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Abstract

The pathophysiology of migraine remains largely unknown. However, evidence regarding the molecules participat-
ing in the pathophysiology of migraine has been accumulating. Water channel proteins, known as aquaporins
(AQPs), notably AQP-1 and AQP-4, appears to be involved in the pathophysiology of several neurological diseases.
This review outlines newly emerging evidence indicating that AQP-1 plays an important role in pain signal trans-
duction and migraine and could therefore serve as a potential therapeutic target for these diseases.

Introduction

Migraine is a chronic, paroxysmal, neurovascular disor-
der that can start at any age, and affects up to 6% of
males and 18% of females in the general population [1].
Two major forms of migraine exist: migraine without
aura and migraine with aura. An often debilitating, uni-
lateral, throbbing headache typically characterizes
attacks of migraine without aura. This type of headache
which may last 4 to 72 hours is aggravated by physical
activity, and is accompanied by autonomic symptoms
such as vomiting, nausea, photophobia, and phonopho-
bia [2]. However, the attack may also be preceded by
premonitory symptoms (prodrome) in some patients. In
one third of migraineurs, the headache phase is pre-
ceded or accompanied by transient focal symptoms of
neurologic aura (migraine with aura). These are usually
visual but may also involve sensory disturbances, speech
difficulties, and motor symptoms [1].

Much progress has now been made in elucidating the
mechanisms underlying the aura and headache phases
of migraine attacks [3]. The migraine aura is thought to
be caused by “cortical spreading depression” (CSD), a
wave of intense neuronal activity that slowly progresses
over the cortex and is followed by a period of neuronal
inactivity. Elevated extracellular levels of potassium and
glutamate might be crucial for the initiation and propa-
gation of CSD. During the headache phase, activation of
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the trigeminovascular system (TGVS) plays a crucial
role. The TGVS consists of the meningeal and superfi-
cial cortical blood vessels that are innervated by the tri-
geminal nerve, which projects into the trigeminal
nucleus caudalis in the brainstem, which in turn, pro-
jects to higher-order pain centers (Figure 1). Evidence
from animal experiments suggests that CSD might acti-
vate the TGVS, potentially linking the mechanisms for
aura and headache [3]. Although the mechanisms of the
aura and headache are relative well understood, hardly
is anything known about how migraine attacks are
initiated. Such knowledge is important to design effec-
tive, well-tolerated and prophylactic treatments. Genetic
factors may have the possibility to play an important
role in migraine by lowering the trigger threshold for
migraine attacks. Genetic research in the field of
migraines has mainly focused on the identification of
genes involved in familial hemiplegic migraine (FHM), a
rare monogenic subtype of migraine with aura. The
main clinical reason for this validity is that the symp-
toms of aura and headache are similar, apart from the
hemiparesis associated with FHM, and that most
patients with FHM also have attacks of common
migraine [2]. Three genes for FHM have been identified:
CACNAI1A (FHM1), encoding the pore-forming a1-sub-
unit of voltage-gated neuronal Cav2.1 (P/Q-type)
calcium channels, ATP1A2 (FHM?2), encoding the a.2-
subunit of glial cell sodium-potassium (Na™-K") pumps,
and SCN1A (FHM3), encoding the pore-forming a1-
subunit of voltage-gated neuronal Navl.1 sodium chan-
nels [3-5]. With the identification of these genes, it
seems that the FHM- and likely other common types of
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Figure 1 Hypothesized model of nociceptive pathways in
migraine pathophysiology. Cortical spreading depression (CSD) is
associated with the release of neurotransmitters and metabolites,
which are thought to be the underlying cause of the migraine aura.
These neurotransmitters may also activate perivascular trigeminal
nerve endings, resulting in activation of the trigeminovascular
system (TGVS), and subsequently, the trigeminal nucleus caudalis
(TNQ), which conveys signals to the thalamus en route to the
somatosensory cortex. In addition, activation of the TGVS induces
meningeal neurogenic inflammation, which could result in the
central sensitization.

migraine- are disorders of disturbed ion transport, or
ionopathies, has gained increasing acceptance. However,
direct convincing evidence that the CACNAIA,
ATP1A2, or SCNI1A gene is involved in common forms
of migraine is largely lacking. Moreover, the precise
mechanism by which these mutations cause FHM is
unknown currently. It is also not clear whether the
mutations represent a gain or loss of function. It is,
therefore, to identify new potential therapeutic targets
to gain insight into the triggering mechanisms of
migraine attacks.

