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Epilepsy is a chronic brain disorder characterized by unprovoked seizures. Mechanisms

underlying seizure activity have been intensely investigated. Alterations in astrocytic

channels and transporters have shown to be a critical player in seizure generation and

epileptogenesis. One key protein involved in such processes is the astrocyte water

channel aquaporin-4 (AQP4). Studies have revealed that perivascular AQP4 redistributes

away from astrocyte endfeet and toward the neuropil in both clinical and preclinical

studies. This subcellular mislocalization significantly impacts neuronal hyperexcitability

and understanding how AQP4 becomes dysregulated in epilepsy is beginning to emerge.

In this review, we evaluate the role of AQP4 dysregulation and mislocalization in epilepsy.
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INTRODUCTION

Epilepsy is a chronic brain disorder characterized by spontaneous recurrent (two or more) seizures
(Fisher et al., 2014). It is a global health problem affecting more than 65 million people worldwide
(Clossen and Reddy, 2017). The incidence of epilepsy is 61.44 per 100,000 persons-year (Beghi and
Hesdorffer, 2014; Fiest et al., 2017). The economic burden associated with this disease is staggering
with total direct healthcare costs ranging between $9.6 – 12.5 billion per year in the United States
(Lekoubou et al., 2018). Furthermore, quality of life is profoundly impacted in patients living with
epilepsy. Some individuals are unable to function independently, have lower rates of employment,
and experience difficulties with social engagement (Yogarajah and Mula, 2019). Epilepsy is also
comorbid with several conditions including depression, diabetes, asthma, and stroke (Ottman et al.,
2011).

Astrocytes are the most abundant cell type in the central nervous system (CNS) and are
involved in key functions such as maintaining ionic homeostasis (Simard and Nedergaard, 2004),
regulating the blood-brain barrier (BBB) (Abbott, 2002), and providing metabolic support (Brown
and Ransom, 2007). Because astrocytes display such diverse functions, any changes in astrocyte
molecules significantly impact epileptogenesis (Binder and Steinhäuser, 2021). Astrocytes express
a wide array of ion channels, neurotransmitter receptors, and transporters all which detect and
respond to neuronal activity (Coulter and Steinhäuser, 2015; Steinhäuser et al., 2016). For instance,
glutamate transporter-1 (GLT-1) aids in clearance of glutamate, the most abundant excitatory
neurotransmitter from the synaptic cleft (Danbolt, 2001). Kir4.1, an inwardly-rectifying potassium
channel, maintains K+ homeostasis by either net uptake or spatial buffering (Orkand et al., 1966;
Olsen and Sontheimer, 2008; Bay and Butt, 2012; Macaulay and Zeuthen, 2012). Na+-K+-2Cl−

cotransporter (NKCC1) regulates GABA receptors by maintaining intracellular Cl− levels (Dzhala
et al., 2005; Liu et al., 2020). These astrocytic molecules, in addition to others, work in concert to
prevent excessive neuronal firing.
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Aquaporin-4 (AQP4) is a member of the aquaporin
(AQP) family of small, hydrophobic, integral membrane
proteins (Verkman, 2005). This water-selective transporter is
heterogeneously expressed throughout the CNS (Hubbard et al.,
2015) and is mainly found in regions of fluid transport such
as the BBB and the brain-cerebrospinal fluid (CSF) barrier
(Verkman et al., 2006). AQP4 is primarily expressed by
astrocytes and is heavily enriched at their endfeet where it
aids in bidirectional transport of water in response to osmotic
gradients (Verkman, 2005; Tait et al., 2008; Papadopoulos and
Verkman, 2013). The simple function of moving water has
created diverse roles of AQP4. For instance, AQP4 facilitates
astrocyte migration by regulating osmotic water flux across
the cell membrane by increasing water permeability in the
front end of the cell (Papadopoulos et al., 2008). It is not
surprising that another critical function of AQP4 is to maintain
water homeostasis. Tissue swelling due to accumulation of
excess water commonly observed in brain edema and stroke
(Papadopoulos and Verkman, 2007; Zador et al., 2009) can have
detrimental outcomes. AQP4 has been proposed to play a role
in the glymphatic system where it facilitates the clearance of
extracellular solutes (Iliff et al., 2012, 2013; Plog et al., 2015;
Xu et al., 2015; Lundgaard et al., 2017; Mestre et al., 2018;
Iliff and Simon, 2019; Salman et al., 2022a). While this concept
has generated much enthusiasm, it remains highly controversial
(Abbott, 2002; Hladky and Barrand, 2014; Spector et al., 2015;
Smith et al., 2017; Abbott et al., 2018; Smith and Verkman, 2018;
Hablitz et al., 2020).

MODULATION OF SEIZURE ACTIVITY BY
AQP4

It is remarkable that a simple water channel such as AQP4
plays such crucial roles in seizure activity and epilepsy. Indeed,
space within the brain is strictly regulated by maintaining
water, ion, and neurotransmitter concentrations. But what are
the mechanisms that connect water transport to neuronal
hyperactivity? The most fundamental explanation is that
increases in cellular volume have a dramatic influence on
neuronal activity. In fact, it has long been established that
neuronal excitability is incredibly sensitive to osmolarity and
changes in the extracellular space (ECS) (Dudek et al.,
1990; Andrew, 1991; Schwartzkroin et al., 1998). Reductions
in ECS increases concentrations of extracellular ions and
neurotransmitters and intensifies ephaptic interactions of closely
interacting neurons resulting in more synchronous firing and
bursting activity (Andrew et al., 1989; Mccormick and Contreras,
2001). Thus, activity-dependent volume changes of the ECS are
tightly regulated by AQP4 and represent a key element of seizure
and epileptiform activity generation. Below, we highlight a few
molecules that are thought to interact with AQP4 in modulating
neuronal activity.

AQP4 and Kir4.1
The subcellular distribution of AQP4 mimics that of Kir4.1,
suggesting that they may work together as a functional unit
(Nagelhus et al., 2004; Smith and Verkman, 2015). After neuronal

activation, increases in extracellular K+ enhances intracellular
osmolarity which drives water into cells via AQP4 resulting in
astrocyte swelling (Andrew and Macvicar, 1994; Risher et al.,
2009; Murphy et al., 2017a). Therefore, altered AQP4 expression
could potentially impact potassium reuptake by Kir4.1. Studies
have demonstrated that mice lacking AQP4 exhibited an increase
in electrographic seizure threshold and a significantly longer
electrical stimulation-induced seizure duration (Binder et al.,
2006). The increased seizure threshold may be attributed to an
expanded ECS volume that was previously observed in AQP4
knockout (AQP4KO)mice (Binder et al., 2004) in which stronger
stimuli may be required to overcome the enhanced ECS to initiate
a seizure. On the other hand, the prolonged seizure duration may
be correlated to deficits in K+ reuptake. Indeed, impaired K+

kinetics was observed in AQP4 KO mice in which a delay in the
rise to peak K+ and decay to baseline K+ was detected following
in vivo cortical stimulation (Binder et al., 2006). Dysfunctional
K+ reuptake were also observed in AQP4-deficient mice where
antidromic stimulation of CA1 neurons led to small increases
and slower recovery of [K+]o. Interestingly, however, these mice
displayed enhanced spatial K+ buffering which may be due to the
increased gap junction coupling of astrocytes (Strohschein et al.,
2011). Computational modeling further supported these findings
where it showed that AQP4 deficiency led to reduced water
permeability in astrocytes as well as impaired K+ accumulation
and reuptake (Jin et al., 2013).

AQP4 and GLT-1
Astrocytic GLT-1 is the primary transporter responsible for
glutamate clearance (Danbolt, 2001) and excess levels of
extracellular glutamate not only contribute to recurrent seizures
but can also affect neuronal signaling and network connectivity
long-term (Eid et al., 2008; Barker-Haliski and White, 2015).
Therefore, downregulation or lack of GLT-1 can severely impact
glutamate homeostasis exacerbating neuronal hyperactivity.
Decreased levels of GLT-1 have been reported in both clinical
(Mathern et al., 1999; Proper et al., 2002) and preclinical
(Tanaka et al., 1997; Hubbard et al., 2016; Sugimoto et al., 2018;
Peterson and Binder, 2019) studies of epilepsy. Furthermore,
colocalization of AQP4 with GLT-1 have also been observed
(Hinson et al., 2008; Lee et al., 2013; Yang et al., 2013; Mogoanta
et al., 2014). Previous findings have reported reductions in GLT-1
and subsequent glutamate clearance in mice lacking AQP4 (Zeng
et al., 2007; Wu et al., 2008; Li et al., 2012; Yang et al., 2013). The
coexpression of these two proteins have sparked speculation that
they may be part of the same complex and be involved in similar
signal transductions. Interestingly however, a physical interaction
between AQP4 and GLT-1 was not detected in healthy wild-
type (WT) mice and impairments in GLT-1 was not observed in
AQP4-null mice (Hubbard and Binder, 2017). Moreover, AQP4
and GLT-1 were found to be differentially regulated in a model of
TLE (Hubbard et al., 2016).

AQP4 and mGluR5
Metabotropic glutamate receptors (mGluRs) are G-protein-
coupled receptors and are key modulators of cell excitability and
synaptic transmission (Peterson and Binder, 2020). mGluR5 is
predominantly expressed by developing astrocytes (Sun et al.,
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2013) and has been shown to interact with AQP4 (Illarionova
et al., 2010). Glutamate increases astrocyte water permeability
and astrocyte swelling is mediated in part by mGluR5 activation
(Gunnarson et al., 2008; Illarionova et al., 2010; Shi et al.,
2017). mGluR5 dysregulation has been reported in epilepsy
(Aronica et al., 2000, 2003; Kandratavicius et al., 2013) and its
expression levels may serve as a biomarker of active epilepsy.
Mice that displayed persistent mGluR5 expression during the
latent period eventually developed epilepsy compared those that
only exhibited transiently elevated mGluR5 expression levels.
Additionally, mice lacking mGluR5 displayed slowed glutamate
clearance during high-frequency stimulation (Umpierre et al.,
2019) which is consistent with human findings in which
lower mGluR5 expression correlates with increased seizure
frequency (Kandratavicius et al., 2013). It appears that mGluR5
upregulation may serve as a compensatory mechanism during
epileptogenesis which aligns with the upregulation of AQP4
observed in chronic epilepsy (Das et al., 2012; Hubbard et al.,
2016). Therefore, it is likely that mGluR5 KO mice may exhibit
decreased levels of AQP4 exerting pro-epileptogenic effects.

