
 

  

 

Aalborg Universitet

Aquaporins in the spinal cord

Oklinski, Michael Krystian; Skowronski, Mariusz T.; Skowronska, Agnieszka; Rützler, Michael;
Jensen, Kirsten Nørgaard; Nieland, John D.; Kwon, Tae-Hwan; Nielsen, Søren
Published in:
International Journal of Molecular Sciences

DOI (link to publication from Publisher):
10.3390/ijms17122050

Creative Commons License
CC BY 4.0

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Oklinski, M. K., Skowronski, M. T., Skowronska, A., Rützler, M., Jensen, K. N., Nieland, J. D., Kwon, T-H., &
Nielsen, S. (2016). Aquaporins in the spinal cord. International Journal of Molecular Sciences , 17(12), [2050].
https://doi.org/10.3390/ijms17122050

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: May 24, 2023

https://doi.org/10.3390/ijms17122050
https://vbn.aau.dk/en/publications/b07ad975-5255-4690-a0a2-e84d7fe01d3f
https://doi.org/10.3390/ijms17122050


 International Journal of 

Molecular Sciences

Review

Aquaporins in the Spinal Cord

Michal K. Oklinski 1, Mariusz T. Skowronski 2, Agnieszka Skowronska 3, Michael Rützler 1,
Kirsten Nørgaard 1, John D. Nieland 1, Tae-Hwan Kwon 4,* and Søren Nielsen 1,*

1 Department of Health Science and Technology, Aalborg University, 9220 Aalborg, Denmark;
mko@hst.aau.dk (M.K.O.); miru@hst.aau.dk (M.R.); kj12@student.aau.dk (K.N.); jdn@hst.aau.dk (J.D.N.)

2 Department of Animal Physiology, University of Warmia and Mazury in Olsztyn, 10-752 Olsztyn, Poland;
skowron@uwm.edu.pl

3 Department of Human Physiology, University of Warmia and Mazury in Olsztyn, 10-752 Olsztyn, Poland;
agnieszka.skowronska@uwm.edu.pl

4 Department of Biochemistry and Cell Biology, School of Medicine, Kyungpook National University,
Taegu 41944, Korea

* Correspondences: thkwon@knu.ac.kr (T.-H.K.); sn@hst.aau.dk (S.N.); Tel.: +82-53-420-4825 (T.-H.K.);
+45-9940-7549 (S.N.); Fax: +82-53-422-1466 (T.-H.K.)

Academic Editor: Kenichi Ishibashi
Received: 21 September 2016; Accepted: 25 November 2016; Published: 7 December 2016

Abstract: Aquaporins (AQPs) are water channel proteins robustly expressed in the central nervous
system (CNS). A number of previous studies described the cellular expression sites and investigated
their major roles and function in the brain and spinal cord. Among thirteen different mammalian
AQPs, AQP1 and AQP4 have been mainly studied in the CNS and evidence has been presented
that they play important roles in the pathogenesis of CNS injury, edema and multiple diseases
such as multiple sclerosis, neuromyelitis optica spectrum disorders, amyotrophic lateral sclerosis,
glioblastoma multiforme, Alzheimer’s disease and Parkinson’s disease. The objective of this review
is to highlight the current knowledge about AQPs in the spinal cord and their proposed roles in
pathophysiology and pathogenesis related to spinal cord lesions and injury.

Keywords: aquaporin; spinal cord; astrocytes; neurons; endothelial cells; central nervous system;
peripheral nerve

1. Introduction

Since their discovery, aquaporin (AQP) water channels have gained a lot of attention.
Their prominent expression and important function have been identified in several organs in the body,
including kidney, salivary glands, muscle, lungs and central nervous system (CNS). AQPs display
high capacity as well as selectivity for transporting water molecules across cell membranes [1–4].
AQPs are highly conserved and often classified into classical AQPs selectively permeable to water
(AQP0, 1, 2, 4, and 5) and aquaglyceroporins with permeability to water, glycerol, and urea (AQP3, 7,
9, and 10) [5,6]. Furthermore, another group of so-called unorthodox AQPs has been distinguished,
since their physiological roles are not well characterized (AQP6, 8, 11, and 12) [7].

The function of AQPs for osmotic water transport is influenced by the structural hourglass form.
At the aromatic/arginine filter, the narrowest region of the pore (~2.8 Å), molecules larger than water
are excluded from passage through classical AQPs [8,9]. AQP monomers are built up by six membrane
spanning helical domains that surround this aqueous pore and are super-assembled in membranes
as tetramers. Thereby, in contrast to many ion channels like potassium or cyclic nucleotide-gated
channels where the pore resides at the center of the tetramer, each monomer acts as a functioning
water channel [10]. Moreover, AQP selectivity is enhanced by steric and electrostatic factors, since
the monomeric helices placed on the outside face of the tetramer are hydrophobic, whereas the
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hydrophilic ones are positioned close to the tetramer center [11,12]. Interestingly, in aquaglyceroporins
the narrowing of the pore is less constricted (~3.4 Å) and lined by more hydrophobic residues [13].

In the CNS, mRNA amplification of AQP1, 3, 4, 5, 8, 9 and 11 was reported [14,15]. However,
most studies in the brain or spinal cord have been limited to AQP1, 4 and 9 [16,17]. The most
extensively studied site of AQP expression in the brain is the ventricular system (Table 1). Choroid
plexus, enclosed in brain ventricles shows high abundance of AQP1 at the apical surface of the
epithelial cells [16]. Therefore, this channel is involved in the secretion of cerebrospinal fluid (CSF) [18].
The cerebrovascular endothelium in the CNS lacks AQP1 [16,19] with the exception of the blood
vessels in circumventricular organs [20] and small capillaries occasionally found in the brain and
spinal cord parenchyma [20–22]. Outside of the brain, AQP1 expression was found in the dorsal
horns of the spinal cord, in the dorsal root ganglia and its projecting nerves, particularly in the sciatic
nerve (Table 1) [14,21,23]. A portion of AQP1 labeling in spinal cord was assigned to a population
of the primary sensory neurons with small-diameter which are important in nociception and pain
processing [21,23]. Moreover, other studies suggested a role of this water channel in the perception of
inflammatory thermal pain and cold pain perception [24,25].

AQP4 is a water channel that is widely expressed throughout the CNS, particularly in astrocyte
processes building up the glial-limiting membrane and astrocytes that are in contact with endothelial
cells of the blood brain barrier (BBB) (Table 1). Furthermore, the presence of AQP4 was reported in
subependymal astrocytes and in the basolateral membrane of ependymal cells forming an interface
between CSF and CNS [17,26]. Strong AQP4 expression at the borders between brain parenchyma
and major fluid compartments, e.g., between brain ventricles and glia limitans externa or at the
BBB, suggests that AQP4 functions in facilitating water flow into and out of the brain and spinal
cord. Moreover, an increased AQP4 expression has been demonstrated in glioblastoma multiforme,
suggesting it is also involved in malignant brain tumors [27]. Although water transport can occur
to a certain extent through simple diffusion across the plasma membrane [28], studies utilizing
AQP4 knockouts demonstrated great importance of this water channel in the pathogenesis of
brain water imbalance and CNS injuries. In disease models of obstructive hydrocephalus, focal
cortical-freeze injury, brain tumor and intraparenchymal saline infusion, AQP4-deficient mice showed
more severe hydrocephalus, markedly increased intracranial pressure, limited water elimination
and poor neurological scoring when compared with their wild-type corresponding controls [29–31].
In contrast, several other reports concluded that AQP4-knockout mice possessed better survival
rate and improved neurological outcomes compared with wild-type controls exposed to cytotoxic
brain edema [32,33]. Complicated temporal and dimensional expression of AQP4 in different disease
conditions with different onset time of injury make it difficult to distinguish between beneficial and
disadvantageous roles of AQP4, since it may concurrently facilitate edema fluid clearance in one area
of the brain while intensifying accumulation of water in another region [33–35].

In addition, it was also demonstrated that AQP9 is expressed in the murine CNS (Table 1),
especially within midbrain catecholaminergic neurons [36] and rat subset of dopaminergic neurons
and astrocytes [37]. However, another study exploiting Aqp9 gene knockout mice found no evidence
of AQP9 expression in the brain [38]. The objective of this article is to review the current knowledge
regarding spinal cord AQPs expression in normal and pathological conditions, in order to analyze
their possible function and pathophysiological importance as well as to explore novel research areas
involving AQPs in the spinal cord and brain.
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Table 1. Comparison of AQP1, AQP4, AQP9 and AQP11 expression between spinal cord and brain cells and structures.