Aquaporins (AQPs), a family of water channel proteins,
became a very hot area of research in biochemistry and
molecular cell biology, with increasing physiological, medi-
cal, and biotechnological implications. The characteristics,
tissue distribution, functions and some pathophysiological
implications of individual AQPs are briefly presented
below and references of detailed reviews on each topic are
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given. The recent advances on relating AQPs and the
pathophysiology of migraine are the focus of this review.

Structure, distribution and functions of AQPs

The aquaporins are small hydrophobic membrane pro-
teins. They selectively transport water and some small
solutes across plasma membranes in mammals, plants,
and lower organisms [6]. To date, 13 different subtypes
of mammalian AQPs (AQP-0-12) have been identified
with differing tissue distributions that appear related to
their functional roles in water-transporting [7-10]. Most
authors consider that out of these, seven are aquaporins
(AQP-0, AQP-1, AQP-2, AQP-4, AQP-5, AQP-6, and
AQP-8), four are aquaglyceroporins (AQP-3, AQP-7,
AQP-9, and AQP-10), whereas AQP-11 and AQP-12 are
“superaquaporins” or subcellular AQPs since they have
unusual NPA (Asn-Pro-Ala) motifs [11,12]. AQP-11 is a
271-amino-acid protein in which the second NPA motif
is conserved but the first motif is substituted by NPC
(Asn-Pro-Cys) in both mice and humans [13]. AQP-12
is a 290- or 295-amino-acid aquaporin that is closely
related to AQP-8 in humans and to AQP-0 and AQP-6
in mice [14]. The first NPA motif in AQP-12 is substi-
tuted by an NPT (Asn-Pro-Thr) motif in both species.
Recently, AQP-6, AQP-8, AQP-11, and AQP-12 were
named “unorthodox” AQPs (Figure 2A) [15], whose
functions are currently being elucidated. The majority of
studies would characterize AQP-6 as a unique, Hg”"-
and low-pH-activated, multipermeable channel. Mouse
AQP-8 increases urea but not glycerol permeability,
whereas human AQP-8 is neither urea nor glycerol
permeable [13]. In contrast, there is still no evidence for
significant transport of water, glycerol, urea, or ions,
contradicting a recent report that found significant
water permeability of AQP-11 when AQP-11 was recon-
stituted into liposomes [16]. Furthermore, the signifi-
cance of AQP-12 is completely unknown, and AQP-12
has not been characterized functionally [13]. There is a
considerable body of information about AQP structure
from electron and x-ray crystallography and molecular
dynamics simulations [11,17,18], demonstrating AQP
monomers (~30 kDa) containing six membrane-
spanning helical domains surrounding a narrow aqueous
pore (Figure 2B). The helices of each AQP-1 monomer
that is positioned on the outside face of the tetramer are
hydrophobic, whereas those that are placed towards the
centre of the tetramer are hydrophilic. AQP monomers
are super-assembled in membranes as tetramers (Figure
2C), which are similar to many ion channel family mem-
bers, such as potassium channels and cyclic nucleotide-
gated (CNQG) channels [19,20]. Unlike ion channels,
however, the channel for water permeability does not
reside at the fourfold axis (the centre of the tetramer).
Instead, each monomer contains a channel (Figure 2C).
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Figure 2 The aquaporin family tree and the structure of AQP-1.
A, This phylogenetic tree shows the relationship of the thirteen
water channel proteins in mammals (AQP-0-AQP-12). The
assignments in the phylogenetic tree roughly correlate with
permeability characteristics. The aquaporins are generally permeated
only by water. The aquaglyceroporins are permeated by water and
small solutes such as glycerol. The unorthodox were recently named
as AQP-11 and AQP-12 were previously named superaquaporins or
subcellular AQPs and AQP-6 and AQP-8 were previously named
aquaporins. B, The monomeric structure of the aquaporin-1 (AQP-1)
is shown with membrane-spanning helices numbered 1-6 displayed
as rods and the location of the membrane and the long
extracellular C loop (LC). The aminoterminal half of the molecule is
shown in purple and light blue, and the carboxy-terminal half is
shown in red and pink. Loops B and E, which fold into the
membrane to form the pore, are labeled, as are the conserved NPA
motifs (shown in light grey). Portions of loops B and E form a-
helices, and are therefore shown as rods. The arrow highlights the
route taken by water, which can move in both directions through
the channel. C, carboxyl terminus; N, amino terminus. C, The AQP-1
tetramer, as seen from above. Asterisks denote the location of the
water pore in each subunit. Modified from King after the original
published in ref. (15) and reproduced with permission from Nature
Publishing Group.

