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Abstract: The brain has high-order functions and is composed of several kinds of cells, such
as neurons and glial cells. It is becoming clear that many kinds of neurodegenerative diseases
are more-or-less influenced by astrocytes, which are a type of glial cell. Aquaporin-4 (AQP4),
a membrane-bound protein that regulates water permeability is a member of the aquaporin family of
water channel proteins that is expressed in the endfeet of astrocytes in the central nervous system
(CNS). Recently, AQP4 has been shown to function, not only as a water channel protein, but also as
an adhesion molecule that is involved in cell migration and neuroexcitation, synaptic plasticity, and
learning/memory through mechanisms involved in long-term potentiation or long-term depression.
The most extensively examined role of AQP4 is its ability to act as a neuroimmunological inducer.
Previously, we showed that AQP4 plays an important role in neuroimmunological functions in injured
mouse brain in concert with the proinflammatory inducer osteopontin (OPN). The aim of this review
is to summarize the functional implication of AQP4, focusing especially on its neuroimmunological
roles. This review is a good opportunity to compile recent knowledge and could contribute to the
therapeutic treatment of autoimmune diseases through strategies targeting AQP4. Finally, the author
would like to hypothesize on AQP4’s role in interaction between reactive astrocytes and reactive
microglial cells, which might occur in neurodegenerative diseases. Furthermore, a therapeutic
strategy for AQP4-related neurodegenerative diseases is proposed.
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1. Introduction

1.1. Aquaporin-4 (AQP4)

Aquaporin 4 (AQP4) is the most abundantly expressed water channel in the brain, and is highly
localized in the endfeet of astrocytes (a type of glial cell in the central nervous system (CNS));
these endfeet are in contact with blood vessels [1–3]. The distribution of AQP4 is diverse throughout
the brain, and includes the cerebral cortex, corpus callosum, retina, cerebellum, magnocellular nuclei
of the hypothalamus, and brain stem [4]. AQP4 has a tetrametric structure, enabling gases and ions to
permeate through a central pore; however, the physiological role of this central pore remains unclear [1].
Use of stopped-flow analysis showed that mercury decreases AQP4 M23 water permeability in
proteoliposomes via Cys178 residue located cytoplasmic loop D [5]. AQP4 transfected astrocyte cell
line and primary culture of astrocytes revealed that lead (Pb2+) increased water permeability, mediated
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by Ser111, which is a phosphorylation site for calmodulin kinase II (CaMKII) [6]. Oocytes expressing
rat AQP4 exhibit greater permeability for CO2 but lower permeability for NH3 [7]. AQP4 could protect
the brain from rising NH3 levels in the blood, while allowing CO2 to pass.

AQP4 is involved in astrocyte migration when water passes through the lamellipodium and into
the cytoplasm by an osmotic gradient. Furthermore, AQP4 plays a role in neuroexcitation, in which
isosmolar K+ is released by neurons, followed by the uptake of K+ and water by astrocytes on the other
side of the synaptic cleft [3]. The inwardly rectifying K+ channel family member, Kir4.1, is co-localized
with AQP4 at the endfeet of astrocytes, but not in neurons, to maintain water homeostasis in the CNS.
These transmembrane channels seem to play important roles in neurological disorders [8].

The upregulation of metabotropic glutamate receptor (mGluR) 3 can be co-localized with AQP4,
suggesting that astrocytic mGluR plays a role in the regulation of extracellular glutamate levels. In the
hippocampal tissue of patients with temporal lobe epilepsy (TLE), the expressions of connexin 43 and
AQP4 are increased, and the expressions of the key constituents of the AQP4 multi-molecular complex
(Kir4.1, a-syntrophin, and dystrophin) are downregulated [9].

Hypotonicity induces a rapid and reversible relocalization of AQP4 in a calcium-, calmodulin-,
and kinase-dependent manner in primary cortical rat astrocytes and transfected HEK293 cells [10].

AQP4 also reportedly plays a role in the development and maintenance of the blood-brain barrier
(BBB) [11,12]; however, a detailed analysis, which included electron microscopy studies, revealed that
the deletion of AQP4 does not alter BBB integrity or brain morphology [13]. We also examined the
leakage of immunoglobulin G (IgG) to confirm BBB integrity in an independently established line of
AQP4-deficient mice, compared with wild-type (WT) mice, and found that, not only was the integrity
of the BBB maintained in a normal brain, but the recovery of the BBB after breakdown was also not
altered, even in the absence of AQP4 [14].

AQP4 has also been implicated in learning and memory in the hippocampus and amygdala
by influencing long-term potentiation (LTP) and long-term depression (LTD) [15]. Some evidence
using AQP4-deficient mice has shown that LTP and LTD alterations are dependent on brain-derived
neurotrophic factors [16], and a link between defective LTP and the downregulation of glutamate
transporter-1 has been shown [17,18].

The deletion of AQP4 has been shown to result in the shrinkage of the extracellular space (ECS)
volume in the mouse hippocampal CA1 region, which is associated with the activation of excitatory
pathways [19]. ECS shrinkage was most pronounced in the pyramidal cell layer. These results imply
that AQP4 regulates the dynamics of the extracellular volume.

1.2. Astrocytes

1.2.1. Glial Fibrillary Acidic Protein

Astrocytes are a type of glial cell in the CNS that accounts for more than 50% of the total cells
in the brain, and astrocytes are thought to be 10 times more abundant than neurons. Glial fibrillary
acidic protein (GFAP) is an intermediate filament protein that is highly expressed in astrocytes and
is considered to be an astrocyte marker [20]. The upregulation of GFAP can be observed in reactive
astrocytes; such upregulation can be induced by traumatic injury, edema, inflammation, or infection
in the brain. GFAP mutations cause Alexander disease, which is a fatal neurodegenerative disorder,
characterized by astrocytic inclusions [21].

Several laboratories have independently developed GFAP-null mice, and such mice were found
to develop normally, with no differences from WT mice in terms of brain architecture, numbers of
neurons and astrocytes, BBB integrity, behavior, or motor activity (reviewed in [22]). At 14 months
of age, however, GFAP-null mice develop hydrocephalus and reduced myelination in the corpus
callosum, spinal cord, and optic nerve [23]. Thus, astrocytes might play a pivotal role in the long-term
maintenance of myelination.
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Another astrocyte marker, tenascin-C (TN-C), is an extracellular matrix molecule (ECM) that
is expressed in radial glia in the CNS during development [24,25], and in primary cultures of
astrocytes [26], while its expression is attenuated in astrocytes in the normal brain. In brains that
have experienced traumatic injury, inflammation, or infection, the expression of TN-C is enhanced
simultaneously with the expression of GFAP in reactive astrocytes [27,28]. Because of the inhibition
of the activation of astrocytes and microglial cells in AQP4-deficient mice, TN-C expression was
reduced in mouse brains with stab wound injuries or primary cultures of astrocytes stimulated with
lipopolysaccharide (LPS). Thus, the drastic expression of TN-C in reactive astrocytes might depend on
AQP4 expression [14].

1.2.2. Oxidative Stress in Astrocytes

Oxidative stress is thought to be one of several causes of brain aging. Astrocytes contribute to
neuronal homeostasis and couple with neurons in their response to oxidative stress so as to protect
them [29]. Aging regulator insulin-like growth factor 1 (IGF-1) directly participates in astrocyte
neuroprotection against oxidative stress [30]. Superfusion of retinal slices with a hypoosmolar solution
induced a rapid swelling of Müller cell somata in tissues from AQP4-deficient mice, but not from
wild-type mice [31]. AQP4 is involved in the rapid volume regulation of retinal glial cells in response
to osmotic stress and that deletion of AQP4 results in an inflammatory response of the retinal tissue.

1.2.3. Calcium Signaling in Astrocytes

Astrocytes rapidly swell during brain edema formation [32], and brain swelling triggers Ca2+

signaling in astrocytes; this signaling is reduced in AQP4-deficient mice. Thus, hypo-osmotic stress
initiates astrocytic Ca2+ spikes in an AQP4-dependent manner [33]. The calcium dynamics in astrocytes
have been thoroughly examined in both primary cultures and genetically modified awake mice,
as previously reviewed [34–36].

1.2.4. Astrocytes and Immune Cells

Astrocytes interact with T-cells in inflammatory responses via T-cell receptor (TCR) and adhesion
molecule lymphocyte function-associated antigen 1 (LFA-1), the so-called T-cell-astrocyte interface,
to form immunological synapses (ISs). Bacterial LPS or tumor necrosis factor (TNF-α) strongly
stimulates astrocytes to release chemokines [37]. In this manner, astrocytes act as chemokine producers
or lymphocyte attractants for the recruitment of T-cell subsets into the brain parenchyma [38]. Immune
modulator mesencephalic astrocyte-derived neurotrophic factor (MANF) has been identified in
immune cells, and this biases immune cells toward an anti-inflammatory phenotype, enhanced
neuroprotection and tissue repair, and improved the success of photoreceptor replacement therapies
in both mouse and Drosophila [39]. Astrocytes, as well as microglia and macrophages, were important
sources of IL-27 in the human disease, multiple sclerosis (MS). IL-27 triggered the phosphorylation of
the transcription regulator STAT1, and can modulate immune properties of astrocytes and infiltrating
immune cells in an MS patient’s brain [40].

2. Neuroimmunological Role of AQP4

2.1. AQP4 in Neuromyelitis Optica (NMO)

Neuromyelitis optica (NMO) is an autoimmune disease consisting of recurrent optic neuritis
and transverse myelitis, and serologic testing for the AQP4-immunoglobulin G (IgG) autoantibody
is useful for a differential diagnosis from multiple sclerosis (MS) [41–43]. Astrocytes in the optic
nerve and spinal cord are the main targets. The loss of AQP4 and GFAP staining in NMO brain is
distinct from the staining observed in MS patients [44]. An enzyme-linked immunosorbent assay
(ELISA) to detect anti-AQP4 antibodies has been established, and can be used as a substitute for the
conventional NMO-IgG assay [45]. Rat astrocytes and oligodendrocytes from primary cultures and rat
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optic nerves were exposed for 24 h to neuromyelitis optica (NMO)-IgG in the absence of complement,
and it was found that there was a complement-independent effect of NMO-IgG/AQP4 antibody on
astrocytes, with secondary damage to oligodendrocytes, possibly resulting from glutamate-mediated
excitotoxicity [46].

