverslipped with ProLong Gold antifade reagent (P36930; Thermo Fisher 

Scientific Inc., Waltham, MA). Specific labeling was confirmed by omission of primary 

antibody. For TUNEL assay, cryosections were processed according to kit instructions 

(C10617; Thermo Fischer Scientific Inc.). 

 For quantification, images were obtained of cerebellar granule cell layer 

ipsilateral and contralateral to cold injury. Using DAPI labeling, ROIs were hand-drawn 

over the cerebellar granule layer, which was easily discernable based on its high 

cellularity. To quantify Sur1 and Trpm4 immunolabeling in granule cell layer astrocytes, 

Aqp4 images were thresholded at 2x the background immunofluorescence, and were used 

to mask the Sur1 and Trpm4 channels. Sur1 and Trpm4 % ROI was calculated by 

dividing the number of positive (>2× background immunofluorescence) Sur1 or Trpm4 

pixels in the Aqp4+ granule cell layer ROI by the total Aqp4+ granule cell layer ROI 

area.  

 

Cell culture 

COS-7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

with 4.5 g/L glucose (Invitrogen). Culture media was supplemented with 10% fetal 

bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin. 
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Coimmunoprecipitation and immunoblot analysis  

COS-7 cells were transfected with plasmids encoding Sur1, Myc-Trpm4, Myc-

Trpv4, Aqp4 M1, or Aqp4 M23. Cells were incubated for 24 hr, whereupon lysates were 

isolated with pH 8 0.5 % CHAPS lysis buffer (CIB-1; FIVEphoton Biochemicals, San 

Diego, CA). Immunocomplexes were formed by incubating lysates with anti-Aqp4 

antibody (sc-9888; Santa Cruz Biotechnology) or anti-Trpm4 antibody (in-house 

antibody). Immunocomplexes were then isolated with either protein G-Sepharose or anti-

chicken IgY antibody agarose, washed 3x with lysis buffer, and eluted by boiling 5 min 

in 2x NuPAGE LDS sample buffer (NP0007; Thermo Fisher Scientific Inc.). The isolated 

proteins were analyzed with immunoblot assay. For immunoassay, proteins were detected 

with anti-Aqp4 (AB3594; Millipore), anti-Trpm4 (in-house antibody), anti-Sur1 (in-

house antibody), or anti-Myc (2278S; Cell Signaling Technology, Danvers, MA). 

 

FRET 

COS-7 cells were transfected with plasmids encoding Aqp4 M1 or M23, Sur1, 

Trpm4, Trpv4, or Kir2.1 fused with citrine or cerulean at the N or C terminus. Positive 

controls included Citrine-Aqp4 M1 with Cerulean-Aqp4 M1, and Trpv4. For negative 

control, Aqp4 M1-Cerulean was co-expressed with Citrine-Kir2.1. Cells were incubated 

for 48 hr after transfection, fixed with 4% paraformaldehyde for 5 min, and coverslipped 

prior to FRET imaging. 

FRET fluorescence imaging was acquired with the LSM510 meta (Zeiss, Jena, 

Germany) laser scanning microscope system; for Cerulean: excitation 458 nm; detection 

480-520 nm; for Citrine: excitation 514 nm; detection 525-580 nm.  
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FRET efficiency was analyzed by acceptor fluorophore (Citrine) photobleaching. 

Regions of interest for acceptor photobleaching were defined over lamellipodial 

plasmalemma, and were selected to exclude the nucleus and endoplasmic reticulum. The 

region of interest was repeatedly scanned with the laser set at maximum intensity until 

the intensity of the acceptor fluorophore decreased to < 30% of baseline. The steady-state 

intensity of the donor fluorophore (Cerulean or Cy3) was acquired before and after 

photobleaching. FRET efficiency was calculated as � = (��� − ���)/���  ∗ 100, where 

IDA and IDB are the steady-state donor intensity before and after bleaching. For all 

combinations of fluorescently tagged proteins, FRET efficiency was measured in >35 

different cells.  

 

Calcein imaging 

COS-7 cells were plated on perfusion chambers (80606; Ibidi, Planegg, Germany) 

and transfected with plasmids encoding different combinations of Aqp4 M1 or M23, 

Trpm4, and Sur1. Cells also were co-transfected with plasmids encoding cerulean 

fluorescent protein (CFP) to identify successfully transfected cells. Cells were incubated 

for 24 h after transfection. Prior to the experiment, cells were loaded with 5 μM calcein-

AM (C3100MP; Thermo Fisher Scientific Inc.) for 5 min in HBSS. 

During experiments, cells were continuously perfused with HBSS. The chamber 

exchange rate was determined by switching between HBSS and HBSS with 1 % Evans 

Blue dye. The chamber exchange time was determined for a variety of pump settings 

(Figure 2.3), and given the relatively fast ~1 sec. kinetics of cellular volume changes 

following hypotonic stress, a chamber exchange time of 4.36±0.38 sec. was selected. 
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Figure 2.3 Perfusion chamber exchange time versus pump setting. Boxplot of 
measured chamber exchange time of ibidi cell perfusion chamber exchange time at 
different pump settings; exchange time was quantified by exchanging control HBSS 
perfusate with HBSS + 1 % Evans Blue dye 4 times, and tracing changes in brighfield 
intensity 

 

 

  



 

64 
 

Fluorescent images were acquired every 60 s with an epifluorescence microscope 

(AE31E; Motic, Richmond, British Columbia) with a GFP filter (49001 ET CFP; Chroma 

Technology Corporation, Bellows Falls, VT). Baseline fluorescence measurements were 

obtained for 60 s, whereupon the control solution was switched to a treatment solution. 

In experiments, treatment solutions contained 10 μM A23187 to induce Trpm4 

current.279 Experiments were conducted using either 0.003% DMSO (control), or 30 μM 

glibenclamide or 10 μM 9-phenanthrol in baseline and treatment solutions. 

Calcein fluorescence time series were calculated by normalizing calcein 

fluorescence at each time point ( !) by the calcein fluorescence at time 0 ( "). Swelling 

magnitude was calculated as  �#"/ " where  �#" is the calcein fluorescence at 140 

seconds and  " is the calcein fluorescence at time 0. Swelling rate, which was only 

calculated for experiments that led to volume increases, was calculated as the reciprocal 

of the time needed for a trace to move from the 25th percentile to the 90th percentile. 

A control experiment was conducted to show that calcein imaging could detect 

cellular volume changes, and that expression of Aqp4 yielded functional water channels 

at the cell surface. COS-7 cells were transfected with empty vector or Aqp4 M1. Cells 

were perfused with HBSS at physiological osmolality (295 mOsm or 8000 mg NaCl / L) 

for 40 sec, whereupon the perfusate was switched to HBSS at ~200 mOsm (5000 mg 

NaCl / L). Calcein fluorescence traces showed that control cells exposed to hypotonic 

stress exhibited gradual increase in calcein fluorescence over time. However, in cells that 

expressed Aqp4 M1, calcein fluorescence quickly rose upon hypotonic stress, whereupon 

calcein fluorescence slowly decreased (Figure 2.4). Parenthetically, following the fast 

increase in calcein fluorescence in cells expressing Aqp4, cells exhibited a slow return to 
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baseline fluorescence. This response is likely regulatory volume decrease, and was 

previously characterized.263  

Importantly, the findings in Figure 2.4 closely resembled calcein imaging data 

previously reported in cells expressing Aqp4 versus control and treated with hypotonic 

stress.259  Thus, I concluded that my imaging set-up was appropriate to measure temporal 

changes in intracellular volume. 
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Figure 2.4 Calcein control experiment: hypotonic challenge. Traces of calcein 
fluorescence intensity as a function of time normalized to baseline (Ft/F0) in control cells 
transfected with empty vector (black) and in cells transfected with Aqp4 M1 (red), 
showing slow increases in calcein fluorescence in control cells upon hypotonic challenge 
versus fast increases in calcein fluorescence in cells expressing Aqp4 M1 upon hypotonic 
challenge; n=3 independent experiments with 3 cells/experiment 
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In situ astrocyte volume quantification 

C57B6 mice or Trpm4–/– mice on the C57B6 background were submitted to sham 

surgery or cerebellar cold injury. After 3 days, mice were euthanized by pentobarbital 

overdose and intracardially perfused with normal saline and 1.5% paraformaldehyde. 

Brains were dissected and post-fixed for 1 hr in 1.5% paraformaldehyde. The cerebellum 

was sectioned into 150 μm sections with a vibratome (1000 plus; The Vibratome Co., St. 

Louis, MO) and stored in PBS for up to 1 week. 

Sections were submitted to diolistic labeling with the Helios gene gun system. For 

bullet preparation, tefzel tubing was coated with PVP solution (0.1 mg/mL in 100% 

EtOH) for 2 min and dried under a nitrogen stream. Next, 200 mg of 1.1 μm diameter 

tungsten particles (165-2267-MSDS; Bio-Rad, Hercules, CA) were coated with 200 μL 

of DiI stock solution (3 mg DiI dissolved in 400 μL methylene chloride). The tungsten 

particles were sonicated in 5 mL water for 20 min, and were drawn into the coated 

tubing. The particles were allowed to settle for 5 min, whereupon the water was gently 

withdrawn, and the tubing was rotated under a nitrogen stream for 20 min. The tubing 

was cut into 13 mm lengths. For labeling, brain slices were shot with 100 psi of pressure 

and quickly washed 3× with PBS.  

Following diolistic labeling, brain slices were stored in the dark at room 

temperature for 3 hr in PBS. Brain slices were then incubated overnight at 4 °C with 

rocking in PBS with 0.01% Triton-X100 and FITC-conjugated anti-GFAP 

(SAB5201116; Sigma-Aldrich). The following day, slices were washed 3× with PBS and 

coverslipped. 
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Fluorescence imaging of DiI labeled cells was conducted with the LSM510 meta 

(Zeiss, Jena, Germany) laser scanning microscope system. Z-stacks (slice thickness: 0.5 

μm; pixel size: 0.26 × 0.26 μm) were obtained that covered the entire DiI-labeled 

arborization of GFAP+ cerebellar granule cell layer astrocytes. Astrocytes were only 

acquired if the entire arborization was contained in the slice preparation; astrocytes that 

abutted the margins of the tissue slice were not included. DAPI and astrocyte morphology 

were used to confirm that scanned astrocytes were located in the granule cell layer.  

A 3-dimensional (3D) region-growing algorithm was used to segment the brightly 

fluorescent intracellular astrocyte volume from the dark extracellular space. A point was 

manually selected inside the DiI+ astrocyte, and designated as ‘intracellular.’ All other 

voxels were initialized as ‘extracellular.’ The intracellular region was iteratively grown 

from the selected point. In each iteration, extracellular voxels that abutted the 

intracellular region were re-designated as intracellular if their intensity was greater than a 

threshold value. The threshold was set to 90% of the difference between the image 

maximum and minimum. Region-growing was terminated when no additional neighbors 

of the intracellular region were greater than the threshold. The intracellular volume was 

then obtained by multiplying the number of intracellular voxels by the volume of a single 

voxel.  
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Chapter 3: Heterogeneity of aquaporin-4 localization and 

expression after focal cerebral ischemia underlies differences in 

white versus grey matter swelling 1 

280 

Rationale and Hypothesis 

In recent decades, knowledge of the mechanisms of cerebral edema formation has 

greatly improved.1,30 Much of this work has focused on cortical or striatal grey matter, 

partially because rodents, which are commonly used in preclinical studies to model 

stroke, have relatively little cerebral white matter.281 However, grey matter and white 

matter differ in architecture, cellular composition, and function.20,282,283 There is a 

growing recognition that the classical morphological division of cerebral astrocytes – key 

cellular mediators of cerebral edema formation – into white matter (fibrous) and grey 

matter (protoplasmic) subtypes284 is developmentally,285-287 molecularly,288-291 and 

physiologically justifiable.292-294 Given that the human prefrontal cerebrum is ~2/5ths 

white matter,295 white matter integrity after stroke is a stronger functional predictor than 

preserved neurological function.296 Insofar as certain studies indicate that white matter is 

highly susceptible to swelling after acute CNS injury,297,298 it is important to determine 

                                                 
1 Stokum JA, Mehta RI, Ivanova S, Yu E, Gerzanich V, Simard JM. Heterogeneity of 

aquaporin-4 localization and expression after focal cerebral ischemia underlies 

differences in white versus grey matter swelling. Acta neuropathologica 

communications. 2015;3:1 
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whether astrocyte regional heterogeneity manifests as significant differences in certain 

molecular events that drive cerebral edema formation. 