AQPs are expressed in various tissues including urin-
ary, respiratory, digestive, and nervous systems [21], and
they provide the molecular basis for water transport in
the tissues. AQP channels facilitate bi-directional water
transport across the plasma membrane in response to
osmotic gradients created by solute movement. Water
permeation through AQP channels is characterized by
sensitivity to mercurial agents like HgCl, [21,22] and
tetraethylammonium (TEA) [23]. Most of AQPs (except
for AQP-4 and AQP-7) are sensitive to HgCl,. The
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genetic manipulation of rodents and the identification of
humans with altered aquaporin genes have provided
considerable insights into aquaporin-related physiology.
For example, the AQP-1 or AQP-4 deficient mice have
impairments in urinary concentrating ability [24,25],
cerebral fluid balance [26], corneal fluid balance [27],
hearing [28], and water transport in the lungs [29,30].
Defective secretion in salivary and submucosal glands
[31,32] and altered lung fluid transport [31] have been
shown in AQP-5 knockout mice. Defects in AQP-2 have
been shown to be linked to nephrogenic diabetes insipi-
dus [33,34]. These examples demonstrate that AQPs are
required for normal water homeostasis, and are likely to
be important players in a variety of human diseases.

AQPs in the central nerve system (CNS)

AQPs in the CNS appear to be of great physiological and
pathological importance, especially given the rigid physi-
cal constraint that is imposed by the bony cranium. How-
ever, current knowledge of aquaporin expression and
function in the nervous system is very limited. Generally,
AQPs are involved in water movement in nervous tissue;
nevertheless, recent data would suggest the involvement
of AQPs in neurotransmission. Several studies have
reported the expression of AQP water channels, AQP-1,
AQP-4, and AQP-9 in the brain [9,35,36], and AQP-4
and AQP-9 in the spinal cord [37]. AQP-4, the predomi-
nant water channel in the central nervous system, is
mainly expressed in astrocytes throughout the brain and
spinal cord [38]. AQP-4 plays a role in cerebral edema,
glial cell migration and neuroexcitation [39]. However,
mechanisms of AQP-4 modulation of cortical spreading
depression (CSD) remain unclear. AQP-9 is found in a
subset of astrocyte processes that form the glia limitans
[36] and specialized ependymal cells in the brain and
spinal cord [37].

Brain AQP-1 is mainly expressed in the cerebrospinal
fluid (CSF)-facing membranes of the ventricular choroid
plexus, where it regulates the formation of CSF presum-
ably due to its functions as a water pore and ion channel
[40]. Interestingly, various neuropathological conditions
involve the up-regulation of AQP-1 expression in the
CNS. Upregulation of brain AQP-1 expression is found
in Alzheimer patients [41], Creutzfeldt-Jakob disease
[42], traumatic brain injury patients, and human heman-
gioblastomas. In all cases, the elevated AQP-1 expression
seems to occur in astrocytes residing in diseased brain
tissue, even though these astrocytes and other glial cells
do not normally express AQP-1. The possible roles of
increased expression of AQP-1 in the etiology of different
neuropathological conditions are still unknown, but it is
likely that AQP-1 up-regulation may contribute to edema
and cyst formation-typical outcomes in most of these
pathological conditions. Unfortunately, the mechanisms
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that control AQP-1 gene expression in the CNS, under
normal or pathological conditions, are still poorly under-
stood. However, Kim et al [43] showed that the thyroid
transcription factor-1 up-regulates AQP-1 synthesis and
thus facilitates CSF formation in the brain. Moreover, in
CNS, hypertonicity induces AQP-1 synthesis via extracel-
lular signal-regulated kinases, p38 kinase, and c-Jun
terminal kinase [44].

In the spinal cord, AQP-1 is also expressed in the
ependymal cells lining the central canal, but more
robustly in the sensory fibers of the superficial laminae
of the dorsal horn [45-47]. Considering the expression
of AQP-1 in the dorsal horn, it has been suggested that
AQP-1 has a role in physiological pain sensation, known
as nociception. Two groups [48,49] showed recently that
AQP-1-deficient mice are less sensitive to noxious ther-
mal stimuli or capsaicin (the pungent component of
chili peppers which also activates nociceptive skin affer-
ents), and even in human dorsal horn with neuropathic
pain [50]. However, Shields et al. [46] provided evidence
against this role. They reported that AQP-1-null mice
did not have altered nociception. The possibility for
relating AQP-1 and nociception at spinal cord level,
remains speculative.