Spinal Cord Brain

Aquaporin (AQP) Cell Type and/or Structure Detection Method and Reference Cell Type and/or Structure Detection Method and Reference

AQP1

Unmyelinated sensory fibers in DH
Myelinated neuronal fibers (sparse) in DH (#)

Lamina V and X
Endothelial cells of small penetrating arterioles in
immediate vicinity to the glia limitans (sparse, #)

Astrocytes and ependymal cells (#)

IHC, RT-PCR, WB [23,24,39]
IHC [23]

IHC [14,21]
IHC [21]
IHC [39]

Epithelial cells of choroid plexus
Endothelial cells of circumventricular organs

Endothelial cells in blood vessels in brain
parenchyma (sparse, #)

Astrocytes, schwann cells surrounding the
oculomotor and trigeminal cranial nerve fibers,

neurons on the surface
of the pia blood vessels (#)

WB, IHC, IMEM [16,18]
IHC, RT-PCR [20]

IHC [20,22]
IHC [40–42]

AQP4

Astrocytes end-feet encircling capillaries, and
building up the glia limitans, processes
enveloping myelinated neuronal fibers;

Expression polarized to foot-processes in
protoplasmatic astrocytes and more evenly

distributed in fibrous astrocytes

IHC, RT-PCR, WB [14,21,43,44]

Subpial astrocytes processes forming glia
limitans, perivascular astrocyte endfeet in

cortex; expression highly polarized to
astrocytes foot-processes

Basolateral membrane of ependymal cells

IHC, IMEM, NB, RT-PCR, WB,
[17,26,43,45–48]

WB, IHC, IMEM [17,26]

AQP9 Astrocyte processes in white matter
and glia limitans (#) IHC, RT-PCR, WB [14,40]

Neurons, ependymal cells (#), tanycytes (#)
Astrocytes mitochondria and astrocytes in the
immediate vicinity to subarachnoid space and

ventricles (#)

IHC, RT-PCR, WB [37,38,40,49–53]
IHC, RT-PCR [36–38,52]

AQP11 Not investigated Not investigated

Dendrites of Purkinje cells in cerebellum,
neurons in hippocampus and cerebral cortex (#)

Epithelium of the choroid plexus and at the
endothelium of the brain capillary (#)

IHC, NB, RT-PCR, WB [15,54]
IHC, RT-PCR, WB [55]

WB: Western blotting, IHC: Immunohistochemistry, IMEM: Immunoelectron Microscopy, NB: Northern blotting, RT-PCR: Reverse transcriptase polymerase chain reaction, DH: Dorsal
horn. Data marked with # are not fully confirmed and require further investigation.
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2. Expression Pattern of Aquaporins (AQPS) in the Healthy Spinal Cord

2.1. Aquaporin 1 (AQP1)

AQP1 expression in the brain was mostly assigned to epithelial cells of choroid plexus [16,18],
whereas the labeling pattern of AQP1 in the spinal cord is different. Essentially, AQP1 expression at
cervical, thoracic and lumbar level of the spinal cord posesses a very uniform pattern. The dorsal horn
in laminae I and II is especially rich with AQP1 spotted labeling (Figure 1A,D). AQP1 immunolabeling
in the dorsal horns was mostly assigned to the unmyelinated sensory fibers with small diameter [24,39]
(Figure 1B), and very few myelinated neurons [23]. Intense AQP1 labeling was found in synaptical
terminal membranes, but not in the area of synaptic density [23] (Figure 1C). In laminae III and IV,
AQP1 was dominantly present at the lateral and medial boundaries of the dorsal horns and in lamina
V, a tangled, filamental pattern of AQP1 immunolabeling was seen [21]. In contrast, in other parts of
gray matter AQP1 was pretty scarce with slightly increased expression in the immediate surroundings
of the central canal [14,21].

Shields et al. [23] reported complete lack of AQP1 mRNA in the spinal cord and concluded that
all AQP1 immunlabeling belongs to sensory neurons projecting form the dorsal root ganglion to
the spinal cord dorsal horn (Figure 1C). AQP1 expression showed a 92% overlap with peripherin,
a marker for small-diameter nociceptors in the dorsal root ganglion [25,56]. However, much less
co-localization between these two proteins was observed in the spinal cord [21]. Therefore, further
studies are necessary to precisely define the localization of AQP1 in the spinal cord dorsal horns.

Sparse and intermittent AQP1 labeling was found in immediate vicinity to the glia limitans
at all levels of the spinal cord, which is apparently associated with small penetrating arterioles
protruding from arterial vasocorona encountered in both white and gray matter (Figure 1E–G) [21].
These observations are in agreement with sporadical labeling of blood vessels in parenchyma of rat
and human brains [20,22]. However, these observations seem to be exceptional since in general AQP1
is not expressed in the capillaries of neurovascular units and BBB [16,19,57]. Aside from these cases,
one study reported AQP1 expression in astrocytes and ependymal cells in rat spinal cords [39].

2.2. Aquaporin 4 (AQP4)

AQP4 labeling has been found in astrocytes of the white and gray matter along the whole spinal
cord (Figure 2A). Fibrous astrocytes in spinal cord white matter are arranged in a radial pattern,
with AQP4-labeled astrocyte processes stretching from gray matter to glia limitans (Figure 2A,D).
Strong AQP4 immunolabeling is present in astrocytic end-feet encircling capillaries and building
up the glia limitans (Figure 2A). In addition, substantial AQP4 signal was found in astrocyte
processes enveloping myelinated neuronal fibers in longitudinal spinal cord white matter sections
(Figure 2E) [43]. AQP4 signal within the white matter is also intense and colocalized with commonly
used astrocyte markers, such as glial fibrillary acidic protein (GFAP) and glial glutamate transporter-1
(GLT-1) [14,21,44]. In gray matter AQP4 labeling was demonstrated in a distinctive laminar pattern
with strong intensity in the laminae I and II of the dorsal horn (Figure 2A), whereas, in the deeper
laminae, immunoreactivity decreased to moderate levels. However, labeling was slightly higher
in lamina X surrounding the central canal, the medial section of the dorsal horn neck and at the
thoracic level in the intermediolateral column. Moreover, in the gray matter more pronounced
immunlabeling was detected around blood vessels (often in the form of complete rings encircling the
blood vessels), neuronal perykarya and processes, especially in the superficial laminae of the dorsal
horns (Figure 2B,C). A more filamentous and spotted pattern of AQP4 surrounding dendrites, neuropil
and motor neurons was also observed in the ventral horns [14,21,44]. AQP4 labeling in spinal cord
protoplasmatic astrocytes was slightly more polarized compared to white matter fibrous astrocytes
(Figure 2C,E). Co-localization studies have shown less intense overlap between GFAP and AQP4,
primarily in laminae I and II of dorsal horns and in perivascular end-feet [21,43]. On the other hand,
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GLT-1 colocalized with AQP4 especially in gray matter neuropil, at fine astrocyte protrusions around
synaptic contacts, dendrites and perikarya [44].Int. J. Mol. Sci. 2016, 17, 2050 5 of 17 
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A fraction of the AQP1 signal belonged to unmyelinated neuronal cells (B) protruding from dorsal 
root ganglion to the superficial laminae of dorsal horns which axons build up peripheral sensory 
fibers (C); Illustration of AQP1 expression in the spinal cord cross-section (D); AQP1 labeling in the 
white matter was rather infrequent and found in proximity to the glia limitans (E) most likely 
belonging to small arterioles furcating from the arterial vasocorona (F,G). Panels A, B, E and F are 
modified from Oklinski et al. [21]. The blue signal in panels B and F represents 4′,6-diamidino-2-
phenylindole (DAPI) staining of the nuclei; AQP1, aquaporin 1; PERIPH, peripherin and RECA, rat 
endothelial cell antigen-1. Colocalization indicated by arrows. AQP1 is indicated in red on panels C, 
D and G. AQP4 is drawn in green on panel G. White arrows in B and F. 

There are two dominant AQP4 isoforms present in the CNS, M1 (323 amino acids) and the 
shorter M23 isoform (301 amino acids). Both types form homo- and hetero-tetramers and are highly 
water permeable [45,58]. The M23 isoform is required for the formation of higher order structures, 
known as square arrays [46,47]. Square arrays are predominantly found at astrocytic end-feet that 
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protoplasmatic astrocytes of the spinal cord gray matter, AQP4 square arrays were found mostly in 
perivascular regions and their distribution resembles that reported in the brain cortical gray matter. 

