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Abstract

Astrocytes are the second most abundant cell type in the central nervous system and serve
various functions, many of which maintain homeostasis of the intracellular milieu in the
face of constant change. In order to accomplish these important functions, astrocytes must
regulate their cell volume. In astrocytes, cell volume regulation involves multiple channels and
transporters, including AQP4, TRPV4, TRPM4, VRAC, Na*/K* ATPase, NKCC1 and Kir4.1. AQP4
is a bidirectional water channel directly involved in astrocyte cell volume regulation. AQP4
also forms heteromultimeric complexes with other channels and transporters involved in cell
volume regulation. TRPV4, a mechanosensitive channel in involved in osmotic regulation in
various cell types, forms a complex with AQP4 to decrease cell volume in response to cell
swelling. TRPM4 also forms a complex with AQP4 and SURT in response to injury resulting
in cell swelling. Another complex forms between Na*/K* ATPase, AQP4, and mGIuR5 to
regulate the perisynaptic space. NKCC1 is a co-transporter involved in cell volume increases
either independently through cotransport of water or a functional interaction with AQPs.
VRAC is implicated in regulatory volume decreases and may also functionally interact with
AQP4. Although Kir4.1 colocalizes with AQP4, its role in cell volume regulation is debated.
In diseases where fluid/electrolyte homeostasis is disturbed such as stroke, ischemic injury,
inflammation, traumatic brain injury and hydrocephalus, cell volume regulation is challenged,
sometimes past the point of recovery. Thus, a greater understanding of signaling pathways
which regulate transport proteins as well as the functional and physical interactions that exist
between transporters will provide a basis for the development of pharmaceutical targets to

treat these prevalent and often devastating diseases.
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Introduction

The extracellular fluids of the central nervous system (CNS) are comprised of blood,
interstitial fluid (ISF) and cerebrospinal fluid (CSF). Collectively, these are responsible for
functions such as hormone and cytokine signaling, CNS environment homeostasis, nutrient
delivery, brain waste clearance, and brain cushioning. The composition of each of the fluids
is distinct and the movement of water, small molecular weight components and even cells
between compartments represent highly controlled processes [1-4]. There are several cell
types that regulate the composition, movement, and clearance of the three different fluids.
The choroid plexus secretes CSF into the brain’s ventricular system where it is absorbed,
dispersed, or drained by other cell types such as ependymal, meningeal, lymphatic, and glial
cells [5]. The blood-brain barrier is one of the least permeable vascular systems in the body,
although specific transport across this barrier does take place and disruption of the barrier
is a common pathological occurrence in disease or injury [6-10]. On a more localized level,
maintenance of the fluid composition, particularly in niches such as the perisynaptic domain
and the perivascular space, is controlled by specialized cells called astrocytes [11].

Astrocytes are one of the most common CNS glial cells and are found throughout the
brain. Astrocyte function depends on specific localization within the brain. Of importance
are astrocytes found at the blood brain barrier (BBB), where they play a key role in
maintenance of CSF and ISF [11]. Astrocytes form a layer adjacent to the pia mater called
the glia limitans. The main function of these astrocytes is protection and regulation of CSF
adjacent to pial vessels [12, 13]. Alternatively, astrocytes with endfeet in close proximity to
synaptic junctions, support neurons through maintenance of a constant extracellular milieu
during neuronal activity, playing a supporting role in synaptic transmission and modulating
information via the secretion of gliotransmitters [14-19]. Perivascular astrocytes are
important in glymphatic function. The glymphatic system was first proposed as method of
cerebrospinal fluid (CSF) and interstitial fluid (ISF) exchange and clearance [20]. CSF enters
the periarterial space where it can be taken up by astrocytes and transported throughout
the brain parenchyma to perivenous spaces and then drained through cervical lymphatics
[20-24]. The glymphatic system has been proposed to be important in the clearance of brain
waste and toxic materials, including amyloid 8 [20].

In this review, we will focus on the transporters involved in the maintenance of the
extracellular milieu and, as a consequence, cell volume in astrocytes under normal and
pathological conditions (Table 1). Astrocytes are responsible for maintaining normal
brain environment including electrolyte and fluid balance, which involves the uptake and
removal of extracellular compounds. Notable in this regard is the removal of accumulating
extracellular K* during times of high neuronal activity [25]. Glial cells in general, and
astrocytes in particular, swell in response to a variety of injuries including ischemic injury,
stroke, traumatic brain injury and inflammation [6-7]. Excitotoxicity, neuronal and vascular
degeneration, and metabolic disruption can all be a result of detrimental glial swelling [26,
27]. Depending on severity, these processes can either be followed by a normal decrease in
volume or abnormal function and cell death [28, 29].