AQP4 and gap Junctions
A unique feature of astrocytes is their ability to organize into
large networks that are enabled by extensive gap junction
coupling composed of connexin 30 (Cx30) and 43 (Cx43)
(Anders et al., 2014). The coupling of astrocytes not only
allows for intercellular communication but also functions to
clear extracellular K+ (spatial K+ buffering) and glutamate and
deliver neurometabolites (Giaume et al., 2010). Loss of astrocyte
coupling can further impact astrocyte functions that is essential
for regulating neuronal hyperexcitability (Steinhäuser et al., 2012;
Boison and Steinhäuser, 2018). In the sclerotic hippocampus
of patients with MTLE, almost complete loss of astrocytes and
gap function coupling were found. In a mouse model of MTLE,
deficits in astrocyte coupling and K+ clearance were detected
within 4 hours of kainic acid (KA) induced status epilepticus (SE)
(Bedner et al., 2015). Although there is no physical interaction
between the two, studies have shown that AQP4 and connexins
may be interdependent. For instance, AQP4 KO mice exhibited
enhanced gap junction coupling (Strohschein et al., 2011) and
an upregulation of Cx43 (Katoozi et al., 2017). Additionally,
deletion of Cx43 and Cx30 resulted in significant reductions of
perivascular AQP4 expression as well as decreased AQP4 mRNA
and protein levels (Katoozi et al., 2020). Therefore, impairments
in astrocyte coupling leading to AQP4 dysregulation can have
profound effects on other molecules (such as those mentioned
above) which ultimately bolsters seizure activity.

AQP4 DYSREGULATION IN EPILEPSY

Epilepsy is a highly complex and dynamic neurological
disorder that involves extensive interplay between AQP4 and
other proteins. It is well established that deficits in water
homeostasis, as regulated by AQP4, are associated with neuronal
hyperexcitability and that cell volume and ion regulation are
critical in both seizure activity and epilepsy. We have briefly
discussed at how AQP4 deficiencies influences neuronal activity.

Below, we examine further how AQP4 dysregulation, particularly
its subcellular mislocalization, may contribute to epileptogenesis.

AQP4 Expression
To begin to understand how AQP4 mislocalization affects
epilepsy, it is necessary to recognize its baseline expression
pattern. While it is clear that AQP4 is abundantly expressed
at astrocyte endfeet (Nielsen et al., 1997; Badaut et al., 2000,
2002; Nagelhus et al., 2004) studies have also developmentally-
regulated and region-specific expression of AQP4 (Hsu et al.,
2011; Hubbard et al., 2015). In the mouse brain, AQP4 was found
throughout the forebrain, subcortical areas, and brainstem with
highest and lowest AQP4 protein levels in the cerebellum and
hippocampus, respectively (Hubbard et al., 2015). Furthermore,
AQP4 displayed laminar specificity in the hippocampus with
highest expression in the CA1 stratum lacunosum-moleculare
and molecular layer of the dentate gyrus (Hsu et al., 2011).
Involvement of the hippocampus in seizure generation and
epilepsy are well documented and hippocampal sclerosis is a
hallmark of temporal lobe epilepsy (TLE) as well as other epilepsy
syndromes (Thom, 2014). Thus, changes in hippocampal AQP4
in epilepsy may have a powerful impact on seizure outcome.
Nevertheless, it is crucial to note that changes in expression
patterns (up- or downregulation) of AQP4 as well as its surface
localization are two separate concepts and that each outcome
does not necessarily accompany the other. Indeed, studies have
reported increased surface localization of AQP4 despite no
changes in total protein levels (Ren et al., 2013; Salman et al.,
2017a). Below, we describe reports on AQP4 expression levels
and its redistribution in epilepsy.

AQP4 Mislocalization in Epilepsy
AQP4 dysregulation has been observed in rodent models of
TLE. Hippocampal AQP4 was significantly downregulated 1 day
after induction of SE with KA with partial recovery at chronic
time points (Lee et al., 2012; Hubbard et al., 2016). Surprisingly,
no overall significant changes in Kir4.1, the main Kir subtype
in the hippocampus (Seifert et al., 2009), were observed (Lee
et al., 2012). Rather, a trending upregulation of Kir4.1 was
detected, specifically in reactive astrocytes in the CA1 region
indicating that APQ4 and Kir4.1 are uniquely regulated during
epileptogenesis (Lee et al., 2012). Similar findings were also
observed in patients with TLE where AQP4 mRNA and protein
levels were significantly increased in the sclerotic hippocampi
compared to the neocortex. Similarly, no differences in Kir4.1
mRNA was detected (Salman et al., 2017b). On the other hand,
a slight increase in GLT-1 was observed 1 day after SE followed
by significant reductions in expression levels at 4 and 7 days
post SE followed by partial recovery by day 30 (Hubbard et al.,
2016). Like Kir4.1, it appears that GLT-1 also display distinct
patterns or regulation during the development of epilepsy.
Similar reductions in AQP4 levels were also observed in the
piriform cortex and hippocampus of rats after induction of SE
using pilocarpine as early as 12 hours after SE. Most notably,
an “AQP4-deleted” area was detected in the piriform cortex but
not hippocampus of animals that experienced SE (Kim et al.,
2010). The early decrease in AQP4 points to the fact that AQP4
dysregulation begins early in the process of epileptogenesis.
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The findings reported above represents an overall reduction
in AQP4 in select regions of the brain. Indications of subcellular
mislocalization of AQP4 may provide a better mechanistic view
of how AQP4 dysregulation contributes to a pro-epileptogenic
effect. Interestingly, hippocampal AQP4 expression was found
to be mislocalized in rats following SE induced by systemic
KA. More specifically, immunogold labeling revealed reductions
in AQP4 density in the adluminal endfeet of astrocytes during
the latent phase (before the onset of chronic epileptic seizures)
(Alvestad et al., 2013). Subcellular redistribution of AQP4 has
also been observed in a mouse model of posttraumatic epilepsy
(PTE). Unlike human and rodent models of TLE, overall AQP4
levels in the hippocampus were unchanged over the course of
epileptogenesis after induction of a moderate – severe traumatic
brain injury (Szu et al., 2020). Surprisingly, a significant increase
in cortical and hippocampal AQP4 was detected in the subset of
mice that developed PTE compared to those that did not develop
PTE. Moreover, confocal microscopy revealed that AQP4 was
now largely expressed in the soma and major processes of
astrocytes in mice with PTE while perivascular AQP4 was
maintained in mice that did not develop PTE (Szu et al., 2020).

Several human studies of epilepsy have reported altered
expression of AQP4 as well. In postmortem human samples,
significant upregulation of AQP4 immunoreactivity was
observed in the sclerotic hippocampi of patients with TLE
compared to non-scleortic hippocampi or controls (Lee et al.,
2004; Das et al., 2012). AQP4 transcript levels were also markedly
upregulated in the sclerotic hippocampi. A positive correlation
between AQP4 and GFAP mRNA was detected indicating that
enhanced levels of AQP4 is presumably attributed to an increase
in reactive astrocytes (Lee et al., 2004). Similar findings were also
observed in patients with mesial TLE (MTLE). Compared with
non-MTLE patients, AQP4 levels were significantly increased by
an astounding 360%. Similar to the animal studies, the profound
increase in AQP4 associated with AQP4 mislocalization. In
fact, immunogold labeling of AQP4 found a 44% reduction of
perivascular AQP4 in the MTLE hippocampi compared the
non-MTLE hippocampi. However, a labeling of AQP4 in the
neuropil was 173% greater in the MTLE hippocampi (Eid et al.,
2005). These findings suggest that AQP4 is redistributed in TLE
since at baseline AQP4 is more enriched at astrocytic endfeet
surrounding blood vessels (Verkman, 2005).

MECHANISMS UNDERLYING AQP4
SUBCELLULAR REDISTRIBUTION

While it has been demonstrated that AQP4 is mislocalized in
epilepsy, the mechanisms underlying this phenomenon remain
to be determined. However, understanding how AQP4 is
regulated may provide clues on how it becomes perturbed during
disease progression.

AQP4 Isoforms Regulate Astrocyte
Processes
There are two major isoforms of AQP4 produced by alternative
splicing: the long M1 isoform with translation initiation at Met-1

and the short M23 isoform with translation initiation at Met-
23 (Furman et al., 2003; Verkman et al., 2011). Together, they
form the supramolecular structures called orthogonal arrays of
particles (OAPs) (Verkman et al., 2011). No OAPs were observed
in mice lacking AQP4, confirming that AQP4 is required for
formation of OAPs (Verbavatz et al., 1997). Freeze-fracture
electron microscopy further revealed that Chinese hamster
ovary (CHO) cells transfected with either M1, M23, or M1 +

M23 isoforms have opposing effects on AQP4 intramembrane
organization. Specifically, M23 isoform assemble into sizeable
OAPs, indicative of stable configuration. M1 isoforms, on the
other hand, are mainly organized as individual AQP4 tetramers.
When cells were transfected with both isoforms, M1 and M23
coexpressed as both hetero- and homotetramers, suggesting
that these two isoforms interfere with one another (Furman
et al., 2003). In fact, early studies have demonstrated that
AQP4 heterotetramers are formed by overlapping M1 and M23
isoforms. Furthermore, the M23 isoform is abundantly expressed
at the perivascular astrocyte endfeet where M1 isoform also
colocalizes (Neely et al., 1999). These findings indicates that
AQP4 OAPs are formed by the co-assembly of M1 and M23
isoforms (Crane et al., 2009).