Aquaporin-4 (Aqp4) is a passive transmembrane water channel that in the central 

nervous system (CNS) is exclusively expressed by astrocytes, and is an important 

molecular contributor to cerebral edema formation after cerebral ischemia.253,255,260,272,299 

Aqp4 protein abundance is directly correlated with the magnitude of edema.255,260 

Consensus exists that, in cortical astrocytes, Aqp4 mRNA increases 3 days post-

ictus.300,301 Protein abundance examined at similar times has been reported to be 

decreased (~50 %),302 unchanged,273 or slightly (~10 %) increased,299 with this 

heterogeneity possibly due to differences in tissue harvesting or to the specific parameters 

of the stroke model studied. 

The subcellular localization of Aqp4 is central to its physiological and 

pathological roles.22,303 In healthy grey and white matter astrocytes, Aqp4 is localized 

mostly to the perivascular endfeet,238 the terminal pads of large astrocyte processes that 

completely ensheath all cerebral vessels,20,21 where it mostly exists as large multimers 

called orthogonal arrays of intramembraneous particles (OAPs). OAPs cover 

approximately 50 % of the endfoot plasmalemma,238,245 where they greatly increase its 

water permeability.245 OAP formation is necessary for endfoot localization,304 and is 

mostly determined by the relative membrane abundance of the two major Aqp4 isoforms, 

the “small” M23 isoform and the “large” M1 isoform.304-306 Because the M1 isoform 

limits OAP size, larger M23:M1 ratios result in larger OAP formation and more Aqp4 

localization to the astrocyte endfoot (a.k.a., Aqp4 polarization).]304-306 The degree of 

Aqp4 polarization is correlated with the magnitude of edema formation following 
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cerebral ischemia.257,258,273,303 Following cerebral ischemia, astrocytes alter the M23/M1 

expression ratio,307 a transcriptional change that might mechanistically underlie 

observations that, in grey matter, CNS injury triggers a redistribution of Aqp4 away from 

the endfoot.273,308,309 This phenomenon has been speculated to protect against local 

formation of edema fluid.273 

All prior studies of Aqp4 in the context of cerebral ischemia and trauma have 

focused on grey matter astrocytes. To determine whether white matter and grey matter 

astrocytes exhibit different patterns of Aqp4 subcellular localization or abundance 

following cerebral ischemia, I examined Aqp4 subcellular localization in cortical grey 

matter versus white matter astrocytes in postmortem brain tissues from humans who had 

suffered from an ischemic stroke. I also examined Aqp4 subcellular localization and 

abundance of the M1 and M23 isoforms in cortical grey matter and subcortical white 

matter (lateral corpus callosum and external capsule) astrocytes at different times after 

reperfusion in a rat model of middle cerebral artery occlusion (MCAO). To determine 

whether grey matter and white matter exhibit different propensities for tissue swelling, I 

compared the relative volume increase exhibited by cortex versus subcortical white 

matter in the rat MCAO model of stroke. 

 

Results 

Aqp4 expression and localization after cerebral ischemia 

Human brain tissues from control and ischemic stroke cases were immunolabeled 

for Aqp4 to determine whether white matter and grey matter astrocytes exhibit different 

patterns of Aqp4 subcellular localization following ischemic stroke. In control cortical 

tissue, cerebral microvessels were strongly immunoreactive for Aqp4, whereas the 
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parenchyma exhibited only weak, diffuse “background” immunoreactivity (Figure 3.1a) 

In contrast, in ischemic grey matter, perivascular Aqp4 immunoreactivity was decreased, 

indicating loss of Aqp4 polarization (Figure 3.1b). Double labeling for CD31, an 

endothelial marker, confirmed this observation: Microvessels in control cortex exhibited 

strong and continuous perivascular Aqp4 (Figure 3.1c) whereas microvessels in ischemic 

cortex were outlined by weaker and discontinuous Aqp4 immunoreactivity (Figure 3.1d) 

To determine if Aqp4 was redistributed from the endfoot domain to the plasmalemma of 

the soma and main processes, tissues were double labeled for S100, an astrocyte marker. 

Neither astrocytes in the control cortex (Figure 3.1e) nor the ischemic cortex (Figure 

3.1f) exhibited appreciable Aqp4 immunoreactivity at the somata or main processes. 
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FIGURE 3.1 Aqp4 in ischemic human cortex. (A, B) montages of micrographs of 
tissue from control (CTR) human cortex (A) or ischemic human cortex from patients with 
ischemic stroke (B) immunolabeled for Aqp4 (white), showing perivascular Aqp4 in the 
control human cortex (filled arrowheads) and loss of perivascular Aqp4 in the ischemic 
cortex; scale bars 200 μm.  (C-F) micrographs of control cortical tissue (C, E) or 
ischemic cortex (D, F) immunolabeled for Aqp4 (white) and co-labeled for CD31 (red) 
(C, D) or S100 (red) (E, F), showing attenuation of perivascular Aqp4 in the ischemic 
cortex (D), with no increased Aqp4 in the somata or processes of astrocytes in the 
ischemic cortex (F); micrographs in C and E depict merged fluorescent channels for 
Aqp4 and either CD31 or S100; micrographs in D and F individually depict the Aqp4 
channel, the CD31 or S100 channel, and the merged fluorescent image; scale bars 20 μm. 
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In control human white matter, the parenchyma was very weakly immunoreactive 

for Aqp4 (Figure 3.2a). In this tissue, infrequent weakly immunoreactive astrocytes were 

observed; in these cells, Aqp4 was not polarized to the endfoot, but rather was distributed 

uniformly over the entire plasmalemma (Figure 3.2a). Aqp4 immunoreactivity was 

strikingly increased in ischemic white matter (Figure 3.2b). In contrast with microvessels 

in ischemic grey matter, compared to control (Figure 3.2c). microvessels in ischemic 

white matter exhibited greatly increased perivascular Aqp4 (Figure 3.2d). Unlike 

astrocytes in ischemic grey matter, compared to control (Figure 3.2e), astrocytes in 

ischemic white matter exhibited greatly increased Aqp4 immunoreactivity across the 

entire plasmalemma (Figure 3.2f). Interestingly, in ischemic white matter, rare S100 

positive astrocytes remained completely Aqp4 negative (Figure 3.2g). 
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FIGURE 3.2 Aqp4 in ischemic human subcortical white matter. (A, B) montages of 
micrographs of tissue from control (CTR) human subcortical white matter (A) or 
ischemic human subcortical white matter from patients with ischemic stroke (B) 
immunolabeled for Aqp4 (white), showing minimal Aqp4 expression in control tissue 
with scarce Aqp4 positive cells (filled arrowheads) and increased Aqp4 immunoreactivity 
in ischemic white matter in ramified cells (filled arrowheads) and surrounding vessels 
(empty arrowhead); scale bars 200 μm.  (C-G) micrographs of control white matter (C, 

E) or ischemic white matter (D, F, G) immunolabeled for Aqp4 (white) and co-labeled 
for CD31 (red) (C, D) or S100 (red) (E, F, G) showing increased perivascular Aqp4 in 
the ischemic white matter (D), increased Aqp4 in the somata and processes of white 
matter astrocytes in the ischemic white matter (F), and rare Aqp4 negative astrocytes in 
the ischemic white matter (filled arrowhead) (G); micrographs in C and E depict the 
merged fluorescent channels for Aqp4 and either CD31 or S100; micrographs in D, F, 

and G individually depict the Aqp4 channel, the CD31 or S100 channel, and the merged 
fluorescent image; scale bars 20 μm  
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To better understand the regional heterogeneity of changes in Aqp4 subcellular 

localization and expression after cerebral ischemia, ischemic stroke was modeled by 

2 hour transient rat MCAO with variable reperfusion times. TTC staining indicated that 

this model results in a cortical and striatal infarct (Figure 3.3a). In the transient rat 

MCAO model, penumbral tissue, i.e. ischemic but still viable tissue, is reliably located at 

the cortical ACA-MCA watershed.121,274,275 The location of the cortical ACA-MCA 

watershed was estimated by measuring where the spread of necrosis, identified with 

TUNEL labeling, along the cortex halted at 24 hours reperfusion (Figure 3.3b). For 

analysis of coronal sections from the rat MCAO model, three ROIs were defined: (1) 

cortical penumbra at the cortical ACA-MCA watershed, (2) necrotic cortical infarct core, 

located lateral to the cortical penumbra ROI and (3) the ipsilateral subcortical white 

matter including the lateral corpus callosum and external capsule (Figure 3.3c). 

Given that the subcortical white matter was TUNEL negative (Figure 3.3b), I 

sought to confirm that the ipsilateral subcortical white matter was indeed submitted to 

ischemic injury in the rat MCAO model. As TTC is a poor indicator of white matter 

ischemia, I instead used silver staining, a protocol that is sensitive to post-ischemic 

changes in both grey matter and white matter.277 In tissue obtained from rats after 

24 hours of reperfusion, silver staining was attenuated in a spatial pattern (Figure 3.3d) 

that closely corresponded to the ischemic region identified with TTC (Figure 3.3a). 

Quantification revealed that, compared with contralateral cortex and subcortical white 

matter, silver staining of the ipsilateral cortex was decreased by 30.8 % ± 4.37 % 

(p = 0.003) and silver staining of the ipsilateral subcortical white matter was decreased by 

a nearly equivalent 35.8 % ± 6.08 % (p = 0.002) (Figure 3.3e). Absence of TUNEL 
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labeling, coupled with attenuated silver staining indicated that the ipsilateral subcortical 

white matter was submitted to ischemic injury, but ultimately remained viable and non-

necrotic. 
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FIGURE 3.3 A rat model of ischemic stroke. (A) image of triphenyl tetrazolium 
chloride (TTC) stained rat brain coronal section, taken through the MCA territory after 2 
hour ischemia MCAO with 24 hours of reperfusion showing the extent of the ischemic 
lesion; scale bar 1 mm. (B) montage of micrographs of rat brain tissue after 2 hour 
ischemia MCAO and 24 hours of reperfusion processed for terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) (white) showing the spread of cell death 
that ends at penumbral tissue located at the ACA-MCA watershed region; field of view 
corresponds to the dashed region in A. (C) montage of micrographs shown in B merged 
with DAPI channel (blue) showing the location of the cortical penumbra ROI (ROI 1), 
the ischemic core ROI (ROI 2), and the subcortical white matter ROI (ROI 3) used for 
analysis of immunohistochemistry; field of view corresponds to the dashed region in A. 
(D) montage of micrographs of a coronal section after 2 hour ischemia MCAO and 24 
hours of reperfusion processed for silver infarct staining (SIS) showing reduced staining 
in the ischemic grey matter and ischemic white matter; scale bar 1 mm. (E) visualization 
of analysis of silver infarct staining in cortex and white matter; Con. = contralateral 
hemisphere; Ips. = ipsilateral hemisphere; n=3 rats per group; * p<0.05 in comparison to 
the contralateral baseline, depicted as dotted horizontal line 
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In the control cortex, the vasculature was outlined by strong and continuous Aqp4 

immunoreactivity and the parenchyma was weakly immunoreactive (Figure 3.4a). 

Perivascular Aqp4 immunoreactivity was weaker in the cortical penumbra after 24 hours 

of reperfusion (Figure 3.4b) and largely absent in the cortical infarct core after 24 hours 

of reperfusion (Figure 3.4c). 

In the control subcortical white matter, microvessels exhibited moderate Aqp4 

immunoreactivity and the parenchymal labeling was weak in intensity and reticulate in 

appearance (Figure 3.4d). Aqp4 immunoreactivity greatly increased in subcortical white 

matter after 48 hours of reperfusion and appeared to outline cellular processes and 

cerebral microvessels (Figure 3.4e), a pattern that differed markedly from that observed 

in the ischemic cortex. 
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FIGURE 3.4 Aqp4 subcellular distribution after MCAO. (A-E) montages of 
micrographs of rat brain tissue immunolabeled for Aqp4 (white) in the control (CTR) 
cortical grey matter (GM) (A), the cortical penumbra after 2 hour ischemia and 24 hours 
reperfusion (B), the cortical infarct core after 2 hour ischemia and 24 hours reperfusion 
(C), the control subcortical white matter (WM), including the lateral corpus callosum and 
external capsule (D), or the ipsilateral subcortical white matter 2 hours ischemia and 48 
hours reperfusion (I/R) (E) showing decreased perivascular Aqp4 in the cortical 
penumbra and cortical infarct but increased Aqp4 in the subcortical white matter after 
ischemia;  scale bar 100 μm 
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I sought to determine if regionally heterogeneous changes occur in Aqp4 

localization to the perivascular endfoot. Tissues from rats subjected to 120 minute 

MCAO with 2, 10, 24, or 48 hours of reperfusion were double-labeled for RECA-1, a 

marker for rat endothelial cells, and analyzed for perivascular Aqp4 intensity. 

