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Preface

The mechanisms and physiological functions of water transport across bio-
logical membranes are subjects of long-standing interest. Recent advances in
the molecular biology and physiology of water transport have yielded new
insights into how and why water moves across cell membranes. Aquaporins
(AQPs) are a group of water channel proteins that are specifically permeable
to water and some other small molecules, such as glycerol, urea, etc. Thirteen
water channel proteins (AQPO—AQP12) have been cloned, and gene organi-
zation, protein crystal structure, expression localization, and physiological
functions of some AQPs have been studied and determined. In recent years,
the studies in AQP knockout mouse models suggest that AQPs may be
involved in some disease development and be useful targets for drug discov-
ery of selective inhibitors. Our aim in writing this book is to stimulate further
research in new directions by providing novel provocative insights into fur-
ther mechanisms and physiological significance of water and some small
molecule transport in mammals.

This book provides a state-of-the-art report on what has been learned
recently about AQPs and where the field is going. Although some older work
is cited, the main focus of this book is on advances made over the past
30 years on the biophysics, genetics, protein structure, molecular biology,
physiology, pathophysiology, and pharmacology of AQPs in mammalian cell
membranes. It is likely that advances in understanding molecular biology and
physiology of AQPs will yield new insights into biology and medicine.

In listing names, one always lives in fear of having forgotten someone.
I thank all authors and colleagues for their contribution to this book.

Beijing, China Baoxue Yang
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Molecular Biology of Aquaporins

Chunling Li and Weidong Wang

Abstract

Aquaporins (AQPs) are a family of membrane water channels that basi-
cally function as regulators of intracellular and intercellular water flow.
To date, thirteen AQPs, which are distributed widely in specific cell
types in various organs and tissues, have been characterized in humans.
Four AQP monomers, each of which consists of six membrane-spanning
alpha-helices that have a central water-transporting pore, assemble to
form tetramers, forming the functional units in the membrane. AQP
facilitates osmotic water transport across plasma membranes and thus
transcellular fluid movement. The cellular functions of aquaporins are
regulated by posttranslational modifications, e.g. phosphorylation, ubig-
uitination, glycosylation, subcellular distribution, degradation, and pro-
tein interactions. Insight into the molecular mechanisms responsible for
regulated aquaporin trafficking and synthesis is proving to be fundamen-
tal for development of novel therapeutic targets or reliable diagnostic
and prognostic biomarkers.

C.Li, M.D., Ph.D. « W. Wang, M.D., Ph.D. (D)
Institute of Hypertension, Zhongshan School

Keywords
Aquaporin ¢ Posttranslational modification  Endocytosis ¢ Exocytosis

1.1 Classification of Aquaporins
(AQPs)

1.1.1 Discovery of the First Water
Channel

The existence of a water channel protein had

of Medicine, Sun Yat-sen University, 74# Zhongshan been predicted for a long time. In early 1980s last
Er Road, Guangzhou 510080, China century, people believed that a protein migrating
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cell membrane was a common pore for water and
electrolytes [214]. The membrane water channel
was not identified until the pioneering discovery
of AQP1 by Peter Agre and colleagues around
late 1980s and early 1990s. During that period,
Agre and coworkers had purified by chance a
novel protein from the red blood cell membrane
[47], with a non-glycosylated component of
28 kDa and a glycosylated component migrating
as a diffuse band of 35~60 kDa, which displayed
a number of biochemical characteristics. The
28-kDa polypeptide was found to exist as an
oligomeric protein with the physical characteris-
tics of a tetramer. The amino acid sequence was
later identified [213] and cDNA was subse-
quently cloned [190]. The new protein was ini-
tially called CHIP28 (CHannel-like Integral
Protein of 28 kDa), but was later redubbed aqua-
porin-1 or AQPI [2].

The AQP1 was identified by injecting its
cRNA into Xenopus laevis oocytes, which exhib-
ited remarkably high osmotic water permeability
causing the cells to swell rapidly and explode in
hypotonic buffer [190]. To test the role of AQP1
as a molecular water channel, highly purified
AQP1 protein from human red blood cells was
reconstituted with pure phospholipid into proteo-
liposomes and were compared with liposomes
without AQP1 [260, 261]. The unit water perme-
ability (conductance per monomeric AQP1) was
extremely high in the liposomes with AQP1 when
compared with controls, in addition, AQP1 pro-
teoliposomes were not permeable to various
small solutes or protons, thus suggesting that
AQP1 was water selective (although later studies
found that AQP1 is indeed gas permeable). These
results confirmed that AQP1 is a molecular water
channel and strongly suggested that AQP1 water
channels were of fundamental importance for
transmembrane or transcellular water transport in
tissues where it is expressed. The discovery of
AQP1 also laid the ground for the identification
of other water channel family members by
homology cloning and other means, which has
led to the understanding that aquaporins play
essential roles in water transport in tissues.

1.1.2 Classification of AQPs

A large number of evidences have shown an
unexpected diversity of AQPs in both prokaryotic
and eukaryotic organisms [1, 58] since the dis-
covery of AQP1. More than 300 different aqua-
porins have been discovered so far in which
thirteen isoforms have been identified (AQPO—
AQP12) in human. AQPs are integral, hydropho-
bic, transmembrane proteins that primarily
facilitate the passive transport of water depend-
ing on the osmotic pressure on both sides of
membrane. Subsequent studies showed that
AQPs can transport not only water molecules but
also other small, uncharged molecules, i.e., glyc-
erol, urea, down their concentration gradients.