Each AQP4 isoform exhibits distinct membrane dynamics
that may explain how AQP4 becomes dysregulated in epilepsy.
Tracking of single AQP4 labeled with quantum dots revealed
that the M1 isoform diffused freely while the M23 isoform
was relatively immobile (Crane et al., 2008; Smith et al., 2014).
Recently, studies using superresolution, single-molecule, and
calcium imaging of hippocampal astrocytes revealed that AQP4-
M23 regulate astrocyte motility and favors glutamate synapse
activity. Indeed, AQP4-M23 clusters were strongly expressed at
astrocytic processes near glutamatergic synapses (Crane et al.,
2008). Additionally, localization of AQP4 is dependent on
aggregation properties of M1-AQP4 and M23-AQP4 and likely
exhibit different functional roles. For instance, because M1-
AQP4 single tetramers are able to diffuse throughout the plasma
membrane they may be required for lamellipodial extension
(Smith et al., 2014) during astrocyte migration supported by
ion transport and AQP4-mediated water influx (Saadoun et al.,
2005). Because of their ability to form stable OAPs, M23-AQP4
mainly function in polarization of AQP4 at astrocyte endfeet
(Smith et al., 2014).

Because of their distinct localization, surface dynamics, and
organization of AQP4-M23, it is plausible that AQP4-M23 may
be altered under certain pathological conditions. In fact, binding
of neuromyelitis optica IgG to AQP4 directly altered surface
diffusion of AQP4-M23 ultimately decreasing astrocyte process
motility and glutamate synapse transmission (Ciappelloni et al.,
2019). This framework falls in line with the displacement of
AQP4 expression in the TLE and PTE studies mentioned above.
It is likely that during epileptogenesis that the immobilization of
AQP4-M23 to the perivascular endfeet is lost and that regulation
of astrocytic process motility to tune basal glutamatergic
transmission is severely impaired. This would ultimately result
in increased extracellular glutamate concentration and astrocyte
swelling allowing for epileptic seizures to occur. In fact, rats
treated with KA exhibited a significant increase in M1-AQP4
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FIGURE 1 | Schematic of AQP4 subcellular mislocalization. (A) After neuronal

activation, water enters astrocytes (along with other ions and

neurotransmitters such as K+ and glutamate). Water is then transported into

nearby blood vessels via perivascular AQP4, overall maintaining water

homeostasis. (B) During epilepsy, perivascular AQP4 (M23-AQP4) is lost due

to loss of its anchoring protein α-syntrophin (not shown). Additionally, the rapid

influx of water activates vasopressin receptors leading to phosphorylation of

AQP4 by PKC followed by internalization and subsequent degradation of

AQP4. Swelling of astrocytes occurs, resulting in impaired cell volume

regulation and further increasing neuronal hyperexcitability.

during the latent phase, however both M23-AQP4 and M1-
AQP4 were significantly upregulated in the chronic phase of
TLE compared to controls (Alvestad et al., 2013). It is plausible
that enhanced M1-AQP4 levels observed during the latent phase
reflects redistribution of AQP4 from the perivascular membrane
toward the neuropil. However, during the chronic phase,
increased M23-AQP4 may suggest a possible compensatory
mechanism. While KA-injected mice exhibited a decrease in
AQP4 at the later time points, it remains to be determined which
AQP4 isoform is involved (Lee et al., 2012; Hubbard et al., 2016).
However, in the human studies (Eid et al., 2005) as well as the
mouse model of PTE (Szu et al., 2020) where there is a clear
observation of AQP4 subcellular mislocalization, it is likely that
the increased AQP4 expression in the neuropil represents the
M1-AQP4 isoform.

α-Syntrophin Anchoring of AQP4
Loss of AQP4 polarity in epilepsy also may be correlated to the
loss of its anchoring protein. Studies have found that perivascular
AQP4 enrichment is associated with the adaptor protein α-
syntrophin (α-syn) (Amiry-Moghaddam et al., 2004a). Moreover,
it was postulated that tethering of perivascular AQP4 is due to its

unique binding with PSD95-Discs large-ZO1 (PDZ) domain of
α-syn (Neely et al., 2001). Indeed, an intermolecular interaction
between PDZ binding domain of AQP4 was discovered to
secure OAPs to the cytoplasmic side of the membrane, reducing
M23-AQP4 diffusion (Crane et al., 2008). Furthermore, studies
found that while the total levels of AQP4 appeared normal
in α-syn null mice, striking reductions in perivascular AQP4
was detected (Neely et al., 2001; Amiry-Moghaddam et al.,
2003, 2004b). More surprising was the fact that AQP4 levels
were significantly enhanced in non-endfeet membranes of mice
lacking α-syn (Amiry-Moghaddam et al., 2004b). These findings
indicate deletion in α-syn results in the mislocalization of AQP4
rather than a net loss of AQP4. After KA-induced SE in rats,
a significant reduction in hippocampal α-syn was detected in
the latent phase, mirroring the significant loss of AQP4. This
was associated with the marked increase in M1-AQP4 detected
(Alvestad et al., 2013). Significant reductions in hippocampal α-
syn was also detected in human patients with TLE (Das et al.,
2012; Heuser et al., 2012) that was concurrent with significant
increases in AQP4 (Das et al., 2012). Together, these findings
indicate that loss of the anchoring protein α-syn results in loss
of perivascular AQP4 polarization in epilepsy.

Posttranslational Modification of AQP4
Phosphorylation of AQP4 has been shown to play a role in
subcellular localization (Nesverova and Törnroth-Horsefield,
2019; Vandebroek and Yasui, 2020). Early studies have shown
that interaction of PKC activator phorbol 12-myristate 13-
acetate (PMA) with AQP4 increases AQP4 phosphorylation
leading to decreased osmotically-induced cell swelling (Han
et al., 1998). Additionally, infusion of PMA in rat models
of ischemia dramatically reduced brain water content by
downregulating AQP4 (Okuno et al., 2008; Fazzina et al.,
2010). Decreased AQP4 levels, which is correlated with an
increased AQP4 internalization, is thought to be a result
of AQP4 Ser180 phosphorylation by PKC. Moreover, AQP4
internalization induced by PKC activation was thought to be
dependent on the binding of vasopressin to vasopressin 1a
receptors (V1aRs) (Moeller et al., 2009). Rapid flux of water
in the brain induced by neuronal activation has also been
shown to be facilitated by activation of V1aRs (Niermann et al.,
2001). Thus, the subcellular redistribution of AQP4 reported in
clinical and preclinical findings may be via a PKC-dependent
pathway. During intense neuronal activity, a large volume
of water entering cells would activate vasopressin receptors;
activation of vasopressin receptors, in turn, would trigger
PKC phosphorylation of AQP4 and stimulate internalization
and overall downregulation of AQP4 (presumably perivascular
AQP4) (Figure 1).

CONCLUSION

Taking into account the changes that AQP4 undergoes during
epileptogenesis, it is important to examine how disruption
of water homeostasis influences seizure activity. Subcellular
mislocalization of AQP4 represents only one mechanism
underlying the pathophysiology of epilepsy. However, it remains
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unclear whether this redistribution is a cause or consequence
of the disease. It is clear that the loss of α-syn directly
affects AQP4 polarization. The M1 and M23 isoforms of AQP4
were found to be have distinct functions and are differentially
regulated during different phases of epilepsy. Posttranslational
modifications of AQP4 driven by PKC activation may also alter
AQP4 trafficking during epileptogenesis. Together, these findings
suggest that AQP4 and/or its associated proteins can be possible
therapeutic targets by either by upregulating perivascular AQP4
or preventing its relocalization.

It is important to note that transmembrane water fluxes in
the brain is not solely regulated by AQP4, and thus swelling
of astrocytes does not require AQP4 (Murphy et al., 2017b).
Additional routes of water transport also rely on cotransporters
such as Na+-K+-Cl− (NKCC) (Macaulay et al., 2004; Kimelberg,
2005). In fact, high extracellular K+ stimulates NKCC1 leading
to induction of astrocyte swelling and glutamate release (Su et al.,
2002). Activation of NKCC1 is additionally enhanced by cell
swelling thus promoting a positive feedback loop to increase
further astrocyte swelling (Mongin et al., 1994). It is therefore not
surprising that this cotransporter has been implicated in epilepsy
where increased expression of NKCC1 was associated with the
generation of seizures and epilepsy (Liu et al., 2020). Indeed, there
are other molecules involved in astrocyte swelling (Kimelberg,
2005) which may also contribute to epileptogenesis.

Restoring water homeostasis may be a promising therapeutic
strategy in certain contexts. For example, recent efficacy in
treatment of CNS edema has been found by targeting the
mechanism of calmodulin-mediated cell-surface localization of
AQP4: remarkably, inhibition of calmodulin with the drug
trifluoperazine (TFP) inhibited AQP4 mislocalization, ablated
CNS edema and improved functional recovery after spinal
cord injury (Kitchen et al., 2020). These findings were recently
confirmed in a mouse model of photothrombotic stroke where
treatment with TFP not only reduced CNS edema but also
significantly decreased mRNA and protein levels of AQP4 during
the acute phase of stroke. Most compelling was the effects of
TFP on brain energy metabolism where an increased in glycogen

was observed (Sylvain et al., 2021). Altered glycogen levels have
been associated with seizures and epilepsy but with differing
outcomes (Bak et al., 2018), therefore, treatment with TFP in
epilepsy models would be most intriguing. It is conceivable that
a similar approach to modulation of AQP4 may be therapeutic in
preventing AQP4 mislocalization during epileptogenesis.