AQPs in peripheral sensitization of nociception

A growing body of evidence showed that AQPs appear to
be involved in the peripheral sensitization of nociceptors.
AQP-1 is expressed in small afferent sensory nerve fibers
in the peripheral nervous system. In research published
by Oshio’s group, both the small neurons and small affer-
ent nerve fibers in normal mouse dorsal root ganglion
were shown the co-localization of AQP-1 and capsaicin
receptor (TRPV1) [51]. The TRPV1 receptors have the
function of transmitting the painful stimuli in vivo [52].
Furthermore, recent studies showed that thermal inflam-
matory pain perception was greatly reduced in AQP1”-
mice evoked by bradykinin, prostaglandin E2, and capsai-
cin as well as reduced cold pain perception [53]. Nav1.8
currents and expression were significantly reduced in
AQP1”" mice DRG neurons. The reduction in Nav1.8
currents would contribute to the impairment in repetitive
AP firing and to the accelerated adaptation observed in
AQP-1-deficient DRG neurons. In addition, immunopre-
cipitation studies and single molecule tracking indicated
a physical interaction between AQP-1 and Nav1.8. These
data provide a physical and functional link between
AQP-1 expression and Nav1.8 function, and implicate
the involvement of AQP1 in DRG neurons for the per-
ception of inflammatory thermal pain [53]. Interestingly,
GFAP-positive, injured Schwann cells in the peripheral
nervous system (PNS) are known to express AQP-1 [54],
but not AQP-4, a protein abundant in spinal cord astro-
cytes [55]. AQP-2 expression was not detectable either in
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the spinal cord or in the dorsal root ganglia of naive rats.
However, AQP-2 expression was dramatically increased
in small-diameter dorsal root ganglia neurons in response
to chronic constriction injury treatment [56]. These data
support the hypothesis that AQP-1 and AQP-2 might
be involved in pain processing under inflammatory and
neuropathic nerve injury conditions. However, the
detailed mechanisms of such roles warrants to be further
investigated.

AQP-1 in migraine pathophysiology

The major symptom of migraine, the headache pain, is
mediated by neuronal activity along the trigeminovascu-
lar pathway. Activation and sensitization of primary affer-
ent neurons (PANSs) in the trigeminal ganglion (TG) is
the first step in driving this nociceptive pathway. Using
immunofluorescent staining, Shields et al. have described
that AQP-1 is heavily expressed in a population of small
diameter primary sensory neurons of TG, and co-loca-
lized with a marker of peptidergic nociceptors, substance
P [46]. In addition to the dorsal root ganglion, the
expression of TRPV1 in rat TG was detected recently
[57]. Furthermore, the co-localization of 5-HTp recep-
tors with substance P was also identified in the human
TG [58].

Based on these observations, it is tempting to speculate
that AQP-1 might be co-expressed with TRPV1 receptors,
substance P, or 5-HTp receptors in the neuronal cells and
small diameter afferent nerve fibers of trigeminal ganglion
and their connecting structures, thus involved in the
pathophysiology of migraine. This hypothesis is highly
supported by our recent results that AQP-1 is co-
expressed with calcitonin gene related peptide (CGRP), a
nociceptive marker, in TG neurons (Figure 3A). Given
that migraine represents a chronic neurological disease,
we hypothesized that in a model of migraine AQP-1
expression would be elevated. Indeed, in wild type mice,
epidural KCI evoked repetitive CSDs induced up-regula-
tion of AQP-1 expression at both mRNA (Figure 3B) and
protein levels (Figure 3C) in upper cervical dorsal horn, a
key component in the migraine pathway. The AQP-1
expression remained unaltered in TG in a mice model of
perioral acute inflammatory pain although the AQP-2
expression was remarkably increased in small-sized neu-
rons and Schwann cells [56]. The intracellular redistribu-
tion of AQP-2 was also observed in this animal model.
These data support the idea that AQP-1 upregulation in
TG might be disease specific. To further determine the
role of AQP-1, we found that the deficiency of AQP-1
(mice kindly provided by Dr. Alan Verkman from Univer-
sity of California, San Francisco) significantly decreased
the firing frequency of upper cervical dorsal horn neurons
(Figure 4). In addition, silencing the mouse AQP-1 gene
in vivo using a viral RNA interference approach abolished
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Figure 3 The expression of AQP-1. A, Co-localization of AQP-1 and CGRP in mouse TG neurons. Merge of double labeling of AQP-1 positive
(left, red) and CGRP positive (middle, green) were shown in yellow (right). Bar = 50 um. B, AQP-1 mRNA was detected in mouse upper cervical
and medullary dorsal horn under control and CSD conditions. CSD dramatically upregulated AQP-1 mRNA expression (n = 3, **P < 0.01 vs. wild
type). C, AQP-1 protein expression was detection in mouse TNC under control and CSD conditions. CSD greatly enhanced the AQP-1 protein

expression in mouse TNC (n = 4, **P < 0.001 vs. wild type).