Structural analysis of several AQPs has estab-
lished that these protein channels share common
structural features. The functional aquaporin unit
is a homotetramer, which comprises six a-helix
transmembrane domains with two conserved
asparagine—proline—alanine ~ (NPA)  motifs
embedding into the plasma membrane, a signa-
ture sequence of water channels, five loops (A-E)
and intracellular N- and C-termini. The amino
acid sequences of human AQPs are approxi-
mately 30-50% identical. Conformational
changes of AQP protein permit other molecules
passing through plasma membrane, i.e. urea,
glycerol, H,0,, NH;, CO,, etc.

According to their structural and functional
similarities, AQPs are initially subdivided into
two subfamilies, classical AQPs (water-selective)
and aquaglyceroporins (glycerol channel, Glps)
aquaporins. However, this viewpoint was chal-
lenged by recent evidence revealing that both
subfamilies overlap functionally, for examples,
some classical AQPs transport water and other
small solutes e.g. glycerol. In addition, a new
group of AQPs discovered recently showed that
their structure is highly deviated from the previ-
ous AQPs especially around the AQP NPA box
[95, 104, 107]. This subfamily was later named
superaquaporin (also called unorthodox aquapo-
rin) as it has very low homology with the previ-
ous two subfamilies [104]. This classification is
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AQP7

AQP10

{ AQPo

AQps AQP2

Fig.1.1 The phylogenetic tree of 13 human AQPs. The
tree shows the classical AQPs (AQPO, AQP1, AQP2,
AQP4, AQP5, AQP6, AQPS, note that AQPS is also
named as AQP8-related AQPs, as in phylogeny it is differ-

generally accepted and will be discussed in the
current review. Aquaporins may also be organized
into four categories, classical aquaporins, Aqp8-
type aquaammoniaporins, unorthodoxaquapo-
rins, and Glps, according to the phylogenetic tree
(Fig. 1.1) or phylogenetic topology inferred from
Bayesian inference [58, 104].

The first subfamily is that of aquaporins, the
water selective or specific water channels, also
named as “orthodox”, “classical” aquaporins,
including AQPO, AQP1, AQP2, AQP4, AQPS,
AQP6 and AQPS. This subfamily of AQPs has
been extensively studied, which help us define
regulation of AQP expression in the body and
their potential roles in physiological and patho-
physiological states. Recent literature, however,
appears to suggest that AQP6 and AQPS be clas-
sified as unorthodox auquaporins, due to low
water permeability of AQP6 [62, 256] and
unique, different phylogenetics of AQP8 from
others [122, 152].

AQP12

AQP11

0.1

AQP4a

anvas

ent from other classical AQPs, light pink square); the
aquaglyceroprins (AQP3, AQP7, AQP9, AQPI10, light
green square); and the superaquaporins (AQP11, AQP12,
light yellow square) (Modified from Ref. [104])

The second subfamily is represented by aqua-
glyceroporins that are permeable to water and
other small uncharged molecules (ammonia,
urea, in particular glycerol). They also facilitate
the diffusion of arsenite and antimonite and play
a crucial role in metalloid homeostasis [15]. The
aquaglyceroporins, including AQP3, AQP7,
AQP9 and AQPI10, can be distinguished from
aquaporins based on amino acid sequence align-
ments [21]. AQP3 is the first mammalian aqua-
glyceroporin to be cloned, and it is permeable to
glycerol and water [50, 252]. AQP7, AQP9, and
AQP10 transport water, glycerol, and urea when
expressed in Xenopus oocytes [100, 103, 232].
AQP9 is also permeable to a wide range of other
solutes in oocytes [232]. Most aquaglyceroporins
which transport glycerol and urea are less under-
stood yet.

The third subfamily of related proteins have
low conserved amino acid sequences around the
NPA boxes unclassifiable to the first two subfam-
ilies [104]. Mammalian AQP11 and AQPI12 are
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Table 1.1 Mammalian AQPs and their distributions

‘ Transport ‘ Distributions
Aquaporins
AQPO Water Eye
AQP1 Water Brain, eye, kidney, heart,
lung, gastrointestinal tract,
salivary gland, liver, ovary,
testis, muscle, erythrocytes,
spleen
AQP2 Water Kidney, ear, ductus
deferens
AQP4 Water Brain, kidney, salivary
gland, heart,
gastrointestinal tract,
muscle
AQP5 Water Salivary gland, lung,
gastrointestinal tract, ovary,
eye, kidney
AQP6 Water, urea Brain, kidney
(+/—), anion
AQP8 Water, urea Testis, liver, pancreas,
(+/-), ovary, lung, kidney
ammonia
Aquaglyceroporins
AQP3 Water, urea, | Kidney, heart, ovary, eye,
glycerol, salivary gland,
ammonia gastrointestinal tract,
Respiratory tract, brain,
erythrocyte, fat
AQP7 Water, urea, | Testis, heart, kidney, ovary,
glycerol, fat
ammonia
AQP9Y Water, urea, | Liver, spleen, testis, ovary,
glycerol leukocyte
AQP10 Water, urea, | Gastrointestinal tract
glycerol
Superaquaporins
AQPI11 Water? Testis, heart, kidney, ovary,
muscle, gastrointestinal
tract, leukocytes, liver,
brain
AQP12 Unknown Pancreas

Refs. [43] and [104]

the only two members in this subfamily, which
have been called “superaquaporins” or “unortho-
dox aquaporins”. The NPA boxes of these two
AQPs are highly deviated from those of other
classical AQPs with homology less than 20%,
indicating that they belong to a supergene family
of AQPs. The structure and function of AQPI11
and AQP12 are currently poorly understood.