Although not discussed in this review, it is important to
understand that complex molecular and signaling mechanisms
of AQP4 exists and that their regulation is highly dynamic
and intricate. For the purposes of novel drug discovery, one
could explore the different steps involving AQP4 trafficking and
recycling as well as the intracellular signals that modulate AQP4
activity (Markou et al., 2022; Salman et al., 2022b; Wagner et al.,
2022). Moreover, gating mechanisms of AQP4 should also be
considered, rather than mere redistribution. Indeed, it has been
previously shown that AQP4 gating is dependent on specific
conditions (Bernardi et al., 2018; Wei et al., 2022).

Due to its role in cell volume and ion regulation and
its unique localization at fluid exchange barriers, AQP4 is
involved not only in epilepsy but also in other neurological
disorders such as cerebral edema, multiple sclerosis, Alzheimer’s
disease, and stroke. Therefore, research efforts to further
elucidate the multifunctional roles of AQP4 during pathological
states and the therapeutic potential of AQP4 regulation
remain essential.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JS performed a complete literature review and drafted the
manuscript. DB conceived of the manuscript and edited the
manuscript. Both authors contributed to the article and approved
the submitted version.

REFERENCES

Abbott, N. J. (2002). Astrocyte–endothelial interactions and blood–brain barrier

permeability. Anat. 200, 523–534. doi: 10.1046/j.1469-7580.2002.00047_13.x

Abbott, N. J., Pizzo, M. E., Preston, J. E., Janigro, D., and Thorne, R. G. (2018).

The role of brain barriers in fluid movement in the CNS: is there a ‘glymphatic’

system? Acta neuropathologica. 135, 387–407. doi: 10.1007/s00401-018-

1812-4

Alvestad, S., Hammer, J., Hoddevik, E. H., Skare, Ø., Sonnewald, U., and Amiry-

Moghaddam, M. (2013). Mislocalization of AQP4 precedes chronic seizures

in the kainate model of temporal lobe epilepsy. Epilepsy Res. 105, 30–41.

doi: 10.1016/j.eplepsyres.2013.01.006

Amiry-Moghaddam, M., Frydenlund, D., and Ottersen, O. (2004a). Anchoring

of aquaporin-4 in brain: molecular mechanisms and implications for the

physiology and pathophysiology of water transport. Neuroscience. 129,

997–1008. doi: 10.1016/j.neuroscience.2004.08.049

Amiry-Moghaddam, M., Otsuka, T., Hurn, P. D., and Traystman, R. J. F.-

., M., Froehner, S. C., et al. (2003). An α-syntrophin-dependent pool of

AQP4 in astroglial end-feet confers bidirectional water flow between blood

and brain. Proc. Natl. Acad. Sci. 100, 2106–2111. doi: 10.1073/pnas.04379

46100

Amiry-Moghaddam, M., Xue, R., Haug, F. M., Neely, J. D., Bhardwaj, A., Agre,

P., et al. (2004b). Alpha syntrophin deletion removes the perivascular but not

the endothelial pool of aquaporin-4 at the blood-brain barrier and delays the

development of brain edema in an experimental model of acute hyponatremia.

FASEB J. 18, 542–544. doi: 10.1096/fj.03-0869fje

Anders, S., Minge, D., Griemsmann, S., Herde, M. K., Steinhäuser, C., and

Henneberger, C. (2014). Spatial properties of astrocyte gap junction coupling

in the rat hippocampus. Philos. Trans. Royal Soc. B Biol. Sci. 369, 20130600.

doi: 10.1098/rstb.2013.0600

Andrew, R., and Macvicar, B. (1994). Imaging cell volume changes and

neuronal excitation in the hippocampal slice. Neuroscience. 62, 371–383.

doi: 10.1016/0306-4522(94)90372-7

Andrew, R. D. (1991). Seizure and acute osmotic change: Clin.

and neurophysiological aspects. J. Neurol. Sci. 101, 7–18.

doi: 10.1016/0022-510X(91)90013-W

Andrew, R. D., Fagan, M., Ballyk, B. A., and Rosen, A.

S. (1989). Seizure susceptibility and the osmotic state.

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 June 2022 | Volume 16 | Article 900588

https://doi.org/10.1046/j.1469-7580.2002.00047_13.x
https://doi.org/10.1007/s00401-018-1812-4
https://doi.org/10.1016/j.eplepsyres.2013.01.006
https://doi.org/10.1016/j.neuroscience.2004.08.049
https://doi.org/10.1073/pnas.0437946100
https://doi.org/10.1096/fj.03-0869fje
https://doi.org/10.1098/rstb.2013.0600
https://doi.org/10.1016/0306-4522(94)90372-7
https://doi.org/10.1016/0022-510X(91)90013-W
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Szu and Binder AQP4 Subcellular Mislocalization in Epilepsy

Brain Res. 498, 175–180. doi: 10.1016/0006-8993(89)9

0417-4

Aronica, E., Gorter, J. A., Ijlst-Keizers, H., Rozemuller, A. J., Yankaya, B.,

Leenstra, S., et al. (2003). Expression and functional role of mGluR3

and mGluR5 in human astrocytes and glioma cells: opposite regulation

of glutamate transporter proteins. Eur. J. Neurosci. 17, 2106–2118.

doi: 10.1046/j.1460-9568.2003.02657.x

Aronica, E., Van Vliet, E. A., Mayboroda, O. A., Troost, D., Silva, D.,

Gorter, J.A., et al. (2000). Upregulation of metabotropic glutamate

receptor subtype mGluR3 and mGluR5 in reactive astrocytes in a rat

model of mesial temporal lobe epilepsy. Eur. J. Neurosci. 12, 2333–2344.

doi: 10.1046/j.1460-9568.2000.00131.x

Badaut, J., Lasbennes, F., Magistretti, P. J., and Regli, L. (2002). Aquaporins in

brain: distribution, physiology, and pathophysiology. J. Cerebral Blood Flow

Metabol. 22, 367–378. doi: 10.1097/00004647-200204000-00001

Badaut, J., Verbavatz, J.-., M., Freund-Mercier, M-, J., and Lasbennes, F. (2000).

Presence of aquaporin-4 andmuscarinic receptors in astrocytes and ependymal

cells in rat brain: a clue to a common function? Neurosci. Lett. 292, 75–78.

doi: 10.1016/S0304-3940(00)01364-1

Bak, L. K., Walls, A. B., Schousboe, A., andWaagepetersen, H. S. (2018). Astrocytic

glycogen metabolism in the healthy and diseased brain. J. Biol. Chem. 293,

7108–7116. doi: 10.1074/jbc.R117.803239

Barker-Haliski, M., andWhite, H. S. (2015). Glutamatergic mechanisms associated

with seizures and epilepsy. Cold Spring Harbor Perspect. Med. 5, a022863.

doi: 10.1101/cshperspect.a022863

Bay, V., and Butt, A. M. (2012). Relationship between glial potassium regulation

and axon excitability: a role for glial Kir4, 1. channels. Glia. 60, 651–660.

doi: 10.1002/glia.22299

Bedner, P., Dupper, A., Hüttmann, K., Müller, J., Herde, M. K., and Dublin, P.

(2015). Astrocyte uncoupling as a cause of human temporal lobe epilepsy.

Brain. 138, 1208–1222. doi: 10.1093/brain/awv067

Beghi, E., and Hesdorffer, D. (2014). Prevalence of epilepsy—an unknown

quantity. Epilepsia. 55, 963–967. doi: 10.1111/epi.12579

Bernardi, M., Marracino, P., Ghaani, M. R., Liberti, M., Del Signore, F., and

Burnham, C. J. (2018). Human aquaporin 4 gating dynamics under axially

oriented electric-field impulses: A non-equilibrium molecular-dynamics study.

J. Chem. Phys. 149, 245102. doi: 10.1063/1.5044665

Binder, D. K., Papadopoulos, M. C., Haggie, P. M., and Verkman, A.

S. (2004). In vivo measurement of brain extraCell. space diffusion

by cortical surface photobleaching. J. Neurosci. 24, 8049–8056.

doi: 10.1523/JNEUROSCI.2294-04.2004

Binder, D. K., and Steinhäuser, C. (2021). Astrocytes and epilepsy.Neurochem. Res.

46, 2687–2695. doi: 10.1007/s11064-021-03236-x

Binder, D. K., Yao, X., Zador, Z., Sick, T. J., Verkman, A. S., and Manley, G.

T. (2006). Increased seizure duration and slowed potassium kinetics in mice

lacking aquaporin-4 water channels. Glia. 53, 631–636. doi: 10.1002/glia.20318

Boison, D., and Steinhäuser, C. (2018). Epilepsy and astrocyte energy metabolism.