Figure 1. AQP1 expression in the spinal cord. AQP1 was strongly expressed at laminae I and II of the
dorsal horn with decreasing signal intensity at the medial edges of dorsal horns up to lamina V (A,D);
A fraction of the AQP1 signal belonged to unmyelinated neuronal cells (B) protruding from dorsal root
ganglion to the superficial laminae of dorsal horns which axons build up peripheral sensory fibers
(C); Illustration of AQP1 expression in the spinal cord cross-section (D); AQP1 labeling in the white
matter was rather infrequent and found in proximity to the glia limitans (E) most likely belonging to
small arterioles furcating from the arterial vasocorona (F,G). Panels A, B, E and F are modified from
Oklinski et al. [21]. The blue signal in panels B and F represents 4′,6-diamidino-2-phenylindole (DAPI)
staining of the nuclei; AQP1, aquaporin 1; PERIPH, peripherin and RECA, rat endothelial cell antigen-1.
Colocalization indicated by arrows. AQP1 is indicated in red on panels C, D and G. AQP4 is drawn in
green on panel G. White arrows in B and F.

There are two dominant AQP4 isoforms present in the CNS, M1 (323 amino acids) and the
shorter M23 isoform (301 amino acids). Both types form homo- and hetero-tetramers and are highly
water permeable [45,58]. The M23 isoform is required for the formation of higher order structures,
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known as square arrays [46,47]. Square arrays are predominantly found at astrocytic end-feet
that form a continuous sheet surrounding blood vessels and glia limitans in the CNS [17,48].
In the protoplasmatic astrocytes of the spinal cord gray matter, AQP4 square arrays were found
mostly in perivascular regions and their distribution resembles that reported in the brain cortical gray
matter. However, in white matter, sizable clusters of AQP4 were observed in both parenchymal and
perivascular regions. Moreover, both white matter regions possess similar numbers of AQP4 square
arrays [43].

A relevant aspect of AQP4 and other AQPs expression in different parts of CNS are potentially
due to species differences in human and rodent astrocytes. Compared to mice, rat astrocytes express
higher levels of intermediate filament proteins such as GFAP, nestin and vimentin. Furthermore, S100β
a glial-specific calcium binding protein that is frequently used as an astrocyte marker, is expressed at
higher levels in rat astrocytes [59,60]. Moreover, rat astrocyte ultrastructure resembles the structure of
human astrocytes more closely than their murine equivalents [61,62], which needs to be considered
when analyzing and comparing AQPs expression data between different species.
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As in the brain, expression of AQP9 in spinal cord is still a matter of ongoing research. Earlier 
studies provided data about distinct AQP9 immunolabeling in ependymal cells, tanycytes and 
neurons in the rat brain [49,50], and astrocytic processes bordering the subarachnoid space and 
ventricles in the mouse brain [51]. In the spinal cord, immunolabeling was observed in particular in 
white matter and glia limitans astrocyte processes [14]. An ultrastructural analysis of rat brain 
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Figure 2. AQP4 expression in the spinal cord. AQP4 was abundantly expressed across the whole spinal
cord with markedly higher intensity in the superficial lamina of dorsal horns, verges of ventral horns,
glia limitans and surroundings of blood vessels (A); In the gray matter, protoplasmatic astrocytes AQP4
expression represents a polarized pattern with the highest intensity in the astrocytes foot processes
encircling capillaries (B,C) and weaker labeling in processes belonging to the tripartite synapse (C);
In the white matter, fibrous astrocytes AQP4 expression is observed along the cell membrane (D,E);
Illustrations of AQP4 expression in the spinal cord (C,E) markings in green illustrate AQP4. The blue
signal in panels B and D represents DAPI staining of the nuclei. Immunoperoxidase staining of AQP4
(A) and immunofluorescence images (B,D) are modified from Oklinski et al. [21]. AQP4, aquaporin 4;
GS, glutamate synthase.

2.3. Aquaporin 9 (AQP9)

As in the brain, expression of AQP9 in spinal cord is still a matter of ongoing research.
Earlier studies provided data about distinct AQP9 immunolabeling in ependymal cells, tanycytes
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and neurons in the rat brain [49,50], and astrocytic processes bordering the subarachnoid space and
ventricles in the mouse brain [51]. In the spinal cord, immunolabeling was observed in particular
in white matter and glia limitans astrocyte processes [14]. An ultrastructural analysis of rat brain
performed by Amiry-Moghaddam et al. [37] suggested AQP9 expression in mitochondrial inner
membrane of astrocytes and dopaminergic neurons in the substantia nigra and ventral tegmental
area. However, as was found in the brain, immunolabeling in the spinal cord was undetectable when
suitable positive and negative controls i.e., Aqp9 gene knockout mice were used [38]. Subsequent
detailed studies in rats and knockout mice conducted by Mylonakou et al. [52] reported limited
presence of both AQP9 mRNA and protein in mouse and rat brains in neuronal cells, but expression
in astrocytes remained elusive, because of nonspecific affinity of the utilized anti-AQP9 antibody
to GFAP. The localization in neurons was confirmed in later reports, where the data of astrocytic
AQP9 expression were acquired with the same antibody which Mylonakou had used [40]. Moreover,
it was also demonstrated that AQP9 mRNA levels in the brain are substantially lower compared to
the expression in liver. Furthermore, the observed expression level in mouse brain is about six times
lower compared to rat brain [52]. Recent systemic data gathered from human samples revealed that
AQP9 mRNA is expressed at very low levels in brain [53]. Despite some progress made for clarifying
the true expression of AQP9 in the brain, the data on the potential presence and localization of this
aquaglyceroporin in spinal cord remain limited. Ubiquitous expression of this channel has been
suggested in fibrous white matter of spinal cord astrocyte processes, reaching to glia limitans, central
canal and dorsal horn [14,40]. However, these reports need to be treated cautiously, considering that
AQP9 expression in brain astrocytes also remains controversial.

3. AQP Expression in Disease Conditions of Spinal Cord

3.1. Aquaporin 1 (AQP1)

3.1.1. AQP1 in Spinal Cord Injury (SCI) and Edema

The number of reports studying the expression of AQP1 in disease conditions of the spinal cord
is still quite limited. Nonetheless, two studies described a significant up-regulation (up to eight-fold
increase) of AQP1 in response to SCI at the injury site, with gradually decreasing expression extending
into the caudal and rostral direction [39,63]. AQP1 up-regulation was detected as early as 6 h after
injury [64] and persisted for up to 11 months [39]. AQP1 expression post injury was assigned to the
membranes of dorsal horn neuronal fibers placed below laminae I and II, surviving spinal neuronal
cell bodies and motoneuronal cells, reactive scar-forming astrocytes surrounding the lesion site and
central canal ependymal cells [39].

SCI is commonly associated with blood-spinal cord barrier (BSCB) disruption, leading to vasogenic
spinal cord edema manifesting in the accumulation of excess water in the extracellular space. However,
spinal cord edema might be caused by a number of other factors. Li et al. [65] have used the
ischemia-reperfusion injury model to study spinal cord edema. They reported that AQP1 expression is
significantly up-regulated in astrocytes in the first 12 h after injury, which was correlated with early
cytotoxic edema, whereas later up-regulation was observed in endothelial cells, which was associated
with both cytotoxic and vasogenic edema [65].

3.1.2. Changes of AQP1 Expression in Spinal Cord and Dorsal Root Ganglion in Response to
Peripheral Nerve and Tissue Damage

Peripheral nerve injury (PNI) provides an interesting model to study the changes of AQP
expression in the spinal cord. In a model of complete sciatic nerve transection, increased AQP1
expression was reported in the medial superficial part of the ipsilateral dorsal horn a week after
surgery [23]. Similarly, in a sciatic nerve cut injury model highly elevated AQP1 immunolabeling
was observed 24 h after the injury in the ipsilateral dorsal root ganglion, as well as in the dorsal and
ventral horn of the spinal cord [66]. A similar increase in AQP1 signal intensity was reported following
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sciatic nerve crush injury [66]. In contrast, in a chronic constriction injury model of the sciatic nerve,
Buffoli et al. [67] reported that the expression level of AQP1 in spinal cord and dorsal root ganglion
was not altered. Moreover, no alterations in AQP1 level in spinal cord were found in a model of tissue
damage where complete Freund’s adjuvant was intraplantary injected into a hindpaw [23].

3.1.3. AQP1 in Multiple Sclerosis (MS) and Neuromyelitis Optica Spectrum Disorders (NMOsd)

NMOsd is characterized by longitudinally extensive transverse myelitis (LETM) with or
without optic and spinal cord manifestation. It is associated with an appearance of IgG antibody
(AQP4-IgG) targeted to AQP4-expressing astrocytes which distinguishes NMOsd from multiple
sclerosis (MS) [68,69]. Additionally, several studies also suggested an emerging role of AQP1 in
NMOsd. Autoantibodies against AQP1 (AQP1-Abs) were found among patients in the high risk group
(characterized by presence of AQP4 autoantibodies with early forms of LETM or optic neuritis [70]) and
diagnosed with NMO and/or MS [71–73]. Interestingly, patients with sero-positivity for AQP4-IgG
belonging to the NMOsd group had higher reactivity to AQP1 peptides compared to the NMOsd
group with AQP4-IgG sero-negativity [71,74]. AQP1-Abs found among NMOsd patients belong to the
complement-activating IgG1 subclass that possesses affinity for the extracellular domain of AQP1 [72].