1.2  Isoforms of AQPs

To date, at least 13 isoforms of AQPs have been
discovered in humans (Table 1.1). The biological
roles of these proteins have been thoroughly
investigated in the past 30 years after the discov-
ery of the first AQP. We have learned substantial
base of knowledge on the structure, cellular
localization, biological function, and potential
pathophysiological significance of these mam-
malian AQPs, although there are some questions
still undetermined.

1.2.1 Classical Aquaporins

1.2.1.1 AQPO

AQPO is the protein in the fiber cells of the eye
lens where it is required for homeostasis and
transparency of the lens [40, 65]. AQPO showed
lower water permeability than AQP1, about to
1/40 that of AQP1 [36]. The water transport via
AQPO is regulated by C-terminal cleavage [64],
pH and Ca?*/calmodulin (CaM) [168]. Lowering
internal Ca** concentration or inhibiting calmod-
ulin increased AQPO water permeability. The
most latest molecular dynamics and functional
mutation studies reveal that binding to calmodu-
lin inhibits AQPO water permeability by allosteri-
cally closing the cytoplasmic gate of AQPO [198].
A PKC dependent phosphorylation at Ser235
appears to cause the translocation of AQPO to the
plasma membrane [63].

1.2.1.2 AQP1

AQP1 is the first water channel discovered [47,
190, 191] and the first AQP that was found to
function as a gas channel [166, 189]. AQPI is
widely distributed water channel in the body [43]
where it plays a central role in regulation of water
transport through those tissues. AQP1 also plays
an important role in angiogenesis, cell migration
and cell growth [170], e.g. reduction of AQP1
expression blocked angiogenesis and slowed the
progression of tumors [17]. Aside of facilitating
water movement, studies have revealed that
AQP1 could enhance CO, and NH; permeability
[62, 200] and function as a non-selective
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monovalent cation channel when activated by
intracellular cGMP [5]. Phosphorylation of tyro-
sine Y253 in the C-terminus is involved in regu-
lation of AQP1 as a cGMP-gated cation channel
[32]. Early evidence showed that threonine and
serine kinase activity also regulates AQP1 ion
channel activity [264].

1.2.1.3 AQP2

AQP2 is an arginine vasopressin (AVP)-regulated
aquaporin which is probably the most thoroughly
studied to date. AQP2 displays permeability only
to H,O but not any other small molecules. AQP2 is
expressed in principal cells of the collecting ducts
and is abundant both in the apical plasma mem-
brane and subapical vesicles [59, 148, 171] in the
kidney where it deeply involved in urine concen-
tration. Translocation of AQP2 from intracellular
compartment to the apical membrane is dependent
on the binding of vasopressin to its V2 receptor
[148, 171] located in the basolateral plasma mem-
brane, by which vasopressin increases the water
permeability. Regulation of AQP2 expression,
posttranscriptional modification, and trafficking is
well studied and will be discussed in following
parts in the present review (see below). A number
of other local or systemic factors or chemicals
have been reported to regulate AQP2 expression or
trafficking, such as atrial natriuretic peptide (ANP)
[22, 23, 243], nitric oxide (NO) [22], protagland-
ing E2 [262], angiotensin II [17, 131], oxytocin
[130], purine [265], statin [17, 194] etc.

1.2.1.4 AQP4

AQP4 is a predominant AQP located in central
nervous system and is permeable to water [250,
251] and CO, [62]. Both short-term regulation
and trafficking have been reported for AQP4.
Vasopressin [154] or histamine exposure [33] is
suggested inducing translocation of AQP4.
Phosphorylation of AQP4 at cytosolic serine resi-
dues (Serl11 and Ser180) is indicated mediating
water permeability by gating [69], however,
recent evidence was not able to support phos-
phorylation of Serl11 in vivo [8]. Studies indeed
suggests that phosphorylation at AQP4
C-terminus by protein kinase C (PKC) is required
for Golgi transition [8].

1.2.1.5 AQP5

AQPS is expressed in glandular epithelia, alveo-
lar epithelium and secretory glands where it is
involved in the generation of saliva, tears and pul-
monary secretions [215, 216]. AQPS5 is perme-
able to water and CO, [62, 164]. AQP5 can be
directly phosphorylated at Ser156 and Thr259 by
protein kinase A (PKA) in the cytoplasmic loop
and the C-terminus [78, 246]. However, it is
increased intracellular Ca?*, but not PK A-induced
phosphorylation, that induces AQPS5 trafficking
to plasma membrane [106, 223].

1.2.1.6 AQP6

AQP6 colocalizes with the H*-ATPase in intra-
cellular vesicles in the renal collecting duct type-
A intercalated cells [256], indicating that AQP6
may functionally interact with H*-ATPase in the
vesicles to regulate intra-vesicle pH. In response
to acid-base changes H*-ATPase in the interca-
lated cells is observed translocating from the
cytoplasmic vesicles to the apical plasma mem-
brane [239], where no AQP6 is found, indicating
that AQP6 lacks intracellular trafficking and
functions exclusively at the intracellular sites.
The N-terminus of AQP6 seems critical for the
trafficking of the protein to the intracellular sites
and intracellular vesicles localization [12].
Interestingly calmodulin can bind AQP6 in a
calcium-dependent manner at the N-terminus
[196], indicating that calcium signals may be
involved in internalization of AQP6. AQP6
appears impermeable to H,O [62, 133], but in the
presence of HgCl, or at acidic pH (<5.5) the
water and anion permeability of AQP6 in oocytes
was rapidly increased [256]. Moreover, AQP6
also enables transport of urea, glycerol, and
nitrate [89, 94].