Glia. 66, 1235–1243. doi: 10.1002/glia.23247

Brown, A. M., and Ransom, B. R. (2007). Astrocyte glycogen and brain energy

metabolism. Glia. 55, 1263–1271. doi: 10.1002/glia.20557

Ciappelloni, S., Bouchet, D., Dubourdieu, N., Boué-Grabot, E., Kellermayer, B., and

Manso, C. (2019). Aquaporin-4 surface trafficking regulates astrocytic process

motility and synaptic activity in health and autoimmune disease. Cell Rep. 27,

3860–3872. e3864. doi: 10.1016/j.celrep.2019.05.097

Clossen, B. L., and Reddy, D. S. (2017). Novel therapeutic approaches for disease-

modification of epileptogenesis for curing epilepsy. Mol. Basis Dis. 1863,

1519–1538. doi: 10.1016/j.bbadis.2017.02.003

Coulter, D. A., and Steinhäuser, C. (2015). Role of astrocytes in epilepsy. Cold

Spring Harbor perspect. Med. 5, a022434. doi: 10.1101/cshperspect.a022434

Crane, J. M., Bennett, J. L., and Verkman, A. (2009). Live Cell Analysis of

Aquaporin-4 M1/M23 Interactions and Regulated Orthogonal Array Assembly

in Glial Cells∗?. J. Biol. Chem. 284, 35850–35860. doi: 10.1074/jbc.M109.07

1670

Crane, J. M., Van Hoek, A. N., Skach, W. R., and Verkman, A. (2008). Aquaporin-

4 dynamics in orthogonal arrays in live cells visualized by quantum dot single

particle tracking.Mol. Biol. Cell. 19, 3369–3378. doi: 10.1091/mbc.e08-03-0322

Danbolt, N. C. (2001). Glutamate uptake. Progr. Neurobiol. 65, 1–105.

doi: 10.1016/S0301-0082(00)00067-8

Das, A., Wallace Iv, G. C., Holmes, C., Mcdowell, M. L., Smith, J. A., and

Marshall, J. D. (2012). Hippocampal tissue of patients with refractory

temporal lobe epilepsy is associated with astrocyte activation, inflammation,

and altered expression of channels and receptors. Neurosci. 220, 237–246.

doi: 10.1016/j.neuroscience.2012.06.002

Dudek, F. E., Obenaus, A., and Tasker, J. G. (1990). Osmolality-induced

changes in extraCell. volume alter epileptiform bursts independent of

chemical synapses in the rat: importance of non-synaptic mechanisms

in hippocampal epileptogenesis. Neurosci. Lett. 120, 267–270.

doi: 10.1016/0304-3940(90)90056-F

Dzhala, V. I., Talos, D. M., Sdrulla, D. A., Brumback, A. C., Mathews, G. C., and

Benke, T. A. (2005). NKCC1 transporter facilitates seizures in the developing

brain. Nat. Med. 11, 1205–1213. doi: 10.1038/nm1301

Eid, T., Ghosh, A., Wang, Y., Beckström, H., and Zaveri, H. P., Lee, T. -S.

W, et al. (2008). Recurrent seizures and brain pathology after inhibition of

glutamine synthetase in the hippocampus in rats. Brain. 131, 2061–2070.

doi: 10.1093/brain/awn133

Eid, T., Lee, T.-., S. W., Thomas, M. J., Amiry-Moghaddam, M., Bjørnsen, L. P.,

et al. (2005). Loss of perivascular aquaporin 4 may underlie deficient water and

K+ homeostasis in the human epileptogenic hippocampus. Proc. Natl. Acad.

Sci. 102, 1193–1198. doi: 10.1073/pnas.0409308102

Fazzina, G., Amorini, A. M., Marmarou, C. R., Fukui, S., Okuno, K., and Dunbar,

J. G. (2010). The protein kinase C activator phorbol myristate acetate decreases

brain edema by aquaporin-4 downregulation after middle cerebral artery

occlusion in the rat. J. Neurotrauma. 27, 453–461. doi: 10.1089/neu.2008.0782

Fiest, K. M., Sauro, K. M., Wiebe, S., and Patten, S. B. C.-., S., Dykeman,

J., et al. (2017). Prevalence and incidence of epilepsy: a systematic

review and meta-analysis of international studies. Neurology. 88, 296–303.

doi: 10.1212/WNL.0000000000003509

Fisher, R. S., Acevedo, C., Arzimanoglou, A., Bogacz, A., Cross, J. H., and Elger, C.

E. (2014). ILAE official report: a practical Clin. definition of epilepsy. Epilepsia.

55, 475–482. doi: 10.1111/epi.12550

Furman, C. S., Gorelick-Feldman, D. A., Davidson, K. G., Yasumura, T., Neely,

J. D., and Agre, P. (2003). Aquaporin-4 square array assembly: opposing

actions of M1 and M23 isoforms. Proc. Natl. Acad. Sci. 100, 13609–13614.

doi: 10.1073/pnas.2235843100

Giaume, C., Koulakoff, A., Roux, L., Holcman, D., and Rouach, N. (2010).

Astroglial networks: a step further in neuroglial and gliovascular interactions.

Nat. Rev. Neurosci. 11, 87–99. doi: 10.1038/nrn2757

Gunnarson, E., Zelenina, M., Axehult, G., Song, Y., Bondar, A., and Krieger, P.

(2008). Identification of a molecular target for glutamate regulation of astrocyte

water permeability. Glia. 56, 587–596. doi: 10.1002/glia.20627

Hablitz, L. M., Pl,á, V., Giannetto, M., Vinitsky, H. S., Stæger, F. F., and Metcalfe,

T. (2020). Circadian control of brain glymphatic and lymphatic fluid flow. Nat.

Commun. 11, 1–11. doi: 10.1038/s41467-020-18115-2

Han, Z., Wax, M. B., and Patil, R. V. (1998). Regulation of aquaporin-4 water

channels by phorbol ester-dependent protein phosphorylation. J. Biol. Chem.

273, 6001–6004. doi: 10.1074/jbc.273.11.6001

Heuser, K., Eid, T., Lauritzen, F., Thoren, A. E., Vindedal, G. F., and Taubøll,

E. (2012). Loss of perivascular Kir4, 1. potassium channels in the sclerotic

hippocampus of patients with mesial temporal lobe epilepsy. J. Neuropathol.

Exp. Neurol. 71, 814–825. doi: 10.1097/NEN.0b013e318267b5af

Hinson, S. R., Roemer, S. F., Lucchinetti, C. F., Fryer, J. P., Kryzer, T. J., and

Chamberlain, J. L. (2008). Aquaporin-4–binding autoantibodies in patients

with neuromyelitis optica impair glutamate transport by down-regulating

EAAT2. J. Exp. Med. 205, 2473–2481. doi: 10.1084/jem.20081241

Hladky, S. B., and Barrand, M. A. (2014). Mechanisms of fluid movement into,

through and out of the brain: evaluation of the evidence. Fluids Barriers CNS.

11, 1–32. doi: 10.1186/2045-8118-11-26

Hsu, M. S., Seldin, M., Lee, D. J., Seifert, G., Steinhäuser, C., and Binder, D. (2011).

Laminar-specific and developmental expression of aquaporin-4 in the mouse

hippocampus. Neurosci. 178, 21–32. doi: 10.1016/j.neuroscience.2011.01.020

Hubbard, J. A., and Binder, D. K. (2017). Unaltered glutamate transporter-

1 protein levels in aquaporin-4 knockout mice. ASN Neuro. 9,

1759091416687846. doi: 10.1177/1759091416687846

Hubbard, J. A., Hsu, M. S., Seldin, M. M., and Binder, D. K. (2015). Expression

of the astrocyte water channel aquaporin-4 in the mouse brain. ASN Neuro. 7,

1759091415605486. doi: 10.1177/1759091415605486

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 June 2022 | Volume 16 | Article 900588

https://doi.org/10.1016/0006-8993(89)90417-4
https://doi.org/10.1046/j.1460-9568.2003.02657.x
https://doi.org/10.1046/j.1460-9568.2000.00131.x
https://doi.org/10.1097/00004647-200204000-00001
https://doi.org/10.1016/S0304-3940(00)01364-1
https://doi.org/10.1074/jbc.R117.803239
https://doi.org/10.1101/cshperspect.a022863
https://doi.org/10.1002/glia.22299
https://doi.org/10.1093/brain/awv067
https://doi.org/10.1111/epi.12579
https://doi.org/10.1063/1.5044665
https://doi.org/10.1523/JNEUROSCI.2294-04.2004
https://doi.org/10.1007/s11064-021-03236-x
https://doi.org/10.1002/glia.20318
https://doi.org/10.1002/glia.23247
https://doi.org/10.1002/glia.20557
https://doi.org/10.1016/j.celrep.2019.05.097
https://doi.org/10.1016/j.bbadis.2017.02.003
https://doi.org/10.1101/cshperspect.a022434
https://doi.org/10.1074/jbc.M109.071670
https://doi.org/10.1091/mbc.e08-03-0322
https://doi.org/10.1016/S0301-0082(00)00067-8
https://doi.org/10.1016/j.neuroscience.2012.06.002
https://doi.org/10.1016/0304-3940(90)90056-F
https://doi.org/10.1038/nm1301
https://doi.org/10.1093/brain/awn133
https://doi.org/10.1073/pnas.0409308102
https://doi.org/10.1089/neu.2008.0782
https://doi.org/10.1212/WNL.0000000000003509
https://doi.org/10.1111/epi.12550
https://doi.org/10.1073/pnas.2235843100
https://doi.org/10.1038/nrn2757
https://doi.org/10.1002/glia.20627
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.1074/jbc.273.11.6001
https://doi.org/10.1097/NEN.0b013e318267b5af
https://doi.org/10.1084/jem.20081241
https://doi.org/10.1186/2045-8118-11-26
https://doi.org/10.1016/j.neuroscience.2011.01.020
https://doi.org/10.1177/1759091416687846
https://doi.org/10.1177/1759091415605486
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Szu and Binder AQP4 Subcellular Mislocalization in Epilepsy

Hubbard, J. A., Szu, J. I., Yonan, J. M., and Binder, D. K. (2016).

Regulation of astrocyte glutamate transporter-1 (GLT1) and aquaporin-

4 (AQP4) expression in a model of epilepsy. Exp. Neurol. 283, 85–96.

doi: 10.1016/j.expneurol.2016.05.003

Iliff, J., and Simon, M. (2019). The glymphatic system supports convective

exchange of cerebrospinal fluid and brain interstitial fluid that is mediated by

perivascular aquaporin-4. J. Physiol. 597, 4417. doi: 10.1113/JP277635

Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., and Nedergaard, M. (2013). Brain-

wide pathway for waste clearance captured by contrast-enhanced MRI. J. Clin.

invest. 123, 1299–1309. doi: 10.1172/JCI67677

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., and Gundersen, G. A. (2012).