the elevated avoidance to light of migraine model, which
models the photophobia often observed in patients with
migraine (data not shown). These observations point to
the hypothesis that AQP-1 may serve as a potential thera-
peutic target for migraine [59].

Conclusions

Migraine is among the more debilitating diseases, and
current treatment modalities are unsatisfactory in more
than half of the patients [3]. More specific, well-tolerated,

and effective methods of prophylaxis are desired. AQPs
represent just one of many exciting potential therapeutic
targets. Other possible candidates include NOTCH3, the
causative gene for CADASIL (cerebral autosomal domi-
nant arteriopathy with subcortical infarcts and leukoen-
cephalopathy), and SLC1A3, encoding the EAAT1
(excitatory amino acid transporter and glutamate trans-
porter [3]. The development of genetically sensitized
mouse models has more or less opened up a completely
new field for migraine research. Whereas previous
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Figure 4 Decrease in neuronal excitability in AQP-1 knockout mice. AQP-1 deficient significantly decreased the firing frequency of upper
cervical dorsal horn neurons evoked by superthreshold current stimulation. Numbers of the cells recorded were shown in columns. ***P < 0.001

research concentrated on elucidating the mechanisms of
CSD and intracranial nociception, newer candidates will
facilitate research into increased sensitivity to migraine
triggers and metabolic homeostasis. In addition to treat-
ment of acute attacks, a better understanding of the
mechanism of migraine attack triggers will help in the
development of specific preventive therapies.

Acknowledgements

We thank Dr. Benedict Alter and Dr. Dongsheng Jiang for their helpful
comments. This work was supported by National Natural Science
Foundation of China (No. 30900437 and No. 81070884), Natural Science
Funding for Colleges and Universities in Jiangsu Province (No. 09KJB180008),
Natural Science Funding of Jiangsu Province (BK2009118), Dong-Wu Scholar
Funding of Soochow University (to Jin Tao), and Doctoral Funding of
Ministry of Education of China (No. 20093201110018). This study was
supported in part by NIH005158 (GYX).

Author details

'Key Laboratory of Pain Research & Therapy, Department of Neurobiology
and Institute of Neuroscience, Soochow University, Suzhou 215123, PR.
China. 2Depar‘[men‘[ of Internal Medicine, University of Texas Medical Branch,
TX 77555, USA.

Authors’ contributions

All authors have read and approved the final manuscript. JT performed the
electrophysiological recording, prepared the figures and drafted the
manuscript. XHJ participated in the design of the study and helped to draft

the manuscript. FW performed the molecular biology experiments and
helped to analyze the data. GYX conceived of the study, coordinated the
project, helped to interpret the data, and helped to draft the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 27 August 2010 Accepted: 25 October 2010
Published: 25 October 2010

References

1. Ferrari MD, Haan J: Acute treatment of migraine attacks. Curr Opin Neurol
1995, 8:237-242.

2. Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA: Intrinsic
brain activity triggers trigeminal meningeal afferents in a migraine
model. Nat Med 2002, 8:136-142.

3. Pietrobon D, Striessnig J: Neurobiology of migraine. Nat Rev Neurosci 2003,
4:386-398.

4. De Fusco M, Marconi R, Silvestri L, Atorino L, Rampoldi L, Morgante L,
Ballabio A, Aridon P, Casari G: Haploinsufficiency of ATP1A2 encoding the
Na*/K* pump alpha2 subunit associated with familial hemiplegic
migraine type 2. Nat Genet 2003, 33:192-196.

5. Dichgans M, Freilinger T, Eckstein G, Babini E, Lorenz-Depiereux B, Biskup S,
Ferrari MD, Herzog J, den Maagdenberg AM, Pusch M: Mutation in the
neuronal voltage-gated sodium channel SCN1A in familial hemiplegic
migraine. Lancet 2005, 366:371-377.