1.2.1.7 AQP8

AQPS is a water channel first found in intracel-
lular domains of the proximal tubule and the col-
lecting duct cells [53]. Several studies showed
that AQPS transports water [30, 62] and ammo-
nia [62, 207]. Although AQP8 was shown ultra-
structurally localized at inner mitochondrial
membrane (IMM) in the liver and functionally
permeable to water [30], this was not supported
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by a later study that found no difference in water
permeability between wild-type and AQPS-
deleted mice liver cell inner mitochondrial mem-
brane preparations [253]. In the kidney,
mitochondria AQP8 was demonstrated play an
important role in the adaptive response of proxi-
mal tubule to acidosis recently. AQPS facilitates
transport of NHj released from glutamine and
glutamate out of the IMM [217] for secretion into
the tubule lumen, where the NH; buffers acid
excreted by epithelia cells, particularly during
metabolic acidosis [160]. AQP8 may also facili-
tate the diffusion of hydrogen peroxide across
membranes of mitochondrial in situations when
reactive oxygen species is generated, e.g. elec-
tron transport chain is highly reduced [14, 16].

1.2.2 Aquaglyceroporins

1.2.2.1 AQP3

AQP3 has a wide tissue distribution. It is perme-
able to water, glycerol, and urea. Recent studies
revealed the pH gating of human AQP3 on both
water and glycerol permeabilities using a human
red blood cell model and in silico [44]. AQP3 is
the most abundant skin aquaglyceroporin, where
AQP3 facilitated water and glycerol transport
plays an important role in hydration of mamma-
lian skin epidermis and proliferation and differ-
entiation of keratinocytes [18, 25, 165]. In the
kidney AQP3 is localized in the basolateral
plasma membranes of cortical and outer medul-
lary collecting duct principal cells [101], where
they are thought to mediate the basolateral exit of
water that enters apically via AQP2. Upon long-
term vasopressin stimulation, expression levels
of both apical AQP2 and basolateral AQP3
increase, which raises transepithelial water trans-
port capacity of collecting duct principal cells.
However, unlike AQP2, there is no evidence for
shuttling of AQP3 as no subbasolateral AQP3-
containing vesicles have been demonstrated [49].
Emerging evidence showed that AQP3 is regu-
lated on short-term basis likely via cAMP-PKA
pathway [90, 109, 147]. In the kidney the
increased basolateral diffusion of AQP3 induced
by elevated intracellular cAMP likely altered

AQP3 interactions with other proteins or lipids in
the plasma membrane, which may be a physio-
logical adaptation to the increased water flow
mediated by apical AQP2 [147]. AQP3 was
recently shown to transport H,O, through the
plasma membrane [4, 16], which likely play an
important role in initiating intracellular signal-
lings in cell migration [75], inflammation [76],
and cancer progression [77, 210].

1.2.2.2 AQP7

AQP7 facilitates transport of water, glycerol,
urea, ammonia, arsenite, and NH3 [62, 100, 134].
AQP7 is abundantly expressed in adipose tissue,
where it mediates the efflux of newly generated
glycerol. Abnormal regulation of glycerol is a
remarkable contributing factor to the develop-
ment of metabolic disease. It is thus plausible
that deficiency of AQP7 causes obesity [74, 84]
and insulin resistance [201]. It is recently reported
that lipolysis activation induces AQP7 transloca-
tion from the cortical to inner membranes in
white adipocytes [153], in contrast to a previous
study showing the opposite translocation of
AQP7 [114], probably due to variations in tech-
niques used and different experimental condi-
tions. Six prospective sites of AQP7 for PKA
phosphorylation have been identified based on
database analysis [143], but the direct regulation
by PKA remains to be elucidated.

1.2.2.3 AQP9

AQP9 is expressed at the sinusoidal plasma
membrane of hepatocytes [52], where it serves as
a conduit for the uptake of NH; and mediates the
efflux of newly synthesized urea. AQP9 may also
function as a glycerol channel to facilitate glyc-
erol uptake in the liver. AQP9 is also permeable
to water, glycerol, urea, carbamides, CO,, and
NH;, moreover, AQP9 is suggested playing a cru-
cial role in metalloid homeostasis by transporting
antimonite and arsenite [58, 202]. Interestingly, it
also transports much larger substrates such as
lactate, purine, pyrimidine [58, 232], probably
due to a larger pore size disclosed by a 3D struc-
ture analysis [240]. A latest report showed that
AQP?9 facilitates the membrane transport of H,0O,
in human and mice cells. Deficiency of AQP9
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attenuated H,0O,-induced cytotoxicity in human
and mice cells, indicating that AQP9-mediated
H,0, may regulate redox-regulated downstream
cell signalling [244]. Human AQP9 has a poten-
tial N-glycosylation site at Asnl142, a potential
PKC phosphorylation sites at Serl1 and Ser222,
a potential casein kinase II phosphorylation site
at Ser28 [135, 232]. However, little is known
about short-term regulation of AQP9.