Recently, our colleagues also established high-affinity monoclonal antibodies against the
extracellular domains of AQP4, and these antibodies can block the binding of NMO-IgG, despite its
heterogeneity. These antibodies could be applied in clinical treatments for NMO patients [47–49].

Highly pathogenic AQP4-peptide-specific T cells in Lewis rats have been reported. These cells
recognize the AQP268–285 epitope and produce NMO-like lesions in the presence of NMO-IgG [50].
Comprehensive mutagenesis of the three extracellular loops of the M23 isoform of human AQP4
were analyzed, and the effects on binding of NMO AQP4-reactive recombinant IgG (rAbs) using
quantitative immunofluorescence were evaluated. Amino acid substitutions at T137/P138 altered loop
C conformation and abolished the binding of all NMO rAbs and NMO-IgG, and the authors concluded
on the importance of loop C conformation to the recognition of AQP4 by pathogenic NMO Abs [51].

Another AQP4-autoimmunity disease, NMO-spectrum disorder (NMOSD), classifies, not only
optic neuritis and myelitis as NMO, but also cerebral, diencephalic, brainstem, and area postrema
syndromes [52,53]. Furthermore, non-neurologic features involving other AQP4-positive organs
outside of the CNS have also been reported for NMOSD. Nevertheless, NMOSD can be treated by B-cell
depletion through antibodies, or the infusion of “aquaporumab” to block AQP4 antibodies [54,55].

Myasthenia gravis (MG) is a disease affecting the neuromuscular junction, caused in
approximately 85% of patients by IgG1- and IgG3-complement activating antibodies against the
nicotinic acetylcholine receptor (AChR-Ab) [56]. Several cases or small series of MG patients show
both NMO/NMOSD. A history of thymectomy for MG patients could be a possible risk factor for the
later development of NMOSD [57]. Antibody titers for AQP4-Abs and AChR-Abs tend to change in
opposite directions [58].

2.2. AQP4 in Alzheimer’s Disease

A defect in the clearance of β-amyloid (Aβ) in brain parenchyma is considered to be a cause of
Alzheimer disease (AD) [59]. Astrocytes play a protective role in the clearance and degradation of Aβ

through the recruitment of astrocytes toward monocyte chemoattractant protein-1 (MCP-1) in senile
plaques [60]. However, the excessive uptake of Aβ causes astrocyte malformation and apoptosis [61,62].
AQP4 deficiency in cultured astrocytes resulted in reduced astrocyte activation induced by Aβ1–42

and its toxicity, the uptake of Aβ1–42, and the upregulation of LRP-1 induced by Aβ1–42, as well as
altered levels of MAPK phosphorylation [63]. Thus, AQP4 in astrocytes is a molecular target for the
treatment of AD. Moreover, direct evidence of interactions between AQP4 and glutamate transporter-1
(GLT-1) has been reported in astrocytes using AQP4-deficient mice, and these two proteins are part
of the same supramolecular complex [64]. The collaboration of AQP4 and GLT-1 in astrocytes has a
protective effect against glutamate-induced neuronal injury by Aβ, which might play a pivotal role in
the regulation of distinct cellular responses that involve neuroprotection against AD [65].

2.3. AQP4 in Parkinson’s Disease

Parkinson disease (PD) is clinically characterized by the progressive, selective, and irreversible
loss of dopaminergic (DA) neurons in the substantia nigra (SN) resulting in a poverty of voluntary
movements (akinesia), slowness and impaired voluntary movement (bradykinesia), muscle rigidity,
and tremors of the limbs at rest [66]. The administration of MPTP (1-methyl-4-phenyl-1,2,
3,6-tetrahydropyridine)/probenecid in a PD mouse model with an AQP4 deficiency resulted in
significantly enhanced gliosis, the aggravated loss of TH-immunoreactive neurons, an increase in the
production of IL-1β and TNF-α, but a suppression of IL-6 in the midbrain, and the activation of the
IKK/NF-κB pathway in vivo, compared with WT mice [67]. Neurotoxicity induced by AQP4 was
observed, not only in the SN, but also in ventral tegmental area (VTA) neurons [68]. Another paper also
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reported that AQP-deficient mice showed hypersensitive to stimulation of MPTP or LPS compared to
WT littermates [69]. MPTP-induced PD mouse model with AQP4-deficient mice showed more robust
microglial inflammatory responses and more severe loss of DA neurons. Significantly lower numbers
of CD4+ CD25+ regulatory T cells in AQP4-deficient mice compared to WT. The authors reported for
the first time for AQP4 expression in mouse thymus, spleen, and lymph nodes. Thus, they concluded
that AQP4 may have immunosuppressive regulator function.

2.4. AQP4 in Depression

AQP4 may serve as a marker for an astrocytic pathology in major depressive disorder [70,71].
Mesenchymal stem cell therapy can repress inflammation during ischemic stroke in mice, thereby
protecting the integrity of the blood-brain barrier, reducing brain edema and astrocyte apoptosis,
and downregulating AQP4 expression via the p38 signaling pathway [72]. AQP4-deficient mice
showed an improved neurological outcome after acute water intoxication and ischemic stroke [73].
In human glioma cells, AQP4 regulates migration and invasion and might be useful as a therapeutic
target for cell infiltration [74].

2.5. AQP4 in Blood-Retinal Barrier Breakdown

Blood-retinal barrier (BRB) breakdown occurs in diabetic retinopathy, age-related macular
degeneration, retinal vein occlusions, and uveitis, resulting in vasogenic edema and a loss of vision
because of neural tissue damage [75]. AQP4 deletion is directly responsible for BRB dysfunction to the
deep plexus capillaries, and strong GFAP upregulation was observed in astrocytes in the retina, while
the expression of glutamate synthetase (GS), a Müller cell marker, was not observed [76], even though
AQP4 was expressed in both types of cells. Since AQP4 expression is not homogeneous among all
astrocytes, neither in mouse brains or primary cultures [14], Müller cell dysfunction might also be
not homogeneous.

An interaction between transient receptor potential isoform 4 (TRPV4) and AQP4 has been
proposed as a key regulator in astroglial swelling, volume regulation, and the reorganization of
downstream signaling pathways in retinal Müller cells [77], and the coordination of activity-dependent
ionic/water fluxes at the BRB might be critically dependent on functional interactions among TRPV4,
AQP4, and Kir4.1 channels.

2.6. AQP4 in Traumatic Brain Injury

Traumatic brain injury causes brain edema resulting from an increased brain volume as a result
of water uptake, with elevated intracranial pressures leading to brain herniation and neuronal
death [78,79]. Vasopressin 1a receptor (V1aR) antagonists prevent brain edema, rescue astrocytic
cell swelling, and attenuate GFAP and AQP4 expression after cortical contusion injury [80]. In short,
V1aR inhibitors might be useful tools for reducing brain edema in future clinical studies.

AQP4 is known to contribute to cytotoxic edema following traumatic brain injury (TBI).
TBI leads to the transcriptional activation of Foxo3a, a mammalian forkhead transcriptional factor,
and the upregulation of AQP4 in astrocytes at the injured site at 24 h after TBI [81]. Foxo3a directly
binds to the AQP4 promoter (binding residue, ATAAACA), as verified using a gel shift assay and a
chromatin immunoprecipitation assay. Furthermore, the depletion of Foxo3a reduces the induction of
AQP4 and cerebral edema in TBI mice.

A brain-wide network of paravascular channels, termed the “glymphatic” pathway, exists.
In this pathway, subarachnoid cerebrospinal fluid (CSF) recirculates through the brain parenchyma
along the paravascular spaces, exchanging with the surrounding interstitial fluid (ISF) to facilitate
the clearance of interstitial solutes [82,83]. The paravascular CSF-ISF exchange and interstitial solute
clearance depends on AQP4. TBI causes the loss of perivascular AQP4 polarization in the astrocytic
endfeet in AQP4-deficient mice, impairing the paravascular clearance of interstitial solutes such
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as Aβ [84]. Furthermore, AQP4-deficiency promotes neurodegeneration and neuroinflammation,
thereby exacerbating post-traumatic tau aggregation and cognitive impairment [82].

We have been analyzing a stab wound injury mouse model to clarify the functional role of astrocyte
activation after brain injury. Using a microarray analysis, we found that AQP4 has neuroimmunological
functions in injured mouse brain that are correlated with the pro-inflammatory cytokine inducer
osteopontin (OPN) [85].

OPN plays numerous roles in immune-related diseases such as multiple sclerosis (MS),
rheumatoid arthritis, lupus-related diseases, Sjögren syndrome, and colitis, and it also plays an
important protective role in the immune response [86] and might contribute to MS lesions and NMO
pathology because of the elevated production of OPN in cerebrospinal fluid [87,88].

2.7. AQP4 in Ischemia

In a normal CNS, AQP4 is only expressed in the endfeet of astrocytes, but its expression is
dispersed throughout the cytoplasm of activated astrocytes. In bilateral carotid artery occlusion
(BCAO), AQP4 deletion caused a reduction in astrocyte swelling and water accumulation in the brain,
resulting in reduced BBB disruption, inflammation, and neuronal death [89]. Furthermore, AQP4
deficiency in mice improved the neurological outcome and exerted a neuroprotective effect against
severe global cerebral ischemia [90].

Mitogen-activated protein kinase (MAPK) signal pathways are involved in changes in osmolality,
and these pathways mediate AQP4 expression in an ischemia model, such as oxygen-glucose
deprivation (OGD) in rat cortical astrocytes and middle cerebral artery occlusion (MCAO) in rats [91].
A p38 inhibitor protected against astrocyte cell death after OGD and restored AQP4 expression,
attenuating edema and the infarct volumes after MCAO.

3. AQP4 in Reactive Astrocytes

When the brain experiences a traumatic injury or inflammation, astrocytes become active and
engage in proliferation, migration, and the upregulation of some marker proteins as well as the
enhanced production of pro-inflammatory cytokines and the formation of a glial (consisting of reactive
astrocytes and reactive microglia) scar [92,93]. AQP4 localizes, not only in endofeet, but is also
dispersed in cytoplasm of reactive astrocytes [1].

Methylmercury (MeHg)-treated common marmosets showed lesions in the cerebrum, cerebellum,
and peripheral nerves as a model of Minamata disease [94,95], and a slight increase in AQP4 was
observed in the reactive astrocytes [96].