In a study by Tzartos et al. [72], five out of 42 MS patients produced AQP1-Abs and two
out of these five had spinal cord lesions. In the same study, 17 of 22 AQP1-Abs sero-positive
NMOsd patients were diagnosed with LETM and five of them were also co-diagnosed with NMO.
Misu et al. [75] analyzed AQP1 and AQP4 immunoreactivity in the specimens of brains and spinal
cords collected from 19 patients diagnosed with NMO or MS. They described six different lesion
types present in the spinal cords from patients with NMO, where AQP1 and AQP4 were expressed
in astrocytes in a distinct pattern. These lesions were localized in brain stem and spinal cord and
were classified on the basis of astrocyte loss and structural changes, axonal injury and demyelination,
polymorphonuclear leukocyte aggregations and intensity of complement deposition. For instance, in
type 1 NMO lesions, GFAP-positive astrocytes expressed AQP1 but AQP4 was undetectable. Lesions
of type 2 were characterized by fluid-filled cysts, perivascular fibrosis and presence of macrophages.
In type 3 lesions, found in the spinal cord white matter tracts, reactive astrocytes were strongly
labeled with AQP1, whereas AQP4 labeling was lost or variable. Type 4 lesions were characterized
by selective loss of AQP4 with normal AQP1 and GFAP expression and no clear signs of structural
damage. Finally, astrocytic clasmatodendrosis in NMO type 5 and 6 lesions was associated with
variable expression of both AQP1 and AQP4 and signs indicative of cell apoptosis. On the other hand,
specimens from MS patients displayed glial scar patterns characteristic of MS lesions often containing
sizable protoplasmatic multi-nuclear astrocytes. These cells had apparently lost the contact between
perivascular endfeet and glia limitans and showed strong GFAP and AQP1 labeling [75].

3.2. Aquaporin 4 (AQP4)

3.2.1. AQP4 in Spinal Cord Injury (SCI) and Syringomyelia

Aside from brain injury models, SCI is probably one of the most extensively investigated areas
examining AQP4 in the CNS. Although currently most studies on SCI are based on rodent models,
there is one study by Nesic et al. [76] describing AQP4 expression in injured human spinal cords.
Human spinal cords from three patients suffering from contusion at cervical segments C2, C5/6 and
C8, respectively, with survival time of one year for the first two cases and two years for the third case,
were analyzed. In all specimens astrocytes showed markedly increased expression of AQP4 in the
uninjured white matter. In this area GFAP expression was also retained. However, in close proximity to
the primary site of trauma-related cysts, expression of AQP4 was sparse or undetectable. Nevertheless
GFAP expression was persistent in this area, indicating that AQP4 expression was selectively decreased
in the surviving astrocytes [76].
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Similarly, AQP4-negative astrocytes were reported in rat SCI, but their presence was noted at
an earlier time point after injury. In contrast to human SCI nearly all investigated astrocytes in
rat SCI models were strongly positive for AQP4 in later phases (from one up to five months post
injury) [76]. The shift of AQP4 expression was also described in another rat SCI model where initial
down-regulation was gradually (after two weeks) changed into persistent up-regulation [77]. It was
proposed that this shift of AQP4 expression may be related to astrocyte migration and that a significant
increase in AQP4 expression could reflect astrocytes reaching the wound area. Furthermore, chronically
injured spinal cords also showed increased AQP4 levels not only at the site of injury but along the
whole spinal cord. This increase in AQP4 was observed throughout the nine-month study period [78].
Similarly, a significant increase in AQP4 immunoreactivity at 5 h, 24 h, three days and 14 days post
SCI was also observed in a rat spinal cord compression model [79]. However, despite overall AQP4
up-regulation in chronically affected spinal cords, astrocytes forming the glia limitans externa exhibited
markedly decreased AQP4 levels [77].

SCI models were frequently exploited to test potential therapeutic approaches by targeting
changes of AQP4 expression. In most of these studies conducted in both rats [80–83] and mice [84,85],
SCI contusion and compression [64,86–89] induced a common pattern of AQP4 up-regulation.
These preclinical trials have recently been reviewed in detail by Yonan and Binder [90].

Posttraumatic syringomyelia is frequently a consequence of major and minor spinal cord injury
manifested by the accumulation of CSF or fluid of different origin in cysts within the spinal cord
(known as syrinxes) [91,92]. A study by Hemley et al. [93] has shown a relation between the
increase of astrocytic AQP4 expression and the persistence of syrinxes in a rat model of posttraumatic
syringomyelia where a significant up-regulation of AQP4 was observed at three and six weeks post
injury at the level of the syrinx and in adjacent rostral and caudal levels.

In contrast to the frequently studied SCI models, there is only one report so far that describes
AQP4 expression in the spinal cord after PNI [94]. Interestingly, sciatic nerve injury evoked a long
lasting, two to threefold increase in AQP4 expression in the lumbar spinal cord that was associated
with persistent enlargement of astrocyte processes. AQP4 up-regulation, an increase in astrocyte
process volume, as well as length and number of branch points were correlated with development of
pain [94].

3.2.2. AQP4 in Neuromyelitis Optica (NMO) and Multiple Sclerosis (MS)

NMO is an autoimmune disorder characterized by the presence of AQP4-targeted autoantibodies.
This novel class of autoimmune channelopathy [95] was subsequently distinguished from NMOsd [70].
A distinctive feature of NMO is a deficiency in AQP4 expression, especially surrounding vessels
in the brainstem and spinal cord. The affected areas show prominent eosinophil infiltration and
vascular accumulation of IgM and IgG [96–98]. Furthermore, significant loss of AQP4 and GFAP has
been described in astrocytes of cultured mouse spinal cord slices following exposure to NMO-IgG
and complement. This treatment is known to result in NMO-like lesions with concurrent neuronal
demyelination [99].

Another detailed description of AQP4 expression at NMO spinal cord lesions was provided
by Misu et al. [75]. Lesions were characterized by variable loss of axons, oligodendrocytes, myelin,
complement activation and inflammatory macrophage and T cell accumulation. Astrocytes in the
area either contributed to fibrillary gliosis or presented with nuclear DNA damage or bundled and
retracted processes. Thereby, AQP4 immunoreactivity varied from decreased to undetectable [75].

Presence of anti-AQP4 autoantibodies in the serum of patients diagnosed with NMO was
positively correlated with the length of spinal cord lesions on magnetic resonance imaging (MRI) [100].
Although this correlation has not been found in a later study by Waters et al. [101], the presence
of anti-AQP4 antibodies was confirmed in 76% of NMO patients. Furthermore, Zeka et al. [102]
demonstrated in Lewis rats that T cells targeted to the AQP4268–285 epitope, together with NMO-IgG
can cause severe lesions with damaged astrocytes localized mostly in the gray matter of the spinal
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cord at the cervical and thoracic level. Noteworthy, when large numbers of AQP4268–285 specific T
cells (~2 × 107) were applied to initiate lesions, this resulted in a loss of astrocytes and AQP4 and
GFAP labeling throughout the brain and spinal cord. In contrast, when small numbers of AQP4268–285

specific T cells were used, this exclusively induced characteristic NMO-like lesions in the spinal
cord [102]. Importantly, initiation of antibody-independent characteristic NMO-like lesions caused by
AQP4-reactive T cells was observed in a mouse model [103]. Administration of AQP4-reactive T cells
to healthy wildtype mice induced infiltration of inflammatory CD3+ lymphocytes and demyelination
predominantly in the spinal cord and brain. The described AQP4-reactive T cells were acquired
by immunization of AQP4 knockout mice with human AQP456–69, AQP4135–153, and AQP4212–230

extracellular loop peptides in complete Freund’s adjuvant followed by peptide targeted in vitro
polarization of T cells into TH 17 phenotype [103].

Although NMO has initially been considered as a subtype of MS, further studies revealed
differences between the two diseases. The progression of MS and NMO lesions shows different
characteristics with regard to astrocytes. Reduced AQP4 expression was mostly observed in cases
of acute or chronic MS [104,105]. This reduction was linked to perivascular glia limitans disruption,
which is characteristic for pattern III demyelination [104]. Enlarged protoplasmatic astrocytes
with withdrawn or lost perivascular foot processes retained decreased or negative AQP4
immunoreactivity [75,104]. However, reactive astrocytes-forming MS glial scars close to the
active MS lesions were associated with highly increased expression of AQP4 in the cell body
and processes [75,97,106]. In the autoimmune encephalomyelitis-induced MS mouse model, the
white matter in the spinal cord was characterized by axonal degeneration and demyelination,
severe restructuring of neurovascular units and increased AQP4 immunoreactivity in the impaired
fibrous astrocytes. In contrast, gray matter astrocytes appeared to be much less affected [107].
These data and detailed NMO findings described above suggest that changes of AQP4 expression in
astrocytes in the lesions of MS are co-occurring events and not the primary disease target, even though
both are immune-mediated conditions, resulting in demyelination and axonal loss [97].