In control cortical tissue, microvessels were outlined by strong Aqp4 

immunoreactivity (Figure 3.5a, d). In the cortical infarct core, perivascular Aqp4 was 

nearly absent after 10 hours of reperfusion (Figure 3.5b) and remained weakly 

immunoreactive after 48 hours of reperfusion (Figure 3.5c). Similar, but temporally 

delayed changes in perivascular Aqp4 were observed in the cortical penumbra: Here, 

perivascular Aqp4 became attenuated after 10 hours of reperfusion (Figure 3.5e) and was 

largely absent by 48 hours of reperfusion (Figure 3.5f). 

In control subcortical white matter, perivascular Aqp4 immunoreactivity was 

weaker than that in the control cortex (Figure 3.5g). After 10 hours reperfusion, 

microvessels in the subcortical white matter remained outlined by weak Aqp4 

immunoreactivity (Figure 3.5h). However, after 48 hours reperfusion, perivascular Aqp4 

immunoreactivity in the subcortical white matter strongly increased to levels similar to or 

greater than those observed in the control cortex (Figure 3.5i). 

The temporal pattern of perivascular Aqp4 immunoreactivity was quantified in 

the three ROIs. After homoscedasticity was confirmed with the Levene test in the cortical 

penumbra (W = 0.7095 p = 0.598), cortical infarct core (W = 0.2207, p = 0.9227), and 

subcortical white matter (W = 0.3058 p = 0.8676), ANOVA revealed that significant 

differences existed among experimental groups in the penumbra (F = 17.94, 

p = 1.38x10−5), cortical infarct core (F = 13.43, p = 7.57x10−5) and subcortical white 
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matter (F = 21.52, p = 6.69x10−5). Post-hoc tests revealed that perivascular Aqp4 intensity 

in penumbra was lower than control levels at 10, 24 and 48 hours reperfusion, that 

perivascular Aqp4 intensity in cortical infarct core was lower than control levels at 2, 10, 

24, and 48 hours reperfusion, and that perivascular Aqp4 immunoreactivity in ischemic 

subcortical white matter was higher than control levels at 24 and 48 hours reperfusion 

(Figure 3.5j). 
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FIGURE 3.5 Perivascular Aqp4 after MCAO. (A-I) micrographs of rat brain tissue 
immunolabeled for Aqp4 (white) and co-labeled for RECA-1 (red) in the control (CTR) 
cortex (A, D), the control subcortical white matter (G), the cortical infarct core at 10 and 
48 hours reperfusion (B, C), the cortical penumbra at 10 and 48 hours reperfusion (E, F), 
or the subcortical white matter ipsilateral to MCAO at 10 and 48 hours reperfusion (H, I) 
showing loss of perivascular Aqp4 in the cortical infarct core by 10 hours reperfusion, 
attenuated perivascular Aqp4 in the cortical penumbra by 10 hours reperfusion, and 
increased perivascular Aqp4 in the subcortical white matter by 48 hours reperfusion. (J) 
temporal analysis of perivascular Aqp4 in experimental ROIs; IR = immunoreactivity; 
abscissa denotes control animals (CTR) and reperfusion-time after 2 hour ischemia; n=4 
rats per group; * p<0.05 in comparison to the control baseline, depicted as dotted 
horizontal line 
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I next sought to determine if regionally heterogeneous changes occur as to where 

Aqp4 is redistributed on the greater astrocyte plasmalemma. Tissues from rats submitted 

to 120 minute MCAO with 2, 10, 24, or 48 hours of reperfusion were double-labeled for 

GFAP, the astrocyte-specific intermediate filament. Notably, GFAP labeling was quickly 

lost in the cortical infarct core, a change that likely reflected astrocyte cell death and 

tissue necrosis. Therefore, the present analysis was restricted to the cortical penumbra 

and subcortical white matter, where GFAP labeling was not lost following MCAO. 

In the control cortex, the plasmalemmae of astrocytic somata and non-endfoot 

processes were only weakly Aqp4 immunoreactive (Figure 3.6a). At no time examined 

after reperfusion did these cellular structures display increased Aqp4 immunoreactivity, 

although penumbral astrocytes after 48 hours of reperfusion were hypertrophied and 

exhibited increased GFAP immunoreactivity, both indications of a reactive phenotype 

(Figure 3.6b, c). 

In control subcortical white matter, the astrocyte somata and processes exhibited 

moderate Aqp4 immunoreactivity (Figure 3.6d), a pattern that was largely unchanged 

after 10 hours of reperfusion (Figure 3.6e). However, after 48 hours of reperfusion, 

subcortical white matter astrocytes exhibited greatly increased Aqp4 immunoreactivity at 

the somata and main processes (Figure 3.6f), a pattern that was appreciably different than 

the pattern exhibited by astrocytes in the cortex. Like astrocytes in the cortical penumbra 

after 48 hours of reperfusion, subcortical white matter astrocytes after 48 hours of 

reperfusion were hypertrophied and exhibited increased GFAP immunoreactivity (Figure 

3.6f). 
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I sought to determine if regionally heterogeneous changes occur in Aqp4 

abundance. The cortical penumbra and the ipsilateral subcortical white matter were 

analyzed with immunoblot. Immunoblot resulted in two bands at ~30 kDa, a band at 

~33 kDa, and two bands at ~40-50 kDa, which correspond to the expected molecular 

weights for monomeric M1, M23, monomeric Mz, and dimeric M1 and M23, 

respectively.310 

After 48 hours of reperfusion, the cortical penumbra did not exhibit altered 

abundance of monomeric M1, M23, or Mz, or dimeric M1 or M23 (Figure 3.6g). In 

contrast, after MCAO, subcortical white matter exhibited increased abundance of all 

isoforms of Aqp4 (Figure 3.6g). 

Quantification of the abundance of Aqp4 monomers in cortical penumbra 

confirmed unchanged abundance of monomeric M1 or M23 after MCAO (Figure 3.6h). 

In contrast, quantification of the abundance of Aqp4 monomers in subcortical white 

matter revealed a 2.2 ± 0.36–fold increase (p = 0.024) in monomeric M1 and a 2.4 ± 0.38–

fold increase (p = 0.028) in monomeric M23 after MCAO compared to control (Figure 

3.6h). Quantification of the monomeric Mz isoform revealed that in cortical grey matter, 

monomeric Mz abundance was unchanged after MCAO, while subcortical white matter 

exhibited a 2.2 ± 0.26–fold increase (p = 0.03) in monomeric Mz after MCAO compared 

to control. 

Quantification of the abundance of Aqp4 dimers in cortical penumbra confirmed 

unchanged abundance of dimeric M1 or M23 after MCAO, although the M1 dimer 

trended towards greater abundance after MCAO (Figure 3.6i). In contrast, quantification 

of the abundance of Aqp4 dimers in subcortical white matter revealed a 2.5 ± 0.39–fold 
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increase (p = 0.021) in dimeric M1 and a 6.2 ± 1.72–fold increase (p = 0.038) in dimeric 

M23 after MCAO compared to control (Figure 3.6i). 
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FIGURE 3.6 Soma plasmalemma Aqp4 and Aqp4 abundance after MCAO. (A-F) 
micrographs of rat brain tissue immunolabeled for Aqp4 (white) and co-labeled for GFAP 
(red) in the control (CTR) cortex (A), the control subcortical white matter (D), the 
cortical penumbra at 10 and 48 hours reperfusion (B, C), or the subcortical white matter 
ipsilateral to MCAO at 10 and 48 hours reperfusion (E, F) showing low Aqp4 
immunoreactivity at the astrocyte soma plasmalemma in the cortical penumbra at 48 
hours reperfusion and increased Aqp4 at the astrocyte soma plasmalemma in the 
subcortical white matter at 48 hours reperfusion. (G) Aqp4 immunoblot of control tissue 
and cortical penumbra and subcortical white matter following 2 hour ischemia and 48 
hours of reperfusion; 48h = tissue obtained from rats submitted to 120 minute MCAO 
and 48 hours of reperfusion. (H, I) quantification of immunoblot in G for Aqp4 monomer 
isoforms (H) and Aqp4 dimer isoforms (I); the ordinate reflects Aqp4 isoform band 
optical density normalized to Hsc-70 band optical density and then normalized to control 
tissue baseline; C = control tissue; n=4 rats per group; * p<0.05 comparison to the control 
baseline, depicted as dotted horizontal line 



 

88 
 

Regional swelling after MCAO 

Since Aqp4 has been associated with astrocyte and tissue swelling, I sought to 

determine if cortical grey matter and subcortical white matter swell with different relative 

magnitudes following MCAO. Coronal slices were stained with Black Gold II, a myelin 

stain, and counter stained with cresyl violet, a nuclear stain, prior to digitization, 

segmentation, and volumetric quantification of ipsilateral versus contralateral cortex and 

subcortical white matter. 

Stained coronal sections exhibited intense Black Gold II staining in the 

subcortical white matter (corpus callosum and external capsule) and strong cresyl violet 

staining in the cerebral cortex, with these regions separated by an indistinct boundary 

(Figure 3.7a). The right (ipsilateral) side exhibited swelling in both cortex and subcortical 

white matter with apparent necrosis in the superior-lateral cortex (Figure 3.7a). Input 

images were transformed from RGB to HSI color space, whereupon the hue channel was 

isolated (Figure 3.7b). Segmentation of each hue image yielded 4 ROIs, corresponding to 

ipsilateral and contralateral cortex and subcortical white matter (Figure 3.7c). The area 

occupied by each segmented ROI was calculated and, using the rectangular estimation of 

morphometric volume, was used to calculate the volume of each ROI. 

The ipsilateral and contralateral hemispheric volume, excluding the striatum and 

diencephalon, were estimated as the combined ipsilateral ROIs (cortex plus subcortical 

white matter) and the combined contralateral ROIs. Overall, the ipsilateral hemisphere 

was 12.5 % ± 3 % larger in volume than the contralateral hemisphere (p = 0.006) (Figure 

3.7d). 

Next, I sought to determine the relative volume increase exhibited by the cortex 

and the subcortical white matter. The ipsilateral cortex was 13.23 ± 3.95 mm3 larger in 
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volume than the contralateral cortex (p = 0.02), an 8.95 % ± 2.64 % increase (Figure 

3.7e). A similar calculation revealed that the ipsilateral subcortical white matter was 

7.42 ± 1.73 mm3 larger in volume (p = 0.017) than the contralateral subcortical white 

matter, a 42.5 % ± 8.84 % increase (Figure 3.7e). Importantly, the relative increase in 

volume exhibited by subcortical white matter was significantly larger than that exhibited 

by cortical grey matter (p = 0.011) (Figure 3.7e). 
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FIGURE 3.7 Regional swelling after MCAO. (A) image of a coronal slice of brain 
tissue from a rat submitted to 4.5 hour ischemia and 24 hours of reperfusion, stained with 
the myelin stain Black Gold II and counterstained with cresyl violet, demonstrating the 
raw image data prior to volumetric analysis; lateral corpus callosum (filled arrowhead), 
cortex (empty arrowhead). (B) hue channel obtained from red-green-blue to hue-
saturation-intensity transformation of A, demonstrating the input image to the algorithm 
used for automated segmentation of subcortical white matter. (C) image of output from 
active contour segmentation of B showing ipsilateral and contralateral cortex 
segmentations (green) and subcortical white matter segmentations (red) overlaid with the 
input hue image in B. (D) visualization of quantification of hemispheric swelling; the 
ordinate reflects the combination of the ipsilateral (Ipsi.) or contralateral (Contra.) 
segmentations normalized to the combination of the contralateral segmentations; n=5 rats 
per group; * p<0.05 comparison to the contralateral baseline, depicted as dotted 
horizontal line. (E) visualization of quantification of swelling of cortex (Grey) and 
subcortical white matter (White); the ordinate reflects the volume of either the ipsilateral 
cortical grey matter or ipsilateral subcortical white matter normalized to the volume of 
the contralateral cortex or subcortical white matter; n=5 rats per group; * p<0.05 
comparison to the contralateral baseline, depicted as dotted horizontal line; # p<0.05 
comparison between cortical grey matter versus subcortical white matter 
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Discussion 

In the present study, I demonstrated that subcortical white matter and cortical grey 

matter astrocytes react to ischemia with strikingly different changes in Aqp4 subcellular 

localization and expression, and that subcortical white matter is much more susceptible to 

post-ischemic tissue swelling than cortical grey matter. The findings reported here have 

important implications for the field of astrocyte regional heterogeneity,294 and for the 

current understanding of the cellular and molecular mechanisms that drive cerebral 

edema formation and clearance. 