To understand the reactive astrocyte state, a microarray analysis was performed using two
mouse injury models: ischemic stroke and LPS-induced neuroinflammation [97]. The analysis
revealed that reactive astrocytes induced during ischemia might be neuroprotective, whereas reactive
astrocytes induced by LPS may be detrimental. The authors concluded that reactive astrocytes are
highly heterogeneous, although AQP4 expression is observed in both types of reactive astrocytes.
Our previous observations of primary culture of astrocytes showed that AQP4 expression is not
homogeneous in either the brain or primary cultures [14], suggesting that astrocytes could be classified
into multiple groups according to their AQP4 expression levels.

GFAP expression was intensively upregulated in reactive astrocytes at three days after a stab
wound injury to the cerebral cortex, with the same kinetics observed for TN-C and AQP4 [14].
We found that the robust expressions of GFAP and TN-C were attenuated in stab wound injuries
of the brain or in LPS-treated primary culture of astrocytes from AQP4-deficient mice, suggesting that
the expressions of GFAP and TN-C in reactive astrocytes are dependent on AQP4 expression.

4. AQP4 in Neural Stem Cells

Reactive astrocytes and neural stem cells share many characteristic hallmarks, and neural stem or
progenitor cells can reportedly be instructed to exhibit multipotency and long-term self-renewal upon
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exposure to growth factors in vitro [98,99]. Interestingly, AQP4 is expressed in the adult forebrain
subventricular zone (SVZ), where neural stem cells (NSCs) are known to reside [100]. The isolation
and culture propagation of adult murine and human SVZ-derived NSCs (ANSCs) are differentially
regulated at different stages of differentiation and maturation into neurons and glia, either astrocytes or
oligodendrocytes. GFAP is also expressed in both NSCs and ANSCs with the potential to differentiate
into neurons and glial cells [101]. The parallel expression of GFAP and AQP4 might be a good marker,
not only for differentiated astrocytes or reactive astrocytes, but also for precursor cells. Unfortunately,
AQP4 expression in induced pluripotent stem cells (iPS) has not yet been reported.

5. AQP4 in Microglia

Microglia are the resident macrophages in the CNS, and they can dramatically transform from
a resting state, such as a “surveying ramified state”, to an active state, such as an “amoeboid
state” [102]. Microglial cells can hurriedly communicate, as if they are surveying, with astrocytes,
oligodendrocytes, and neurons not only while they are in an active state, but also while they are
at resting state [103,104]. Thus, microglia can promptly respond to damage signals in the brain
within minutes, producing pro-inflammatory cytokines to protect neuronal cells from secondary
damage [105]. Since astrocytes express receptors against interleukin (IL)-1β, IL-6, and tumor necrosis
factor (TNF)-α the pro-inflammatory cytokines released from microglia may lead to the activation of
astrocytes [106,107].

The intranigral injection of lipopolysaccharide (LPS) to induce neurotoxicity causes the activation
of microglia, the loss of reactive astrocytes, the disruption of the BBB, and vasogenic edema in rats [108].
Activated microglial cells in the substantia nigra (SN) express AQP4 mRNA and protein in response
to LPS injection. We also observed that AQP4 is expressed in activated microglial cells induced by
a stab wound brain injury in mice [85]. However, the intracerebral injection of LPS did not induce
AQP4 expression in reactive microglia [109]. These differences might depend on the procedure used to
stimulate microglial activation or the microglial residence in the brain, but further studies are needed.

6. AQP4 Function in Astrocyte and Microglial Communication

Astrocyte and microglia interactions are required for LPS to induce the expression of
pro-inflammatory cytokines and glial cell line-derived neurotrophic factor (GDNF) in astrocytes.
Furthermore, microglia-derived TNF-α plays a pivotal role as a paracrine signal for the neuroprotective
functions of astrogliosis [110].

Astrocyte activation is promoted by reactive microglial cells in several neurodegenerative
diseases, such as experimental autoimmune encephalomyelitis (EAE) and Alzheimer disease (AD),
and microglial cells are activated earlier than astrocytes [111]. In human glioblastoma, orthogonal
arrays of particles (OAPs) are redistributed to membrane domains because of the degradation of the
proteoglycan agrin by the increased activity of matrix metalloprotease 3 (MMP3). Agrin binds with
AQP4 and leads to a strong immunoreactivity distribution in tumor tissues such as astrocytomas or
glioblastomas, so that it may facilitate infiltration into the brain parenchyma, whereas it is restricted to
the perivascular endfeet in normal brain [112–114].

In a PD mouse model using AQP4-deficient mice, AQP4 deficiency promoted the activation of
microglial cells when co-cultured with astrocytes and induced the release of ATP from astrocytes [67].
Thus, AQP4 might modulate astrocyte-to-microglia communication during neuroinflammation.

AQP4 expression is upregulated by high-mobility group box 1 (HMBG1) via microglia-astrocyte
interactions. The intracerebroventricular (i.c.v.) injection of HMGB1 significantly increased AQP4
protein and induced edema in the brain [115]. Furthermore, they used a primary culture of astrocytes
and microglia and found that through diffusible factors, such as IL-1β from microglia, HMGB1
indirectly upregulated AQP4 and translocated NF-κB to the nucleus in astrocytes.

Microglia and astrocytes are known to respond to cytokine challenges; however, a microarray
analysis of human brain pericytes also revealed widespread changes in gene expression in response
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to interleukins and chemokines, and these changes might also be involved in BBB disruption [116].
The authors confirmed the translocation of nuclear factor NF-κB from the cytoplasm to the nuclei using
primary human brain pericytes in the absence of microglia or astrocytes in responses to TNF-α, IL-1β,
and LPS. The lack of astrocytic laminin induces the prevention of pericytes differentiation, inhibits
AQP4 expression, and causes BBB breakdown in conditional knockout mice [117]. Brain pericytes
surround endothelial cells and are in direct contact with astrocyte endfeet; thus, we must keep in
mind that brain pericytes are responsible for neuroinflammation [118–120]. Pericytes could be another
functional cell involved in neuroimmunological mechanisms. We recently reported that microglial
cells attached to the primary culture of astrocytes from WT mice, as shown by the open arrowhead in
Figure 1, but could not adhere to the astrocytes from AQP4-deficient mice. AQP4-mediated cell signals
between astrocytes and microglia might be needed for the primary cultures. The atypical adhesion of
microglia to astrocytes might be caused by a reduction in OPN or its receptors in primary culture of
astrocytes and/or microglial cells because of the AQP4-deletion.
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Figure 1. Primary cultures of astrocytes from WT mice are composed of tile-shaped cells
known as protoplasmic astrocytes (designated as P in (A)) and rocky-shaped cells known as
fibrous astrocytes (designated as F in (A)). On the other hand, most of the cells from the
AQP4-deficient mice were protoplasmic astrocytes (B). Microglial cells are indicated by open arrowhead.
Bar scale = 100 µm. Reproduced and modified from Reference [14], with permission Copyright © 2014
Wiley Periodicals, Inc.

The multiple functions of OPN are supported by its two isoforms, which are cleaved by thrombin
or matrix metalloprotease: a secreted form of OPN (sOPN) and an intracellular form of OPN
(iOPN) [121]. Receptors for sOPN include various integrin family members. We would like to
hypothesise that AQP4 might provide a cooperative function in a neuroimmunological role with
iOPN. Alternatively, one of the integrin receptors for sOPN might enable an indirect interaction with
AQP4. A comprehensive analysis of AQP4 and OPN together might shed light on the treatment of
autoimmune diseases in the CNS (Figure 2).
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for secreted form of osteopontin (sOPN) might enable an indirect interaction with AQP4.
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7. Conclusions

Because of the various functions of AQP4 in the brain, it might be useful to focus on AQP4 as
a therapeutic target for neurodegenerative diseases. Recently, we found that injured brain induces
expression of many kinds of genes involved in inflammation or immunological function, and were
significantly attenuated in AQP4-deficient mice (underlined in Table 1). The list must be a useful
information to give some hints that several molecules in it could be a target for the neurodegenerative
diseases, such as complement-dependent cytotoxicity therapy, chimeric antigen receptor-T-cell therapy,
or developing neutralizing antibody.

Table 1. Top 20 upregulated genes analyzed in a microarray experiment comparison between
without stab wound and 3 days after a stab wound to the cerebral cortex in WT and AQP4/KO
mice categorized with gene function. Genes concerned in inflammation or immunological role are
underlined. Values indicate fold change of expression level compared with without stab wound mice
(D0). Reproduced and modified from Reference [85], with permission Copyright © 2013 Elsevier
Limited, Inc.

Function Gene Description WT AQP4/KO

immune response secreted phosphoprotein 1 (Spp1) = osteopontin (OPN) 59.83 4.94
lipocalin 2 (Lcn2) 11.79 <1.5

macrophage expressed gene 1 (Mpeg1) 8.89 <1.5
chitinase 3-like 1 (Chi3l1) 4.67 <1.5

leukocyte immunoglobulin-like receptor, subfamily B, member 4 (Lilrb4) 4.36 <1.5

enzyme heme oxygenase (decycling) 1 (Hmox1) 23.19 11.49
transglutaminase 1, K polypeptide (Tgm1) 5.29 <1.5

lysosomal function lysozyme 2 (Lyz2) 18.53 1.9

compliment activation complement component 3a receptor 1 (C3ar1) 8.77 <1.5
complement component 1, q subcomponent, C chain (C1qc) 6.14 <1.5

complement component 1, q subcomponent, beta polypeptide (C1qb) 5.31 <1.5

cytoskeleton vimentin (Vim) 7.03 <1.5
glial fibrillary acidic protein (Gfap) 4.69 <1.5

lymphocyte cytosolic protein 1 (Lcp1) 4.52 <1.5

antigen expression CD180 antigen (Cd180) 6.38 <1.5
CD68 antigen (Cd68) 6.21 2.96

lymphocyte antigen 86 (Ly86) 5.19 <1.5

adipose function adipose differentiation related protein (Adfp) 6.85 2.49

chemokine chemokine (C-C motif) ligand 3 (Ccl3) 5.37 <1.5

signal transduction membrane-spanning 4-domains, subfamily A, member 6C (Ms4a6c) 5.32 <1.5