1.2.2.4 AQP10

AQP10 is an aquaglyceroporin expressed only in
the human gastrointestinal tract, but not in the
mouse small intestine where it has been demon-
strated to be a pseudogene [103, 161]. AQP10 is
able to transport water, glycerol and urea when
expressed in Xenopus oocytes [103]. A recent
study provided evidence that AQP10 is another
glycerol channel expressed in the plasma mem-
brane of human adipocytes [124]. Silence of
AQP10 in human differentiated adipocytes
resulted in a 50% decrease of glycerol and
osmotic water permeability, suggesting that
AQP10, together with AQP7, is particularly
important for the maintenance of normal or low
glycerol contents inside the adipocyte, thus pro-
tecting humans from obesity [124]. Three poten-
tial glycosylated sites for AQP10 were predicted,
at least one of them Asnl33 in the extracellular
loop of AQP10 was confirmed. Glycosylation at
Asnl33 may increase thermostability of AQP10
when challenged with low temperature, indicat-
ing a stabilizing effect of the N-linked glycan
[179].

1.2.3 Superaquaporins

1.2.3.1 AQP11

AQPI11 has a conventional N-terminal Asn-Pro-
Ala (NPA) signature motif and an unique amino
acid sequence pattern that includes an Asn-Pro-
Cys (NPC) motif, which appears essential for full
expression of molecular function [95]. Recent
evidence strongly suggest that Cys227 of AQP11
plays an important role in formation of its quater-
nary structure and molecular function [226]. One
reconstruction vesicle study has clearly shown

that AQP11 is indeed a water channel that trans-
ports water as efficient as AQP1 [247, 248].
Although detailed subcellular localization of
AQPI11 remains unknown, AQPI11 has been
observed colocalizes with markers of the endo-
plasmic reticulum in transiently transfected cells
[162] and in the kidney from HA-tagged AQP11-
transgenic mice [98]. Deficiency of AQP11 is
associated with endoplasmic reticulum stress and
apoptosis in the kidney proximal tubules [162].

1.2.3.2 AQP12

AQP12 is more closely related to AQP11 than to
other aquaporins. With regard to the signature
motifs, the first NPA motif of AQP12 is substi-
tuted by an Asn-Pro-Thr NPT motif and the
C-terminal NPA motif is conserved [31, 107].
AQP12 seems to be expressed specifically in pan-
creatic acinar cells and retained in intracellular
structures, the physiological role of AQP12
remains to be clarified [107]. One study suggests
that AQP12 may function as controlling the
proper secretion of pancreatic fluid following
rapid and intense stimulation [180].

1.3  Gene Structures of AQPs
Table 1.2 shows chromosome localization and
numbers of exons of 13 human AQPs.

The gene of AQPO spans 3.6 kb, contains 4
exons, and is present in single copy in the haploid
human genome. Transcription is initiated from a
single site 26 nucleotides downstream from the
TATA box [186].

Genomic Southern analysis indicated the exis-
tence of a single AQP1 gene that was localized to
human 7p14 by in situ hybridization [2, 45, 237].
AQP2 cDNA was cloned as the water channel of
the apical membrane of the kidney collecting
tubule in the rat [59], which shows 42% identity
in amino acid sequence to AQP1. Human AQP2
encodes a deduced protein with 89.7-91% amino
acid identity to the rat protein [45, 46, 151, 208].
By in situ hybridization, AQP2 gene was mapped
to chromosome 12q13 [46, 208], very close to the
site of major intrinsic protein (MIP) [65].
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Table 1.2 Genes of human AQPs

Exon
Aquaporins | numbers | Location OMIM
AQPO 8 12q13.3 154050
AQP1 7 7pl4.3 107776
AQP2 4 12q13.12 107777
AQP3 6 9pl13.3 600170
AQP4 6 18q11.2-q12.1 | 600308
AQP5 5 12q13.12 600442
AQP6 4 12q13.12 601383
AQP7 10 9p13.3 602974
AQP8 6 16q12 603750
AQP9 6 15q21.3 602914
AQP10 6 1q21.3 606578
AQPI11 3 11q14.1 609914
AQP12 4 2q37.3 609789

References from www.ncbi.nlm.nih.gov/gene/, and omim.
org/entry/

Using a rat AQP3 probe, Ishibashi [99]
screened a human kidney cDNA library and iso-
lated a cDNA coding for human AQP3 protein.
AQP3 gene is located on 9p13 and appeared to
exist as a single copy with 6 exons. The initiation
site of transcription was identified to be located
64-bp upstream of the first ATG codon. The
5-prime flanking region contained a TATA box, 2
Spl sequences, and some consensus sequences
including AP-2 sites [96].

Human AQP4 (initially called mercurial-
insensitive water channel, MIWC) cDNA cloned
from a fetal brain cDNA library showed that the
longest open reading frame encoded 301 amino
acids with 94% identity to rat AQP4. Analysis of
MIWC genomic indicated 2 distinct but overlap-
ping transcription units from which multiple
MIWC mRNAs are transcribed. Later reports
revealed that the AQP4 gene is composed of 4
exons encoding 127, 55, 27, and 92 amino acids
separated by introns of 0.8, 0.3, and 5.2 kb.
Genomic Southern blot analysis indicated the
presence of a single MIWC gene, localized on
chromosome 18q [140, 250].

Human AQPS5 cDNA and gene was isolated
and characterized from a human submaxillary
gland library, which contained a 795-bp open
reading frame encoding a 265-amino acid poly-

peptide with a transcription initiation site 518 bp
upstream of the initiating methionine. AQPS5
gene was mapped to chromosome 12q13 [126].