The present study is the first to examine post-ischemic changes in Aqp4 

expression or localization in cerebral white matter. It is also the first to contrast these 

changes with those that occur in grey matter astrocytes; all other studies of Aqp4 in the 

context of cerebral ischemia have focused on grey matter.300-302,307,308,311-313 The present 

study also is novel in that it is the first to report molecular differences between reactive 

white matter and grey matter astrocytes in the ischemic brain; prior studies of regional 

heterogeneity in reactive cerebral astrocytes have either focused on grey matter,314,315 or 

compared cell survival after ischemia.316,317 

In rat and human cortical astrocytes, perivascular Aqp4 was quickly attenuated 

following cerebral ischemia, which, in the rat cortical penumbra, was accompanied by 

unchanged Aqp4 abundance of either the M1 or M23 isoform in either the monomeric or 

dimeric state. This post-ischemic pattern of subcellular localization and protein 

abundance is similar to that reported elsewhere,273,302,309,312 and has been interpreted as a 

redistribution of Aqp4 away from the astrocyte endfoot. The mechanism underlying this 

redistribution is unclear: While the M1 homodimer, the isoform that tends to reduce OAP 
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size and Aqp4 polarization,304,307 trended upwards in cortical astrocytes, the M23:M1 

ratio was largely unchanged after ischemia. This result indicates that a decreased 

M23/M1 ratio is not a necessary prerequisite for Aqp4 plasmalemmal redistribution to 

occur. Alternatively, loss of Aqp4 polarization might have been driven by degradation of 

vascular basement membrane proteins, some of which function to anchor Aqp4 at the 

endfoot.318-321 

Surprisingly, in cortical astrocytes, I did not observe increased Aqp4 

immunoreactivity at the astrocytic somata or main processes; this phenomenon was 

previously reported to co-occur with reduced perivascular localization.308 This 

discrepancy with the prior literature may be due to differences in the species analyzed 

(human and rat versus mouse), details of the stroke model (120 min rat MCAO versus 

30 min mouse MCAO), or regional heterogeneity between cortical and striatal 

astrocytes,322 as the latter were examined in the aforementioned study. While the final 

location of Aqp4 in astrocytes in the ischemic cortex is unclear, the diffuse pattern of 

immunoreactivity in the parenchyma of the cortical penumbra may suggest that Aqp4 is 

localized to the finely ramified cortical astrocyte processes, perhaps to participate in 

glutamate/water buffering.323 

I found that, in contrast with astrocytes in the ischemic cortex, astrocytes in 

ischemic subcortical white matter exhibited increased perivascular endfoot Aqp4 

following ischemia. Increased endfoot Aqp4 may have been driven by the increased 

dimeric M23, and hence the increased M23/M1 ratio observed in immunoblot analysis. 

Notably, interpretation of the M23/M1 ratio and the dimer state of Aqp4 is difficult,310 as 

scant literature exists regarding these topics.  
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Furthermore, and again in contrast with astrocytes in the ischemic cortex, 

astrocytes in ischemic subcortical white matter exhibited a 2.2–6.2 fold increase in Aqp4 

protein abundance, and greatly upregulated Aqp4 at the plasmalemma of the soma and 

main processes. The overall magnitude of Aqp4 upregulation in subcortical white matter 

was visually striking, and is best appreciated in Figures 3.2 and 3.4. Together, stark 

differences in Aqp4 expression and localization between grey matter and white matter 

suggested that these tissues may exhibit functional differences in swelling after ischemia. 

Interestingly, I found that cortical grey matter and subcortical white matter exhibit 

greatly different propensities for tissue swelling after cerebral ischemia. After ischemia, 

the ipsilateral cortical grey matter was swollen by 8.95 % ± 2.64 % compared to the 

contralateral cortex, while the ipsilateral subcortical white matter was swollen by a 

remarkable 42.5 % ± 8.84 %.These findings are in alignment with data from prior studies 

showing that white matter is highly susceptible to swelling after acute CNS injury.297,298 

There are at least two possible mechanistic explanations for the striking swelling 

exhibited by subcortical white matter: firstly, for reasons yet to be clarified, subcortical 

white matter may be more susceptible to the formation of edema fluid than cortical grey 

matter; secondly, subcortical white matter might be simply serving as a sink for edema 

fluid generated elsewhere.50 Notably, given that the relative volume of white matter to 

total brain volume is lower in rodents compared with humans,324 white matter may play a 

proportionally larger role in brain swelling in human stroke.   

While the data contained in the present study do not establish a causal link 

between the described molecular and morphological changes, it is likely that these 

phenomena are connected. The changes in Aqp4 subcellular localization observed in 
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cortical grey matter astrocytes have been linked with reduced edema formation: Loss of 

Aqp4 polarization has been speculated to protect against edema formation,273 as mice that 

lack Aqp4 scaffolding proteins exhibit minimal perivascular Aqp4 and are protected 

against brain swelling.257,258,273,303 Thus, I postulate that the reduction of Aqp4 

polarization observed to occur in cortical astrocytes partially protected the ischemic 

cortex from local formation of cerebral edema. In contrast, the changes in Aqp4 

expression and subcellular localization observed in subcortical white matter astrocytes, 

namely, Aqp4 upregulation and greater Aqp4 polarization, are associated with worsened 

cytotoxic edema, greater local formation of ionic edema and more severe brain 

swelling.255,260 Thus, I further postulate that upregulation of Aqp4 expression in 

subcortical white matter astrocytes, coupled with increased Aqp4 expression at the 

perivascular endfeet of subcortical white matter astrocytes, facilitated local formation of 

cerebral edema and hence worsened tissue swelling in the subcortical white matter. With 

regards to future work, while causality might be established indirectly through a detailed 

temporal analysis of Aqp4 expression and swelling, perhaps in the 4.5 hour ischemia rat 

MCAO model, direct evidence for causality requires the development of techniques that 

might allow for the selective manipulation of Aqp4 expression in white matter astrocytes. 

The present study has potential limitations. Firstly, the experimental group 

underwent surgery under ketamine anesthesia, whereas controls did not have anesthesia. 

Certain anesthetic agents can influence Aqp4 localization and vascular tone.325,326 

However, in the present study, ketamine has been shown not to influence Aqp4 

expression in rats. Furthermore, in a previous study, ketamine was shown not to influence 

Aqp4 expression or edema formation in rats submitted to MCAO.327 Secondly, given that 
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a direct marker of astrocyte viability was not included, it is possible that astrocyte cell 

death underlies some of the reported changes in Aqp4 immunoreactivity in the ischemic 

penumbra. However, this is unlikely since penumbral astrocytes exhibited preserved 

GFAP immunoreactivity, which correlates strongly with viability.328 

The ischemic threshold for white matter (~20 ml∙100 g-1∙min−1) is lower than that 

for grey matter (~35 ml∙100 g−1∙min−1),329 a difference that might have resulted in the 

TUNEL-positive ipsilateral cortex and striatum, but TUNEL-negative ipsilateral 

subcortical white matter observed in the rat MCAO model (Figure 3.3). Thus, I sought to 

confirm that the rat white matter examined in the present study was ischemic and 

damaged. As the commonly used TTC staining technique is not appropriate for 

identification of ischemic white matter, I utilized an alternative method, silver infarct 

staining, where the staining intensity is proportional to tissue perfusion.277 I found that, in 

rats submitted to MCAO, silver staining was reduced by approximately 30 % in both 

ipsilateral white matter and grey matter. These findings, which are consistent with past 

work demonstrating that white matter is highly sensitive to ischemia,330 indicate that the 

subcortical white matter was indeed submitted to ischemic injury, although it remained 

viable, analogous to the cortical penumbra. 

Following acute CNS injury, astrocytes transition into a so-called “reactive” 

phenotype characterized by altered gene expression, morphology, and cytokine 

secretion.331 While cerebral white and grey matter astrocytes are known to exhibit 

developmental,285,286 molecular,288,289 and physiological differences,293,294 prior to the 

present study, it was unknown if their reactive phenotypes exhibit molecular differences. 

If the results of the present study, which examined a single protein, extend to other 
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astrocytic proteins, white matter and grey matter astrocyte subtypes may engage 

fundamentally different programs of reactivity following injury.  

Overall, this study raises the intriguing possibility that white matter may play a 

heretofore underappreciated active role in the formation of cerebral edema following 

ischemia. Previously, it was assumed that cerebral edema formation occurs mostly in 

grey matter due to its relatively high vascular density;283 in contrast, white matter was 

thought to serve as a mere sink332 and/or conduit50,333 for the accumulation or spread of 

cerebral edema. However, these findings suggest that, following ischemia, white matter 

astrocytes exhibit unique molecular changes that may directly facilitate local formation of 

cerebral edema. Given the proportionally large volume of white matter in the human 

brain,295 this concept could have important implications for a number of astrocyte-

mediated phenomena in the injured brain. 

 

Conclusions 

In summary, I found that unlike cortical grey matter astrocytes, which exhibit 

decreased perivascular Aqp4 and unchanged Aqp4 abundance following ischemia, 

subcortical white matter astrocytes exhibit greatly increased perivascular Aqp4, 

plasmalemmal Aqp4, and Aqp4 abundance; this molecular heterogeneity may underlie 

the relatively greater propensity for tissue swelling exhibited by subcortical white matter. 

My findings may have important implications for the formation of cerebral edema and 

brain swelling following cerebral ischemic injury. 
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Chapter 4: The Sur1-Trpm4 channel co-assembles with Aqp4 to 

mediate astrocyte swelling 

 

Rationale and Hypothesis 

Astrocyte swelling occurs after many types of CNS injury and contributes 

importantly to brain swelling.334 In large hemispheric infarction, brain swelling can 

increase mortality to 80%.335,336 Current treatments for brain swelling are reactive, and 

are limited to osmotic therapies and surgical decompression.  

Aquaporin-4 (Aqp4) is a major CNS water channel that is expressed specifically 

by astrocytes,337 and that mediates bulk water influx during astrocyte swelling after 

ischemia.264,338 Aqp4 is the main route for transmembrane water flux in astrocytes,259 and 

has roles in a variety of physiological and pathological processes.267,268 These 

observations have led to the hypothesis that Aqp4 promotes astrocyte swelling primarily 

by increasing the water permeability of the astrocyte plasmalemma.339 However, without 

an identified driving force, this hypothesis is not sufficient to explain how Aqp4, a 

passive water channel, can mediate water influx and cell swelling.  

 In brain cells, where transmembrane hydrostatic pressure is negligible, the 

transport of water through aquaporins is determined mostly by transmembrane osmotic 

gradients, which are generated by osmolyte transporters. A large array of Na+ channels 

have been implicated in astrocyte swelling,78,101,340 consistent with Na+ being the primary 

osmolyte that drives astrocyte swelling. These observations led to the hypothesis that 

osmotic gradients generated by Na+ influx through membrane channels is the major 

determinant of astrocyte swelling. However, since astrocytes that lack Aqp4 still quickly 
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swell when exposed to osmotic gradients,259 this hypothesis does not sufficiently explain 

why the expression of Aqp4 is critical.264 Moreover, for Na+ influx to result in increased 

intracellular osmotic pressure, cytoplasmic [Na+] must rise but, after injury, astrocytes 

with preserved levels of ATP quickly correct changes in cytoplasmic [Na+]341,342 through 

the activity of ion exchangers343 and gap junctions.344  

 The above discordant hypotheses underscore the need for a more refined model of 

ion and water channel interactions to account for astrocyte swelling. All prior studies of 

astrocyte swelling assumed that the relative spatial distribution of water and Na+ channels 

are incidental to their functional interaction. However, this assumption is challenged by a 

group of channels that contain pores that are permeable to both water and solute. In these 

“water co-transporters”, osmolyte influx is immediately translated to water influx via the 

generation of small localized osmotic pressures.150,345 Water co-transporters are highly 

efficient, mediating ~65% of intestinal water uptake,346 and the majority of perisynaptic 

glutamate clearance.347  

There is evidence that this same principle is utilized outside of water co-

transporters, notably by Aqp4 itself. In normal physiological conditions, the physical co-

association of Aqp4 with Trpv4 is critical to the role of Aqp4 in astrocyte volume 

homeostasis.263 In normal conditions, Aqp4 also physically co-associates with the Na+-

K+-ATPase.97 After CNS injury, changes in Aqp4 protein-protein interactions precipitate 

“dysregulation” of Aqp4 subcellular localization, wherein Aqp4 shifts from the astrocyte 

endfoot to widespread expression throughout the plasmalemma.258,273 However, the fate 

of Aqp4’s binding partners under conditions of CNS injury, when astrocyte swelling 

dominates, is unknown.  
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 After CNS injury, astrocytes exhibit de novo upregulation of Sur1-Trpm4 

channels.340,348-350 Trpm4, the pore-forming subunit, is a nonselective monovalent cation 

channel activated by intracellular calcium (Cai
2+).279 Sur1, an ABC transporter that 

regulates pore-forming subunits, physically co-associates with Trpm4 and doubles its 

Ca2+ sensitivity.340,350,351 Previous work implicated Sur1-Trpm4 in oncotic astrocyte 

swelling340,350 and brain edema formation.348,352 However, the role of Sur1-Trpm4, if any, 

in Aqp4-mediated water transport is unknown.  