3.2.3. AQP4 in Amyotrophic Lateral Sclerosis (ALS)

ALS is another pathology where AQP4 expression changes and lesions of degenerated motor
neurons in motor cortex, corticospinal tracts, brain stem and spinal cord leading to muscle
paralysis [108]. Well documented features of ALS lesions are swollen and degenerated astrocytic
foot-processes surrounding neurovascular units and lining the glia limitans with markedly increased
expression of AQP4 and GFAP [109,110]. In the superoxide dismutase 1 (SOD1) mutant rat model of
ALS, a detailed analysis of spinal cord tissue sections revealed AQP4 up-regulation in the immediate
vicinity of motoneuron perikarions, which was absent in control animals [109]. Furthermore, decreased
expression of Kir4.1 channels in affected ALS astrocytes [111,112], was associated with their decreased
ability to buffer excess of K+ ions [111]. Impaired capacity of astrocytes to eliminate excessive K+ ions
together with defective glutamate clearance [113,114] is likely contributing to the degeneration and
death of motor neurons in ALS.

An additional finding is the correlation between disruption of the BBB and an increase in AQP4
in the perivascular astrocytes in the ALS models, where AQP4 was postulated as a marker for
BBB integrity [115–117]. Moreover, studies in animals have shown that signs of BSCB disruption,
like diminished levels of tight junction proteins, perivascular edema with swollen astrocytes
foot processes and leakage of Evans blue from spinal cord capillaries can precede ALS-related
neuroinflammation [118–120]. Nevertheless, the exact causes of ALS-related BBB and BSCB damage
are still unknown.

4. Implications of Physiological and Pathophysiological AQP Expression in the Spinal Cord

AQP expression and function in physiology and pathophysiology of the brain has been thoroughly
studied, whereas the role of these water channels in the spinal cord remains less well characterized.
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It is noteworthy that the expression of AQPs in the spinal cord is not identical to the expression in the
brain (Table 1). Furthermore, recent advancement points to the critical roles of water channels in the
pathogenesis of spinal cord injuries, including edema formation and development of persistent pain.
Thus, further studies are warranted to examine the critical role of AQPs in disease conditions of the
spinal cord.

Altered expression of AQPs in the spinal cord shows similarity in disease conditions. The changes
include the loss of polarity in protoplasmic astrocytes, which is often associated with withdrawal of foot
processes ensheathing the blood vessels. Other astrocytes become more reactive with increased AQP4
expression and swelling of processes. Interestingly, in most cases, AQP4 expression is up-regulated
with varying temporal characteristics, whereas only in NMO AQP4 expression is diminished,
which appears to be the direct disease target.

Changes in AQP expression in spinal cords can affect glutamate uptake and K+ buffering in
astrocytes and threaten the electro-chemical homeostasis of active neurons [121,122]. In normal
physiology, astrocytes can protect neurons from an excess of glutamate by converting it into glutamine
and thereby avoiding glutamate-induced cytotoxicity [123,124]. A number of associations that could
affect neurons by altering the water and ionic imbalance have been reported. For example, Cl−

and K+ channels, such as two-pore domain potassium channels, volume regulated anion channels
or Na+-K+-Cl− cotransporters are known to be involved in astrocyte volume regulation [125].
In addition, down-regulation of glutamate transporter GLT-1 was described in AQP4 null mice [126]
and glutamate-triggered increase in the water permeability of AQP4 was found in cultured
astrocytes [127]. Notably, it is known that the local concentration of glutamate in the spinal cord
can increase in response to PNI or SCI [128,129]. This may result in the up-regulation of both AQP1
and AQP4. Therefore, the cytotoxicity and necrosis reported in brain and spinal cords of SCI, NMO,
ALS and MS models may at least in part be mediated by altered AQP expression, in addition to the
different causes.

Loss of astrocyte polarity, in particular the loss of AQP4 in vasculature ensheathing astrocyte
processes is another feature observed in animal models of Alzheimer’s disease [130], MS [131] and
NMO [132], which is considered to be a sign of impaired BBB integrity. Likewise, damaged integrity of
both, BBB and BSCB has also been reported in patients and animal models of ALS [117] and SCI [77],
often in connection with down-regulation of tight junction proteins, degeneration of endothelial cells
and withdrawal of swollen astrocyte foot-processes and spinal cord edema. Impairment of BBB
and BSCB can facilitate penetration of inflammatory cytokines further exacerbating dysfunction and
resulting in neuronal death. Therefore, a common role of AQP4 in determining astrocyte polarity and
BBB as well as BSCB integrity requires further investigations.

Furthermore, another interesting element in spinal cord diseases is the up-regulation of AQP1
expression in astrocytes. In general, AQP1 expression in astrocytes has not been reported in healthy
spinal cords and brains of rodents and humans [41]. Thus further studies are warranted to evaluate
the significance of AQP1 up-regulation in astrocytes described in rodent models of SCI [39] and spinal
cord edema [65], as well as in human patients diagnosed with NMO [75].

Overall, more studies are needed to define the regulatory mechanisms for AQP1 and AQP4
expression in normal and disease conditions in the CNS. Moreover, the expression of AQP1 in sensory
fibers may suggest involvement in pain transmission. Additionally, the expression and potential
function of other AQPs in both spinal cord and brain remains to be clarified.

Acknowledgments: The study is supported by The Danish National Research Foundation (center of excellence
grant), Aalborg University, Danish National Research Council, the Lundbeck Foundation, the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning, Korea (2014R1A5A2009242
and 2016R1A2B4009365).

Author Contributions: Michal K. Oklinski, Tae-Hwan Kwon and Søren Nielsen co-wrote the manuscript body.
Mariusz T. Skowronski, Agnieszka Skowronska, Michael Rützler, and John D. Nieland provided critical revisions
of the paper. Michal K. Oklinski prepared the figures and Kirsten Nørgaard provided expert drawing assistance.
All authors read and approved the final manuscript.



Int. J. Mol. Sci. 2016, 17, 2050 12 of 18

Conflicts of Interest: All authors declare no conflict of interest.

References

1. Sui, H.; Han, B.G.; Lee, J.K.; Walian, P.; Jap, B.K. Structural basis of water-specific transport through the
AQP1 water channel. Nature 2001, 414, 872–878. [CrossRef] [PubMed]

2. Amiry-Moghaddam, M.; Otsuka, T.; Hurn, P.D.; Traystman, R.J.; Haug, F.M.; Froehner, S.C.; Adams, M.E.;
Neely, J.D.; Agre, P.; Ottersen, O.P.; et al. An α-syntrophin-dependent pool of AQP4 in astroglial end-feet
confers bidirectional water flow between blood and brain. Proc. Natl. Acad. Sci. USA 2003, 100, 2106–2111.
[CrossRef] [PubMed]

3. Nielsen, S.; Frøkiaer, J.; Marples, D.; Kwon, T.H.; Agre, P.; Knepper, M.A. Aquaporins in the kidney: From
molecules to medicine. Physiol. Rev. 2002, 82, 205–244. [CrossRef] [PubMed]

4. Agre, P.; King, L.S.; Yasui, M.; Guggino, W.B.; Ottersen, O.P.; Fujiyoshi, Y.; Engel, A.; Nielsen, S. Aquaporin
water channels—From atomic structure to clinical medicine. J. Physiol. 2002, 542, 3–16. [CrossRef] [PubMed]

5. Verkman, A.S.; Mitra, A.K. Structure and function of aquaporin water channels. Am. J. Physiol. Ren. Physiol.
2000, 278, F13–F28.

6. Tsukaguchi, H.; Shayakul, C.; Berger, U.V.; Mackenzie, B.; Devidas, S.; Guggino, W.B.; van Hoek, A.N.;
Hediger, M.A. Molecular characterization of a broad selectivity neutral solute channel. J. Biol. Chem. 1998,
273, 24737–24743. [CrossRef] [PubMed]

7. Rojek, A.; Praetorius, J.; Frokiaer, J.; Nielsen, S.; Fenton, R.A. A current view of the mammalian
aquaglyceroporins. Annu. Rev. Physiol. 2008, 70, 301–327. [CrossRef] [PubMed]

8. Jung, J.S.; Preston, G.M.; Smith, B.L.; Guggino, W.B.; Agre, P. Molecular structure of the water channel
through aquaporin CHIP. The hourglass model. J. Biol. Chem. 1994, 269, 14648–14654. [PubMed]

9. Fujiyoshi, Y.; Mitsuoka, K.; de Groot, B.L.; Philippsen, A.; Grubmüller, H.; Agre, P.; Engel, A. Structure and
function of water channels. Curr. Opin. Struct. Biol. 2002, 12, 509–515. [CrossRef]

10. Yool, A.J.; Weinstein, A.M. New roles for old holes: Ion channel function in aquaporin-1. News Physiol. Sci.
2002, 17, 68–72. [PubMed]

11. Hub, J.S.; Grubmüller, H.; de Groot, B.L. Dynamics and energetics of permeation through aquaporins. What
do we learn from molecular dynamics simulations? In Aquaporins; Beitz, E., Ed.; Springer: Berlin/Heidelberg,
Germany, 2009; pp. 57–76.