Regulatory cell volume changes are mediated by transmembrane ion fluxes [30, 31].
Astrocytes contain key channels and transporters that are involved in either regulatory
volume increase (RVI) or decrease (RVD) (Fig. 1). During RVD ions efflux from the cell, while
during RVI, ions accumulate within the cell to maintain osmotic equilibrium. Simultaneous
activation of these mechanisms is avoided through inhibition of the opposing mechanism [30,
32, 33]. The astrocytic channels and transporters that are currently implicated in cell volume
regulation include the bidirectional water transporter, aquaporin-4 (AQP4), the osmo- and
mechano-sensitive channel, transient receptor potential cation channel, subfamily vanilloid,
member 4 (TRPV4), the sulfonylurea receptor 1 (SUR1)-transient receptor potential
melastatin 4 (TRPM4) complex, the volume-regulated anion channel (VRAC), the inwardly
rectifying potassium channel (Kir4.1), sodium potassium adenosine triphosphatase pump
(Na*/K*" ATPase) and Na*-K*-Cl" cotransporter (NKCC1) (Fig. 2).
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Table 1. Experimental Manipulation of Astrocyte Channels and Transporters, their effects, and associated
pathology. 2-(nicotinamide)-1,3,4-thiadiazole, TGN-020; RVD, regulatory volume decrease; TBI, traumatic
brain injury; SCI, spinal cord injury; 4a PDD, 4a-phorbol 12,13-didecanoate; MCAO, middle cerebral artery
occlusion; ICH, intracerebral hemorrhage; BBB, blood brain barrier

Channel/Transporter Experimental Manipulation Effects/Results Pathology
Decreased water permeability [34], Problems - .
Global mouse knockout [51] with cell migration [52], K+ buffering [53], rE:gtnslgz?l;z;—ccg;::;ﬂé}i?e:cah(E?‘fif&]é]
cognition [54-58], impaired cell adhesion [59] 8 ’
Postulated role in Alzheimer’s Disease [63],
Hypoosmotic Stress k?;gt;f toel:;sgg l\gzméb;]ane (72, 73], Hydrocephalus [64, 65], TBI [8], SCI [74],
AQP4 88! , 66, Vasogenic Edema [70]
Calmodulin antagonist [74] Decrease membrane targeting/localization [74] SCI edema, functional recovery [74]
Range of partial inhibitors [77], gecreased e trans.porF [77]'d liferati Focal Ischemia, Cerebral Edema [78],
TGN.020 [78, 79] ecrease astrocyte activation and proliferation, ¢y e functional recovery [79]
’ Decreased AQP4 expression [79] ’
Global mouse knockout, Problems with systemic tonicity Improved outcome with induced Ischemic
osmotic stress [85] homeostasis [85] injury [91]
ICH, Edema, Ameliorated neurological
TRPV4 siRNA knockdown [9] Reduced hypotonicity [Ca2*] influx [35] symptoms, neural death, BBB disruption
[10]
. Swelling, RVD triggered [35], Alterations in Agp4
Hypoosmotic Stress and Kir4.1 gene expression [66]
Stress fiber formation, adherens and tight ICH, Edema, ameliorated neurological
Agonist: junction degradation [9], dose dependent symptoms, neural death, BBB disruption [9],
TRPV4 G§K101-6790A [9,92,93,95] neuronal death [92], Glial activation [93], ICH, improved neurological and motor
4a PDD [35, 95] P increased neuronal activity [95], No effect on outcomes [95], MCAO [92, 96], stroke,
’ astrocyte calcium dynamics [35] Angiogenesis, Reduced infarct volume, improved functional
Neurogenesis [96] outcomes [96]
Antagonist: ICH, Edema, Ameliorated neurological
HCng67047. [9,92,93] No effect on swelling [93], Reduced microglial symptoms, neural death, BBB disruption [9],
Jan activation, reduced expression of TRPV4 [97] MCAO [92], Demyelination [97],
RN1734 [97,98]
Hydrocephalus [98]
Gadolinium/Ruthenium Red -
(Inhibition) No effect on RVD Kkinetics [47]
TRPM4 siRNA Knockdown [80] Inhibition of astrocyte swelling [80] Cold injury model, edema [80]
Na+*/K* ATPase High extracellular K+ [25, 106] Swelling [25, 106]
High extracellular K* . .
[25, 107, 110-113] Swelling [25, 107, 110-113] Ischemia [25, 107, 110-113]
Astaxanthin (antioxidant/anti- Decreased edema, peri-contusional expression TBI [115]
NKCC1 inflammatory) [115] of NKCC1 and AQP4 [115]
Bumetanide [115, 10] Decreased AQP4 and NKCC1 expression [115] TBI [115], SCI [10]
TGN-20 (AQP4 inhibitor) [10] Decreased edema [10]
Hypotonic challenge/Swelling Cl- and organic osmolyte efflux [119-122],
[117-125] RVD [119, 123-125]
VRAC Epileptic seizures [120]
. Suppressed hypotonic-stimulated amino acid
siRNA knockdown
[118, 119, 121, 122] release [118], Reduced cell volume
’ ’ ' recovery/RVD [119, 121, 122]
Extracellular K+ [25, 127] Localized swelling [25, 127]
Kir4.1

BaClz (blockage) [25]

No effect on extracellular space volume [25]
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Fig. 1. Channels and Transporters
Involved in Compensatory Volume
Changes. Astrocytes utilize channels
and transporters localized to endfeet
to regulate their external and in-
ternal osmotic environment. AQP4,
TRPM4, Na*/K* ATPase, NKCC1, and
Kir4.1 are proposed to be involved in
influx of water leading to astrocytes
swelling, called regulatory volume
increase. During cell swelling, a com-
plex formed between TRPM4 and
AQP4 transitions the water channel
from astrocyte endfeet to the cell
body membrane. AQP4, TRPV4, and
VRAC are involved in efflux of water
from astrocytes, called regulatory
volume decrease (RVD). Figure cre-
ated with BioRender software (Bio-
Render.com).