I hypothesized that, after injury, Aqp4’s normal homeostatic partners may be 

replaced with newly-expressed channels, accounting for astrocyte swelling. Here, I report 

that the Sur1-Trpm4 ion channel can physically co-associate with Aqp4 to form a novel 

heteromultimeric channel complex. Functional studies indicate that Sur1-Trpm4 and 

Aqp4 synergize to mediate fast, high-capacity transmembrane water influx and cell 

swelling. Studies of astrocyte volume changes in a murine model of cerebellar edema 

demonstrate a key role for the Sur1-Trpm4-Aqp4 complex in astrocyte swelling. My 

findings have important implications for CNS conditions marked by brain swelling. 

 

Results 

Sur1-Trpm4 and Aqp4 physically co-assemble as a heterotetrameric channel complex 

I postulated that, following CNS injury, changes in Aqp4 ion channel binding 

partners might account for astrocyte swelling. Initial experiments were conducted where 

Aqp4, Sur1, Trpm4 and a Sur1-Trpm4 fusion protein were variously expressed in a 

heterologous expression system, and tested for possible pair-wise interactions using co-

immunoprecipitation (co-IP). In each experiment, the specificity of the 
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immunoprecipitating antibody was verified in cells that did not express the protein 

targeted for immunoprecipitation. Additionally, the specificity of the assay was verified 

by omitting the immunoprecipitation antibody.  

Immunoprecipitation of Trpm4 was performed in cells expressing Aqp4 M1 and 

Trpm4. Immunoblot for Aqp4 demonstrated co-IP of Aqp4 M1 dimers, trimers, and 

tetramers (Figure 4.1A, lane 2). After omission of Trpm4 expression, or omission of the 

anti-Trpm4 immunoprecipitation antibody, Aqp4 was not observed, confirming 

specificity (Figure 4.1A, lanes 3 and 4). This experiment indicated co-association of 

Aqp4 M1 with Trpm4.  

Immunoprecipitation of Trpm4 was performed in cells expressing Aqp4 M23 and 

Trpm4. Immunoblot for Aqp4 demonstrated co-IP of Aqp4 M23 dimers, trimers, and 

tetramers (Figure 4.1B, lane 2). After omission of Trpm4 expression, or omission of the 

anti-Trpm4 immunoprecipitation antibody, Aqp4 was not observed, confirming 

specificity (Figure 4.1B, lanes 3 and 4). This experiment indicated co-association of 

Aqp4 M23 with Trpm4. 

To verify Aqp4/Trpm4 interactions, the above co-IP experiments were performed 

in reverse. Immunoprecipitation of Aqp4 was performed in cells expressing Aqp4 M1 or 

M23 and Trpm4. Immunoblot for Trpm4 demonstrated co-IP of Trpm4 (Figure 4.1C, 

lanes 2 and 3). After omission of Aqp4 expression, or omission of the anti-Aqp4 

immunoprecipitation antibody, Trpm4 was not observed, confirming specificity (Figure 

4.1C, lanes 4 – 6). This experiment confirmed co-association of Aqp4 M1 and M23 with 

Trpm4.  
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To investigate Aqp4 and Sur1 interactions, immunoprecipitation of Aqp4 was 

performed in cells expressing Aqp4 M1 or M23 and Sur1. Immunoblot for Sur1 

demonstrated co-IP of Sur1 (Figure 4.1D, lanes 2 and 3). After omission of Aqp4 

expression, or omission of the anti-Aqp4 immunoprecipitation antibody, Sur1 was not 

observed, confirming specificity (Figure 4.1D, lanes 4 – 6). This experiment indicated co-

association of Aqp4 M1 and M23 with Sur1.  

Lastly, to confirm that Aqp4 interacts with the assembled Sur1-Trpm4 channel, 

Immunoprecipitation of Aqp4 was performed in cells expressing Aqp4 M1 or M23 and a 

functional Sur1-Trpm4 fusion protein.351 Immunoblot for Sur1 demonstrated co-IP of the 

Sur1-Trpm4 fusion protein (Figure 4.1E, lanes 2 and 3). After omission of Aqp4 

expression, or omission of the anti-Aqp4 immunoprecipitation antibody, the Sur1-Trpm4 

fusion protein was not observed, confirming specificity (Figure 4.1E, lanes 4 – 6). Taken 

together, the above experiments indicated that Aqp4 M1 and M23 co-associate with the 

Sur1-Trpm4 heteromer through physical co-associations with both Trpm4 and Sur1.  

 Co-IP experiments showed that Aqp4 independently co-associates with both 

Trpm4 and Sur1. These data indicated that the Sur1-Trpm4 channel contains more Aqp4 

binding domains than the Trpm4 channel alone. I predicted that co-expression of Sur1 

with Trpm4 would increase co-association of Trpm4 with Aqp4.  

 Aqp4 M1 and Trpm4 were co-expressed in cells stably transfected with either 

empty vector (Sur1–) or an Sur1 expression plasmid (Sur1+). Immunoprecipitation of 

Aqp4 was performed. Immunoblot for Trpm4 demonstrated greater co-IP of Trpm4 in 

Sur1+ cells versus Sur1– cells (Fig. 4.1F, top row). Control immunoblots showed no 

differences in Trpm4 and Aqp4 expression between Sur1– versus Sur1+ cells (Fig. 4.1F, 
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middle and lower row). Densitometry quantification showed a ~3-fold increase in Aqp4-

Trpm4 complex formation upon Sur1 expression (Fig. 4.1F). Overall, this experiment 

shows that Sur1 and Trpm4 synergize to recruit Aqp4 co-association.  
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Figure 4.1: Sur1-Trpm4 co-immunoprecipitates with Aqp4 (A, B) Aqp4 immunoblots 
showing Aqp4 M1 (A) or M23 (B) in total lysates (lane 1), Aqp4 M1 or M23 upon 
Trpm4 immunoprecipitation (IP) (lane 2), no Aqp4 upon Trpm4 IP in cells that express 
Aqp4 but not Trpm4 (lane 3), and no Aqp4 when the anti-Trpm4 IP antibody (IP AB) is 
omitted (lane 4) (C) Trpm4 immunoblot showing Trpm4 in total lysates (lane 1), Trpm4 
upon IP of Aqp4 M1 (lane 2) or M23 (lane 3), no Trpm4 upon Aqp4 IP in cells that 
express Trpm4 but lack Aqp4 (lane 4), and no Trpm4 when the anti-Aqp4 IP antibody is 
omitted (lanes 5 and 6) (D) Sur1 immunoblot showing Sur1 in total lysates (lane 1), Sur1 
upon IP of Aqp4 M1 (lane 2) or M23 (lane 3), no Sur1 upon Aqp4 IP in cells that express 
Sur1 but lack Aqp4 (lane 4), and no Sur1 when the anti-Aqp4 IP antibody is omitted 
(lanes 5 and 6) (E) Sur1 immunoblot showing the Sur1-Trpm4 fusion protein in total 
lysates (lane 1), the Sur1-Trpm4 fusion protein upon IP of Aqp4 M1 (lane 2) or M23 
(lane 3), no Sur1-Trpm4 fusion protein upon Aqp4 IP in cells that express Sur1-Trpm4 
but lack Aqp4 (lane 4), and no Sur1-Trpm4 fusion protein when the IP antibody is 
omitted (lanes 5 and 6); all results represent n=5 replicates (F) Aqp4 IP and Trpm4 
immunoblot (IB) (top) in cells stably expressing either empty vector (Sur1–) or Sur1 
(Sur1+), showing greater Trpm4 co-IP in Sur1+ cells versus Sur1– cells; Trpm4 and 
Aqp4 immunoblots (middle, bottom) of total lysates (input) do not show differences in 
overall expression between Sur1– and Sur1+ cells; n=6; *p<0.05 in t-test. 
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To determine whether the forces that mediate Aqp4-Trpm4 and Aqp4-Sur1 co-

association are hydrophobic or rely on hydrogen bonding, Co-IP of Sur1 and Trpm4 by 

Aqp4 M1 was conducted in varying concentrations of NaCl. High salt concentrations 

destabilize H-bonding, and stabilize hydrophobic interactions, a property that is used to 

‘salt out’ protein from solution.353  

Aqp4 was co-expressed with either Trpm4 or Sur1. Aqp4 immunoprecipitation 

was conducted, while NaCl  concentration was varied from150 mM to 3 M. Trpm4 and 

Sur1 immunoblot showed that increasing salt concentration did not affect the amount of 

Trpm4 or Sur1 co-immunoprecipitated by Aqp4 M1 (Figure 4.2). 

While the binding domains that mediate Aqp4-Trpm4 and Aqp4-Sur1 assembly 

are unknown, these results indicate that they are enriched in hydrophobic amino acids. 

The numerous hydrophobic residues that line the intermolecular region between Aqp4 

dimers represent one candidate binding domain.354 
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Figure 4.2: Aqp4 co-association with Sur1 and Trpm4 is not disrupted by increased 

[NaCl]. Immunoprecipitation of Aqp4 and immunoblot for Trpm4 and Sur1 in varying 
[NaCl] from 0.15 to 3 M, showing that the Aqp4-Trpm4 and Aqp4-Sur1 co-associations 
are not disrupted by greater [NaCl]. 
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While co-IP experiments indicated Aqp4 co-association with Sur1-Trpm4, co-IP 

cannot discriminate between direct and indirect intermolecular interactions, which may 

occur over relatively large distances. To determine whether Aqp4 directly co-associates 

with Sur1-Trpm4 to form a heteromultimeric channel complex, I performed 

intermolecular FRET analysis.  

FRET analysis was conducted with fluorophore-tagged constructs. C-terminus 

cerulean fused Aqp4 M1 or M23 was co-expressed with N-terminus citrine fused Trpm4. 

C-terminus citrine fused Aqp4 M1 or M23 was co-expressed with N-terminus cerulean 

fused Sur1. Biotin pull-down experiments confirmed that fluorophore-tagged proteins 

were expressed at the plasmalemma (Figure 4.3A). Surface expressed biotinylated 

proteins exhibited slightly greater molecular weight (Figure 4.3A).  

Expression of fluorophore-tagged Aqp4 resulted in punctate membrane and 

intracellular fluorescence (Figure 4.3B), as reported elsewhere.355 This expression pattern 

likely reflects formation of orthogonal arrays of particles (OAP), and vesicular 

localization of Aqp4. Expression of fluorophore-tagged Trpm4 (Figure 4.3B) and Sur1 

(Figure 4.3D) resulted in vesicular and membrane localized fluorescence, consistent with 

previously reported trafficking patterns.356 

FRET images were captured with cerulean excitation and citrine detection. When 

Trpm4 was co-expressed with Aqp4 M1 (Figure 4.3B) and M23 (Figure 4.3C), a FRET 

signal was detected on the cellular margins, indicative of plasmalemma interactions. 

FRET was also detected on the cellular margins when Sur1 was co-expressed with Aqp4 

M1 (Figure 4.3D) and M23 (Figure 4.3E).  