6. Verkman AS: Physiological importance of aquaporin water channels. Ann
Med 2002, 34:192-200.

7. Agre P, King LS, Yasui M, Guggino WB, Ottersen OP, Fujiyoshi Y, Engel A,
Nielsen S: Aquaporin water channels-from atomic structure to clinical
medicine. J Physiol 2002, 542:3-16.


http://www.ncbi.nlm.nih.gov/pubmed/7551126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11821897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11821897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11821897?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12728266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12539047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12539047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12539047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12539047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12539047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16054936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16054936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16054936?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12173689?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12096044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12096044?dopt=Abstract

Xu et al. Molecular Pain 2010, 6:68
http://www.molecularpain.com/content/6/1/68

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

Yasui M: Molecular mechanisms and drug development in aquaporin
water channel diseases: structure and function of aquaporins. J
Pharmacol Sci 2004, 96:260-263.

Verkman AS: Novel roles of aquaporins revealed by phenotype analysis
of knockout mice. Rev Physiol Biochem Pharmacol 2005, 155:31-55.
Verkman AS: Aquaporins: translating bench research to human disease. J
Exp Biol 2009, 212:1707-1715.

Benga G: Water channel proteins (later called aquaporins) and relatives:
past, present, and future. [UBMB Life 2009, 61:112-133.

Magni F, Sarto C, Ticozzi D, Soldi M, Bosso N, Mocarelli P, Kienle MG:
Proteomic knowledge of human aquaporins. Proteomics 2006,
6:5637-5649.

Rojek A, Praetorius J, Frokiaer J, Nielsen S, Fenton RA: A current view of
the mammalian aquaglyceroporins. Annu Rev Physiol 2008, 70:301-327.
Itoh T, Rai T, Kuwahara M, Ko SB, Uchida S, Sasaki S, Ishibashi K:
Identification of a novel aquaporin, AQP12, expressed in pancreatic
acinar cells. Biochem Biophys Res Commun 2005, 330:832-838.

King LS, Kozono D, Agre P: From structure to disease: the evolving tale of
aquaporin biology. Nat Rev Mol Cell Biol 2004, 5:687-698.

Yakata K, Hiroaki Y, Ishibashi K, Sohara E, Sasaki S, Mitsuoka K, Fujiyoshi Y:
Aquaporin-11 containing a divergent NPA motif has normal water
channel activity. Biochim Biophys Acta 2007, 1768:688-693.

Fujiyoshi Y, Mitsuoka K, de Groot BL, Philippsen A, Grubmuller H, Agre P,
Engel A: Structure and function of water channels. Curr Opin Struct Biol
2002, 12:509-515.

Wu B, Beitz E: Aquaporins with selectivity for unconventional permeants.
Cell Mol Life Sci 2007, 64:2413-2421.

Boassa D, Yool AJ: A fascinating tail: cGMP activation of aquaporin-1 ion
channels. Trends Pharmacol Sci 2002, 23:558-562.

Yool AJ, Weinstein AM: New roles for old holes: ion channel function in
aquaporin-1. News Physiol Sci 2002, 17.68-72.

Murata K, Mitsuoka K, Hirai T, Walz T, Agre P, Heymann JB, Engel A,
Fujiyoshi Y: Structural determinants of water permeation through
aquaporin-1. Nature 2000, 407:599-605.

Lee MD, King LS, Agre P: The aquaporin family of water channel proteins
in clinical medicine. Medicine (Baltimore) 1997, 76:141-156.

Detmers FJ, de Groot BL, Muller EM, Hinton A, Konings 1B, Sze M, Flitsch SL,
Grubmuller H, Deen PM: Quaternary ammonium compounds as water
channel blockers. Specificity, potency, and site of action. J Biol Chem
2006, 281:14207-14214.

Ma T, Yang B, Gillespie A, Carlson EJ, Epstein CJ, Verkman AS: Generation
and phenotype of a transgenic knockout mouse lacking the mercurial-
insensitive water channel aquaporin-4. J Clin Invest 1997, 100:957-962.
Ma T, Yang B, Gillespie A, Carlson EJ, Epstein CJ, Verkman AS: Severely
impaired urinary concentrating ability in transgenic mice lacking
aquaporin-1 water channels. J Biol Chem 1998, 273:4296-4299.

Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen AW, Chan P,
Verkman AS: Aquaporin-4 deletion in mice reduces brain edema after
acute water intoxication and ischemic stroke. Nat Med 2000, 6:159-163.
Thiagarajah JR, Verkman AS: Aquaporin deletion in mice reduces corneal
water permeability and delays restoration of transparency after swelling.
J Biol Chem 2002, 277:19139-19144.