Fig. 2. AQP4 forms various hetero-
multimeric complexes with other
channels and transporters. When as-
trocytes are presented with osmotic
challenges, they utilize two pro-
cesses: regulatory volume increase
(compensatory swelling) and regu-
latory volume decrease (RVD). As a
result, AQP4 can form several het-
eromultimeric complexes to contrib-
ute to these processes. In response
to swelling and resulting membrane
stretch, TRPV4 influxes calcium into
the cell. As a result, it activates AQP4
to expel water from the cell, a pro-
cess called RVD. Injury causes AQP4
to switches binding partners from

TRPV4 to TRPM4 complexed with SUR1. As a result, AQP4 become dysregulated and can now also be found
in the plasmalemma of the cell body. This overall results in water influx and cell swelling. In the perisynaptic
domain, Na*/K* ATPase, AQP4, and mGluR5 interact to regulate the extracellular space in response to injury
resulting in swelling. AQP4 is also known to interact with Kir4.1, however, its role in cell volume regulation
is not well understood. All of these complexes are important in astrocyte responses to osmotic challenges

and cell volume regulation. Figure created with BioRender software (BioRender.com).
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AQP4

Aquaporins (AQPs) are a family of water transporting proteins with tissue-specific
expression. In the brain, simple diffusion of water also occurs, though in a limited capacity
in comparison to water transport by aquaporins [34, 35]. The most abundant water channel
in the brain is AQP4, found in astrocytes, and the ependyma, which is a layer of epithelial
cells lining the cerebrospinal fluid-containing ventricular system [36, 37]. AQP4 is most
commonly found at brain-fluid interfaces, including the endfeet of astrocytes [38-40].

Several isoforms of AQP4 have been identified, termed AQP4a-f [41]. AQP4a, AQP4c,
and AQP4e, the most common plasma membrane isoforms play an active role in volume
regulation [42-47]. AQP4e is a vesicle associated isoform that may regulate the plasma
membrane localization of other AQP4 isoforms under conditions of hypoosmotic stress
[48, 49]. AQP4b and AQP4d isoforms are located in the cytoplasm and within endosomes
and lysosomes of the endoplasmic reticulum. It was previously thought that these isoforms
did not have a role in volume regulation. However, when isolated rat cortical astrocytes are
exposed to hypoosmotic conditions, both isoforms relocated to early endosomes and may be
important for other AQP4 isoform assembly and redistribution to the plasma membrane [50].
Theoretically the ability to target these different isoforms may be a beneficial therapeutic
strategy for disorders arising from osmotic dysregulation.

Inastrocytes, AQP4 isimportantfor processesrelated toits functionasan osmoregulatory
transport protein. In a whole body AQP4 knockout mouse [51], several observations
were made including, decreased astrocyte water permeability and cell migration [34,
52], decreases in K* buffering [53], changes in normal cognitive function through reduced
basal neurotransmitters and downregulation of glutamate transporters [54-58], decreased
channel-mediated astrocyte cell adhesion [59], and changes in brain extracellular space
regulation [60, 61]. Early in development, AQP4 can also be seen in radial glial cells (RGC),
which have roles in neural organization and late glial differentiation [62].

AQP4 has also been reported to have a role in neurological diseases. AQP4 on astrocyte
endfeet helps fluid and waste products move from periarterial spaces through the rest of
the brain to be cleared in the perivenous spaces and, ultimately, through the glymphatic
system [20]. In the APP/PS1 mouse model of Alzheimer’s disease, deletion of AQP4 increased
amyloid B pathology [46, 63]. In induced animal models and human patients with
hydrocephalus, AQP4 was found to be increased specifically at blood brain barriers [47, 48, 64,
65]. This implicates a role for AQP4 in disease presentation, pathological progression, or an
attempt to recover homeostasis.

The role of AQP4 in astrocyte volume regulation is key to normal and pathological
processes. AQP4 expressed on the cell membrane is bidirectional and, therefore functional
in cell swelling as well as a passive return to normal volume or an active, more rapid process
of RVD mediated by both water and ionic flux. Transient swelling of astrocytes is a normal
occurrence during astrocyte function of absorbing osmolytes, particularly K*, from the
extracellular milieu after neuronal activity. Under abnormal conditions, swelling in the
CNS, predominately in astrocytes, occurs acutely after traumatic brain injury, hemorrhage,
hypoxia or inflammatory responses.

Cell swelling triggers RVD, a complex process involving the efflux of both water
and solutes. Jo et al. found that cell swelling in response to hypotonic challenge induced
an intracellular Ca* signal that, in turn, initiated RVD in dissociated mouse retinal glial
cells [66]. AQP4 was shown to be involved in RVD of mouse primary brain astrocytes [35].
Interestingly, both of these studies found the AQP4-mediated RVD involved an interaction
with TRPV4 as elucidated in more detail below.