Acknowledgments: I sincerely appreciate Professor Masato Yasui giving me the opportunity to write this review.
This work was supported by Global Center of Excellence (GCOE) Program for Humanoid Metabolomic Systems
Biology of the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan, Grant-in-Aid
for Scientific Research of Japan Society for the Promotion of Science (JSPS; 15K15532), Waseda University Grants
for Special Research Projects (2012, 2013, 2014, 2016a, 2016b), and The Kurata Memorial Hitachi Science and
Technology Foundation.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Nagelhus, E.A.; Ottersen, O.P. Physiological roles of aquaporin-4 in brain. Physiol. Rev. 2013, 93, 1543–1562.
[CrossRef] [PubMed]

2. Camassa, L.M.; Lunde, L.K.; Hoddevik, E.H.; Stensland, M.; Boldt, H.B.; de Souza, G.A.; Ottersen, O.P.;
Amiry-Moghaddam, M. Mechanisms underlying AQP4 accumulation in astrocyte endfeet. Glia 2015, 63,
2073–2091. [CrossRef] [PubMed]

3. Papadopoulos, M.C.; Verkman, A.S. Aquaporin water channels in the nervous system. Nat. Rev. Neurosci.
2013, 14, 265–277. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00011.2013
http://www.ncbi.nlm.nih.gov/pubmed/24137016
http://dx.doi.org/10.1002/glia.22878
http://www.ncbi.nlm.nih.gov/pubmed/26119521
http://dx.doi.org/10.1038/nrn3468
http://www.ncbi.nlm.nih.gov/pubmed/23481483


Int. J. Mol. Sci. 2016, 17, 1306 10 of 16

4. Badaut, J.; Fukuda, A.M.; Jullienne, A.; Petry, K.G. Aquaporin and brain diseases. Biochim. Biophys. Acta
2014, 1840, 1554–1565. [CrossRef] [PubMed]

5. Yukutake, Y.; Tsuji, S.; Hirano, Y.; Adachi, T.; Takahashi, T.; Fujihara, K.; Agre, P.; Yasui, M.; Suematsu, M.
Mercury chloride decreases the water permeability of aquaporin-4-reconstituted proteoliposomes. Biol. Cell
2008, 100, 355–363. [CrossRef] [PubMed]

6. Gunnarson, E.; Axehult, G.; Baturina, G.; Zelenin, S.; Zelenina, M.; Aperia, A. Lead induces increased water
permeability in astrocytes expressing aquaporin 4. Neuroscience 2005, 136, 105–114. [CrossRef] [PubMed]

7. Musa-Aziz, R.; Chen, L.M.; Pelletier, M.F.; Boron, W.F. Relative CO2/NH3 selectivities of AQP1, AQP4,
AQP5, AmtB, and RhAG. Proc. Natl. Acad. Sci. USA 2009, 106, 5406–5411. [CrossRef] [PubMed]

8. Seifert, G.; Schilling, K.; Steinhauser, C. Astrocyte dysfunction in neurological disorders: A molecular
perspective. Nat. Rev. Neurosci. 2006, 7, 194–206. [CrossRef] [PubMed]

9. Das, A.; Wallace, G.C.t.; Holmes, C.; McDowell, M.L.; Smith, J.A.; Marshall, J.D.; Bonilha, L.; Edwards, J.C.;
Glazier, S.S.; Ray, S.K.; et al. Hippocampal tissue of patients with refractory temporal lobe epilepsy is
associated with astrocyte activation, inflammation, and altered expression of channels and receptors.
Neuroscience 2012, 220, 237–246. [CrossRef] [PubMed]

10. Kitchen, P.; Day, R.E.; Taylor, L.H.; Salman, M.M.; Bill, R.M.; Conner, M.T.; Conner, A.C. Identification and
molecular mechanisms of the rapid tonicity-induced relocalization of the aquaporin 4 channel. J. Biol. Chem.
2015, 290, 16873–16881. [CrossRef] [PubMed]

11. Nicchia, G.P.; Nico, B.; Camassa, L.M.; Mola, M.G.; Loh, N.; Dermietzel, R.; Spray, D.C.; Svelto, M.; Frigeri, A.
The role of aquaporin-4 in the blood-brain barrier development and integrity: Studies in animal and cell
culture models. Neuroscience 2004, 129, 935–945. [CrossRef] [PubMed]

12. Nico, B.; Frigeri, A.; Nicchia, G.P.; Corsi, P.; Ribatti, D.; Quondamatteo, F.; Herken, R.; Girolamo, F.;
Marzullo, A.; Svelto, M.; et al. Severe alterations of endothelial and glial cells in the blood-brain barrier of
dystrophic mdx mice. Glia 2003, 42, 235–251. [CrossRef] [PubMed]

13. Saadoun, S.; Tait, M.J.; Reza, A.; Davies, D.C.; Bell, B.A.; Verkman, A.S.; Papadopoulos, M.C. AQP4 gene
deletion in mice does not alter blood-brain barrier integrity or brain morphology. Neuroscience 2009, 161,
764–772. [CrossRef] [PubMed]

14. Ikeshima-Kataoka, H.; Abe, Y.; Yasui, M. Aquaporin 4-dependent expression of glial fibrillary acidic protein
and tenascin-C in activated astrocytes in stab wound mouse brain and in primary culture. J. Neurosci. Res.
2015, 93, 121–129. [CrossRef] [PubMed]

15. Szu, J.I.; Binder, D.K. The role of astrocytic aquaporin-4 in synaptic plasticity and learning and memory.
Front. Integr. Neurosci. 2016, 10, 8. [CrossRef] [PubMed]

16. Skucas, V.A.; Mathews, I.B.; Yang, J.; Cheng, Q.; Treister, A.; Duffy, A.M.; Verkman, A.S.; Hempstead, B.L.;
Wood, M.A.; Binder, D.K.; et al. Impairment of select forms of spatial memory and neurotrophin-dependent
synaptic plasticity by deletion of glial aquaporin-4. J. Neurosci. 2011, 31, 6392–6397. [CrossRef] [PubMed]

17. Fan, Y.; Liu, M.; Wu, X.; Wang, F.; Ding, J.; Chen, J.; Hu, G. Aquaporin-4 promotes memory consolidation in
Morris water maze. Brain Struct. Funct. 2013, 218, 39–50. [CrossRef] [PubMed]

18. Yang, J.; Li, M.X.; Luo, Y.; Chen, T.; Liu, J.; Fang, P.; Jiang, B.; Hu, Z.L.; Jin, Y.; Chen, J.G.; et al. Chronic
ceftriaxone treatment rescues hippocampal memory deficit in AQP4 knockout mice via activation of GLT-1.
Neuropharmacology 2013, 75, 213–222. [CrossRef] [PubMed]

19. Haj-Yasein, N.N.; Jensen, V.; Ostby, I.; Omholt, S.W.; Voipio, J.; Kaila, K.; Ottersen, O.P.; Hvalby, O.;
Nagelhus, E.A. Aquaporin-4 regulates extracellular space volume dynamics during high-frequency synaptic
stimulation: A gene deletion study in mouse hippocampus. Glia 2012, 60, 867–874. [CrossRef] [PubMed]

20. Eng, L.F.; Ghirnikar, R.S. GFAP and astrogliosis. Brain Pathol. 1994, 4, 229–237. [CrossRef] [PubMed]
21. Dotti, M.T.; Buccoliero, R.; Lee, A.; Gorospe, J.R.; Flint, D.; Galluzzi, P.; Bianchi, S.; D’Eramo, C.; Naidu, S.;

Federico, A.; et al. An infantile case of Alexander disease unusual for its MRI features and a GFAP allele
carrying both the p.Arg79His mutation and the p.Glu223Gln coding variant. J. Neurol. 2009, 256, 679–682.
[CrossRef] [PubMed]

22. Brenner, M. Role of GFAP in CNS injuries. Neurosci. Lett. 2014, 565, 7–13. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbagen.2013.10.032
http://www.ncbi.nlm.nih.gov/pubmed/24513456
http://dx.doi.org/10.1042/BC20070132
http://www.ncbi.nlm.nih.gov/pubmed/18167118
http://dx.doi.org/10.1016/j.neuroscience.2005.07.027
http://www.ncbi.nlm.nih.gov/pubmed/16203098
http://dx.doi.org/10.1073/pnas.0813231106
http://www.ncbi.nlm.nih.gov/pubmed/19273840
http://dx.doi.org/10.1038/nrn1870
http://www.ncbi.nlm.nih.gov/pubmed/16495941
http://dx.doi.org/10.1016/j.neuroscience.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22698689
http://dx.doi.org/10.1074/jbc.M115.646034
http://www.ncbi.nlm.nih.gov/pubmed/26013827
http://dx.doi.org/10.1016/j.neuroscience.2004.07.055
http://www.ncbi.nlm.nih.gov/pubmed/15561409
http://dx.doi.org/10.1002/glia.10216
http://www.ncbi.nlm.nih.gov/pubmed/12673830
http://dx.doi.org/10.1016/j.neuroscience.2009.03.069
http://www.ncbi.nlm.nih.gov/pubmed/19345723
http://dx.doi.org/10.1002/jnr.23467
http://www.ncbi.nlm.nih.gov/pubmed/25174305
http://dx.doi.org/10.3389/fnint.2016.00008
http://www.ncbi.nlm.nih.gov/pubmed/26941623
http://dx.doi.org/10.1523/JNEUROSCI.6249-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525279
http://dx.doi.org/10.1007/s00429-011-0373-2
http://www.ncbi.nlm.nih.gov/pubmed/22193336
http://dx.doi.org/10.1016/j.neuropharm.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23973312
http://dx.doi.org/10.1002/glia.22319
http://www.ncbi.nlm.nih.gov/pubmed/22419561
http://dx.doi.org/10.1111/j.1750-3639.1994.tb00838.x
http://www.ncbi.nlm.nih.gov/pubmed/7952264
http://dx.doi.org/10.1007/s00415-009-0147-4
http://www.ncbi.nlm.nih.gov/pubmed/19444543
http://dx.doi.org/10.1016/j.neulet.2014.01.055
http://www.ncbi.nlm.nih.gov/pubmed/24508671


Int. J. Mol. Sci. 2016, 17, 1306 11 of 16

23. Liedtke, W.; Edelmann, W.; Bieri, P.L.; Chiu, F.C.; Cowan, N.J.; Kucherlapati, R.; Raine, C.S. GFAP is necessary
for the integrity of CNS white matter architecture and long-term maintenance of myelination. Neuron 1996,
17, 607–615. [CrossRef]