Ma et al. isolated the cDNA by using degener-
ate PCR from a human kidney cDNA library that
was related to AQP2, having 4 exons and was
organized similarly to AQPO and AQP2 and later
was referred to this gene as AQP6, assigned to
chromosome 12q13 [141, 142].

Human AQP7 gene contains 10 exons. An Alu
repetitive sequence and binding sites for several
different transcription factors within the AQP7
promoter was determined, including a putative
peroxisome proliferator response element
(PPRE) and a putative insulin response element,
indicating potential involvement of AQP7 in
energy metabolism [120].

Like the genes of non-water-selective aquapo-
rins, the AQPS8 gene contains 6 exons; however,
its exon-intron boundaries are different from the
boundaries of those other aquaporin genes.
AQPS8 gene was mapped to chromosome 16p12
[122, 241].

A partial AQP9 cDNA was isolated by using
RT-PCR of leukocyte RNA with primers based
on conserved regions of aquaporins [102]. AQP9
shares greater sequence identity with AQP3 and
AQP7 than with other members of the family,
suggesting that these three proteins belong to a
subfamily.

The cDNA encoding AQP10 was isolated
from jejunum cDNA library. Sequence analysis
predicted that the 264-amino acid protein, which
is approximately 53% identical to AQP3 and
AQP9, Northern blot analysis revealed expres-
sion of a 2.3-kb AQP10 transcript in jejunum but
not liver [81].

Human AQPI11 gene contains 3 exons and
spans 8 kb and was mapped to chromosome
11q14. Human AQPI2A gene contains 4 exons
and encodes a 1.5-kb transcript only in pancreas
[105, 162].

Genetic variants of AQPs may result in distur-
bance of molecule selection and transport by
AQPs; disruption of the formation of tetramers or
arrays; and misfolding, faulty sorting of AQPs, or
other dysfunction [217]. Cellular and human
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studies of naturally-occurring and synthetic
mutations have provided great insight into the
biology and phenotypic associations of these
proteins.

1.4  Crystal Structure of AQPs
Overall AQP structure is largely conserved
among the various AQP classes and species iso-
forms, despite significant differences in sequence
similarities (Table 1.3). Structural studies have
provided a relevant insight regarding the deter-
mining requirements that enable homotetramer
formation, the quaternary structure that actually
enables water transport activity in animal AQPs
[150, 213]. Elucidation of 3-D structures of AQP
has confirmed the hourglass fold previously sug-
gested by sequence analysis [110].

The AQPs as a class are tetrameric proteins
composed of identical 30-kDa monomers, each
of which functions as an independent water
channel. The monomer has six transmembrane
helices (H1-6, tilted at about 30" with respect to
the membrane normally), connected by five loops
(A-E), and hydrophilic terminal amino and car-
boxyl groups always located in the cell cytoplasm
[192]. An AQP has three extracellular loops (A,
C, and E) and two intracellular loops (B and D)
with the asparagine-proline-alanine (Asn-Pro-
Ala, NPA) sequences highly conserved [3, 110,
173, 192, 238] (Table 1.3, Figs. 1.2 and 1.3).

The channel is actually a narrow aqueous
pathway through the membrane, enclosed by the
bundle formed by the six transmembrane
domains. The six transmembrane a-helices sur-
round a single, narrow aqueous pore [220], where
half transmembrane helices formed by loop B
and E (NPA signature motif) fold into the chan-
nel from opposite sides of the membrane, associ-
ating with substrates selectivity. The positions of
loops B and E are stabilized through ion pairs and
hydrogen bonds with neighboring transmem-
brane helices. This pore has electrostatic interac-
tions, where the water molecule, while in
Brownian motion (random movement) in the
extracellular environment, renders the AQP outer

cone walls in a hydrophobic state, causing repul-
sion [204] (Figs. 1.2 and 1.3a).

Two short helices B and E, together with the
tightly stacked NPA motifs, form the central con-
striction of AQP. The constriction lined with
hydrophobic amino acid residues. The diameter
of the constriction is about 3 A , therefore, only
one water molecule can pass through the con-
striction, driven by hydrogen-bond formation
with the Asn residues, which lowers the energy
barrier for the water molecule entering the con-
striction [13, 230]. Molecular dynamics simula-
tion of aquaporins revealed how water molecule
moves through the channel. The water molecules
are forced to pass through the channel in a single
fine manner [220] and orientate themselves in the
local electrical field formed by the atoms of the
channel. Upon entering the channel from the
extracellular mouth, the water molecules face
with their oxygen atom down the channel. At the
level of the central constriction they reverse ori-
entation, facing with the oxygen atom up [13,
163] (Fig. 1.3b).

There is another conserved structural feature
of AQP family, which is the aromatic/arginine
(ar/R) constriction site located at the extracellular
side of the channel. The ar/R constriction site
contains highly conserved aromatic and arginine
residues [13], acting as a selectivity filter. Having
a diameter of 3 A, which is only slightly larger
than the 2.8 A diameter of the water molecule,
the pore constriction prevents permeation of all
molecules bigger than water [13, 163]. Therefore
the ar/R constriction site is also called the “selec-
tivity filter”. In comparison with aquaporins,
aquaglyceroporins present much bigger selectiv-
ity size (pore size), which can reach ~3.4 A in
diameter [205] (Figs. 1.2 and 1.3a).