A paravascular pathway facilitates CSF flow through the brain parenchyma and

the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4.

doi: 10.1126/scitranslmed.3003748

Illarionova, N. B., Gunnarson, E., Li, Y., Brismar, H., Bondar, A., and Zelenin,

S. (2010). Functional and molecular interactions between aquaporins and

Na,K-ATPase. Neurosci. 168, 915–925. doi: 10.1016/j.neuroscience.2009.11.062

Jin, B.-., J., Zhang, H., Binder, D. K., and Verkman, A. (2013). Aquaporin-4–

dependent K+ and water transport modeled in brain extraCell. space following

neuroexcitation. J. General Physiol. 141, 119–132. doi: 10.1085/jgp.2012

10883

Kandratavicius, L., Rosa-Neto, P., Monteiro, M. R., Guiot, M. C., Assirati Jr, J.

A., Carlotti Jr, C. G., et al. (2013). Distinct increased metabotropic glutamate

receptor type 5 (mGluR5) in temporal lobe epilepsy with and without

hippocampal sclerosis. Hippocampus. 23, 1212–1230. doi: 10.1002/hipo.22160

Katoozi, S., Skauli, N., Rahmani, S., Camassa, L., Boldt, H. B., and Ottersen, O.

P. (2017). Targeted deletion of Aqp4 promotes the formation of astrocytic gap

junctions. Brain Struct. Func. 222, 3959–3972. doi: 10.1007/s00429-017-1448-5

Katoozi, S., Skauli, N., Zahl, S., Deshpande, T., Ezan, P., and Palazzo, C. (2020).

Uncoupling of the astrocyte syncytium differentially affects AQP4 isoforms.

Cells. 9, 382. doi: 10.3390/cells9020382

Kim, J. E., Yeo, S. I., Ryu, H. J., Kim, M. J., Kim, D. S., and Jo, S. M.

(2010). Astroglial loss and edema formation in the rat piriform cortex

and hippocampus following pilocarpine-induced status epilepticus. J. Comp.

Neurol. 518, 4612–4628. doi: 10.1002/cne.22482

Kimelberg, H. K. (2005). Astrocytic swelling in cerebral ischemia as a possible

cause of injury and target for therapy.Glia. 50, 389–397. doi: 10.1002/glia.20174

Kitchen, P., Salman, M. M., Halsey, A. M., Clarke-Bland, C., Macdonald, J.

A., Ishida, H., et al. (2020). Targeting aquaporin-4 subCell. localization

to treat central nervous system edema. Cell 181, 784–799. e719.

doi: 10.1016/j.cell.2020.03.037

Lee, D. J., Hsu, M. S., Seldin, M. M., Arellano, J. L., and Binder, D. K.

(2012). Decreased expression of the glial water channel aquaporin-4 in the

intrahippocampal kainic acid model of epileptogenesis. Exp. Neurol. 235,

246–255. doi: 10.1016/j.expneurol.2012.02.002

Lee, M. R., Ruby, C. L., Hinton, D. J., Choi, S., Adams, C. A., and Young

Kang, N. (2013). Striatal adenosine signaling regulates EAAT2 and astrocytic

AQP4 expression and alcohol drinking in mice. Neuropsychopharmacology. 38,

437–445. doi: 10.1038/npp.2012.198

Lee, T. S., Eid, T., Mane, S., Kim, J. H., Spencer, D. D., and Ottersen, O.

P. N. C. (2004). Aquaporin-4 is increased in the sclerotic hippocampus

in human temporal lobe epilepsy. Acta neuropathologica. 108, 493–502.

doi: 10.1007/s00401-004-0910-7

Lekoubou, A., Bishu, K. G., and Ovbiagele, B. (2018). Nationwide trends in

medical expenditures among adults with epilepsy: 2003–2014. J. Neurol. Sci.

384, 113–120. doi: 10.1016/j.jns.2017.11.025

Li, Y.-., K., Wang, F., Wang, W., Luo, Y., Wu, P-, F., et al. (2012).

Aquaporin-4 deficiency impairs synaptic plasticity and associative fear

memory in the lateral amygdala: involvement of downregulation of

glutamate transporter-1 expression.Neuropsychopharmacology. 37, 1867–1878.

doi: 10.1038/npp.2012.34

Liu, R., Wang, J., Liang, S., Zhang, G., and Yang, X. (2020). Role of NKCC1

and KCC2 in epilepsy: from expression to function. Front. Neurol. 10, 1407.

doi: 10.3389/fneur.2019.01407

Lundgaard, I., Lu, M. L., Yang, E., Peng, W., Mestre, H., and Hitomi, E.

(2017). Glymphatic clearance controls state-dependent changes in brain

lactate concentration. J. Cerebral Blood Flow Metabol. 37, 2112–2124.

doi: 10.1177/0271678X16661202

Macaulay, N., Hamann, S., and Zeuthen, T. (2004). Water transport

in the brain: role of cotransporters. Neurosci. 129, 1029–1042.

doi: 10.1016/j.neuroscience.2004.06.045

Macaulay, N., and Zeuthen, T. (2012). Glial K+ clearance and cell swelling:

key roles for cotransporters and pumps. Neurochemical Res. 37, 2299–2309.

doi: 10.1007/s11064-012-0731-3

Markou, A., Unger, L., Abir-Awan, M., Saadallah, A., Halsey, A., and Balklava,

Z. (2022). Molecular mechanisms governing aquaporin relocalisation.

Biochimica et Biophysica Acta (BBA)-Biomembranes. 1864, 183853.

doi: 10.1016/j.bbamem.2021.183853

Mathern, G., Mendoza, D., Lozada, A., Pretorius, J., Dehnes, Y., and

Danbolt, N. (1999). Hippocampal GABA and glutamate transporter

immunoreactivity in patients with temporal lobe epilepsy. Neurology. 52,

453–453. doi: 10.1212/WNL.52.3.453

Mccormick, D. A., and Contreras, D. (2001). On the Cell. and

network bases of epileptic seizures. Ann. Rev. Physiol. 63, 815–846.

doi: 10.1146/annurev.physiol.63.1.815

Mestre, H., Hablitz, L. M., Xavier, A. L., Feng, W., Zou, W., and Pu, T. (2018).

Aquaporin-4-dependent glymphatic solute transport in the rodent brain. Elife

7, e40070. doi: 10.7554/eLife.40070.022

Moeller, H., Fenton, R., Zeuthen, T., and Macaulay, N. (2009). Vasopressin-

dependent short-term regulation of aquaporin 4 expressed in Xenopus oocytes.

Neurosci. 164, 1674–1684. doi: 10.1016/j.neuroscience.2009.09.072

Mogoanta, L., Ciurea, M., Pirici, I., Margaritescu, C., Simionescu, C., and Ion,

D. A. (2014). Different dynamics of aquaporin 4 and glutamate transporter-

1 distribution in the perineuronal and perivascular compartments during

ischemic stroke. Brain Pathol. 24, 475–493. doi: 10.1111/bpa.12134

Mongin, A. A., Aksentsev, S. L., Orlov, S. N., Slepko, N. G., Kozlova, M. V.,

and Maximov, G. V. (1994). Swelling-induced K+ influx in cultured primary

astrocytes. Brain Res. 655, 110–114. doi: 10.1016/0006-8993(94)91603-9

Murphy, T. R., Binder, D. K., and Fiacco, T. A. (2017a). Turning down the volume:

Astrocyte volume change in the generation and termination of epileptic

seizures. NeuroBiol. Dis. 104, 24–32. doi: 10.1016/j.nbd.2017.04.016

Murphy, T. R., Davila, D., Cuvelier, N., Young, L. R., Lauderdale, K., and Binder,

D. K. (2017b). Hippocampal and cortical pyramidal neurons swell in parallel

with astrocytes during acute hypoosmolar stress. Front. Cell. Neurosci. 275.

doi: 10.3389/fncel.2017.00275

Nagelhus, E., Mathiisen, T., and Ottersen, O. (2004). Aquaporin-4 in the central

nervous system: Cell. and subCell. distribution and coexpression with KIR4, 1.

Neuroscience. 129, 905–913. doi: 10.1016/j.neuroscience.2004.08.053

Neely, J. D., Amiry-Moghaddam, M., Ottersen, O. P., Froehner, S. C., Agre, P.,

and Adams, M. E. (2001). Syntrophin-dependent expression and localization

of Aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. 98, 14108–14113.

doi: 10.1073/pnas.241508198

Neely, J. D., Christensen, B. M., Nielsen, S., and Agre, P. (1999). Heterotetrameric

composition of aquaporin-4 water channels. Biochemistry. 38, 11156–11163.

doi: 10.1021/bi990941s

Nesverova, V., and Törnroth-Horsefield, S. (2019). Phosphorylation-dependent

regulation of mammalian aquaporins. Cells. 8, 82. doi: 10.3390/cells8020082

Nielsen, S., Nagelhus, E. A., Amiry-Moghaddam, M., Bourque, C., Agre, P., and

Ottersen, O. P. (1997). Specialized membrane domains for water transport in

glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat

brain. J. Neurosci. 17, 171–180. doi: 10.1523/JNEUROSCI.17-01-00171.1997

Niermann, H., Amiry-Moghaddam, M., Holthoff, K., Witte, O. W., and Ottersen,

O. P. (2001). A novel role of vasopressin in the brain: modulation of

activity-dependent water flux in the neocortex. J. Neurosci. 21, 3045–3051.

doi: 10.1523/JNEUROSCI.21-09-03045.2001

Okuno, K., Taya, K., Marmarou, C. R., Ozisik, P., Fazzina, G., and Kleindienst,

A. (2008). “The modulation of aquaporin-4 by using PKC-activator (phorbol

myristate acetate) and V1a receptor antagonist (SR49059) following middle

cerebral artery occlusion/reperfusion in the rat,” in Acta Neurochirurgica

Supplements. New York: Springer, 431–436

Olsen, M. L., and Sontheimer, H. (2008). Functional implications for Kir4,

1. channels in glial biology: from K+ buffering to cell differentiation. J.

Neurochem. 107, 589–601. doi: 10.1111/j.1471-4159.2008.05615.x

Orkand, R., Nicholls, J., and Kuffler, S. (1966). Effect of nerve impulses on the

membrane potential of glial cells in the central nervous system of amphibia.