24. Yuasa, S. Development of astrocytes in the mouse embryonic cerebrum tracked by tenascin-C gene expression.
Arch. Histol. Cytol. 2001, 64, 119–126. [CrossRef] [PubMed]

25. Yuasa, S. Development of astrocytes in the mouse hippocampus as tracked by tenascin-C gene expression.
Arch. Histol. Cytol. 2001, 64, 149–158. [CrossRef] [PubMed]

26. Ikeshima-Kataoka, H.; Yuasa, S. Selective ablation of an astroglial subset by toxic gene expression driven by
tenascin promoter. Neurol. Res. 2008, 30, 701–709. [CrossRef] [PubMed]

27. Ikeshima-Kataoka, H.; Saito, S.; Yuasa, S. Tenascin-C is required for proliferation of astrocytes in primary
culture. In Vivo 2007, 21, 629–633. [PubMed]

28. Ikeshima-Kataoka, H.; Shen, J.S.; Eto, Y.; Saito, S.; Yuasa, S. Alteration of inflammatory cytokine production
in the injured central nervous system of tenascin-deficient mice. In Vivo 2008, 22, 409–413. [PubMed]

29. Fernandez-Fernandez, S.; Almeida, A.; Bolanos, J.P. Antioxidant and bioenergetic coupling between neurons
and astrocytes. Biochem. J. 2012, 443, 3–11. [CrossRef] [PubMed]

30. Genis, L.; Davila, D.; Fernandez, S.; Pozo-Rodrigalvarez, A.; Martinez-Murillo, R.; Torres-Aleman, I.
Astrocytes require insulin-like growth factor I to protect neurons against oxidative injury. F1000Research
2014, 3, 28. [CrossRef] [PubMed]

31. Pannicke, T.; Wurm, A.; Iandiev, I.; Hollborn, M.; Linnertz, R.; Binder, D.K.; Kohen, L.; Wiedemann, P.;
Steinhauser, C.; Reichenbach, A.; et al. Deletion of aquaporin-4 renders retinal glial cells more susceptible to
osmotic stress. J. Neurosci. Res. 2010, 88, 2877–2888. [CrossRef] [PubMed]

32. Nase, G.; Helm, P.J.; Enger, R.; Ottersen, O.P. Water entry into astrocytes during brain edema formation. Glia
2008, 56, 895–902. [CrossRef] [PubMed]

33. Thrane, A.S.; Rappold, P.M.; Fujita, T.; Torres, A.; Bekar, L.K.; Takano, T.; Peng, W.; Wang, F.; Rangroo
Thrane, V.; Enger, R.; et al. Critical role of aquaporin-4 (AQP4) in astrocytic Ca2+ signaling events elicited by
cerebral edema. Proc. Natl. Acad. Sci. USA 2011, 108, 846–851. [CrossRef] [PubMed]

34. Shigetomi, E.; Patel, S.; Khakh, B.S. Probing the complexities of astrocyte calcium signaling. Trends Cell Biol.
2016, 26, 300–312. [CrossRef] [PubMed]

35. Nuriya, M.; Hirase, H. Involvement of astrocytes in neurovascular communication. Prog. Brain Res. 2016,
225, 41–62. [PubMed]

36. Tian, G.F.; Takano, T.; Lin, J.H.; Wang, X.; Bekar, L.; Nedergaard, M. Imaging of cortical astrocytes using
2-photon laser scanning microscopy in the intact mouse brain. Adv. Drug Deliv. Rev. 2006, 58, 773–787.
[CrossRef] [PubMed]

37. Van Neerven, S.; Nemes, A.; Imholz, P.; Regen, T.; Denecke, B.; Johann, S.; Beyer, C.; Hanisch, U.K.; Mey, J.
Inflammatory cytokine release of astrocytes in vitro is reduced by all-trans retinoic acid. J. Neuroimmunol.
2010, 229, 169–179. [CrossRef] [PubMed]

38. Barcia, C., Sr.; Mitxitorena, I.; Carrillo-de Sauvage, M.A.; Gallego, J.M.; Perez-Valles, A.; Barcia, C., Jr. Imaging
the microanatomy of astrocyte-T-cell interactions in immune-mediated inflammation. Front. Cell Neurosci.
2013, 7, 58. [CrossRef] [PubMed]

39. Neves, J.; Zhu, J.; Sousa-Victor, P.; Konjikusic, M.; Riley, R.; Chew, S.; Qi, Y.; Jasper, H.; Lamba, D.A. Immune
modulation by MANF promotes tissue repair and regenerative success in the retina. Science 2016, 353,
aaf3646. [CrossRef] [PubMed]

40. Senecal, V.; Deblois, G.; Beauseigle, D.; Schneider, R.; Brandenburg, J.; Newcombe, J.; Moore, C.S.; Prat, A.;
Antel, J.; Arbour, N. Production of IL-27 in multiple sclerosis lesions by astrocytes and myeloid cells:
Modulation of local immune responses. Glia 2016, 64, 553–569. [CrossRef] [PubMed]

41. Popescu, B.F.G.; Guo, Y.; Jentoft, M.E.; Parisi, J.E.; Lennon, V.A.; Pittock, S.J.; Weinshenker, B.G.;
Wingerchuk, D.M.; Giannini, C.; Metz, I.; et al. Diagnostic utility of aquaporin-4 in the analysis of active
demyelinating lesions. Neurology 2015, 84, 148–158. [CrossRef] [PubMed]

42. Lennon, V.A.; Wingerchuk, D.M.; Kryzer, T.J.; Pittock, S.J.; Lucchinetti, C.F.; Fujihara, K.; Nakashima, I.;
Weinshenker, B.G. A serum autoantibody marker of neuromyelitis optica: Distinction from multiple sclerosis.
Lancet 2004, 364, 2106–2112. [CrossRef]

43. Jacob, A.; Matiello, M.; Wingerchuk, D.M.; Lucchinetti, C.F.; Pittock, S.J.; Weinshenker, B.G. Neuromyelitis
optica: Changing concepts. J. Neuroimmunol. 2007, 187, 126–138. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0896-6273(00)80194-4
http://dx.doi.org/10.1679/aohc.64.119
http://www.ncbi.nlm.nih.gov/pubmed/11310500
http://dx.doi.org/10.1679/aohc.64.149
http://www.ncbi.nlm.nih.gov/pubmed/11436985
http://dx.doi.org/10.1179/174313208X289552
http://www.ncbi.nlm.nih.gov/pubmed/18489816
http://www.ncbi.nlm.nih.gov/pubmed/17708357
http://www.ncbi.nlm.nih.gov/pubmed/18712165
http://dx.doi.org/10.1042/BJ20111943
http://www.ncbi.nlm.nih.gov/pubmed/22417747
http://dx.doi.org/10.12688/f1000research.3-28.v2
http://www.ncbi.nlm.nih.gov/pubmed/24715976
http://dx.doi.org/10.1002/jnr.22437
http://www.ncbi.nlm.nih.gov/pubmed/20544823
http://dx.doi.org/10.1002/glia.20664
http://www.ncbi.nlm.nih.gov/pubmed/18351631
http://dx.doi.org/10.1073/pnas.1015217108
http://www.ncbi.nlm.nih.gov/pubmed/21187412
http://dx.doi.org/10.1016/j.tcb.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26896246
http://www.ncbi.nlm.nih.gov/pubmed/27130410
http://dx.doi.org/10.1016/j.addr.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17045697
http://dx.doi.org/10.1016/j.jneuroim.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20826012
http://dx.doi.org/10.3389/fncel.2013.00058
http://www.ncbi.nlm.nih.gov/pubmed/23641198
http://dx.doi.org/10.1126/science.aaf3646
http://www.ncbi.nlm.nih.gov/pubmed/27365452
http://dx.doi.org/10.1002/glia.22948
http://www.ncbi.nlm.nih.gov/pubmed/26649511
http://dx.doi.org/10.1212/WNL.0000000000001126
http://www.ncbi.nlm.nih.gov/pubmed/25503621
http://dx.doi.org/10.1016/S0140-6736(04)17551-X
http://dx.doi.org/10.1016/j.jneuroim.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17512987


Int. J. Mol. Sci. 2016, 17, 1306 12 of 16

44. Misu, T.; Fujihara, K.; Kakita, A.; Konno, H.; Nakamura, M.; Watanabe, S.; Takahashi, T.; Nakashima, I.;
Takahashi, H.; Itoyama, Y. Loss of aquaporin 4 in lesions of neuromyelitis optica: Distinction from multiple
sclerosis. Brain 2007, 130, 1224–1234. [CrossRef] [PubMed]

45. Hayakawa, S.; Mori, M.; Okuta, A.; Kamegawa, A.; Fujiyoshi, Y.; Yoshiyama, Y.; Mitsuoka, K.; Ishibashi, K.;
Sasaki, S.; Hattori, T.; et al. Neuromyelitis optica and anti-aquaporin-4 antibodies measured by an
enzyme-linked immunosorbent assay. J. Neuroimmunol. 2008, 196, 181–187. [CrossRef] [PubMed]

46. Marignier, R.; Nicolle, A.; Watrin, C.; Touret, M.; Cavagna, S.; Varrin-Doyer, M.; Cavillon, G.; Rogemond, V.;
Confavreux, C.; Honnorat, J.; et al. Oligodendrocytes are damaged by neuromyelitis optica immunoglobulin
G via astrocyte injury. Brain 2010, 133, 2578–2591. [CrossRef] [PubMed]

47. Kurosawa, K.; Misu, T.; Takai, Y.; Sato, D.K.; Takahashi, T.; Abe, Y.; Iwanari, H.; Ogawa, R.; Nakashima, I.;
Fujihara, K.; et al. Severely exacerbated neuromyelitis optica rat model with extensive astrocytopathy by
high affinity anti-aquaporin-4 monoclonal antibody. Acta Neuropathol. Commun. 2015, 3, 82. [CrossRef]
[PubMed]

48. Miyazaki, K.; Abe, Y.; Iwanari, H.; Suzuki, Y.; Kikuchi, T.; Ito, T.; Kato, J.; Kusano-Arai, O.; Takahashi, T.;
Nishiyama, S.; et al. Establishment of monoclonal antibodies against the extracellular domain that block
binding of NMO-IgG to AQP4. J. Neuroimmunol. 2013, 260, 107–116. [CrossRef] [PubMed]