Li J, Verkman AS: Impaired hearing in mice lacking aquaporin-4 water
channels. J Biol Chem 2001, 276:31233-31237.

Bai C, Fukuda N, Song Y, Ma T, Matthay MA, Verkman AS: Lung fluid
transport in aquaporin-1 and aquaporin-4 knockout mice. J Clin Invest
1999, 103:555-561.

Song Y, Yang B, Matthay MA, Ma T, Verkman AS: Role of aquaporin water
channels in pleural fluid dynamics. Am J Physiol Cell Physiol 2000, 279:
C1744-C1750.

Ma T, Song Y, Gillespie A, Carlson EJ, Epstein CJ, Verkman AS: Defective
secretion of saliva in transgenic mice lacking aquaporin-5 water
channels. J Biol Chem 1999, 274:20071-20074.

Song Y, Verkman AS: Aquaporin-5 dependent fluid secretion in airway
submucosal glands. J Biol Chem 2001, 276:41288-41292.

Canfield MC, Tamarappoo BK, Moses AM, Verkman AS, Holtzman EJ:
Identification and characterization of aquaporin-2 water channel
mutations causing nephrogenic diabetes insipidus with partial
vasopressin response. Hum Mol Genet 1997, 6:1865-1871.

34.

35.

36.

37.

38.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 7 of 8

Tamarappoo BK, Verkman AS: Defective aquaporin-2 trafficking in
nephrogenic diabetes insipidus and correction by chemical chaperones.
J Clin Invest 1998, 101:2257-2267.

Manley GT, Binder DK, Papadopoulos MC, Verkman AS: New insights into
water transport and edema in the central nervous system from phenotype
analysis of aquaporin-4 null mice. Neuroscience 2004, 129:983-991.

Badaut J, Hirt L, Granziera C, Bogousslavsky J, Magistretti PJ, 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.

Oshio K, Binder DK, Yang B, Schecter S, Verkman AS, Manley GT: Expression
of aquaporin water channels in mouse spinal cord. Neuroscience 2004,
127:685-693.

Frigeri A, Gropper MA, Turck CW, Verkman AS: Immunolocalization of the
mercurial-insensitive water channel and glycerol intrinsic protein in
epithelial cell plasma membranes. Proc Natl Acad Sci USA 1995,
92:4328-4331.

Papadopoulos MC, Manley GT, Krishna S, Verkman AS: Aquaporin-4
facilitates reabsorption of excess fluid in vasogenic brain edema. FASEB J
2004, 18:1291-1293.

Speake T, Freeman LJ, Brown PD: Expression of aquaporin 1 and
aquaporin 4 water channels in rat choroid plexus. Biochim Biophys Acta
2003, 1609:80-86.

Perez E, Barrachina M, Rodriguez A, Torrejon-Escribano B, Boada M,
Hernandez I, Sanchez M, Ferrer |: Aquaporin expression in the cerebral
cortex is increased at early stages of Alzheimer disease. Brain Res 2007,
1128:164-174.

Rodriguez A, Perez-Gracia E, Espinosa JC, Pumarola M, Torres JM, Ferrer I:
Increased expression of water channel aquaporin 1 and aquaporin 4 in
Creutzfeldt-Jakob disease and in bovine spongiform encephalopathy-
infected bovine-PrP transgenic mice. Acta Neuropathol 2006, 112:573-585.
Kim JG, Son YJ, Yun CH, Kim YI, Nam-Goong IS, Park JH, Park SK, Ojeda SR,
D'Elia AV, Damante G: Thyroid transcription factor-1 facilitates
cerebrospinal fluid formation by regulating aquaporin-1 synthesis in the
brain. J Biol Chem 2007, 282:14923-14931.

Umenishi F, Schrier RW: Identification and characterization of a novel
hypertonicity-responsive element in the human aquaporin-1 gene.
Biochem Biophys Res Commun 2002, 292:771-775.

Oshio K, Watanabe H, Song Y, Verkman AS, Manley GT: Reduced
cerebrospinal fluid production and intracranial pressure in mice lacking
choroid plexus water channel Aquaporin-1. FASEB J 2005, 19:76-78.
Shields SD, Mazario J, Skinner K, Basbaum Al: Anatomical and functional
analysis of aquaporin 1, a water channel in primary afferent neurons.
Pain 2007, 131:8-20.