12. Cui, Y.; Bastien, D.A. Water transport in human aquaporin-4: Molecular dynamics (MD) simulations.
Biochem. Biophys. Res. Commun. 2011, 412, 654–659. [CrossRef] [PubMed]

13. Jensen, M.; Tajkhorshid, E.; Schulten, K. The mechanism of glycerol conduction in aquaglyceroporins.
Structure 2001, 9, 1083–1093. [CrossRef]

14. Oshio, K.; Binder, D.K.; Yang, B.; Schecter, S.; Verkman, A.S.; Manley, G.T. Expression of aquaporin water
channels in mouse spinal cord. Neuroscience 2004, 127, 685–693. [CrossRef] [PubMed]

15. Gorelick, D.A.; Praetorius, J.; Tsunenari, T.; Nielsen, S.; Agre, P. Aquaporin-11: A channel protein lacking
apparent transport function expressed in brain. BMC Biochem. 2006, 7, 14. [CrossRef] [PubMed]

16. Nielsen, S.; Smith, B.L.; Christensen, E.I.; Agre, P. Distribution of the aquaporin CHIP in secretory and
resorptive epithelia and capillary endothelia. Proc. Natl. Acad. Sci. USA 1993, 90, 7275–7279. [CrossRef]
[PubMed]

17. Rash, J.E.; Yasumura, T.; Hudson, C.S.; Agre, P.; Nielsen, S. Direct immunogold labeling of aquaporin-4 in
square arrays of astrocyte and ependymocyte plasma membranes in rat brain and spinal cord. Proc. Natl.
Acad. Sci. USA 1998, 95, 11981–11986. [CrossRef] [PubMed]

18. Oshio, K.; Watanabe, H.; Song, Y.; Verkman, A.S.; Manley, G.T. Reduced cerebrospinal fluid production and
intracranial pressure in mice lacking choroid plexus water channel Aquaporin-1. FASEB J. 2005, 19, 76–78.
[CrossRef] [PubMed]

19. Kobayashi, H.; Minami, S.; Itoh, S.; Shiraishi, S.; Yokoo, H.; Yanagita, T.; Uezono, Y.; Mohri, M.; Wada, A.
Aquaporin subtypes in rat cerebral microvessels. Neurosci. Lett. 2001, 297, 163–166. [CrossRef]

20. Wilson, A.J.; Carati, C.J.; Gannon, B.J.; Haberberger, R.; Chataway, T.K. Aquaporin-1 in blood vessels of rat
circumventricular organs. Cell Tissue Res. 2010, 340, 159–168. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/414872a
http://www.ncbi.nlm.nih.gov/pubmed/11780053
http://dx.doi.org/10.1073/pnas.0437946100
http://www.ncbi.nlm.nih.gov/pubmed/12578959
http://dx.doi.org/10.1152/physrev.00024.2001
http://www.ncbi.nlm.nih.gov/pubmed/11773613
http://dx.doi.org/10.1113/jphysiol.2002.020818
http://www.ncbi.nlm.nih.gov/pubmed/12096044
http://dx.doi.org/10.1074/jbc.273.38.24737
http://www.ncbi.nlm.nih.gov/pubmed/9733774
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100452
http://www.ncbi.nlm.nih.gov/pubmed/17961083
http://www.ncbi.nlm.nih.gov/pubmed/7514176
http://dx.doi.org/10.1016/S0959-440X(02)00355-X
http://www.ncbi.nlm.nih.gov/pubmed/11909995
http://dx.doi.org/10.1016/j.bbrc.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21856282
http://dx.doi.org/10.1016/S0969-2126(01)00668-2
http://dx.doi.org/10.1016/j.neuroscience.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15283967
http://dx.doi.org/10.1186/1471-2091-7-14
http://www.ncbi.nlm.nih.gov/pubmed/16650285
http://dx.doi.org/10.1073/pnas.90.15.7275
http://www.ncbi.nlm.nih.gov/pubmed/8346245
http://dx.doi.org/10.1073/pnas.95.20.11981
http://www.ncbi.nlm.nih.gov/pubmed/9751776
http://dx.doi.org/10.1096/fj.04-1711fje
http://www.ncbi.nlm.nih.gov/pubmed/15533949
http://dx.doi.org/10.1016/S0304-3940(00)01705-5
http://dx.doi.org/10.1007/s00441-010-0927-2
http://www.ncbi.nlm.nih.gov/pubmed/20177708


Int. J. Mol. Sci. 2016, 17, 2050 13 of 18

21. Oklinski, M.K.; Lim, J.S.; Choi, H.J.; Oklinska, P.; Skowronski, M.T.; Kwon, T.H. Immunolocalization of water
channel proteins AQP1 and AQP4 in rat spinal cord. J. Histochem. Cytochem. 2014, 62, 598–611. [CrossRef]
[PubMed]

22. Saadoun, S.; Papadopoulos, M.C.; Davies, D.C.; Bell, B.A.; Krishna, S. Increased aquaporin 1 water channel
expression in human brain tumours. Br. J. Cancer 2002, 87, 621–623. [CrossRef] [PubMed]

23. Shields, S.D.; Mazario, J.; Skinner, K.; Basbaum, A.I. Anatomical and functional analysis of aquaporin 1,
a water channel in primary afferent neurons. Pain 2007, 131, 8–20. [CrossRef] [PubMed]

24. Oshio, K.; Watanabe, H.; Yan, D.; Verkman, A.S.; Manley, G.T. Impaired pain sensation in mice lacking
Aquaporin-1 water channels. Biochem. Biophys. Res. Commun. 2006, 341, 1022–1028. [CrossRef] [PubMed]

25. Zhang, H.; Verkman, A.S. Aquaporin-1 tunes pain perception by interaction with NaV1.8 Na+ channels in
dorsal root ganglion neurons. J. Biol. Chem. 2010, 285, 5896–5906. [CrossRef] [PubMed]

26. Nielsen, S.; Nagelhus, E.A.; Amiry-Moghaddam, M.; Bourque, C.; Agre, P.; Ottersen, O.P. Specialized
membrane domains for water transport in glial cells: High-resolution immunogold cytochemistry of
aquaporin-4 in rat brain. J. Neurosci. 1997, 17, 171–180. [PubMed]

27. Maugeri, R.; Schiera, G.; di Liegro, C.M.; Fricano, A.; Iacopino, D.G.; di Liegro, I. Aquaporins and brain
tumors. Int. J. Mol. Sci. 2016, 17, 1–18. [CrossRef] [PubMed]

28. Finkelstein, A. Water and nonelectrolyte permeability of lipid bilayer membranes. J. Gen. Physiol. 1976, 68,
127–135. [CrossRef] [PubMed]

29. Papadopoulos, M.C.; Saadoun, S.; Binder, D.K.; Manley, G.T.; Krishna, S.; Verkman, A.S. Molecular
mechanisms of brain tumor edema. Neuroscience 2004, 129, 1011–1020. [CrossRef] [PubMed]

30. Papadopoulos, M.C.; Manley, G.T.; Krishna, S.; Verkman, A.S. Aquaporin-4 facilitates reabsorption of excess
fluid in vasogenic brain edema. FASEB J. 2004, 18, 1291–1293. [CrossRef] [PubMed]

31. Bloch, O.; Auguste, K.I.; Manley, G.T.; Verkman, A.S. Accelerated progression of kaolin-induced
hydrocephalus in aquaporin-4-deficient mice. J. Cereb. Blood Flow Metab. 2006, 26, 1527–1537. [CrossRef]
[PubMed]

32. 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]

33. Papadopoulos, M.C.; Verkman, A.S. Aquaporin-4 gene disruption in mice reduces brain swelling and
mortality in pneumococcal meningitis. J. Biol. Chem. 2005, 280, 13906–13912. [CrossRef] [PubMed]

34. Saadoun, S.; Papadopoulos, M.C.; Krishna, S. Water transport becomes uncoupled from K+ siphoning in
brain contusion, bacterial meningitis, and brain tumours: Immunohistochemical case review. J. Clin. Pathol.
2003, 56, 972–975. [CrossRef] [PubMed]