49. Miyazaki-Komine, K.; Takai, Y.; Huang, P.; Kusano-Arai, O.; Iwanari, H.; Misu, T.; Koda, K.; Mitomo, K.;
Sakihama, T.; Toyama, Y.; et al. High avidity chimeric monoclonal antibodies against the extracellular
domains of human aquaporin-4 competing with the neuromyelitis optica autoantibody, NMO-IgG.
Br. J. Pharmacol. 2016, 173, 103–114. [CrossRef] [PubMed]

50. Zeka, B.; Hastermann, M.; Hochmeister, S.; Kogl, N.; Kaufmann, N.; Schanda, K.; Mader, S.; Misu, T.;
Rommer, P.; Fujihara, K.; et al. Highly encephalitogenic aquaporin 4-specific T cells and NMO-IgG jointly
orchestrate lesion location and tissue damage in the CNS. Acta Neuropathol. 2015, 130, 783–798. [CrossRef]
[PubMed]

51. Owens, G.P.; Ritchie, A.; Rossi, A.; Schaller, K.; Wemlinger, S.; Schumann, H.; Shearer, A.; Verkman, A.S.;
Bennett, J.L. Mutagenesis of the aquaporin 4 extracellular domains defines restricted binding patterns of
pathogenic neuromyelitis optica IgG. J. Biol. Chem. 2015, 290, 12123–12134. [CrossRef] [PubMed]

52. Rosales, D.; Kister, I. Common and rare manifestations of neuromyelitis optica spectrum disorder.
Curr. Allergy Asthma Rep. 2016, 16, 42. [CrossRef] [PubMed]

53. De Seze, J.; Kremer, L.; Collongues, N. Neuromyelitis optica spectrum disorder (NMOSD): A new concept.
Rev. Neurol. 2016, 172, 256–262. [CrossRef] [PubMed]

54. Tradtrantip, L.; Zhang, H.; Saadoun, S.; Phuan, P.W.; Lam, C.; Papadopoulos, M.C.; Bennett, J.L.;
Verkman, A.S. Anti-aquaporin-4 monoclonal antibody blocker therapy for neuromyelitis optica. Ann. Neurol.
2012, 71, 314–322. [CrossRef] [PubMed]

55. Verkman, A.S.; Phuan, P.W.; Asavapanumas, N.; Tradtrantip, L. Biology of AQP4 and anti-AQP4 antibody:
Therapeutic implications for NMO. Brain Pathol. 2013, 23, 684–695. [CrossRef] [PubMed]

56. Hoedemaekers, A.C.; van Breda Vriesman, P.J.; de Baets, M.H. Myasthenia gravis as a prototype autoimmune
receptor disease. Immunol. Res. 1997, 16, 341–354. [CrossRef] [PubMed]

57. Jarius, S.; Paul, F.; Franciotta, D.; de Seze, J.; Munch, C.; Salvetti, M.; Ruprecht, K.; Liebetrau, M.;
Wandinger, K.P.; Akman-Demir, G.; et al. Neuromyelitis optica spectrum disorders in patients with
myasthenia gravis: Ten new aquaporin-4 antibody positive cases and a review of the literature. Mult. Scler.
2012, 18, 1135–1143. [CrossRef] [PubMed]

58. Leite, M.I.; Coutinho, E.; Lana-Peixoto, M.; Apostolos, S.; Waters, P.; Sato, D.; Melamud, L.; Marta, M.;
Graham, A.; Spillane, J.; et al. Myasthenia gravis and neuromyelitis optica spectrum disorder: A multicenter
study of 16 patients. Neurology 2012, 78, 1601–1607. [CrossRef] [PubMed]

59. Bertram, L.; Lill, C.M.; Tanzi, R.E. The genetics of Alzheimer disease: Back to the future. Neuron 2010, 68,
270–281. [CrossRef] [PubMed]

60. Guénette, S.Y. Astrocytes: A cellular player in Aβ clearance and degradation. Trends Mol. Med. 2003, 9,
279–280. [CrossRef]

61. Barres, B.A. The mystery and magic of glia: A perspective on their roles in health and disease. Neuron 2008,
60, 430–440. [CrossRef] [PubMed]

62. Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7–35.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/awm047
http://www.ncbi.nlm.nih.gov/pubmed/17405762
http://dx.doi.org/10.1016/j.jneuroim.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18462810
http://dx.doi.org/10.1093/brain/awq177
http://www.ncbi.nlm.nih.gov/pubmed/20688809
http://dx.doi.org/10.1186/s40478-015-0259-2
http://www.ncbi.nlm.nih.gov/pubmed/26637322
http://dx.doi.org/10.1016/j.jneuroim.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23746426
http://dx.doi.org/10.1111/bph.13340
http://www.ncbi.nlm.nih.gov/pubmed/26398585
http://dx.doi.org/10.1007/s00401-015-1501-5
http://www.ncbi.nlm.nih.gov/pubmed/26530185
http://dx.doi.org/10.1074/jbc.M115.647149
http://www.ncbi.nlm.nih.gov/pubmed/25792738
http://dx.doi.org/10.1007/s11882-016-0619-4
http://www.ncbi.nlm.nih.gov/pubmed/27167974
http://dx.doi.org/10.1016/j.neurol.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27157418
http://dx.doi.org/10.1002/ana.22657
http://www.ncbi.nlm.nih.gov/pubmed/22271321
http://dx.doi.org/10.1111/bpa.12085
http://www.ncbi.nlm.nih.gov/pubmed/24118484
http://dx.doi.org/10.1007/BF02786398
http://www.ncbi.nlm.nih.gov/pubmed/9439759
http://dx.doi.org/10.1177/1352458511431728
http://www.ncbi.nlm.nih.gov/pubmed/22183934
http://dx.doi.org/10.1212/WNL.0b013e31825644ff
http://www.ncbi.nlm.nih.gov/pubmed/22551731
http://dx.doi.org/10.1016/j.neuron.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/20955934
http://dx.doi.org/10.1016/S1471-4914(03)00112-6
http://dx.doi.org/10.1016/j.neuron.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18995817
http://dx.doi.org/10.1007/s00401-009-0619-8
http://www.ncbi.nlm.nih.gov/pubmed/20012068


Int. J. Mol. Sci. 2016, 17, 1306 13 of 16

63. Yang, W.; Wu, Q.; Yuan, C.; Gao, J.; Xiao, M.; Gu, M.; Ding, J.; Hu, G. Aquaporin-4 mediates astrocyte
response to beta-amyloid. Mol. Cell. Neurosci. 2012, 49, 406–414. [CrossRef] [PubMed]

64. Zeng, X.N.; Sun, X.L.; Gao, L.; Fan, Y.; Ding, J.H.; Hu, G. Aquaporin-4 deficiency down-regulates glutamate
uptake and GLT-1 expression in astrocytes. Mol. Cell. Neurosci. 2007, 34, 34–39. [CrossRef] [PubMed]

65. Lan, Y.L.; Zou, S.; Chen, J.J.; Zhao, J.; Li, S. The neuroprotective effect of the association of
aquaporin-4/glutamate transporter-1 against alzheimer’s disease. Neural Plast. 2016, 2016, 4626593.
[CrossRef] [PubMed]

66. Michel, P.P.; Hirsch, E.C.; Hunot, S. Understanding dopaminergic cell death pathways in parkinson disease.
Neuron 2016, 90, 675–691. [CrossRef] [PubMed]

67. Sun, H.; Liang, R.; Yang, B.; Zhou, Y.; Liu, M.; Fang, F.; Ding, J.; Fan, Y.; Hu, G. Aquaporin-4 mediates
communication between astrocyte and microglia: Implications of neuroinflammation in experimental
Parkinson’s disease. Neuroscience 2016, 317, 65–75. [CrossRef] [PubMed]

68. Zhang, J.; Yang, B.; Sun, H.; Zhou, Y.; Liu, M.; Ding, J.; Fang, F.; Fan, Y.; Hu, G. Aquaporin-4 deficiency
diminishes the differential degeneration of midbrain dopaminergic neurons in experimental Parkinson’s
disease. Neurosci. Lett. 2016, 614, 7–15. [CrossRef] [PubMed]

69. Chi, Y.; Fan, Y.; He, L.; Liu, W.; Wen, X.; Zhou, S.; Wang, X.; Zhang, C.; Kong, H.; Sonoda, L.; et al. Novel role
of aquaporin-4 in CD4+ CD25+ T regulatory cell development and severity of Parkinson’s disease. Aging Cell
2011, 10, 368–382. [CrossRef] [PubMed]

70. Rajkowska, G.; Hughes, J.; Stockmeier, C.; Miguel-Hidalgo, J.J.; Maciag, D. Incomplete coverage of blood
vessels by AQP4-IR astrocytic endfeet in orbitofrontal cortex in major depression. Biol. Psychiatry 2013, 73,
154s–154s. [CrossRef] [PubMed]

71. Rajkowska, G.; Stockmeier, C.A. Astrocyte pathology in major depressive disorder: Insights from human
postmortem brain tissue. Curr. Drug Targets 2013, 14, 1225–1236. [CrossRef] [PubMed]

72. Tang, G.; Liu, Y.; Zhang, Z.; Lu, Y.; Wang, Y.; Huang, J.; Li, Y.; Chen, X.; Gu, X.; Wang, Y.; et al. Mesenchymal
stem cells maintain blood-brain barrier integrity by inhibiting aquaporin-4 upregulation after cerebral
ischemia. Stem Cells 2014, 32, 3150–3162. [CrossRef] [PubMed]

73. Manley, G.T.; Fujimura, M.; Ma, T.; Noshita, N.; Filiz, F.; Bollen, A.W.; Chan, P.; Verkman, A.S. Aquaporin-4
deletion in mice reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 2000, 6,
159–163. [CrossRef] [PubMed]

74. Ding, T.; Ma, Y.; Li, W.; Liu, X.; Ying, G.; Fu, L.; Gu, F. Role of aquaporin-4 in the regulation of migration and
invasion of human glioma cells. Int. J. Oncol. 2011, 38, 1521–1531. [PubMed]

75. Klaassen, I.; van Noorden, C.J.; Schlingemann, R.O. Molecular basis of the inner blood-retinal barrier and
its breakdown in diabetic macular edema and other pathological conditions. Prog. Retin. Eye Res. 2013, 34,
19–48. [CrossRef] [PubMed]