Swelling or shrinking of astrocytes may vary according to the precipitating cause of
intracellular and extracellular changes. This was elegantly demonstrated by Risher et al,,
who performed in vivo imaging of both astrocytes and pyramidal neurons using two photon
laser scanning microscopy through cranial windows and then conducted confirmatory
studies in mouse cortical brain slices [67]. They found that, as expected, astrocytes swell
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during hypoosmotic challenge, extracellular K* elevations or oxygen/glucose deprivation.
In the case of osmotic challenge, the pyramidal neurons did not swell, a finding which the
authors attributed to the lack of AQPs in these neurons. The reversal of astrocyte swelling
when the osmotic concentration returned to normal was relatively long, consistent with
passive water flux rather than an active RVD. On the other hand, both neurons and astrocytes
swelled in response to global ischemia during in vivo studies, and oxygen/glucose deprivation
mimicking that pathological situation in brain slices. The neurons did not recover normal
volumes on return to re-oxygenation/normoglucose conditions while the astrocytes showed
arapid recovery of cell volume consistent with RVD although the authors did not specifically
demonstrate the RVD [67]. Thus, the processes of both swelling and return to normal cell
volume may be dependent on the original stimulus and, by analogy, different regulatory
controls.

To mitigate the development of cytotoxic edema or the accumulation of water inside
cells, deletion of AQP4 was found to be beneficial [68-70] while AQP4 deletion exacerbated
vasogenic edema or fluid accumulation in extracellular spaces in mice [71]. Genetic deletion
of AQP4 in mice reduced the brain edema after water intoxication or ischemic stroke, two
processes that acutely cause cell swelling [68]. Conversely, AQP4 facilitates reabsorption of
excess fluid in vasogenic edema [70-71]. Thus, it is problematic to propose direct regulation
of AQP4 for the treatment of hemorrhage, stroke or ischemic injury, since over time cytotoxic
edema often progresses to vasogenic edema.

Regulation of AQP4 in both cell swelling and RVD takes place via different mechanisms
and in some cases, in a cell-specific manner. Neri et al. found increases in AQP4 expression
in cases of edema following traumatic brain injury (TBI) in humans [8]. In rat and human
cultured astrocytes, AQP4 abundance on the cell surface was found to be regulated by changes
in tonicity [72, 73]. In a recent paper, Kitchen et al. showed that AQP4 was inserted into the
plasma membrane in response to hypoxia in rat and human cultured astrocytes and HEK293
cells and also in a rodent model of spinal cord injury (SCI) [74]. The mechanism of the AQP4
translocation involved protein kinase A, cAMP, Ca** and calmodulin. Pharmacologically
targeting the calmodulin inhibited the translocation of AQP4 to the membrane and decreased
injury-induced edema [74].

Several drugs have been used to target AQP4 including acetazolamide and antiepileptic
drugs, however, these are not specific for the water channel [70, 75, 76] and have not been
demonstrated to be clinically useful for the treatment of brain swelling. A specific AQP4
inhibitor called 2-(nicotinamide)-1,3,4-thiadiazole (TGN-020) was shown to have beneficial
effects in ischemic cerebral edema and SCI in rodents [77-79]. As noted in the previous
paragraph, targeting calmodulin is an essential component of AQP4 translocation to the
membrane. Trifluoperazine, an FDA approved calmodulin antagonist for the treatment of
psychosis, had beneficial effects on SCI edema and enhanced functional recovery in rats [74].
Regulators of AQP4 may be more beneficial pharmacological targets than the water channel
itself.

AQP4 interacts with several other proteins and channels important to astrocyte volume
regulation, such as TRPV4, TRPM4, and Na*/K* ATPase and Kir4.1 [36, 80, 81]. These channels
and their interaction with AQP4 will be elaborated on in subsequent sections.

TRPV4

TRPV4 is a mechano-, osmo-sensitive ion channel [82], shown to participate in osmotic
regulation in many cell types [66, 67, 83, 84]. TRPV4 knock out mice grow and reproduce
normally but when osmotically stressed, experience problems with osmotic equilibrium
[85]. On the other hand, these mice showed reduced lesion volume and Evans blue leakage
after induced ischemic injury [85]. As evidenced by these studies, TRPV4 is important in CNS
fluid homeostasis. Along with other channels important in astrocyte osmoregulation, TPRV4
is expressed in astrocyte endfeet [86, 87].
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Benfenati et al. found that in both in vivo and in vitro rat astrocytes, TRPV4 formed a
complex with membrane localized AQP4. They proposed that TRPV4 and AQP4 physically
interact and participate in RVD [36]. These conclusions were based on the observation that
depletion of AQP4 abolishes the Ca?* increase normally seen in response to hypotonic stress.
Since AQP4 is not Ca?* permeable, the interaction with the osmosensitive TRPV4 Ca?* channel
was postulated to serve as the activator for astrocyte RVD. The authors showed a physical
interaction between the two transporters that was required for subsequent downstream
signaling [36].

RVD was also shown to involve both AQP4 and TRPV4 in Miiller astroglia in the mouse
retina [67]. TRPV4 was necessary for both hypotonic swelling and RVD. However, in the
Miiller cells, the two proteins were not observed to physically interact but, rather, water
flux through AQP4 activated a swelling sensor that stimulates TRPV4-mediated Ca?* entry
which, in turn, modulates volume regulation, swelling and, interestingly, Aqp4 and Kir4.1
gene expression [67].

In mouse primary astrocyte cultures and in an established type 1 astrocyte primary
culture cell line, DI TNC1, Mola et al. found that inhibition of TRPV4 with either gadolinium
or ruthenium red decreased Ca?* influx but had no effects on RVD kinetics measured with
total internal reflection and quenching fluorescent assays [48]. These experiments remain to
be repeated with more specific TRPV4 antagonists. The authors proposed instead that RVD
is triggered by membrane stretch as a result of water influx from AQPs [48].