J. Neuro. Physiol. 29, 788–806. doi: 10.1152/jn.1966.29.4.788

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 June 2022 | Volume 16 | Article 900588

https://doi.org/10.1016/j.expneurol.2016.05.003
https://doi.org/10.1113/JP277635
https://doi.org/10.1172/JCI67677
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1016/j.neuroscience.2009.11.062
https://doi.org/10.1085/jgp.201210883
https://doi.org/10.1002/hipo.22160
https://doi.org/10.1007/s00429-017-1448-5
https://doi.org/10.3390/cells9020382
https://doi.org/10.1002/cne.22482
https://doi.org/10.1002/glia.20174
https://doi.org/10.1016/j.cell.2020.03.037
https://doi.org/10.1016/j.expneurol.2012.02.002
https://doi.org/10.1038/npp.2012.198
https://doi.org/10.1007/s00401-004-0910-7
https://doi.org/10.1016/j.jns.2017.11.025
https://doi.org/10.1038/npp.2012.34
https://doi.org/10.3389/fneur.2019.01407
https://doi.org/10.1177/0271678X16661202
https://doi.org/10.1016/j.neuroscience.2004.06.045
https://doi.org/10.1007/s11064-012-0731-3
https://doi.org/10.1016/j.bbamem.2021.183853
https://doi.org/10.1212/WNL.52.3.453
https://doi.org/10.1146/annurev.physiol.63.1.815
https://doi.org/10.7554/eLife.40070.022
https://doi.org/10.1016/j.neuroscience.2009.09.072
https://doi.org/10.1111/bpa.12134
https://doi.org/10.1016/0006-8993(94)91603-9
https://doi.org/10.1016/j.nbd.2017.04.016
https://doi.org/10.3389/fncel.2017.00275
https://doi.org/10.1016/j.neuroscience.2004.08.053
https://doi.org/10.1073/pnas.241508198
https://doi.org/10.1021/bi990941s
https://doi.org/10.3390/cells8020082
https://doi.org/10.1523/JNEUROSCI.17-01-00171.1997
https://doi.org/10.1523/JNEUROSCI.21-09-03045.2001
https://doi.org/10.1111/j.1471-4159.2008.05615.x
https://doi.org/10.1152/jn.1966.29.4.788
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Szu and Binder AQP4 Subcellular Mislocalization in Epilepsy

Ottman, R., Lipton, R. B., Ettinger, A. B., Cramer, J. A., Reed, M. L.,

and Morrison, A. (2011). Comorbidities of epilepsy: results from the

Epilepsy Comorbidities and Health (EPIC) survey. Epilepsia. 52, 308–315.

doi: 10.1111/j.1528-1167.2010.02927.x

Papadopoulos, M., Saadoun, S., and Verkman, A. (2008). Aquaporins

and cell migration. Pflügers Archiv-Eur. J. Physiol. 456, 693–700.

doi: 10.1007/s00424-007-0357-5

Papadopoulos, M. C., and Verkman, A. S. (2007). Aquaporin-4 and brain edema.

Pediatric. Nephrol. 22, 778–784. doi: 10.1007/s00467-006-0411-0

Papadopoulos, M. C., and Verkman, A. S. (2013). Aquaporin water channels in the

nervous system. Nat. Rev. Neurosci. 14, 265–277. doi: 10.1038/nrn3468

Peterson, A. R., and Binder, D. K. (2019). Regulation of synaptosomal

GLT-1 and GLAST during epileptogenesis. Neurosci. 411, 185–201.

doi: 10.1016/j.neuroscience.2019.05.048

Peterson, A. R., and Binder, D. K. (2020). Astrocyte glutamate uptake and

signaling as novel targets for antiepileptogenic therapy. Front. Neurol. 1006.

doi: 10.3389/fneur.2020.01006

Plog, B. A., Dashnaw, M. L., Hitomi, E., Peng, W., Liao, Y., and Lou,

N. (2015). Biomarkers of traumatic injury are transported from

brain to blood via the glymphatic system. J. Neurosci. 35, 518–526.

doi: 10.1523/JNEUROSCI.3742-14.2015

Proper, E., Hoogland, G., Kappen, S., Jansen, G., Rensen, M., and Schrama,

L. (2002). Distribution of glutamate transporters in the hippocampus of

patients with pharmaco-resistant temporal lobe epilepsy. Brain. 125, 32–43.

doi: 10.1093/brain/awf001

Ren, Z., Iliff, J. J., Yang, L., Yang, J., Chen, X., and Chen, M. J. (2013). ‘Hit

and Run’model of closed-skull traumatic brain injury (TBI) reveals complex

patterns of post-traumatic AQP4 dysregulation. J. Cerebral Blood FlowMetabol.

33, 834–845. doi: 10.1038/jcbfm.2013.30

Risher, W. C., Andrew, R. D., and Kirov, S. A. (2009). Real-time passive volume

responses of astrocytes to acute osmotic and ischemic stress in cortical

slices and in vivo revealed by two-photon microscopy. Glia. 57, 207–221.

doi: 10.1002/glia.20747

Saadoun, S., Papadopoulos, M. C., Watanabe, H., Yan, D., Manley, G. T., and

Verkman, A. (2005). Involvement of aquaporin-4 in astroglial cell migration

and glial scar formation. J. cell Sci. 118, 5691–5698. doi: 10.1242/jcs.02680

Salman, M. M., Kitchen, P., Halsey, A., Wang, M. X., Törnroth-Horsefield, S.,

and Conner, A. C. (2022a). “Emerging Roles for Dynamic Aquaporin-4 Subcell.

Relocalization CNS Water Homeostasis”. (UK: Oxford University Press).

Salman, M. M., Kitchen, P., Woodroofe, M. N., Brown, J. E., Bill, R. M.,

and Conner, A. C. (2017a). Hypothermia increases aquaporin 4 (AQP 4)

plasma membrane abundance in human primary cortical astrocytes via a

calcium/transient receptor potential vanilloid 4 (TRPV 4)-and calmodulin-

mediated mechanism. Eur. J. Neurosci. 46, 2542–2547. doi: 10.1111/ejn.13723

Salman, M. M., Kitchen, P., Yool, A. J., and Bill, R. M. (2022b). Recent

breakthroughs and future directions in drugging aquaporins. Trends

Pharmacol. Sci. 43, 30–42. doi: 10.1016/j.tips.2021.10.009

Salman, M. M., Sheilabi, M. A., Bhattacharyya, D., Kitchen, P., Conner, A. C., and

Bill, R. M. (2017b). Transcriptome analysis suggests a role for the differential

expression of cerebral aquaporins and the MAPK signalling pathway in human

temporal lobe epilepsy. Eur. J. Neurosci. 46, 2121–2132. doi: 10.1111/ejn.13652

Schwartzkroin, P. A., Baraban, S. C., and Hochman, D. W. (1998). Osmolarity,

ionic flux, and changes in brain excitability. Epilepsy Res. 32, 275–285.

doi: 10.1016/S0920-1211(98)00058-8

Seifert, G., Hüttmann, K., Binder, D. K., Hartmann, C.,Wyczynski, A., andNeusch,

C. (2009). Analysis of astroglial K+ channel expression in the developing

hippocampus reveals a predominant role of the Kir4, 1. subunit. J. Neurosci.

29, 7474–7488. doi: 10.1523/JNEUROSCI.3790-08.2009

Shi, Z., Zhang, W., Lu, Y., Xu, L., Fang, Q., and Wu, M. (2017). Aquaporin 4-

mediated glutamate-induced astrocyte swelling is partially mediated through

metabotropic glutamate receptor 5 activation. Front. Cell. Neurosci. 11, 116.

doi: 10.3389/fncel.2017.00116

Simard, M., and Nedergaard, M. (2004). The neuroBiol. of Glia. in

the context of water and ion homeostasis. Neurosci. 129, 877–896.

doi: 10.1016/j.neuroscience.2004.09.053

Smith, A. J., Jin, B.-J., Ratelade, J., and Verkman, A. S. (2014). Aggregation state

determines the localization and function of M1–and M23–aquaporin-4 in

astrocytes. J. Cell Biol. 204, 559–573. doi: 10.1083/jcb.201308118

Smith, A. J., and Verkman, A. S. (2015). Superresolution imaging of aquaporin-

4 cluster size in antibody-stained paraffin brain sections. Biophysical J. 109,

2511–2522. doi: 10.1016/j.bpj.2015.10.047

Smith, A. J., and Verkman, A. S. (2018). The “glymphatic” mechanism for solute

clearance in Alzheimer’s disease: game changer or unproven speculation?

FASEB J. 32, 543–551. doi: 10.1096/fj.201700999

Smith, A. J., Yao, X., and Dix, J. A., Jin, B.-J., and Verkman, A. S. (2017).

Test of the “glymphatic” hypothesis demonstrates diffusive and aquaporin-

4-independent solute transport in rodent brain parenchyma. Elife. 6, e27679.

doi: 10.7554/eLife.27679.019

Spector, R., Snodgrass, S. R., and Johanson, C. E. (2015). A balanced view of the

cerebrospinal fluid composition and functions: focus on adult humans. Exp.

Neurol. 273, 57–68. doi: 10.1016/j.expneurol.2015.07.027

Steinhäuser, C., Grunnet, M., and Carmignoto, G. (2016). Crucial role

of astrocytes in temporal lobe epilepsy. Neuroscience. 323, 157–169.

doi: 10.1016/j.neuroscience.2014.12.047

Steinhäuser, C., Seifert, G., and Bedner, P. (2012). Astrocyte dysfunction in

temporal lobe epilepsy: K+ channels and gap junction coupling. Glia. 60,

1192–1202. doi: 10.1002/glia.22313

Strohschein, S., Hüttmann, K., Gabriel, S., Binder, D. K., Heinemann, U.,

and Steinhäuser, C. (2011). Impact of aquaporin-4 channels on K+

buffering and gap junction coupling in the hippocampus. Glia. 59, 973–980.

doi: 10.1002/glia.21169

Su, G., Kintner, D. B., and Sun, D. (2002). Contribution of Na+-K+-

Cl– cotransporter to high-[K+]o-induced swelling and EAA release

in astrocytes. Am. J. Physiology-Cell Physiol. 282, C1136–C1146.

doi: 10.1152/ajpcell.00478.2001

Sugimoto, J., Tanaka, M., Sugiyama, K., Ito, Y., Aizawa, H., and Soma, M. (2018).