76. Nicchia, G.P.; Pisani, F.; Simone, L.; Cibelli, A.; Mola, M.G.; dal Monte, M.; Frigeri, A.; Bagnoli, P.; Svelto, M.
Glio-vascular modifications caused by aquaporin-4 deletion in the mouse retina. Exp. Eye Res. 2016, 146,
259–268. [CrossRef] [PubMed]

77. Iuso, A.; Krizaj, D. TRPV4-AQP4 interactions “turbocharge” astroglial sensitivity to small osmotic gradients.
Channels 2016, 10, 172–174. [CrossRef] [PubMed]

78. Marmarou, A.; Signoretti, S.; Fatouros, P.P.; Portella, G.; Aygok, G.A.; Bullock, M.R. Predominance of cellular
edema in traumatic brain swelling in patients with severe head injuries. J. Neurosurg. 2006, 104, 720–730.
[CrossRef] [PubMed]

79. Masson, F.; Thicoipe, M.; Aye, P.; Mokni, T.; Senjean, P.; Schmitt, V.; Dessalles, P.H.; Cazaugade, M.;
Labadens, P. Aquitaine Group for Severe Brain Injuries Study. Epidemiology of severe brain injuries:
A prospective population-based study. J. Trauma 2001, 51, 481–489. [CrossRef] [PubMed]

80. Marmarou, C.R.; Liang, X.; Abidi, N.H.; Parveen, S.; Taya, K.; Henderson, S.C.; Young, H.F.; Filippidis, A.S.;
Baumgarten, C.M. Selective vasopressin-1a receptor antagonist prevents brain edema, reduces astrocytic
cell swelling and GFAP, V1aR and AQP4 expression after focal traumatic brain injury. Brain Res. 2014, 1581,
89–102. [CrossRef] [PubMed]

81. Kapoor, S.; Kim, S.M.; Farook, J.M.; Mir, S.; Saha, R.; Sen, N. Foxo3a transcriptionally upregulates AQP4
and induces cerebral edema following traumatic brain injury. J. Neurosci. 2013, 33, 17398–17403. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.mcn.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22365952
http://dx.doi.org/10.1016/j.mcn.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17074507
http://dx.doi.org/10.1155/2016/4626593
http://www.ncbi.nlm.nih.gov/pubmed/27057365
http://dx.doi.org/10.1016/j.neuron.2016.03.038
http://www.ncbi.nlm.nih.gov/pubmed/27196972
http://dx.doi.org/10.1016/j.neuroscience.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26774050
http://dx.doi.org/10.1016/j.neulet.2015.12.057
http://www.ncbi.nlm.nih.gov/pubmed/26748031
http://dx.doi.org/10.1111/j.1474-9726.2011.00677.x
http://www.ncbi.nlm.nih.gov/pubmed/21255222
http://dx.doi.org/10.1016/j.biopsych.2012.09.024
http://www.ncbi.nlm.nih.gov/pubmed/23146357
http://dx.doi.org/10.2174/13894501113149990156
http://www.ncbi.nlm.nih.gov/pubmed/23469922
http://dx.doi.org/10.1002/stem.1808
http://www.ncbi.nlm.nih.gov/pubmed/25100404
http://dx.doi.org/10.1038/72256
http://www.ncbi.nlm.nih.gov/pubmed/10655103
http://www.ncbi.nlm.nih.gov/pubmed/21424125
http://dx.doi.org/10.1016/j.preteyeres.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23416119
http://dx.doi.org/10.1016/j.exer.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27018215
http://dx.doi.org/10.1080/19336950.2016.1140956
http://www.ncbi.nlm.nih.gov/pubmed/26760501
http://dx.doi.org/10.3171/jns.2006.104.5.720
http://www.ncbi.nlm.nih.gov/pubmed/16703876
http://dx.doi.org/10.1097/00005373-200109000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11535895
http://dx.doi.org/10.1016/j.brainres.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/24933327
http://dx.doi.org/10.1523/JNEUROSCI.2756-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24174672


Int. J. Mol. Sci. 2016, 17, 1306 14 of 16

82. Iliff, J.J.; Chen, M.J.; Plog, B.A.; Zeppenfeld, D.M.; Soltero, M.; Yang, L.; Singh, I.; Deane, R.; Nedergaard, M.
Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury. J. Neurosci.
2014, 34, 16180–16193. [CrossRef] [PubMed]

83. Kress, B.T.; Iliff, J.J.; Xia, M.; Wang, M.; Wei, H.S.; Zeppenfeld, D.; Xie, L.; Kang, H.; Xu, Q.; Liew, J.A.;
et al. Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol. 2014, 76, 845–861.
[CrossRef] [PubMed]

84. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.;
Goldman, S.A.; et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the
clearance of interstitial solutes, including amyloid beta. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef]
[PubMed]

85. Ikeshima-Kataoka, H.; Abe, Y.; Abe, T.; Yasui, M. Immunological function of aquaporin-4 in stab-wounded
mouse brain in concert with a pro-inflammatory cytokine inducer, osteopontin. Mol. Cell. Neurosci. 2013, 56,
65–75. [CrossRef] [PubMed]

86. Rittling, S.R.; Singh, R. Osteopontin in immune-mediated diseases. J. Dent. Res. 2015, 94, 1638–1645.
[CrossRef] [PubMed]

87. Kariya, Y.; Kariya, Y.; Saito, T.; Nishiyama, S.; Honda, T.; Tanaka, K.; Yoshida, M.; Fujihara, K.;
Hashimoto, Y. Increased cerebrospinal fluid osteopontin levels and its involvement in macrophage infiltration
in neuromyelitis optica. BBA Clin. 2015, 3, 126–134. [CrossRef] [PubMed]

88. Shimizu, Y.; Ota, K.; Ikeguchi, R.; Kubo, S.; Kabasawa, C.; Uchiyama, S. Plasma osteopontin levels
are associated with disease activity in the patients with multiple sclerosis and neuromyelitis optica.
J. Neuroimmunol. 2013, 263, 148–151. [CrossRef] [PubMed]

89. Katada, R.; Akdemir, G.; Asavapanumas, N.; Ratelade, J.; Zhang, H.; Verkman, A.S. Greatly improved
survival and neuroprotection in aquaporin-4-knockout mice following global cerebral ischemia. FASEB J.
2014, 28, 705–714. [CrossRef] [PubMed]

90. Akdemir, G.; Ratelade, J.; Asavapanumas, N.; Verkman, A.S. Neuroprotective effect of aquaporin-4 deficiency
in a mouse model of severe global cerebral ischemia produced by transient 4-vessel occlusion. Neurosci. Lett.
2014, 574, 70–75. [CrossRef] [PubMed]

91. Nito, C.; Kamada, H.; Endo, H.; Narasimhan, P.; Lee, Y.S.; Chan, P.H. Involvement of mitogen-activated
protein kinase pathways in expression of the water channel protein aquaporin-4 after ischemia in rat cortical
astrocytes. J. Neurotrauma 2012, 29, 2404–2412. [CrossRef] [PubMed]

92. Kawano, H.; Kimura-Kuroda, J.; Komuta, Y.; Yoshioka, N.; Li, H.P.; Kawamura, K.; Li, Y.; Raisman, G. Role
of the lesion scar in the response to damage and repair of the central nervous system. Cell Tissue Res. 2012,
349, 169–180. [CrossRef] [PubMed]

93. Gao, Z.; Zhu, Q.; Zhang, Y.; Zhao, Y.; Cai, L.; Shields, C.B.; Cai, J. Reciprocal modulation between microglia
and astrocyte in reactive gliosis following the CNS injury. Mol. Neurobiol. 2013, 48, 690–701. [CrossRef]
[PubMed]

94. Eto, K.; Tokunaga, H.; Nagashima, K.; Takeuchi, T. An autopsy case of minamata disease (methylmercury
poisoning)—Pathological viewpoints of peripheral nerves. Toxicol. Pathol. 2002, 30, 714–722. [CrossRef]
[PubMed]

95. Eto, K.; Yasutake, A.; Kuwana, T.; Korogi, Y.; Akima, M.; Shimozeki, T.; Tokunaga, H.; Kaneko, Y.
Methylmercury poisoning in common marmosets—A study of selective vulnerability within the cerebral
cortex. Toxicol. Pathol. 2001, 29, 565–573. [CrossRef] [PubMed]

96. Yamamoto, M.; Takeya, M.; Ikeshima-Kataoka, H.; Yasui, M.; Kawasaki, Y.; Shiraishi, M.; Majima, E.;
Shiraishi, S.; Uezono, Y.; Sasaki, M.; et al. Increased expression of aquaporin-4 with methylmercury exposure
in the brain of the common marmoset. J. Toxicol. Sci. 2012, 37, 749–763. [CrossRef] [PubMed]

97. Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic analysis of reactive
astrogliosis. J. Neurosci. 2012, 32, 6391–6410. [CrossRef] [PubMed]

98. Gotz, M.; Sirko, S.; Beckers, J.; Irmler, M. Reactive astrocytes as neural stem or progenitor cells: In vivo
lineage, In vitro potential, and Genome-wide expression analysis. Glia 2015, 63, 1452–1468. [CrossRef]
[PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.3020-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25471560
http://dx.doi.org/10.1002/ana.24271
http://www.ncbi.nlm.nih.gov/pubmed/25204284
http://dx.doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/pubmed/22896675
http://dx.doi.org/10.1016/j.mcn.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23428384
http://dx.doi.org/10.1177/0022034515605270
http://www.ncbi.nlm.nih.gov/pubmed/26341976
http://dx.doi.org/10.1016/j.bbacli.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26673877
http://dx.doi.org/10.1016/j.jneuroim.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23910387
http://dx.doi.org/10.1096/fj.13-231274
http://www.ncbi.nlm.nih.gov/pubmed/24186965
http://dx.doi.org/10.1016/j.neulet.2014.03.073
http://www.ncbi.nlm.nih.gov/pubmed/24717641
http://dx.doi.org/10.1089/neu.2012.2430
http://www.ncbi.nlm.nih.gov/pubmed/22676888
http://dx.doi.org/10.1007/s00441-012-1336-5
http://www.ncbi.nlm.nih.gov/pubmed/22362507
http://dx.doi.org/10.1007/s12035-013-8460-4
http://www.ncbi.nlm.nih.gov/pubmed/23613214
http://dx.doi.org/10.1080/01926230290166805
http://www.ncbi.nlm.nih.gov/pubmed/12512873
http://dx.doi.org/10.1080/019262301317226375
http://www.ncbi.nlm.nih.gov/pubmed/11695574
http://dx.doi.org/10.2131/jts.37.749
http://www.ncbi.nlm.nih.gov/pubmed/22863855
http://dx.doi.org/10.1523/JNEUROSCI.6221-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553043
http://dx.doi.org/10.1002/glia.22850
http://www.ncbi.nlm.nih.gov/pubmed/25965557