Most members of aquaporins possess a cyste-
ine residue in the E loop, which is situated near the
pore responsible for functional sensitivity to mer-
cury [192]. In AQP1, the residue Cys189 has been
shown to be the site of mercurial binding and
water transport inhibition [110, 191]. This inhibi-
tion mechanism was elucidated recently by molec-
ular dynamics simulations [85], which shows that
the pore is collapsed by conformational changes at
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Fig. 1.2 A secondary structure and topology of AQP
molecule. (a) AQP1 monomer has six membrane-
spanning regions (1-6), five loops (A—E) with intracellular
ammino and carboxy termini as well as internal tandem
repeats. (b) In the monomer, the hydrophilic loops B and

the ar/R region where the mercury-sensitive cyste-
ine residue is located. However, not all AQPs are
inhibited by HgCl,, for examples, AQP4 [251] and
AQP6, the water permeability of AQP6, on the
contrary, is actually increased in the presence of
this mercurial agent [256].

The protein can self-assembles into a tetra-
meric biological unit by which an additional tet-
rameric pore is formed, which is thought to be
responsible for the translocation of dissolved
gasses and ionic species [91]. AQP4, on the other
hand, forms larger oligomeric structures in the
plasma membrane, also called orthogonal arrays
(clusters of intramembrane particles in a special
geometric organization) [251], which may sug-
gest a possible role of AQP4 in membrane junc-
tion formation in vivo [242].

E are bent back into the cavity and meet in the middle to
form the putative water-selective gate that contains two
consensus NPA motifs (Asn-Pro-Ala). ar/R region is
shown close to the entrance of the pore (Modified from
Ref. [266])

1.5 Protein Modification of AQPs

Proteins can be regulated after translation by the
reversible or irreversible addition of functional
groups (e.g., phosphorylation, acetylation, and
methylation), peptides (e.g., ubiquitination,
SUMOylation) or other complex molecules (e.g.,
glycosylation). Through changes in protein con-
formation, these post-translational modifications
(PTMs) have been shown to modulate the local-
ization, stability, activity, and interacting partners
of their substrate proteins, thus playing pivotal
roles in intracellular signalling, protein matura-
tion and folding. The precise effect of PTMs
depends on the nature of the covalent modifica-
tion, the identity of the substrate and the residue
that is specifically targeted by the chemical
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Fig. 1.3 Schematic architecture of AQP1. (a) A ribbon
model of AQP1 using a rainbow colour scheme from blue
(N-terminal) to red (C-terminal). The narrowest region in
the AQP1 pores, previously termed ar/R, is located close
to the extracellular entrance of the pore. The Argl195 and
NPA motifs are shown in magenta and light blue, respec-
tively. (Reproduced with permission from Ref. [230]). (b)
Schematic architecture of the channel within an AQP1

reaction [149]. This section of the review mainly
focuses on PTMs of the arginine vasopressin
(AVP)-regulated AQP2 that is one the best
understood and discusses modification of other
AQPs at the end.

1.5.1 Phosphorylation

The modulation of protein abundance in plasma
membrane requires a delicately regulated translo-
cation (trafficking) from intracellular compart-
ment to the membrane, which is achieved through
multiple  sorting  signals and  PTMs.
Phosphorylation is one of the most well-studied
PTMs, which often involved in regulation of pro-
tein function and cellular distribution, AQP2
phosphorylation is one of the best characterized
examples.

subunit (sagittal section). a, Diagram illustrating how
water molecules pass through the constriction of the pore.
b and ¢, four water molecules shown represent transient
interactions with Asn 76 and/or Asn 192. Note water
dipole reorientation. Two partial helices meet at the mid-
point of the channel, providing positively charged dipoles
that reorient a water molecule as it traverses this point
(Reproduced with permission from Ref. [163])

AQP2 is expressed in the principal cells of the
kidney collecting duct [45, 171, 172], its intracel-
lular distribution is finely regulated by
AVP. Stimulation with AVP results in a predomi-
nant translocation of AQP2 to apical membrane
localization from subapical compartments. This
renders the apical membrane highly permeable to
water and is a key event in formation of concen-
trated urine and thus in regulation of body water
balance. This intracellular re-distribution of
AQP2 induced by AVP is closely associated
with phosphorylation/dephosphorylation (and/or
ubiquitination) of AQP2.

Phosphorylation of AQP2 at multiple sites in
the C-terminus governs its translocation to the
apical membrane from intracellular vesicles [86,
236]. AQP2 contains numerous putative phos-
phorylation sites for various protein kinases, e.g.,
PKA, PKG, PKC, and casein kinase II [27] based
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A. Extracellular space