These seemingly discrepant findings may be explained by the diversity of astrocyte cell
characteristics in different parts of the brain. Benfenati and colleagues made the interesting
observation that the AQP4/TRPV4 complex is most abundant in what they termed superficial
astrocytes - those that are found in the subarachnoid and perivascular spaces where they are
likely to play a role in the export of osmolytes to the CSF in response to acute hypoosmotic
stress. On the other hand, those astrocytes which have endfeet surrounding the smaller
vessels of the vasculature in the brain parenchyma express predominately AQP4 alone
which may play a role in water influx into the astrocytes [36]. The distinction of whether the
AQP4 is complexed with TRPV4, effective independently, or works in combination with other
channels has implications for differences in overall function in various parts of the brain. It
also provides an explanation for why, in some experimental paradigms, the astrocytic TRPV4
appears to play a role in cell swelling and in other cases in RVD.

As an understanding of roles of TRPV4 in the brain evolves, knowledge regarding
potential effectors of this channel are also evolving. There are several specific agonists and
antagonists of TRPV4 [88], including orally bioavailable forms [89]. These experimental
drugs, which have been used in preclinical animal models, have been extended by the
recent elucidation of clinically useful TRPV4 antagonists (Clinical trials.gov, search term
TRPV4) [90]. Negligible phenotypes in TRPV4 knockout mice under normal physiological
conditions suggest that TRPV4 can be inhibited without significant side effects [91]. However,
caution must be exercised in pathological situations given the lack of understanding of the
roles of TRPV4 in the rest of the body.

Studies in animal models of intracerebral hemorrhage (ICH) have also produced
conflicting results. Using autologous blood injection, Zhao et al. have demonstrated that a
TRPV4 antagonist reduced brain edema and ameliorated neurological symptoms, neural
death and blood-brain barrier disruption in a rat model of ICH [9]. Shen et al. found that
ICH leads to TRPV4 overexpression resulting in a loss of Ca? homeostasis, inducing an ER
unfolded protein response and neural apoptosis which was accompanied by cerebral edema
[92]. Specific TRPV4 activation also induced dose dependent apoptosis and neuronal death,
and glial activation in cell cultures and a middle cerebral artery occlusion (MCAO) [93, 94].
Together, these findings suggest that antagonism of TRPV4 may have beneficial effects. In
contrast, other studies have indicated that increasing activity with TRPV4 agonists have a
beneficial effect on ICH. A specific TRPV4 agonist improved selected neurological and motor
outcomes in cerebral hemorrhage. Interestingly these effects occurred in the absence of
other beneficial changes such as injury-induced increases in brain volume, edema or GFAP-
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positive astrocytes [95]. Likewise, TRPV4 activation with 4a-phorbol 12,13-didecanoate
reduced infarct volume and improved functional outcomes in a (MCAO) model of stroke.
There was a 3.4-fold increase in microvessel density and an increase in neurogenesis [96]. It
should be noted that the agonist used is not effective in the activation of TRPV4 in all tissues
and, as all phorbol esters, may have other effects including mitogenic activity. The mitogenic
activity of 4a PDD may explain the differences seen between the two distinct TRPV4 agonists
in the MCAO models. The utilization of specific agonists will be important in future studies
examining TRPV4.

In preclinical studies, antagonizing TRPV4 has shown benefits in reducing microglial
activation in a cuprizone-induced mouse model of demyelination [97] and in the treatment
of congenital hydrocephalus [98]. In the former case the mechanism of action was proposed
to be an increase in TRPV4 expression coupled with a TRPV4-mediated increase in
inflammatory mediators; in the latter case a TRPV4-mediated decrease in CSF accumulation
was postulated.

Thus, there are conflicting findings whether inhibition or activation of TRPV4 is more
beneficial in a number of brain pathologies that involve fluid homeostasis and volume
regulation. This may be due to the experimental parameters monitored in each study. For
example, activation of TRPV4 may be beneficial in neuronal and endothelial cells [95, 96],
while TRPV4 antagonism may be beneficial in other cell types [9, 93, 94, 97, 98]. The role
that TRPV4 plays in each cell type may also differ, for example proliferation in neurons and
endothelial cells and inflammation in microglia and astrocytes. The differences could also be
due to the nature of the disease and the degree of severity. Utilizing several different animal
and cell culture models with the same experimental parameters and identical agonists or
antagonists may be able to resolve some of the conflicting findings in these studies. This
underscores the necessity of a more complete understanding of the nature of the diseases
and the exact cell types affected before treatment options are developed.