 

107 
 

 

Figure 4.3: Intermolecular FRET analysis of Aqp4 with Trpm4 and Sur1. (A) 
Immunoblots of total protein lysate (lane 1) and surface lysate from surface biotinylation 
assay (lane 2) showing surface expression of fluorophore-tagged Aqp4, Trpm4, and Sur1; 
results represent n=3 replicates. (B, C, D, E) Micrographs of cells transfected with citrine 
(Ci)-Trpm4 and Aqp4 M1-cerulean (Ce) (B), Ci-Trpm4 and Aqp4 M23-Ce (C), Aqp4 
M1-Ci and Sur1-Ce (D), and Aqp4 M23-Ci and Sur1-Ce (E), showing expression of Ci- 
and Ce-tagged constructs in cytoplasmic organelles, and at the plasmalemma cellular 
margin; FRET signal (white) was present at the cellular margins (arrows), indicating 
Aqp4-Trpm4 and Aqp4-Sur1 interactions at the plasmalemma; results represent n>35 
cells per construct combination. 
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To quantify FRET efficiency, acceptor photobleaching was performed using a 

previously validated method.118 ROIs for photobleaching were defined over the cellular 

margins to select for membrane-localized proteins (Figure 4.4A).  

 Aqp4 and Kir K+ channels are not known to form direct protein-protein 

interactions. Thus, for negative control, Aqp4 M1 was co-expressed with the Kir2.1 K+ 

channel. Negative control exhibited ~3% FRET efficiency. Since Aqp4 monomers forms 

tetramers, Aqp4 M1 was co-expressed with Aqp4 M1 for a positive control. For a second 

positive control, Aqp4 M1 was co-expressed with Trpv4. Positive controls exhibited 

FRET efficiencies of 8–10%. For combinations of Aqp4 M1 and M23 with Trpm4 and 

Sur1, FRET efficiencies of 8.5–11.5% were recorded, which were in the range of positive 

controls (Figure 4.4B).  

Together, Co-IP and FRET data suggest that Sur1-Trpm4 and Aqp4 physically 

co-assemble to form a novel heteromultimeric channel complex.  
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Figure 4.4: Quantification of FRET efficiency. (A) Example ROI used in 
photobleaching quantification of FRET efficiency, showing that FRET quantification was 
conducted at the cellular margins to select for plasmalemma localized proteins (arrows) 
and to exclude intracellular and vesicular compartments. (B) Quantification of FRET 
efficiency with acceptor photobleaching showing that the negative control (Aqp4 M1-Ce 
with Ci-Kir2.1) exhibited ~3% FRET efficiency, positive controls (Ce-M1 with Ci-M1) 
(Ce-M1 and Trpv4-Ci) exhibited ~8-10% FRET efficiency, and combinations of Aqp4 
M1 and M23 with Trpm4 and Sur1 exhibited ~8-12% FRET efficiency; n>35 
independent cells / condition; *p<0.05 t-test versus M1-Ce/Ci-Kir6.2 negative control. 
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Aqp4 synergizes with Sur1-Trpm4 to mediate cellular water uptake and swelling 

As discussed above, Na+-permeable channels are the major routes for osmolyte 

influx during astrocyte swelling, while Aqp4 has a major role in associated water influx. 

The Sur1-Trpm4-Aqp4 complex contains both Na+-permeable and water-permeable 

pores. Thus, I reasoned that the constituent proteins of the Sur1-Trpm4-Aqp4 complex 

synergize to mediate water influx and cell swelling.   

To determine the interacting roles of Sur1, Trpm4, and Aqp4 in generating 

transmembrane water flux, cells were transfected with combinations of Aqp4, Trpm4, 

and Sur1. Changes in cell volume were continuously monitored with calcein, a self-

quenching dye that exhibits fluorescence proportional to cytoplasmic volume.357 

First, to verify that transfection with plasmids encoding Aqp4 M1 and M23 

resulted in plasmalemmal expression of functional water channels, empty vector, Aqp4 

M1 or Aqp4 M23 were expressed. Cells were exposed to control HBSS (295 mOsm) and 

then stimulated with hypotonic stress (200 mOsm HBSS) to promote cellular water 

uptake. In cells transfected with empty vector, hypotonic stress resulted in a gradual 

increase in calcein fluorescence, indicating cell swelling (Figure 4.5A). In contrast, in 

cells that expressed Aqp4 M1 or M23, hypotonic stress resulted in an immediate sharp 

increase in calcein fluorescence, followed by a slow return towards baseline (Figure 

4.5A). This response indicates fast cell swelling followed by regulatory volume decrease, 

as previously demonstrated.263 Overall, these results showed that functional Aqp4 

channels were expressed at the cell membrane. 

To determine whether Trpm4 and Aqp4 interact to generate cell swelling, Trpm4 

and Aqp4 were co-expressed. Cells were treated with the calcium ionophore, A23187, to 
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activate Trpm4 by raising Cai
2+.351 Control cells and cells expressing Aqp4 M1 or M23 

alone did not exhibit cell swelling following A23187, as shown by calcein fluorescence 

(Figure 4.5B). These results were unsurprising, given that no osmolyte carrier was 

expressed. Expression of Trpm4 alone resulted in significant cell swelling upon A23187 

treatment (Figure 4.5B), indicating that Trpm4 can mediate transmembrane water flux 

through non-aquaporin routes. Co-expression of Aqp4 with Trpm4, and formation of the 

Trpm4-Aqp4 complex (Figure 4.1), resulted in marginally faster swelling (Figure 4.5B). 

However, co-expression of Aqp4 did not increase steady-state swelling magnitude 

(Figure 4.5B), nor alter net water influx (t-test; p= 0.74). Treatment with 9-phenanthrol, a 

Trpm4 antagonist.358 blocked A23187-induced cell swelling (Figure 4.5C). Together, 

these results indicate that Trpm4 and Aqp4 can cooperate to mediate relatively low-

capacity water influx.  

Upon activation, Trpm4 current is quickly desensitized,279 limiting its ability to 

mediate influx of osmolytes. Sur1 physically co-associates with Trpm4, doubles its Ca2+ 

sensitivity, and reduces Trpm4 desensitization.351 I reasoned that co-expression of Sur1 

may boost water flux and promote cell swelling.  

To characterize the role of Sur1 in modulating Trpm4- and Aqp4-dependent water 

flux, Sur1, Trpm4, and Aqp4 were variously co-expressed. Cells that expressed only 

Sur1, Aqp4 M1 or M23 did not exhibit cell swelling following A23187 treatment (Figure 

4.5D). As before, in cells that expressed Trpm4 alone, A23187 treatment resulted in 

moderate swelling (Figure 4.5D). When Sur1 was co-expressed with Trpm4, A23187 

triggered a greater increase in calcein fluorescence steady-state magnitude compared to 
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cells that expressed Trpm4 alone (Figure 4.5D), indicating increased solute influx 

compared to cells expressing Trpm4 alone.  

Impressively, expression of Aqp4 with Sur1 and Trpm4, and formation of the 

Sur1-Trpm4-Aqp4 complex, resulted in markedly greater increases in calcein 

fluorescence steady-state magnitude upon A23187 treatment, and the increases were 

faster than in cells expressing Trpm4 or Sur1 and Trpm4 (Figure 4.5D). As estimated 

from calcein fluorescence dequenching, cells expressing Sur1-Trpm4-Aqp4 M1 exhibited 

~7.6-fold greater net water influx than cells expressing Trpm4 alone (t-test, p = 0.0073), 

and ~3.2-fold greater net water influx than cells expressing Sur1 and Trpm4 (t-test, p = 

9.3x10-5). Treatment with glibenclamide, a Sur1 antagonist,351,359 greatly inhibited 

A23187-triggered changes in calcein fluorescence (Figure 4.5E). Overall, these results 

indicate that (i) co-expression of Sur1 with Trpm4, and formation of the Sur1-Trpm4 

channel, enhances solute influx; (ii) addition of a passive water channel to Sur1-Trpm4 

substantially boosts water influx magnitude and rate; (iii) the Sur1-Trpm4-Aqp4 complex 

is a potent mediator of cell swelling. 
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Figure 4.5: Aqp4 synergizes with Sur1-Trpm4 to mediate cellular water uptake and 

swelling. (A) Traces of calcein fluorescence intensity as a function of time normalized to 
baseline (Ft/F0) showing that, compared to expression of empty vector (CTR), expression 
of Aqp4 M1 or M23 results in hypotonic stress-induced cell swelling. (B, C) Traces of 
Ft/F0 showing that, compared to control conditions (green, pink, and blue), expression of 
Trpm4 (orange) sensitizes cells to Ca2+ ionophore A23187-induced water influx, which is 
increased in rate upon co-expression of Aqp4 M1 (black) or M23 (red) (B) and blocked 
by treatment with the Trpm4 antagonist 9-phenanthrol (C); n=3 independent experiments 
with 3 cells/experiment; *p<0.05 in ANOVA with Tukey tests versus leftmost column or 
between groups denoted with brackets. (D, E) Traces of Ft/F0 showing that, compared to 
control conditions (blue, pink, grey), A23187-induced water influx in Trpm4-expressing 
cells (orange) is increased in magnitude in cells that co-express Sur1 (green), further 
increased in both magnitude and rate in cells that co-express Sur1 and Aqp4 M1 (black) 
or M23 (red) (D), and inhibited by the Sur1 antagonist glibenclamide to levels similar to 
Trpm4-expressing cells (E); n=3 independent experiments with 3 cells/experiment; 
*p<0.05 in ANOVA with Tukey tests versus leftmost column or between groups denoted 
with brackets. 
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After cerebellar cold injury, granule cell layer astrocytes express the Sur1-Trpm4-Aqp4 

complex 

To verify the foregoing molecular findings in vivo, and to determine the role of 

the Sur1-Trpm4-Aqp4 complex in astrocyte swelling, I studied swelling of astrocytes in 

the cerebellar granule cell layer in a cold injury model of brain edema.360,361 Granule cell 

layer astrocytes, which are exquisitely sensitive to swelling after cerebellar ischemic 

injury,362,363 are an ideal system to study mechanisms of astrocyte swelling. 

Male, ~40g C57B6 mice were submitted to cerebellar cold injury, a model of 

brain edema360 that generates lesions that replicate many of the molecular, 

histopathological and functional changes that occur following arterial occlusion.364-370 

Cold injury was induced by applying a liquid nitrogen cooled copper rod directly to the 

dura mater. When examined at 3 days after injury, cold injury resulted in a TUNEL+ 

necrotic lesion core surrounded by hypertrophic GFAP+ astrocytes (Figure 4.6A).  

Normally, astrocytes constitutively express high levels of Aqp4,337 but do not 

express Sur1 or Trpm4.340,348-350 Thus, immunohistochemistry was used to determine if 

Trpm4 and Sur1 were upregulated in cerebellar astrocytes following cold injury. To 

quantify Trpm4 and Sur1 expression specifically in cerebellar astrocytes, sections 

immunolabeled for Trpm4 or Sur1 were co-immunolabeled for Aqp4, an astrocyte-

specific marker. The Apq4 channel was used to mask the Trpm4 and Sur1 channels prior 

to quantification, such that Trpm4 and Sur1 were only quantified in Aqp4+ astrocytic 

processes.  