35. Papadopoulos, M.C.; Verkman, A.S. Aquaporin-4 and brain edema. Pediatr. Nephrol. 2007, 22, 778–784.
[CrossRef] [PubMed]

36. Badaut, J.; Petit, J.M.; Brunet, J.F.; Magistretti, P.J.; Charriaut-Marlangue, C.; Regli, L. Distribution of
Aquaporin 9 in the adult rat brain: Preferential expression in catecholaminergic neurons and in glial cells.
Neuroscience 2004, 128, 27–38. [CrossRef] [PubMed]

37. Amiry-Moghaddam, M.; Lindland, H.; Zelenin, S.; Roberg, B.A.; Gundersen, B.B.; Petersen, P.; Rinvik, E.;
Torgner, I.A.; Ottersen, O.P. Brain mitochondria contain aquaporin water channels: Evidence for the
expression of a short AQP9 isoform in the inner mitochondrial membrane. FASEB J. 2005, 19, 1459–1467.
[CrossRef] [PubMed]

38. Rojek, A.M.; Skowronski, M.T.; Füchtbauer, E.M.; Füchtbauer, A.C.; Fenton, R.A.; Agre, P.; Frøkiaer, J.;
Nielsen, S. Defective glycerol metabolism in aquaporin 9 (AQP9) knockout mice. Proc. Natl. Acad. Sci. USA
2007, 104, 3609–3614. [CrossRef] [PubMed]

39. Nesic, O.; Lee, J.; Unabia, G.C.; Johnson, K.; Ye, Z.; Vergara, L.; Hulsebosch, C.E.; Perez-Polo, J.R. Aquaporin
1–A novel player in spinal cord injury. J. Neurochem. 2008, 105, 628–640. [CrossRef] [PubMed]

40. Arciénega, I.I.; Brunet, J.F.; Bloch, J.; Badaut, J. Cell locations for AQP1, AQP4 and 9 in the non-human
primate brain. Neuroscience 2010, 167, 1103–1114. [CrossRef] [PubMed]

41. Satoh, J.I.; Tabunoki, H.; Yamamura, T.; Arima, K.; Konno, H. Human astrocytes express aquaporin-1 and
aquaporin-4 in vitro and in vivo. Neuropathology 2007, 27, 245–256. [CrossRef] [PubMed]

42. Gao, J.; Tan, M.; Gu, M.; Marshall, C.; Ding, J.; Hu, G.; Xiao, M. Cellular localization of aquaporin-1 in the
human and mouse trigeminal systems. PLoS ONE 2012, 7, e46379. [CrossRef] [PubMed]

http://dx.doi.org/10.1369/0022155414537495
http://www.ncbi.nlm.nih.gov/pubmed/24828513
http://dx.doi.org/10.1038/sj.bjc.6600512
http://www.ncbi.nlm.nih.gov/pubmed/12237771
http://dx.doi.org/10.1016/j.pain.2006.11.018
http://www.ncbi.nlm.nih.gov/pubmed/17257750
http://dx.doi.org/10.1016/j.bbrc.2006.01.062
http://www.ncbi.nlm.nih.gov/pubmed/16476579
http://dx.doi.org/10.1074/jbc.M109.090233
http://www.ncbi.nlm.nih.gov/pubmed/20018876
http://www.ncbi.nlm.nih.gov/pubmed/8987746
http://dx.doi.org/10.3390/ijms17071029
http://www.ncbi.nlm.nih.gov/pubmed/27367682
http://dx.doi.org/10.1085/jgp.68.2.127
http://www.ncbi.nlm.nih.gov/pubmed/956767
http://dx.doi.org/10.1016/j.neuroscience.2004.05.044
http://www.ncbi.nlm.nih.gov/pubmed/15561416
http://dx.doi.org/10.1096/fj.04-1723fje
http://www.ncbi.nlm.nih.gov/pubmed/15208268
http://dx.doi.org/10.1038/sj.jcbfm.9600306
http://www.ncbi.nlm.nih.gov/pubmed/16552421
http://dx.doi.org/10.1038/72256
http://www.ncbi.nlm.nih.gov/pubmed/10655103
http://dx.doi.org/10.1074/jbc.M413627200
http://www.ncbi.nlm.nih.gov/pubmed/15695511
http://dx.doi.org/10.1136/jcp.56.12.972
http://www.ncbi.nlm.nih.gov/pubmed/14645363
http://dx.doi.org/10.1007/s00467-006-0411-0
http://www.ncbi.nlm.nih.gov/pubmed/17347837
http://dx.doi.org/10.1016/j.neuroscience.2004.05.042
http://www.ncbi.nlm.nih.gov/pubmed/15450351
http://dx.doi.org/10.1096/fj.04-3515com
http://www.ncbi.nlm.nih.gov/pubmed/16126913
http://dx.doi.org/10.1073/pnas.0610894104
http://www.ncbi.nlm.nih.gov/pubmed/17360690
http://dx.doi.org/10.1111/j.1471-4159.2007.05177.x
http://www.ncbi.nlm.nih.gov/pubmed/18248364
http://dx.doi.org/10.1016/j.neuroscience.2010.02.059
http://www.ncbi.nlm.nih.gov/pubmed/20226845
http://dx.doi.org/10.1111/j.1440-1789.2007.00774.x
http://www.ncbi.nlm.nih.gov/pubmed/17645239
http://dx.doi.org/10.1371/journal.pone.0046379
http://www.ncbi.nlm.nih.gov/pubmed/23029502


Int. J. Mol. Sci. 2016, 17, 2050 14 of 18

43. Smith, A.J.; Verkman, A.S. Superresolution imaging of aquaporin-4 cluster size in antibody-stained paraffin
brain sections. Biophys. J. 2015, 109, 2511–2522. [CrossRef] [PubMed]

44. Vitellaro-Zuccarello, L.; Mazzetti, S.; Bosisio, P.; Monti, C.; de Biasi, S. Distribution of aquaporin 4 in rodent
spinal cord: Relationship with astrocyte markers and chondroitin sulfate proteoglycans. Glia 2005, 51,
148–159. [CrossRef] [PubMed]

45. Yang, B.; Ma, T.; Verkman, A.S. cDNA cloning, gene organization, and chromosomal localization of a human
mercurial insensitive water channel. J. Biol. Chem. 1995, 270, 22907–22913. [CrossRef] [PubMed]

46. Fenton, R.A.; Moeller, H.B.; Zelenina, M.; Snaebjornsson, M.T.; Holen, T.; MacAulay, N. Differential water
permeability and regulation of three aquaporin 4 isoforms. Cell. Mol. Life Sci. 2010, 67, 829–840. [CrossRef]
[PubMed]

47. Furman, C.S.; Gorelick-Feldman, D.A.; Davidson, K.G.V.; Yasumura, T.; Neely, J.D.; Agre, P.; Rash, J.E.
Aquaporin-4 square array assembly: Opposing actions of M1 and M23 isoforms. Proc. Natl. Acad. Sci. USA
2003, 100, 13609–13614. [CrossRef] [PubMed]

48. Mathiisen, T.M.; Lehre, K.P.; Danbolt, N.C.; Ottersen, O.P. The perivascular astroglial sheath provides a
complete covering of the brain microvessels: An electron microscopic 3D reconstruction. Glia 2010, 58,
1094–1103. [CrossRef] [PubMed]

49. Elkjaer, M.; Vajda, Z.; Nejsum, L.N.; Kwon, T.; Jensen, U.B.; Amiry-Moghaddam, M.; Frøkiaer, J.; Nielsen, S.
Immunolocalization of AQP9 in liver, epididymis, testis, spleen, and brain. Biochem. Biophys. Res. Commun.
2000, 276, 1118–1128. [CrossRef] [PubMed]

50. Badaut, J.; Regli, L. Distribution and possible roles of aquaporin 9 in the brain. Neuroscience 2004, 129,
971–981. [CrossRef] [PubMed]

51. Badaut, J.; Hirt, L.; Granziera, C.; Bogousslavsky, J.; Magistretti, P.J.; Regli, L. Astrocyte-specific expression of
aquaporin-9 in mouse brain is increased after transient focal cerebral ischemia. J. Cereb. Blood Flow Metab.
2001, 21, 477–482. [CrossRef] [PubMed]

52. Mylonakou, M.N.; Petersen, P.H.; Rinvik, E.; Rojek, A.; Vladimarsdottir, E.; Zelenin, S.; Zeuthen, T.;
Nielsen, S.; Ottersen, O.P.; Amiry-Moghaddam, M. Analysis of mice with targeted deletion of AQP9 gene
provides conclusive evidence for expression of AQP9 in neurons. J. Neurosci. Res. 2009, 87, 1310–1322.
[CrossRef] [PubMed]