Region-specific deletions of the glutamate transporter GLT1 differentially

affect seizure activity and neurodegeneration in mice. Glia. 66, 777–788.

doi: 10.1002/glia.23281

Sun, W., Mcconnell, E., Pare, J.-., F., Xu, Q., Chen, M., et al. (2013). Glutamate-

dependent neuroglial calcium signaling differs between young and adult brain.

Science. 339, 197–200. doi: 10.1126/science.1226740

Sylvain, N. J., Salman, M. M., Pushie, M. J., Hou, H., Meher, V., and Herlo, R.

(2021). The effects of trifluoperazine on brain edema, aquaporin-4 expression

andmetabolic markers during the acute phase of stroke using photothrombotic

mouse model. Biochimica et Biophysica Acta (BBA)-Biomembranes. 1863,

183573. doi: 10.1016/j.bbamem.2021.183573

Szu, J. I., Chaturvedi, S., Patel, D. D., and Binder, D. K. (2020). Aquaporin-4

dysregulation in a controlled cortical impact injury model of posttraumatic

epilepsy. Neuroscience. 428, 140–153. doi: 10.1016/j.neuroscience.2019.12.006

Tait, M. J., Saadoun, S., Bell, B. A., and Papadopoulos, M. C. (2008). Water

movements in the brain: role of aquaporins. Trends Neuro Sci. 31, 37–43.

doi: 10.1016/j.tins.2007.11.003

Tanaka, K., Watase, K., Manabe, T., Yamada, K., Watanabe, M., and

Takahashi, K. (1997). Epilepsy and exacerbation of brain injury in

mice lacking the glutamate transporter GLT-1. Science. 276, 1699–1702.

doi: 10.1126/science.276.5319.1699

Thom, M. (2014). Hippocampal sclerosis in epilepsy: a neuropathology review.

Neuropathol. Appl. Neurobiol. 40, 520–543. doi: 10.1111/nan.12150

Umpierre, A. D., West, P. J., White, J. A., and Wilcox, K. S. (2019). Conditional

knock-out of mGluR5 from astrocytes during epilepsy development

impairs high-frequency glutamate uptake. J. Neurosci. 39, 727–742.

doi: 10.1523/JNEUROSCI.1148-18.2018

Vandebroek, A., and Yasui, M. (2020). Regulation of AQP4 in the central

nervous system. InterNatl. J. Mol. Sci. 21, 1603. doi: 10.3390/ijms210

51603

Verbavatz, J.-., M., Ma, T., Gobin, R., and Verkman, A. (1997). Absence of

orthogonal arrays in kidney, brain and muscle from transgenic knockout

mice lacking water channel aquaporin-4. J. Cell Sci. 110, 2855–2860.

doi: 10.1242/jcs.110.22.2855

Verkman, A. (2005). More than just water channels: unexpected Cell. roles of

aquaporins. J. cell Sci. 118, 3225–3232. doi: 10.1242/jcs.02519

Verkman, A., Binder, D. K., Bloch, O., Auguste, K., and Papadopoulos, M. C.

(2006). Three distinct roles of aquaporin-4 in brain function revealed by

knockout mice. Biochimica et Biophysica Acta (BBA)-Biomembranes. 1758,

1085–1093. doi: 10.1016/j.bbamem.2006.02.018

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 June 2022 | Volume 16 | Article 900588

https://doi.org/10.1111/j.1528-1167.2010.02927.x
https://doi.org/10.1007/s00424-007-0357-5
https://doi.org/10.1007/s00467-006-0411-0
https://doi.org/10.1038/nrn3468
https://doi.org/10.1016/j.neuroscience.2019.05.048
https://doi.org/10.3389/fneur.2020.01006
https://doi.org/10.1523/JNEUROSCI.3742-14.2015
https://doi.org/10.1093/brain/awf001
https://doi.org/10.1038/jcbfm.2013.30
https://doi.org/10.1002/glia.20747
https://doi.org/10.1242/jcs.02680
https://doi.org/10.1111/ejn.13723
https://doi.org/10.1016/j.tips.2021.10.009
https://doi.org/10.1111/ejn.13652
https://doi.org/10.1016/S0920-1211(98)00058-8
https://doi.org/10.1523/JNEUROSCI.3790-08.2009
https://doi.org/10.3389/fncel.2017.00116
https://doi.org/10.1016/j.neuroscience.2004.09.053
https://doi.org/10.1083/jcb.201308118
https://doi.org/10.1016/j.bpj.2015.10.047
https://doi.org/10.1096/fj.201700999
https://doi.org/10.7554/eLife.27679.019
https://doi.org/10.1016/j.expneurol.2015.07.027
https://doi.org/10.1016/j.neuroscience.2014.12.047
https://doi.org/10.1002/glia.22313
https://doi.org/10.1002/glia.21169
https://doi.org/10.1152/ajpcell.00478.2001
https://doi.org/10.1002/glia.23281
https://doi.org/10.1126/science.1226740
https://doi.org/10.1016/j.bbamem.2021.183573
https://doi.org/10.1016/j.neuroscience.2019.12.006
https://doi.org/10.1016/j.tins.2007.11.003
https://doi.org/10.1126/science.276.5319.1699
https://doi.org/10.1111/nan.12150
https://doi.org/10.1523/JNEUROSCI.1148-18.2018
https://doi.org/10.3390/ijms21051603
https://doi.org/10.1242/jcs.110.22.2855
https://doi.org/10.1242/jcs.02519
https://doi.org/10.1016/j.bbamem.2006.02.018
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Szu and Binder AQP4 Subcellular Mislocalization in Epilepsy

Verkman, A. S., Ratelade, J., Rossi, A., Zhang, H., and Tradtrantip, L.

(2011). Aquaporin-4: orthogonal array assembly, CNS functions, and

role in neuromyelitis optica. Acta Pharmacologica Sinica. 32, 702–710.

doi: 10.1038/aps.2011.27

Wagner, K., Unger, L., Salman, M. M., Kitchen, P., Bill, R. M., and Yool, A.

J. (2022). Signaling mechanisms and pharmacological modulators governing

diverse aquaporin functions in human health and disease. Inter. Natl. J. Mol.

Sci. 23, 1388. doi: 10.3390/ijms23031388

Wei, T., Zhou, M., Gu, L., Yang, H., Zhou, Y., and Li, M. (2022).

A novel gating mechanism of aquaporin-4 water channel mediated by

blast shockwaves for brain edema. J. Phys. Chem. Lett. 13, 2486–2492.

doi: 10.1021/acs.jpclett.2c00321

Wu, N., Lu, X.-., Q., Yan, H-, T., Su, R.-., B., et al. (2008). Aquaporin 4 deficiency

modulates morphine pharmacological actions. Neurosci. Lett. 448, 221–225.

doi: 10.1016/j.neulet.2008.10.065

Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., and Gao, J. (2015). Deletion of

aquaporin-4 in APP/PS1 mice exacerbates brain Aβ accumulation andmemory

deficits.Mol. Neurodegener. 10, 1–16. doi: 10.1186/s13024-015-0056-1

Yang, J., Li, M.-., X., Luo, Y., Chen, T., Liu, J., et al. (2013). Chronic

ceftriaxone treatment rescues hippocampal memory deficit in AQP4

knockout mice via activation of GLT-1. Neuropharmacology. 75, 213–222.

doi: 10.1016/j.neuropharm.2013.08.009

Yogarajah, M., and Mula, M. (2019). Social cognition, psychiatric comorbidities,

and quality of life in adults with epilepsy. Epilepsy Behav. 100, 106321.

doi: 10.1016/j.yebeh.2019.05.017

Zador, Z., Stiver, S., Wang, V., and Manley, G. T. (2009). Role of aquaporin-

4 in cerebral edema and stroke. Aquaporins: Handbook Exp. Pharmacol. 190,

159–170. doi: 10.1007/978-3-540-79885-9_7

Zeng, X.-N., Sun, X.-L., Gao, L., Fan, Y., Ding, J.-H., Hu, G. (2007). Aquaporin-

4 deficiency down-regulates glutamate uptake and GLT-1 expression

in astrocytes. Mol. Cell. Neurosci. 34, 34–39. doi: 10.1016/j.mcn.2006.

09.008

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Szu and Binder. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 June 2022 | Volume 16 | Article 900588

https://doi.org/10.1038/aps.2011.27
https://doi.org/10.3390/ijms23031388
https://doi.org/10.1021/acs.jpclett.2c00321
https://doi.org/10.1016/j.neulet.2008.10.065
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.1016/j.neuropharm.2013.08.009
https://doi.org/10.1016/j.yebeh.2019.05.017
https://doi.org/10.1007/978-3-540-79885-9_7
https://doi.org/10.1016/j.mcn.2006.09.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Mechanisms Underlying Aquaporin-4 Subcellular Mislocalization in Epilepsy
	Introduction
	Modulation of Seizure Activity By AQP4
	AQP4 and Kir4.1
	AQP4 and GLT-1
	AQP4 and mGluR5
	AQP4 and gap Junctions

	AQP4 Dysregulation In Epilepsy
	AQP4 Expression
	AQP4 Mislocalization in Epilepsy

	Mechanisms Underlying AQP4 Subcellular Redistribution
	AQP4 Isoforms Regulate Astrocyte Processes
	α-Syntrophin Anchoring of AQP4
	Posttranslational Modification of AQP4

	Conclusion
	Data Availability Statement
	Author Contributions
	References