Compared to the cerebellum contralateral to cold injury, Trpm4, and Sur1 

immunoreactivities were increased in cerebellar granule cell layer astrocytes ipsilateral to 

cold injury (Figure 4.6B, C). Quantification showed that, compared to the contralateral 
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side, Trpm4 immunoreactivity increased by ~3.6-fold (p=0.008) (Figure 4.5B), and Sur1 

immunoreactivity by ~3.0-fold (p=0.004) (Figure 4.6C).  
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Figure 4.6: Upregulation of Trpm4, and Sur1 in granule cell layer astrocytes after 

cold injury. (A) Montages of micrographs of mouse cerebellum labeled for TUNEL 
(white), GFAP (red), and DAPI (blue) showing TUNEL+ cold injury with surrounding 
upregulation of GFAP and cerebellar granule cell layer (dotted lines); boxes show ROIs 
ipsilateral (Ipsi.) and contralateral (Contra.) to injury; results shown are representative of 
5 mice. (B, C) Micrographs of mouse cerebellum immunolabeled for Trpm4 (B), and 
Sur1 (C) with granule cell layer regions-of-interest (dotted lines) showing upregulation in 
the cerebellar granule cell layer ipsilateral (Ipsi.) versus contralateral (Contra.) to cold 
injury; quantification was performed using Aqp4 double-labeling to only measure Trpm4 
and Sur1 in Aqp4+ astrocyte processes; quantification showed that Trpm4 
immunoreactivity increased by ~3.6-fold (p=0.008), and Sur1 immunoreactivity by ~3.0-
fold (p=0.004); n=5 mice; *p<0.05 in t-test versus Contra.  
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In the granule cell layer ipsilateral to cold injury, Aqp4 co-localized with Trpm4 

(Figure 4.7A) and Sur1 (Figure 4.7B) in Aqp4+ astrocyte processes, indicating 

intermolecular interactions. To evaluate for interactions between Aqp4 and Trpm4 or 

Sur1, cerebellar tissues from mice submitted to cerebellar cold injury were studied by co-

immunoprecipitation (co-IP). After IP using anti-Trpm4 antibody, immunoblot showed 

Aqp4 (Figure 4.7C), and after IP with anti-Aqp4 antibody, immunoblot showed Sur1 

(Figure 4.7D), consistent with the formation of a 3-partner macromolecular complex in 

vivo after CNS injury. These findings indicate that results from in vitro co-

immunoprecipitation studies (Figure 4.1) and FRET studies (Figure 4.3, 4.4) are relevant 

to astrocytes in vivo after CNS injury. 
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Figure 4.7: Co-assembly of Aqp4 with Trpm4 and Sur1 in cold injury. (A, B) 
Micrographs of granule cell layer ipsilateral to cold injury co-labeled for Aqp4 (red) and 
Trpm4 (A) or Sur1 (B) (green) showing Aqp4 colocalization with Trpm4 and Sur1 
(yellow) in Aqp4+ astrocyte processes; results shown are representative of 5 mice. (C, D) 
Immunoblots of co-IP experiments from mouse cerebellum submitted to cold injury, 
showing Aqp4 immunoblot detecting Aqp4 upon Trpm4 immunoprecipitation (IP) with 
low (low ex) and higher exposures (high ex) (C) and Sur1 immunoblot detecting Sur1 
upon Aqp4 IP (D); results shown are representative of 3 replicates. 
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Aqp4 co-associates more with Trpm4 than with Trpv4 

 The above in vitro experiments indicate that Aqp4 co-associates with Sur1-Trpm4 

after cerebellar cold injury to form a tripartite Sur1-Trpm4-Aqp4 complex. However, it 

was previously shown that Aqp4 also co-assembles with Trpv4 in astrocytes from normal 

brain tissues.263 To determine whether the Aqp4/Trpm4 or the Aqp4/Trpv4 complex 

predominates, I assessed their relative abundance in an in vitro expression system.  

Myc-tagged Trpm4 and Myc-tagged Trpv4 were co-expressed with either Aqp4 

M1 or Aqp4 M23. Notably, myc-tagging allows for direct immunoblot comparison of 

Trpm4 versus Trpv4 protein abundance. Anti-Myc immunoblot of total lysate showed 

two bands at ~120 kDa that corresponded to Trpm4 and two bands at ~100 kDa that 

corresponded to Trpv4 (Figure 4.8A, top panel). Aqp4 was then targeted for 

immunoprecipitation with anti-Aqp4 antibody, followed by anti-Myc immunoblot to 

assess for Trpm4 and Trpv4 pulldown. After IP with anti-Aqp4 antibody, the Trpm4 

bands were markedly denser than the Trpv4 bands (Figure 4.8A, bottom panel), 

indicating that the Aqp4/Trpm4 complex is markedly more abundant than the 

Aqp4/Trpv4 complex. 

Results in Figure 4.8A were then quantified. First, the Co-IP efficiencies of 

Trpm4 and Trpv4 with Aqp4 was calculated by normalizing the immunoprecipitated 

Trpm4 and Trpv4 band densities in Figure 4.8A, bottom panel to the input Trpm4 and 

Trpv4 band densities in Figure 4.8A, top panel. Next, the Co-IP efficiencies of Trpm4 

and Trpv4 with Aqp4 were normalized to the Trpv4 efficiency. This analysis showed that 

when Trpm4, Trpv4, and Aqp4 are co-expressed, the Aqp4-Trpm4 complex is ~5-fold 

(M1) and ~14.7-fold (M23) more abundant than the Aqp4-Trpv4 complex (Figure 4.8B). 
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These results suggest that, following injury, the Aqp4-Trpm4 interaction, and hence the 

Sur1-Trpm4-Aqp4 complex, predominates at the plasmalemma. 
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Figure 4.8: Aqp4 co-associates more with Trpm4 than with Trpv4. (A) Anti-myc 
immunoblots of direct lysate input and Aqp4 immunoprecipitation (IP) in COS-7 cells 
expressing Aqp4, myc-Trpm4, and myc-Trpv4 showing equivalent abundance of myc-
Trpm4 and myc-Trpv4 in direct lysate, but markedly greater abundance of myc-Trpm4 
versus myc-Trpv4 upon IP of Aqp4 M1 or M23 isoforms; displayed immunoblot includes 
all (n=3) independent experimental replicates. (B) Densitometric quantification of Figure 

4.8A, wherein the band density of co-immunoprecipitated Trpm4 and Trpv4 was 
normalized to input band density, and then to co-immunoprecipitated Trpv4 band density, 
showing that the Aqp4/myc-Trpm4 complex is 5-14 times more abundant than the 
Aqp4/myc-Trpv4 complex; *p<0.05 in t-test between groups; n=3 independent 
experiments. 
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The Sur1-Trpm4-Aqp4 complex mediates astrocyte swelling after cerebellar cold  

injury  

I showed that the Sur1-Trpm4-Aqp4 complex mediates fast, high-capacity 

transmembrane water flux and cell swelling (Figure 4.5). To confirm the relevance of 

these findings to pathological astrocyte swelling after CNS injury, I studied granule cell 

layer astrocyte swelling following a cerebellar cold injury. Astrocyte swelling was 

compared between wild-type and Trpm4–/– knockout mice, which lack the ion pore-

forming subunit of the Sur1-Trpm4-Aqp4 channel, and thus cannot mediate Sur1-Trpm4-

Aqp4 solute flux (Figure 4.5). 

Measurement of astrocyte volume is technically challenging, with conventional 

GFAP immunolabeling resulting in marked underestimation of intracellular volume.20 To 

accurately measure astrocyte volume, brain tissue sections were processed for diolistic 

labeling, which results in a sparse fluorescent cellular labeling that fully stains the 

plasmalemma of labeled cells.371 Astrocytes were identified with GFAP immunolabeling. 

Z-stacks of diolistic labeled astrocytes were obtained with confocal microscopy. An 

automated 3-D region-growing algorithm was used to segment the bright intracellular 

volume from the dark extracellular space (Figure 4.9A). Co-labeling with GFAP and 

TUNEL confirmed that astrocytes selected for analysis were viable (Figure 4.9B). 

In sham injured WT mice, granule cell layer astrocytes exhibited characteristic 

veil-like processes that formed acini (Figure 4.9C).363 Volumetric analysis showed that in 

sham injured WT mice, mean astrocyte volume was 8.86 x 104 μm3 (Figure 4.9D), a value 

comparable to previous reports.372 After cold injury, WT astrocytes exhibited swollen 
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somata and processes (Figure 4.9C) and mean astrocyte volume in WT increased ~2.5-

fold to 22.47 x 104 μm3 (Figure 4.9D).  

Neither astrocyte morphology (Figure 4.9C) nor volume (Figure 4.9D) were 

different between sham-injured Trpm4–/– and sham-injured WT mice. However, deletion 

of Trpm4 largely blocked the formation of astrocyte swelling at 3 days after cold injury 

(Figure 4.9C and 4.9D). These results, together with findings from calcein imaging 

(Figure 4.5), indicate that the Sur1-Trpm4-Aqp4 complex is a key mediator of 

transmembrane water flux and astrocyte swelling following CNS injury.  
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Figure 4.9: Sur1-Trpm4 mediates astrocyte swelling after cerebellar cold injury. (A) 
Image processing pipeline for astrocyte volume quantification; z-stacks of DiI-stained 
(red), GFAP+ (green) astrocytes were acquired; merged (DiI plus GFAP) images were 
used to validate astrocyte identification; for image segmentation, a point was manually 
selected inside the DiI+ astrocyte, and was iteratively grown with a 3D region growing 
algorithm; 3D region growing outputs a binary image segmentation (Seg) that delineates 
intracellular voxels (white) from extracellular voxels (black); the coverage of the 
segmentation was validated by overlaying the segmentation with the input image; the 
number of voxels in the intracellular segmentation was used to calculate astrocyte volume 
(B)  Montage of micrographs of murine cerebellum with granule cell layer defined with 
DAPI (dense dotted lines) and co-labeled for GFAP (red) and TUNEL (white) showing 
TUNEL+ granule cell layer tissues do not overlap (sparse dotted line) with GFAP+ 
granule cell layer tissues; results shown are representative of n=4 mice. (C) Slices of 
segmented binary images of cerebellar granule cell layer astrocytes from wild-type (WT) 
and Trpm4–/– mice submitted to control sham surgery (CTR) or cerebellar cold injury 
(Cryo) showing that in WT mice, granule cell layer astrocytes in cold injured cerebellum 
exhibited swelling of somata and processes, whereas astrocytes from Trpm4–/– mice were 
protected from astrocyte swelling after cerebellar cold injury; results are representative of 
n>15 cells from 3 independent mice. (D) Quantification of granule cell layer astrocytic 
volume in WT and Trpm4–/– mice submitted to sham surgery (CTR) or cerebellar cold 
injury (Cryo) showing that after cerebellar cold injury, WT astrocytes increased in 
volume from 8.86 x 104 μm3 to 22.47 x 104 μm3; Trpm4–/– astrocytes increased in volume 
from 7.5 x 104 μm3 to only 10.2 x 104 μm3; Trpm4 knockout led to significant reduction 
in astrocyte swelling after cold injury; *p<0.05 in ANOVA with Tukey tests between 
groups denoted with brackets; n.s.=non-significant; n>15 cells from 3 independent mice. 
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Discussion 

Here, I report that Aqp4, Sur1 and Trpm4 physically co-assemble to form a 

heteromultimeric water/ion channel complex (Figure 4.10A) that mediates cell swelling 

in an in vitro model system (Figure 4.10B). Moreover, I demonstrate that upregulation of 

Sur1-Trpm4 and co-assembly with Aqp4 mediates astrocyte swelling in vivo after CNS 

injury. My findings indicate that the physical co-association of Aqp4 with a newly 

expressed Na+-permeable channel plays a heretofore unrecognized role in transmembrane 

water flux during pathological astrocyte swelling.  
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Figure 4.10: Model of Sur1-Trpm4-Aqp4 structure and function. (A) Putative model 
of Sur1-Trpm4-Aqp4 showing Aqp4 tetramers (blue) intercalated between Sur1 
monomers (pink), and interacting with the central tetrameric Trpm4 (yellow); protein 
profiles and relative protein sizes are based upon previously published structures for 
Aqp4,373 Sur1,374 and TRP channels;375 overall channel topology is based on the structure 
of the KATP channel.374 (B) Model of Sur1-Trpm4-Aqp4 water flux derived from calcein 
imaging experiments in Figure 4.5 and astrocyte swelling experiments in Figure 4.9 

showing that raised intracellular Ca2+ triggers Sur1-Trpm4 channel activation and Na+ 
influx, resulting in raised osmotic pressure ( Π ) which, in turn, drives water influx (blue 
arrows) through Aqp4, resulting in astrocyte swelling. 
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To study astrocyte swelling in vivo, I utilized a cold injury model of brain edema. 

Cold injury is a well-characterized model of brain edema360 that creates highly 

reproducible lesions367 that closely resemble many of the molecular, histopathological 

and functional changes that occur following arterial occlusion.364-366,368-370,376 Cold injury 

results in an area of frozen tissue immediately below the probe, with a surrounding area 

of reduced cerebral blood flow (<15/100g min),369 blood-brain barrier disruption, and 

brain edema formation.360 Moreover, I applied this injury model to the cerebellum, in 

order to capitalize on the exquisite sensitivity of astrocytes in the cerebellar granule cell 

layer to ischemia-induced swelling.362,363 

To examine the role of the Sur1-Trpm4-Aqp4 complex in astrocyte swelling in 

vivo, I studied Trpm4–/– mice, which lack the osmolyte channel of the Sur1-Trpm4-Aqp4 

complex. My studies of astrocyte swelling in WT versus Trpm4–/– mice showed that 

genetic ablation of Trpm4 blocked astrocyte swelling at 3 days after cold injury, 

indicating a key role for Sur1-Trpm4-Aqp4 in astrocyte swelling in vivo. Given that 

knockout of Trpm4 largely blocked astrocyte swelling, an Aqp4-dependent 

phenomenon,264 I infer that the contribution of Trpm4 to astrocyte swelling is upstream of 

Aqp4.  