53. Lindskog, C.; Asplund, A.; Catrina, A.; Nielsen, S.; Rützler, M. A systematic characterization of aquaporin-9
expression in human normal and pathological tissues. J. Histochem. Cytochem. 2016, 64, 287–300. [CrossRef]
[PubMed]

54. Morishita, Y.; Matsuzaki, T.; Hara-chikuma, M.; Andoo, A.; Shimono, M.; Matsuki, A.; Kobayashi, K.;
Ikeda, M.; Yamamoto, T.; Verkman, A.; et al. Disruption of aquaporin-11 produces polycystic kidneys
following vacuolization of the proximal tubule. Mol. Cell. Biol. 2005, 25, 7770–7779. [CrossRef] [PubMed]

55. Koike, S.; Tanaka, Y.; Matsuzaki, T.; Morishita, Y.; Ishibashi, K. Aquaporin-11 (AQP11) Expression in the
Mouse Brain. Int. J. Mol. Sci. 2016, 17, 861. [CrossRef] [PubMed]

56. Larivière, R.C.; Nguyen, M.D.; Ribeiro-da-Silva, A.; Julien, J.P. Reduced number of unmyelinated sensory
axons in peripherin null mice. J. Neurochem. 2002, 81, 525–532. [CrossRef] [PubMed]

57. Verkman, A.S. Aquaporins in endothelia. Kidney Int. 2006, 69, 1120–1123. [CrossRef] [PubMed]
58. Jung, J.S.; Bhat, R.V.; Preston, G.M.; Guggino, W.B.; Baraban, J.M.; Agre, P. Molecular characterization of

an aquaporin cDNA from brain: Candidate osmoreceptor and regulator of water balance. Proc. Natl. Acad.
Sci. USA 1994, 91, 13052–13056. [CrossRef] [PubMed]

59. Puschmann, T.B.; Dixon, K.J.; Turnley, A.M. Species differences in reactivity of mouse and rat astrocytes
in vitro. Neurosignals 2010, 18, 152–163. [CrossRef] [PubMed]

60. Ahlemeyer, B.; Kehr, K.; Richter, E.; Hirz, M.; Baumgart-Vogt, E.; Herden, C. Phenotype, differentiation,
and function differ in rat and mouse neocortical astrocytes cultured under the same conditions.
J. Neurosci. Methods 2013, 212, 156–164. [CrossRef] [PubMed]

61. Nicchia, G.P.; Srinivas, M.; Li, W.; Brosnan, C.F.; Frigeri, A.; Spray, D.C. New possible roles for aquaporin-4
in astrocytes: Cell cytoskeleton and functional relationship with connexin43. FASEB J. 2005, 19, 1674–1676.
[CrossRef] [PubMed]

62. Oberheim, N.A.; Takano, T.; Han, X.; He, W.; Lin, J.H.C.; Wang, F.; Xu, Q.; Wyatt, J.D.; Pilcher, W.;
Ojemann, J.G.; et al. Uniquely hominid features of adult human astrocytes. J. Neurosci. 2009, 29, 3276–3287.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bpj.2015.10.047
http://www.ncbi.nlm.nih.gov/pubmed/26682810
http://dx.doi.org/10.1002/glia.20196
http://www.ncbi.nlm.nih.gov/pubmed/15789430
http://dx.doi.org/10.1074/jbc.270.39.22907
http://www.ncbi.nlm.nih.gov/pubmed/7559426
http://dx.doi.org/10.1007/s00018-009-0218-9
http://www.ncbi.nlm.nih.gov/pubmed/20013023
http://dx.doi.org/10.1073/pnas.2235843100
http://www.ncbi.nlm.nih.gov/pubmed/14597700
http://dx.doi.org/10.1002/glia.20990
http://www.ncbi.nlm.nih.gov/pubmed/20468051
http://dx.doi.org/10.1006/bbrc.2000.3505
http://www.ncbi.nlm.nih.gov/pubmed/11027599
http://dx.doi.org/10.1016/j.neuroscience.2004.06.035
http://www.ncbi.nlm.nih.gov/pubmed/15561412
http://dx.doi.org/10.1097/00004647-200105000-00001
http://www.ncbi.nlm.nih.gov/pubmed/11333357
http://dx.doi.org/10.1002/jnr.21952
http://www.ncbi.nlm.nih.gov/pubmed/19115411
http://dx.doi.org/10.1369/0022155416641028
http://www.ncbi.nlm.nih.gov/pubmed/27026296
http://dx.doi.org/10.1128/MCB.25.17.7770-7779.2005
http://www.ncbi.nlm.nih.gov/pubmed/16107722
http://dx.doi.org/10.3390/ijms17060861
http://www.ncbi.nlm.nih.gov/pubmed/27258268
http://dx.doi.org/10.1046/j.1471-4159.2002.00853.x
http://www.ncbi.nlm.nih.gov/pubmed/12065660
http://dx.doi.org/10.1038/sj.ki.5000226
http://www.ncbi.nlm.nih.gov/pubmed/16508658
http://dx.doi.org/10.1073/pnas.91.26.13052
http://www.ncbi.nlm.nih.gov/pubmed/7528931
http://dx.doi.org/10.1159/000321494
http://www.ncbi.nlm.nih.gov/pubmed/21109727
http://dx.doi.org/10.1016/j.jneumeth.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/23026192
http://dx.doi.org/10.1096/fj.04-3281fje
http://www.ncbi.nlm.nih.gov/pubmed/16103109
http://dx.doi.org/10.1523/JNEUROSCI.4707-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19279265


Int. J. Mol. Sci. 2016, 17, 2050 15 of 18

63. Yeo, S.I.; Ryu, H.J.; Kim, J.E.; Chun, W.; Seo, C.H.; Lee, B.C.; Choi, I.G.; Sheen, S.H.; Kang, T.C. The effects of
electrical shock on the expressions of aquaporin subunits in the rat spinal cords. Anat. Cell Biol. 2011, 44,
50–59. [CrossRef] [PubMed]

64. Wang, Y.F.; Fan, Z.K.; Cao, Y.; Yu, D.S.; Zhang, Y.Q.; Wang, Y.S. 2-Methoxyestradiol inhibits the up-regulation
of AQP4 and AQP1 expression after spinal cord injury. Brain Res. 2011, 1370, 220–226. [CrossRef] [PubMed]

65. Li, X.Q.; Fang, B.; Tan, W.F.; Wang, Z.L.; Sun, X.J.; Zhang, Z.L.; Ma, H. miR-320a affects spinal cord edema
through negatively regulating aquaporin-1 of blood–spinal cord barrier during bimodal stage after ischemia
reperfusion injury in rats. BMC Neurosci. 2016, 17, 10. [CrossRef] [PubMed]

66. Kaya, Y.; Ozsoy, U.; Demir, N.; Hizay, A.; Suzen, L.B.; Angelov, D.N.; Sarikcioglu, L. Temporal and spatial
distribution of the aquaporin 1 in spinal cord and dorsal root ganglia after traumatic injuries of the sciatic
nerve. Child’s Nerv. Syst. 2014, 30, 1679–1686. [CrossRef] [PubMed]

67. Buffoli, B.; Borsani, E.; Rezzani, R.; Rodella, L.F. Chronic constriction injury induces aquaporin-2 expression
in the dorsal root ganglia of rats. J. Anat. 2009, 215, 498–505. [CrossRef] [PubMed]

68. Lennon, P.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]

69. Hinson, S.R.; Pittock, S.J.; Lucchinetti, C.F. Pathogenic potential of IgG binding to water channel extracellular
domain in neuromyelitis optica. Neurology 2007, 69, 2221–2231. [CrossRef] [PubMed]

70. Wingerchuk, D.M.; Banwell, B.; Bennett, J.L.; Cabre, P.; Carroll, W.; Chitnis, T.; De Seze, J.; Fujihara, K.;
Greenberg, B.; Jacob, A.; et al. International consensus diagnostic criteria for neuromyelitis optica spectrum
disorders. Neurology 2015, 85, 177–189. [CrossRef] [PubMed]

71. Long, Y.; Zheng, Y.; Shan, F.; Chen, M.; Fan, Y.; Zhang, B.; Gao, C.; Gao, Q.; Yang, N. Development of a
cell-based assay for the detection of anti-aquaporin 1 antibodies in neuromyelitis optica spectrum disorders.
J. Neuroimmunol. 2014, 273, 103–110. [CrossRef] [PubMed]

72. Tzartos, J.S.; Stergiou, C.; Kilidireas, K.; Zisimopoulou, P.; Thomaidis, T.; Tzartos, S.J. Anti-aquaporin-1
autoantibodies in patients with neuromyelitis optica spectrum disorders. PLoS ONE 2013, 8, e74773.
[CrossRef] [PubMed]
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