TRPM4

Transient receptor potential melastatin 4 (TRPM4) is a monovalent cation permeable
channel that has been shown to be substantially upregulated after CNS injury such as
hypoxia-ischemia, TBI, and stroke in rodents and humans [99-102]. When expressed, the
TRPM4 forms a complex with the sulfonylurea receptor 1 (SUR1) and this complex has been
implicated in astrocyte volume increases and brain edema [99-102]. Recently Stokum et al.
elucidated a mechanism involving the formation of a heteromultimeric complex of TRPM4-
SUR1-AQP4 as the causative ion and water transporter complex involved in astrocyte
swelling [80]. In a series of elegant in vitro and in vivo studies, the authors found that when
TRPM4 was expressed, AQP4 switches from an association with TRPV4 to TRPM4. This was
found to be concurrent with the movement of the AQP4 from the astrocyte endfeet to the
plasma membrane of the cell body. The experiments demonstrating the role of the complex in
astrocyte swelling were first performed in COS-7 cells over-expressing various combinations
of the multimeric components. The outcome of the COS-7 results was reproduced in primary
astrocyte cultures activated by a cytokine cocktail that causes TRPM4 expression. The in vitro
finding that the multimeric complex caused astrocyte swelling was substantiated in vivo in
a cold injury model of edema. In addition, genetic ablation of TRPM4 inhibited the cold-
induced astrocyte swelling [80]. Thus, the TRPV4-AQP4 complex appears to be important
for cell volume regulation under normal homeostatic conditions [36], while a TRPM4-SUR1-
AQP4 complex is functional during injury-induced astrocyte swelling.

As pointed out by Stokum and colleagues, the complex formation provides a means
to indirectly inhibit AQP4 on astrocyte endfeet under pathological conditions [80]. This
heteromultimeric complex may explain the efficacy of glibenclamide (a sulfonylurea) after
ischemic stroke [101-103]. Several options are being developed to target TRPM4 including
specific chemical inhibitors [104], and TRPM4 blocking antibodies [105] however these
approaches are still being investigated clinically.
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Na*/K* ATPase

Na*/K* ATPase is an energy-dependent antiporter of sodium and potassium responsible
for maintaining the electrolyte gradients across plasma cell membranes. The activity of the
pump is dependent on the availability of ATP but is also sensitive to the concentrations of
each of its ligands. Thus, both intracellular Na* as well as extracellular K* can alter pump
dynamics. Recent studies have implicated this transporter as a major factor in astrocyte
swelling induced by high extracellular K* concentrations [25, 106].

The transporter is composed of a tetramer of a and # subunits with several known
isoforms of each subunit. Studies of the isoform-specific characteristics when expressed in
Xenopus laevis oocytes showed differing affinities for both Na* and K*. The glial form of the
Na*/K* ATPase is a1l/B1 which is notable because this complex shows maximal transport
activity under conditions of raised extracellular K* [25]. These authors found that Na*/K*
ATPase is a key component of the astrocyte-mediated K* clearance pathway in freshly
isolated rat hippocampal slices. The findings were substantiated and extended by Walch and
colleagues who showed that in freshly prepared mouse brain slices, changes in extracellular
K* within the physiological range caused astrocyte, but not neuronal, swelling [106]. The
authorssuggestthatthisisduetothedifferencein Na*/K* ATPase subunitexpression. Neurons
express the al/B1 subunit which is differentially sensitive to increases in intracellular Na*.
Additionally, the astrocyte-selective volume increase in response to elevated extracellular
K* was independent of AQP4 [106]. However, interpretation of some aspects of the studies
listed above are complicated by the use of oubain and the resulting inability of the cells to
establish normal Na* and K* transmembrane gradients.

In contrast to the finding summarized above, Illarionova et al. found that Na*/K*
ATPase and AQP4 co-localize and functionally interact in rat astrocytes [81]. These authors
demonstrated a complex consisting of a transporting microdomain of AQP4, Na*/K* ATPase
and the metabotropic glutamate receptor 5 (mGluR5) using both pull-down assays and
FRET localization. They also elucidated the amino acid residues in the N-terminus of AQP4
that bind to the pump. During increased neuronal activity, as in the case of injury, glutamate
is released by neurons and taken up by astrocytes. This uptake of glutamate also results
increased uptake of Na* by glutamate-Na* cotransporters. As a response, mGIuR5 activates
AQP4, resulting in water influx. This is thought to help buffer intracellular Na* concentration
in the vincinity of the Na*/K* ATPase. This heteromultimeric complex seems to be important
in neuron-astrocyte crosstalk and, as a result, changes in astrocyte cell volume.

Characterizing the role of the Na*/K* ATPase pump and its interacting proteins is
important for understanding astrocyte swelling in normal and pathological states. The
pump is, however, not a good drug target since diminishing its activity can be detrimental to
normal cell activity and disturbs ion gradients [107].

NKCC1

NKCCs are electroneutral co-transporters which allows the cellular influx of sodium,
potassium and chloride in a 1:1:2 ratio. These transporters are involved in fluid/volume
homeostasis in many systems and inhibition of NKCC has been shown to be beneficial in
cases of fluid dysregulation such as cerebral ischemia and vasogenic brain edema [108, 109].
NKCC2 is found predominately in renal cells while NKCC1 is widely distributed. In the brain,
NKCC1 is found in astrocytes as well as neurons, oligodendrocytes, choroid plexus epithelia
and blood vessel endothelial cells. This triple co-transporter has unique roles in each of the
brain cell types [108].

In astrocytes, NKCC1 is activated by high extracellular K*, a hallmark of neuronal
activity as well as by brain ischemia. While this may be an important homeostatic role in
normal conditions, it results in astrocyte swelling in pathological conditions [25, 107, 110-
113]. In AQP4 rodent knockouts, water still enters astrocytes [35-36]. One explanation for
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this phenomenon is the expression of water co-transporters, such as NKCC1. In oocytes,
exogenous expression of NKCC1 was used to determine water influx through the transporter.
The authors reported that NKCC1 acted as a water pump and reported a net gain of 460 water
molecules for each Na*K*2Cl [114]. While these findings are not universally accepted, there
are many studies indicating that co-transporters of this class can transport water molecules
and may contribute to the overall water influx into cells.