 

Functional role of the Sur1-Trpm4-Aqp4 complex 

After CNS injury, Aqp4 shifts from its normal polarized location at the astrocyte 

endfoot to widespread expression throughout the plasmalemma.258,273 Here, I show that 

this phenomenon, termed Aqp4 dysregulation, is accompanied by a switch in Aqp4 

binding partners from Trpv4 to Trpm4 (Figure 4.7C, 4.7D). This switch appears to be 
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facilitated by a greater affinity of Aqp4 for its new binding partner, Trpm4, as I found 

here (Figure 4.8). 

As a Ca2+-sensitive, non-selective monovalent cation channel, Trpm4 functions 

normally as a negative regulator of Ca2+ influx – channel opening, triggered by an 

increase in Ca2+, causes cell depolarization that reduces the inward driving force for 

Ca2+.279 Co-assembly of Trpm4 with Sur1 doubles Trpm4’s affinity for Ca2+/calmodulin, 

and thus its sensitivity to Ca2+, thereby amplifying Trpm4’s function as negative 

regulator of Ca2+ influx.340,350,351 Based on my findings, I propose that co-assembly of 

Sur1-Trpm4 with Aqp4 may further amplify this fundamental role of Trpm4 as negative 

regulator of Ca2+ influx, since the influx of water via Aqp4 would serve to dilute any 

residual Ca2+ influx. After injury, astrocytes commonly exhibit increased intracellular 

Ca2+.377-379 The Sur1-Trpm4-Aqp4 complex appears to be especially well suited to resist 

any further rise in intracellular Ca2+ by the dual complementary functions of cell 

depolarization and Ca2+ dilution.  

 

Aqp4 co-assembly with Sur1-Trpm4: structure and function 

Based on analogous structures,380 the Sur1-Trpm4 channel is believed to be 

comprised of a central pore formed by four Trpm4 subunits, which are surrounded by 

four equidistantly spaced Sur1 subunits. Since FRET data indicate that Aqp4 is closely 

co-associated (<10 nm) with both Trpm4 and Sur1, I speculate that Aqp4 may intercalate 

between Sur1 subunits (Figure 4.10A). Interestingly, co-IP data showed that Aqp4 

dimers, trimers, and tetramers, but not Aqp4 monomers, interact with Trpm4, suggesting 

that Aqp4 oligomerization is required for interaction. Notably, the close apposition of 
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Sur1-Trpm4 and Aqp4 is similar to the arrangement of ion and water channels observed 

in water co-transporters.346,347  

In my functional studies, the expression of Aqp4 alone was not sufficient to 

mediate cell swelling, an unsurprising result given that Aqp4 is a purely passive water 

channel. By contrast, when Trpm4 or Sur1-Trpm4 were expressed and activated without 

Aqp4, some cell swelling did occur, likely due to transmembrane water influx through 

non-aquaporin routes. Although cells that expressed Trpm4 and Sur1-Trpm4 swelled, 

water influx developed slowly over ~2 min and was relatively small in magnitude. In 

contrast, co-expression of Aqp4 with Sur1 and Trpm4, and formation of the Sur1-Trpm4-

Aqp4 complex increased steady-state swelling magnitude by ~1.5-fold, net water uptake 

by ~7.6-fold, and nearly quadrupled the rate of water uptake (Figure 4.5D). Notably, co-

expression of Aqp4 with Trpm4 did not result in similar gains in water flux (Figure 

4.5B), indicating that Sur1-Trpm4 and Aqp4 uniquely interact to generate bulk water 

flux. Given that Aqp4 physically co-associates with Sur1-Trpm4, these results indicate 

that the addition of a passive water pore to the Sur1-Trpm4 channel greatly boosts water 

transport rate and magnitude.    

The physical co-assembly of ion and water channels may accelerate water flux by 

strengthening osmotic coupling. Osmotic pressures generated by ion influx are eroded in 

a spatially-dependent manner by (i) intracellular diffusion barriers such as a relatively 

viscous cytoplasm, tortuous cellular morphology, and the intracellular protein 

lattice,381,382 and by (ii) compensatory mechanisms that resist changes in cytoplasmic ion 

concentrations.343,383 Thus, osmotic coupling between randomly distributed ion and water 

channels might not allow the specific spatial targeting of water influx that is needed to 
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support the proposed function of diluting Ca2+ influx. By contrast, by directly coupling 

ion flux with water flux, the translation of osmotic pressure to water influx is spatially 

optimized for the proposed function. This model, which emphasizes the cooperative 

importance of ion and water flux, helps explain the interdependent, complementary roles 

of Aqp4 and Na+-permeable channels in astrocyte swelling.78,101,264,340 Future experiments 

will be needed to directly address the impact of spatial proximity on water transport 

efficiency, and to determine if other mediators of high-capacity water influx utilize 

similar strategies.  

 

Pathological role of Sur1-Trpm4-Aqp4 water flux in astrocyte swelling 

If the adaptive consequence of formation of the Sur1-Trpm4-Aqp4 complex is the 

improved regulation of intracellular Ca2+, then its pathological consequence is astrocyte 

swelling. Astrocyte swelling (i) reduces the extracellular space, which impairs clearance 

of toxic metabolites;384 (ii) triggers dysregulated release of glutamate, which contributes 

to neuronal death;385 (iii) exacerbates cerebral edema,334,362 which together may worsen 

outcome after CNS injury. 

Given the numerous Na+-permeable channels implicated in astrocyte 

swelling,334,386 it is unlikely that the Sur1-Trpm4-Aqp4 complex is the sole mediator of 

astrocyte swelling. However, to my knowledge, none of these other Na+ permeable 

channels has been shown to co-assemble with Aqp4. My findings indicate that the Sur1-

Trpm4-Aqp4 complex is particularly important in the subacute phase (~3 days), which 

coincides with peak brain swelling after ischemic stroke.  
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Therapeutic implications of Aqp4/ion channel interactions 

In the normal healthy brain, the Aqp4-Trpv4 complex plays a major role in 

astrocyte volume homeostasis.263 My data show that, following injury, Sur1-Trpm4 

disrupts the normal homeostatic Aqp4-Trpv4 complex, binds with Aqp4, and drives 

astrocyte swelling. My findings suggest that Aqp4 function may be fundamentally 

determined by context-specific interactions with various ion channels. It is possible that 

other Aqp4-dependent processes, including brain edema formation,264 vasogenic edema 

clearance,265 glymphatic system function,268 astrocytic migration,267 and 

neuroinflammation387 are similarly dependent on interactions between Aqp4 and various 

ion channels.  

If Aqp4 is dependent on ion channel function, ion channel antagonists could be 

used to indirectly modulate Aqp4. Given that Aqp4-specific inhibition has not yet 

become practical, this is a tempting prospect. In light of my findings, indirect attenuation 

of Aqp4 function may partially underlie the beneficial effects of glibenclamide following 

ischemic stroke.340,348,352 
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Chapter 5: Conclusions and future directions 

Dissertation conclusions 

Astrocytes are key cellular mediators of brain water homeostasis, and are 

equipped with molecules that permit high-capacity transmembrane water flux. Among 

the possible routes for transmembrane water transport in astrocytes, Aqp4 plays a 

particularly important role during normal physiology and after CNS injury. Aqp4 has 

been linked with a diverse array of critical functions in a variety of physiological and 

pathological states, including brain edema formation,264 brain edema clearance,265 

astrocyte migration and glial scar formation,267 cell adhesion,266 bulk flow of brain 

interstitial fluid,268 neuroinflammation,271 K+ buffering,269 gap junction coupling,270 

neuroprotection,267 and neuro-worsening.272   

 In the present thesis and dissertation, I sought to characterize molecular 

mechanisms that govern Aqp4 water flux in the injured brain.  In work described in 

Chapter 3, I found that, following cerebral ischemia, white matter astrocytes exhibited 

markedly different patterns of Aqp4 expression and localization. This heterogeneity in 

Aqp4 expression and localization was associated with the degree of local tissue swelling 

and edema formation. This study indicates that the expression level of Aqp4, and the 

subcellular localization of Aqp4 to the astrocytic endfoot are important factors that 

determine the degree of edema formation and tissue swelling that occur after cerebral 

ischemia.  

In work described in Chapter 4, I found that Aqp4 physiology is fundamentally 

determined by context-specific interactions with ion channel binding partners. My results 

indicate that de novo formation of a novel Sur1-Trpm4-Aqp4 macromolecular channel 
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complex underlies dysregulated astrocyte volume homeostasis after CNS injury. This 

study indicates that the wide repertoire of Aqp4 in various healthy and diseased CNS 

states may reflect context-specific interactions with different ion channel binding 

partners.  

Given that no effective Aqp4 inhibitor has been translated to clinical use, studies 

that seek to characterize molecular mechanisms that govern Aqp4 activity are sorely 

needed. A variety of molecules, including 2-nicotinamide-1,3,4-thiadiazole (TGN-020), 

triptan drugs, tetraethylammonium (TEA+), acetazolamine, anti-epileptic drugs (AEDs), 

bumetanide, AqB013, AqF026, furosemide, organomercury compounds such as pCMBS, 

silver sulphadiazine, Au(phen), Au(bipy), and Au(terpy) have been proposed as possible 

Aqp4 antagonists.388-390 However, further testing of these compounds has yielded 

inconclusive results.391 Efforts to generate an Aqp4 inhibitor have been stymied by the 

absence of natural Aqp4 ligands. By targeting the mechanisms that govern Aqp4 activity, 

such as protein expression or the ion channel binding partners that dictate Aqp4 

physiology, Aqp4 could be indirectly inhibited.  

As a treatment strategy, indirectly inhibiting Aqp4 through its context-specific 

governing mechanisms might offer additional benefits. If Aqp4 engages in a variety of 

co-associations with ion channel binding partners, then functionally distinct ‘pools’ of 

Aqp4 exist at any given time on the plasmalemma, wherein each pool is characterized by 

unique Aqp4/ion channel co-association. By specifically targeting a single ion channel 

binding partner, maladaptive roles of Aqp4 could be selectively inhibited, while other 

physiological roles of Aqp4 could be preserved, thereby minimizing off-target 

pharmacological effects. 
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Future directions 

White matter involvement in ischemic stroke and edema formation 

 I found that white matter is markedly more sensitive to edema formation and 

swelling after ischemic stroke than grey matter. While some previous clinical studies 

have investigated the role of white matter in brain edema,296-298 no studies have directly 

examined possible associations between the degree of white matter involvement with 

malignant brain swelling. A study of this type may indicate novel predictors for 

malignant edema formation, and aid in stratifying patients for prophylactic treatment of 

brain edema.  

 

Molecular structure of the Sur1-Trpm4-Aqp4 complex 

 I found that Aqp4 forms a functional macromolecular channel complex with Sur1 

and Trpm4. However, the precise structural organization of the channel complex is not 

known. Unfortunately, the determination of membrane protein structure is relatively 

challenging due to difficulties in obtaining protein crystals, and the numerous 

confirmations that membrane proteins can adopt.  

 Angstrom-scale structural studies of the KATP channel, an ATP sensitive K+ 

channel comprised of Sur1 and Kir6.2, indicate possible structures the Sur1-Trpm4-Aqp4 

complex might adopt. In 2005, researchers utilized cryo electron microscopy (cryo-EM), 

a technique well-suited for the study of membrane proteins to obtain a 18 angstrom scale 

structure of the KATP channel.392 They found that the Kir6.2 pore forming subunits were 

surrounded by four equidistant-spaced Sur1 subunits. Given that Trpm4 is a markedly 
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larger molecule than Kir6.2, sufficient room might exist between Sur1 subunits for Aqp4 

to intercalate.  

Since cryo-EM has been recently utilized to determine high resolution structures 

of other TRP channels, including Trpv1 and Trpv2,393,394 this technique may be useful for 

the determination of the Sur1-Trpm4-Aqp4 complex.  

 Alternatively, single molecule tracking experiments using either photoactivated 

localization microscopy (PALM) or stochastic optical reconstruction microscopy 

(STORM), might give insight into the structural arrangement of the Sur1-Trpm4-Aqp4 

complex. Single molecule tracking was previously used to investigate factors that 

influence OAP formation.395 These techniques may help to better understand how the 

Sur1-Trpm4 channel intercalates into the Aqp4 OAP lattice at the plasmalemma.  

While the technical challenges in determining the structure of a tripartite 

membrane complex are daunting, a complete structural model of this complex would be 

invaluable for a full understanding of its biology.  
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