Nesic O, Lee J, Unabia GC, Johnson K, Ye Z, Vergara L, Hulsebosch CE,
Perez-Polo JR: Aquaporin 1 - a novel player in spinal cord injury. J
Neurochem 2008, 105:628-640.

Zhang D, Vetrivel L, Verkman AS: Aquaporin deletion in mice reduces
intraocular pressure and aqueous fluid production. J Gen Physiol 2002,
119:561-569.

Oshio K, Song Y, Verkman AS, Manley GT: Aquaporin-1 deletion reduces
osmotic water permeability and cerebrospinal fluid production. Acta
Neurochir Suppl 2003, 86:525-528.

Chen Y, Tachibana O, Oda M, Xu R, Hamada J, Yamashita J, Hashimoto N,
Takahashi JA: Increased expression of aquaporin 1 in human
hemangioblastomas and its correlation with cyst formation. J Neurooncol
2006, 80:219-225.

Oshio K, Watanabe H, Yan D, Verkman AS, Manley GT: Impaired pain
sensation in mice lacking Aquaporin-1 water channels. Biochem Biophys
Res Commun 2006, 341:1022-1028.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D:
The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature 1997, 389:816-824.

Zhang H, Verkman AS: Aquaporin-1 tunes pain perception by interaction
with Na(v)1.8 Na* channels in dorsal root ganglion neurons. J Bio/ Chem
2010, 285:5896-5906.

Gao H, He C, Fang X, Tajti J, Uddman R, Edvinsson L: Localization of
aquaporin-1 water channel in glial cells of the human peripheral
nervous system. Glia 2006, 53:783-787.


http://www.ncbi.nlm.nih.gov/pubmed/15557734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16091927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16091927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19448080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19165894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19165894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17044001?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17961083?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17961083?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15809071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15809071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15340377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15340377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17178102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17178102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12163075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17571212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12457773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12457773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11909995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11909995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11034202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11034202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9193450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9193450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16551622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16551622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9276712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9276712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9276712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9468475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9468475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9468475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10655103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10655103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11891232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11406631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11406631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10021464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10021464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11078688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11078688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10400615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10400615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10400615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11514581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11514581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9302264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9302264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9302264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9593782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9593782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15561413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15561413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15561413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11333357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11333357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15283967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15283967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7538665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7538665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7538665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15208268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15208268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12507761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12507761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17123487?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17123487?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16871401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16871401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16871401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17371871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17371871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17371871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11922632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11922632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15533949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15533949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15533949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17257750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17257750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18248364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12034763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12034763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14753499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14753499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17077939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17077939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9349813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9349813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20018876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20018876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20018876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16534779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16534779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16534779?dopt=Abstract

Xu et al. Molecular Pain 2010, 6:68 Page 8 of 8
http://www.molecularpain.com/content/6/1/68

55. Nesic O, Lee J, Ye Z, Unabia GC, Rafati D, Hulsebosch CE, Perez-Polo JR:
Acute and chronic changes in aquaporin 4 expression after spinal cord
injury. Neuroscience 2006, 143:779-792.

56. Buffoli B, Borsani E, Rezzani R, Rodella LF: Chronic constriction injury
induces aquaporin-2 expression in the dorsal root ganglia of rats. J Anat
2009, 215:498-505.

57. Ichikawa H, Sugimoto T: VR1-immunoreactive primary sensory neurons in
the rat trigeminal ganglion. Brain Res 2001, 890:184-188.

58. Hou M, Kanje M, Longmore J, Tajti J, Uddman R, Edvinsson L: 5-HT(1B) and
5-HT(1D) receptors in the human trigeminal ganglion: co-localization
with calcitonin gene-related peptide, substance P and nitric oxide
synthase. Brain Res 2001, 909:112-120.

59. Wakayama Y, Inoue M, Takahashi J: Aquaporin 1 may be involved in the
pathophysiology of migraine: a hypothesis. Headache 2007, 47:1457-1458.

doi:10.1186/1744-8069-6-68
Cite this article as: Xu et al: Aquaporin 1, a potential therapeutic target
for migraine with aura. Molecular Pain 2010 6:68.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

www.biomedcentral.com/submit

Submit your manuscript at ( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/17074445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17074445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19744159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19744159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11164782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11164782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11478927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18052958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18052958?dopt=Abstract

	Abstract
	Introduction
	Structure, distribution and functions of AQPs
	AQPs in the central nerve system (CNS)
	AQPs in peripheral sensitization of nociception
	AQP-1 in migraine pathophysiology

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