Studies have implicated interactions between NKCC1 and AQP4 in astrocyte cell volume
regulation, particularly under pathological conditions. In a mouse model of traumatic
brain injury, Zhang and colleagues found that both AQP4 and NKCC1 were up-regulated in
the cerebral cortical astrocytes of the peri-contusional brain tissue [115]. These authors
used astaxanthin, an antioxidant and anti-inflammatory, to decrease cerebral edema after
TBI thereby improving neurological outcome in the animals. The decreased edema was
accompanied by a decreased peri-contusional expression of both AQP4 and NKCC1 although
the mechanism of the drug action was not demonstrated. Interestingly the authors showed
that inhibition of NKCC1 with bumetanide inhibited the excess expression of AQP4 indicating
a functional interaction between the two proteins [115].

A functional interaction between NKCC1 and AQP4 was also demonstrated in a spinal
cord injury model in rats [10]. The edema, that is commonly associated with such an injury,
was attenuated by pretreatment with an AQP4 inhibitor (TGN-20) and an NKCC1 inhibitor
(bumetanide). The beneficial effects of the two drugs on edema formation were additive
when compared to individual effects. Treatment with TGN-20 reduced the mRNA and
protein expression of AQP4 as expected, but also reduced NKCC1 expression. Conversely,
treatment with bumetanide inhibited both NKCC1 and AQP4 overexpression [10]. Thus, at
least in injury models, there seems to be a functional interaction between NKCC1 and AQP4
in the formation of injury promoting edema formation.

Loop diuretics such as furosemide and bumetanide, while effective inhibitors of NKCC1,
are more often associated with inhibition of NKCC2 found in the kidney. While in vitro
and in vivo brain infusion studies indicate that inhibition of NKCC1 may be effective for
the treatment of a variety of conditions including ischemia, traumatic brain injury, and
hydrocephalus, the classical NKCC inhibitors are not used clinically to treat these conditions.
In part this is because they do not cross the blood brain barrier, and, therefore, would have to
be administered intrathecally, but also due to the relatively ubiquitous distribution of NKCC1
expression in the brain with different functions in each cell type [108].

VRAC

VRAC, is a multifunctional channel involved in astrocyte RVD. In rodent primary
astrocytes, activation of the channel in response to a hypotonic challenge or swelling results
in the efflux of Cl" as well as organic osmolytes such a taurine, glutamate and aspartate [116-
119]. The accompanying release of excitatory amino acids will have multiple other effects on
neighboring cells including neurons [118].

The VRAC transport complex in astrocytes was recently shown to contain a leucine-
rich repeat-containing 8 (LRRC8) subunit which is essential for swelling-activated Cl flux
and release of taurine, asparate and glutamine [119-122]. RVD is generally associated with
a net loss of intracellular K* together with the efflux of anions [31]. Activation of VRAC
containing LRRC8 by cell swelling allows for the efflux of CI" which provides a driving force
for K* secretion that, in turn, causes compensatory water movement out of the cell [119,
123-125]. Patch clamp experiments in rat cultured astrocytes indicated that knockdown of
AQP4 decreased the VRAC-mediated Cl current implying a functional interaction between
the transporters [126]. Conversely, recent experiments have shown that knockdown of VRAC
had no effect on water permeability in rat primary astrocytes [119].
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Currently VRAC inhibitors are relatively non-specific complicating both research
protocols as well as the potential development of pharmaceutical targets. The elucidation of
some of the critical subunits like LRRC8 may enhance development of more specific blockers
of this channel.

Kir4d.1

The inwardly rectifying Kir4.1 potassium channel in astrocyte endfeet is responsible
for the uptake of K* from the extracellular fluid during periods of high neuronal activity
[120]. Failure of this clearance mechanism slows the re-equilibration of K* and can cause
changes in neuronal function including seizures [54]. Under normal circumstances, the
potential for astrocyte swelling during K* influx is moderated by functional interaction
between astrocytes via gap junctions in the endfeet. Originally proposed by Orkland, “spatial
buffering” is envisioned as the uptake of K* followed by flow through the astrocyte syncytium
formed by the gap junctions to distant sites for efflux [127]. Thus, under normal conditions
there is, at most, only localized swelling of the astrocytes. The Kir4.1 channel likely absorbs
the excess K* as it being produced while Na*/K* ATPase pump is responsible for the post-
stimulus recovery necessary for a normalization of the extracellular space [25]. Kir2.1 is
also expressed in astrocytes and may play an important role in K* spatial buffering as well,
although not directly implicated in osmotic regulation [128, 129]. Both Kir channels and
Na*/K* ATPase are necessary to maintain normal extracellular composition but the proteins
are important within different time frames.

Kir4.1 has been shown to interact with AQP4 [39, 130]. Whether the interaction
between the two transporters is important for cell swelling is debated [25], though studies
have shown that AQP4 null astrocytes are connected to a greater degree by gap junctions
and are more efficient at K* spatial buffering [120]. The functional interactions and control of
the transport under normal physiological and pathological conditions awaits future studies.