Int. J. Mol. Sci. 2016, 17, 1306 15 of 16

99. Dimou, L.; Gotz, M. Glial cells as progenitors and stem cells: New roles in the healthy and diseased brain.
Physiol. Rev. 2014, 94, 709–737. [CrossRef] [PubMed]

100. Cavazzin, C.; Ferrari, D.; Facchetti, F.; Russignan, A.; Vescovi, A.L.; La Porta, C.A.; Gritti, A. Unique
expression and localization of aquaporin-4 and aquaporin-9 in murine and human neural stem cells and in
their glial progeny. Glia 2006, 53, 167–181. [CrossRef] [PubMed]

101. Alvarez-Buylla, A.; Seri, B.; Doetsch, F. Identification of neural stem cells in the adult vertebrate brain.
Brain Res. Bull. 2002, 57, 751–758. [CrossRef]

102. Teeling, J.L.; Perry, V.H. Systemic infection and inflammation in acute CNS injury and chronic
neurodegeneration: Underlying mechanisms. Neuroscience 2009, 158, 1062–1073. [CrossRef] [PubMed]

103. Hanisch, U.K.; Kettenmann, H. Microglia: Active sensor and versatile effector cells in the normal and
pathologic brain. Nat. Neurosci. 2007, 10, 1387–1394. [CrossRef] [PubMed]

104. Nobuta, H.; Ghiani, C.A.; Paez, P.M.; Spreuer, V.; Dong, H.; Korsak, R.A.; Manukyan, A.; Li, J.; Vinters, H.V.;
Huang, E.J.; et al. STAT3-mediated astrogliosis protects myelin development in neonatal brain injury.
Ann. Neurol. 2012, 72, 750–765. [CrossRef] [PubMed]

105. Nguyen, V.T.; Benveniste, E.N. Critical role of tumor necrosis factor-α and NF-κB in interferon-γ-induced
CD40 expression in microglia/macrophages. J. Biol. Chem. 2002, 277, 13796–13803. [CrossRef] [PubMed]

106. Norris, J.G.; Tang, L.P.; Sparacio, S.M.; Benveniste, E.N. Signal transduction pathways mediating astrocyte
IL-6 induction by IL-1 β and tumor necrosis factor-α. J. Immunol. 1994, 152, 841–850. [PubMed]

107. John, G.R.; Chen, L.; Rivieccio, M.A.; Melendez-Vasquez, C.V.; Hartley, A.; Brosnan, C.F. Interleukin-1β
induces a reactive astroglial phenotype via deactivation of the Rho GTPase-Rock axis. J. Neurosci. 2004, 24,
2837–2845. [CrossRef] [PubMed]

108. Tomas-Camardiel, M.; Venero, J.L.; de Pablos, R.M.; Rite, I.; Machado, A.; Cano, J. In vivo expression of
aquaporin-4 by reactive microglia. J. Neurochem. 2004, 91, 891–899. [CrossRef] [PubMed]

109. Li, L.; Zhang, H.; Varrin-Doyer, M.; Zamvil, S.S.; Verkman, A.S. Proinflammatory role of aquaporin-4 in
autoimmune neuroinflammation. FASEB J. 2011, 25, 1556–1566. [CrossRef] [PubMed]

110. Chen, S.H.; Oyarzabal, E.A.; Sung, Y.F.; Chu, C.H.; Wang, Q.; Chen, S.L.; Lu, R.B.; Hong, J.S. Microglial
regulation of immunological and neuroprotective functions of astroglia. Glia 2015, 63, 118–131. [CrossRef]
[PubMed]

111. Liu, W.; Tang, Y.; Feng, J. Cross talk between activation of microglia and astrocytes in pathological conditions
in the central nervous system. Life Sci. 2011, 89, 141–146. [CrossRef] [PubMed]

112. Wolburg, H.; Noell, S.; Fallier-Becker, P.; Mack, A.F.; Wolburg-Buchholz, K. The disturbed blood-brain barrier
in human glioblastoma. Mol. Asp. Med. 2012, 33, 579–589. [CrossRef] [PubMed]

113. Mou, K.J.; Mao, Q.; Chen, M.N.; Xia, X.Q.; Ni, R.Y.; Wang, P.; Liu, Y.H. AQP4 expression in the brains of
patients with glioblastoma and its association with brain edema. Sichuan Da Xue Xue Bao Yi Xue Ban 2009, 40,
651–654. [PubMed]

114. Noell, S.; Wolburg-Buchholz, K.; Mack, A.F.; Ritz, R.; Tatagiba, M.; Beschorner, R.; Wolburg, H.;
Fallier-Becker, P. Dynamics of expression patterns of AQP4, dystroglycan, agrin and matrix
metalloproteinases in human glioblastoma. Cell Tissue Res. 2012, 347, 429–441. [CrossRef] [PubMed]

115. Ohnishi, M.; Monda, A.; Takemoto, R.; Fujimoto, Y.; Sugitani, M.; Iwamura, T.; Hiroyasu, T.; Inoue, A.
High-mobility group box 1 up-regulates aquaporin 4 expression via microglia-astrocyte interaction.
Neurochem. Int. 2014, 75, 32–38. [CrossRef] [PubMed]

116. Jansson, D.; Rustenhoven, J.; Feng, S.; Hurley, D.; Oldfield, R.L.; Bergin, P.S.; Mee, E.W.; Faull, R.L.;
Dragunow, M. A role for human brain pericytes in neuroinflammation. J. Neuroinflamm. 2014, 11, 104.
[CrossRef] [PubMed]

117. Yao, Y.; Chen, Z.L.; Norris, E.H.; Strickland, S. Astrocytic laminin regulates pericyte differentiation and
maintains blood-brain barrier integrity. Nat. Commun. 2014, 5, 3413. [CrossRef] [PubMed]

118. Balabanov, R.; Dore-Duffy, P. Role of the CNS microvascular pericyte in the blood-brain barrier.
J. Neurosci. Res. 1998, 53, 637–644. [CrossRef]

119. Chen, Y.; Li, Q.; Tang, J.; Feng, H.; Zhang, J.H. The evolving roles of pericyte in early brain injury after
subarachnoid hemorrhage. Brain Res. 2015, 1623, 110–122. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00036.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987003
http://dx.doi.org/10.1002/glia.20256
http://www.ncbi.nlm.nih.gov/pubmed/16206164
http://dx.doi.org/10.1016/S0361-9230(01)00770-5
http://dx.doi.org/10.1016/j.neuroscience.2008.07.031
http://www.ncbi.nlm.nih.gov/pubmed/18706982
http://dx.doi.org/10.1038/nn1997
http://www.ncbi.nlm.nih.gov/pubmed/17965659
http://dx.doi.org/10.1002/ana.23670
http://www.ncbi.nlm.nih.gov/pubmed/22941903
http://dx.doi.org/10.1074/jbc.M111906200
http://www.ncbi.nlm.nih.gov/pubmed/11830590
http://www.ncbi.nlm.nih.gov/pubmed/7506738
http://dx.doi.org/10.1523/JNEUROSCI.4789-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15028778
http://dx.doi.org/10.1111/j.1471-4159.2004.02759.x
http://www.ncbi.nlm.nih.gov/pubmed/15525343
http://dx.doi.org/10.1096/fj.10-177279
http://www.ncbi.nlm.nih.gov/pubmed/21257712
http://dx.doi.org/10.1002/glia.22738
http://www.ncbi.nlm.nih.gov/pubmed/25130274
http://dx.doi.org/10.1016/j.lfs.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21684291
http://dx.doi.org/10.1016/j.mam.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22387049
http://www.ncbi.nlm.nih.gov/pubmed/19764565
http://dx.doi.org/10.1007/s00441-011-1321-4
http://www.ncbi.nlm.nih.gov/pubmed/22307776
http://dx.doi.org/10.1016/j.neuint.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24893328
http://dx.doi.org/10.1186/1742-2094-11-104
http://www.ncbi.nlm.nih.gov/pubmed/24920309
http://dx.doi.org/10.1038/ncomms4413
http://www.ncbi.nlm.nih.gov/pubmed/24583950
http://dx.doi.org/10.1002/(SICI)1097-4547(19980915)53:6&lt;637::AID-JNR1&gt;3.0.CO;2-6
http://dx.doi.org/10.1016/j.brainres.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/25982598


Int. J. Mol. Sci. 2016, 17, 1306 16 of 16

120. Lange, S.; Trost, A.; Tempfer, H.; Bauer, H.C.; Bauer, H.; Rohde, E.; Reitsamer, H.A.; Franklin, R.J.; Aigner, L.;
Rivera, F.J. Brain pericyte plasticity as a potential drug target in CNS repair. Drug Discov. Today 2013, 18,
456–463. [CrossRef] [PubMed]

121. Buback, F.; Renkl, A.C.; Schulz, G.; Weiss, J.M. Osteopontin and the skin: Multiple emerging roles in
cutaneous biology and pathology. Exp. Dermatol. 2009, 18, 750–759. [CrossRef] [PubMed]

© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.drudis.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23266366
http://dx.doi.org/10.1111/j.1600-0625.2009.00926.x
http://www.ncbi.nlm.nih.gov/pubmed/19558497
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Aquaporin-4 (AQP4) 
	Astrocytes 
	Glial Fibrillary Acidic Protein 
	Oxidative Stress in Astrocytes 
	Calcium Signaling in Astrocytes 
	Astrocytes and Immune Cells 


	Neuroimmunological Role of AQP4 
	AQP4 in Neuromyelitis Optica (NMO) 
	AQP4 in Alzheimer’s Disease 
	AQP4 in Parkinson’s Disease 
	AQP4 in Depression 
	AQP4 in Blood-Retinal Barrier Breakdown 
	AQP4 in Traumatic Brain Injury 
	AQP4 in Ischemia 

	AQP4 in Reactive Astrocytes 
	AQP4 in Neural Stem Cells 
	AQP4 in Microglia 
	AQP4 Function in Astrocyte and Microglial Communication 
	Conclusions 