Conclusions and Future Perspectives

An understanding of the control of key transporters as well as the interactions between
them is crucial for the treatment of brain disorders with aberrations in fluid/electrolyte
balance. Such disorders represent a substantial medical burden in the population and
include stroke, infection, traumatic brain injury and hydrocephalus. Astrocytes are key for the
maintenance of the composition of the extracellular milieu in the brain. In this homeostatic
process, various astrocytic channels and transporters are required to maintain normal
cell volume, primarily AQP4, TRPV4, TRPM4, Na*/K* ATPase, NKCC1, VRAC, and Kir4.1.
Interactions between channels and transporters result in heteromultimeric structures
with specific functions. These include AQP4/TRPV4, AQP4/TRMP4/SUR1, AQP4/Na*/K*
ATPase/mGluR5, and AQP4/Kir4.1. The AQP4/TRPV4 complex works to reverse swelling
in astrocytes with RVD [36]. Conversely, the AQP4/TRPM4 complex, in response to injury,
appears to allow the influx of water and causes cell swelling [80]. Na*/K* ATPase couples
with AQP4 and mGluRS5 to cause swelling in response to injury as well [81]. NKCC1, although
known to have a functional interaction with AQP4, mediates RVI by influx of water [10, 115].
In some studies, VRAC is associated with RVD but when the protein is knocked down, cell
volume is not affected [119]. Kir4.1’s role in astrocyte volume regulation is still debated
[25, 128, 129]. These mechanisms are all proposed to be important in astrocyte cell volume
regulation.

Volume regulation in astrocytes is complex, and in many aspects, uniquely different
than volume regulation in other cells. Although most of the channels and transporters
expressed in astrocytes are found in other cell types, these channels and transporters are
polarized to the cell body and astrocyte endfeet. This is unlike epithelial cells that have apical
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or basolateral polarization. The specific localization of these channels affects their function
in astrocytes. Endfoot polarization is important in communicating or regulating other cell
types, such as neurons and endothelial cells in the CNS. For example, AQP4 localization to
astrocyte endfeet controls volume regulation at the paravascular space, while AQP4 cell
body localization does not directly control volume changes [14-19, 39-41, 81]. Astrocytes
also form unique heteromultimeric complexes to regulate their volume in response to injury
and hypoosmotic conditions (Fig. 2).

Current studies explore various aspects of astrocyte cell volume, some of which may
present conflicting findings. One confounding variable is the difficulty in visualizing what
may be small changes during normal homeostatic processes like K* buffering and those that
take place under pathological conditions. The utilization of different animal models and cell
lines, as well as physiologically relevant controls may account for conflicting findings in many
of the studies. There are apparent differences between various rodent models and humans.
For example, there is transcriptional variation in C57BL/6 mice and Sprague Dawley rats,
and cell-specific differences between rodents and humans [131, 132]. This stresses the
importance of repeating studies in multiple models to find common mechanisms and assure
translatability to human studies. Primary cultures are often used for the study of cell-specific
volume regulation. Depending on the species used for primary culture isolation, there may
be differences. Additionally, there are various types of astrocytes that may also regulate
volume in specific ways [11-19], although most of these studies utilize primary cultures
isolated from the cortex of animals. For example, Benfenati et al. propose that the TRPV4/
AQP4 complex is mainly in superficial paravascular astrocytes [19], while Illarionova et al.
propose the importance of the AQP4/Na*/K*ATPase/mGluR5 at neuronal synapses [81].

Recently, there has been a push for better physiological models in biology research.
This includes making cell culture conditions a better physiological representation of in
vivo conditions. Risher et al.,, found that depending on the specific stimulus, hypoosmotic
challenge, extracellular K* elevations or oxygen/glucose deprivation, determined the specific
volume response of astrocytes [67]. This study used experimental parameters that closely
mimicked in vivo conditions. Utilizing endogenous channel and transporter modulators may
also help the field better understand cell volume mechanisms in vivo. Overall, comparing
experimental parameters of studies with conflicting findings may help guide future research
in a more positive direction.

There are a multitude of directions to explore to further understand fluid regulation in
astrocytes. A better understanding of how the different AQP4 isoforms function in astrocytes
alone, but also in the various heteromultimeric complexes presents an interesting aspect of
emerging research. This is important considering research showing that localization and
water permeability vary with the different AQP4 isoforms [42-51]. Isoform specific influences
may also be found for other channels and transporters, such as TRPV4 that has glycosylated
isoforms that affect membrane trafficking [98, 133]. Post-translation modification of these
channels and transporters is also an important consideration for future studies. Additionally,
identifying upstream modulators of heteromultimeric complex formation is another
emerging area of research. For example, Kitchen et al. have have reported that protein
kinase A and calmodulin have roles in AQP4 membrane localization via upstream influences
of TRPV4 and direct modulation of AQP4 [72]. Another interesting aspect, not explored in
this review, would be age-specific differences. The effects of development on brain fluid
regulation are yet to be explored. Pediatric forms of brain fluid dysregulation are common and
the developing brain is affected in different ways [134]. Also, some channels and transporters
are altered during development, for example NKCC1 in the choroid plexus [135]. However, as
summarized here, progress is being made, not only toward a mechanistic understanding of
these complex control mechanisms but also in the field of drug development.
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