Fig. 1.4 Illustration of the topology of AQP2 and time
course studies of AQP2 C-terminal phosphorylation.
(a) Schematic illustration of the topology of AQP2 and
the C-terminal phosphorylation (S256, S261, S264, S269)
and ubiquitination sites (K270) of AQP2 (Modified from
Ref. [157], originally from Pisitkun T, Physiology
(Bethesda), 2007). (b) Time course of changes in AQP2
phosphorylation at S256, S261, S264, and S269 in
response to 1 nm dDAVP (a V2R agonist) in rat inner

upon bioinformatic analysis. Phosphorylation of
the serine at position 256 (S256) of AQP2 in the
C-terminal tail of AQP2 was the first to be
identified and the best characterized phosphory-
lation site of AQP2 [59, 112, 236]. Large scale
phospho-proteomic analysis later demonstrated
that beside S256 phosphorylation site, the poly-
phosphorylated region of AQP2 contains S261,
S264, and S269 (Fig. 1.4a). S256-AQP2 is a tar-
get for PKA-induced phosphorylation, which
was evidenced by in vitro phosphorylation assays
of AQP2 C-terminal peptides [88]. Kinases other
than PKA may also be involved in AQP2
C-terminal phosphorylation. PKG is proposed to
modulate AQP2 trafficking. The agonist of PKG,
c¢GMP, has been shown to mediate translocation
of AQP2 to the plasma membrane in AQP2-
transfected LLC-PK1 cells and in isolated kidney
slices [22]. Activators of the cGMP pathway,
such as atrial natriuretic peptide (ANP),
L-arginine, cGMP phosphodiesterase type 5
(PDES) inhibitors sildenafil citrate, elevated
intracellular cGMP levels, resulting accumula-
tion of AQP2 in plasma membrane [19, 22, 243].
These data suggests a positive role of PKG on
AQP2 trafficking. However, one study showed

Logz (dDAVPIcontrol)

15 20
Time (min)

10

medullary collecting duct (IMCD) tubule suspensions.
Note that maximal phosphorylation at S256 occurs
quickly, whereas it takes longer for maximal phosphoryla-
tion to occur at the other S264 and S269. Phosphorylation
at the S256, S264, and S269 sites remains high as long as
the agonist is present. In contrast, dDAVP stimulation
results in decreased phosphorylation at S261 (Reproduced
with permission from Ref. [88])

that ANP and NO (nitric oxide) signalling
deceased S256-AQP2 phosphorylation, reduced
AQP2 in the plasma membrane, antagonizing
vasopressin-mediated water permeability in inner
medullary collecting duct cells [116]. In addition,
activation of PKC pathway mediates endocytosis
of AQP2 that was independent of the phosphory-
lation state of AQP2 at serine 256 [236]. AKT
(also known as PKB) was recently shown to
mediate vasopressin-stimulated AQP2 membrane
accumulation [113]. The protein kinases respon-
sible for S261, S264, and S269 phosphorylation
appears more complex [86-88, 199].
Phosphorylated AQP2 at S256 (pS256) is
detected in both intracellular vesicles and the api-
cal plasma membrane in the collecting duct,
where its abundance is increased in response to
AVP treatment [39]. The expression of phosphor-
ylated AQP2 at S264 was found in plasma
membrane-associated compartments and early
endocytic pathways. This phosphoform of AQP2
was found to increase in abundance in both the
apical and basolateral plasma membrane of prin-
cipal cells after acute dDAVP treatment [55].
Similar to pS256 of AQP2, pS269 was associated
with membrane accumulation of AQP2, indicat-
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ing a role in AQP2 plasma membrane targeting
[88, 139, 156]. pS261-AQP2 is predominantly
localized within the cell in compartments
different from the endoplasmic reticulum, Golgi
apparatus, and lysosomes [87].

In IMCD tubule suspensions, the specific V2R
agonist dDAVP or exogenous cAMP increased
phosphorylation of AQP2 at S256, S264, and
S$269, which remains high as long as the agonist
is present [88]. Phosphorylation of S256 increases
initially and maximal phosphorylation at S256
occurs rapidly, whereas maximal phosphoryla-
tion at the other sites (S264 and S269) occur rela-
tively slow. In contrast, dDAVP stimulation
results in decreased phosphorylation at S261 [88]
(Fig. 1.4b).

S256 phosphorylation appears required and
strongly facilitates phosphorylation of S264 and
S269 [88], as the S264 and S269 phosphoforms
of AQP2 are not observed in cells expressing the
S256 mutated form of AQP2 or in kidney sec-
tions from a mouse model with a mutation of
S256 to leucine [88, 155]. Recent evidence dem-
onstrated that S256 phosphorylation alone is nec-
essary and sufficient for regulated membrane
accumulation of AQP2 induced by AVP (or
cAMP), independently of the phosphorylation
state of any other sites in the C terminus, e.g.
S264 or S269 [7]. These observations strongly
suggest that S256 phosphorylation is a priming
event for phosphorylation of S264 and S269 and
play a critical role in intracellular translocation of
AQP2. Both S256 and S269 phosphorylation are
involved in the insertion of AQP2 into the apical
plasma membrane [157], although the phospho-
form of AQP2-pS269 has a distinct cellular local-
ization in the apical plasma membrane [155]. The
role of AQP2 phosphorylation at S264 in subcel-
lular distribution of AQP2 in the cell remains
unclear [55]. Earlier studies revealed that the
increased monophosphorylation of AQP2 at
S256 with vasopressin stimulation of rat IMCD
coincided with decreased phosphorylation of
AQP2 at S261, which was associated with intra-
cellular vesicle distribution, suggesting that
phosphorylation of S256 and S261 may inversely
regulate AQP?2 trafficking [55, 86, 87, 228].

1.5.2 Ubiquitination

It is known that two major protein degradative
pathways to function in mammalian cells, the
ubiquitin proteasome pathway and lysosomal
proteolysis pathway. Ubiquitin (Ub), a 76-amino
acid peptide, plays a key role in proteasome-
mediated protein degradation. Ubiquitin labels
protein through a conjugation system comprising
El activation, E2 conjugation, and E3 ligation
enzymes. Following conjugation to proteins,
ubiquitin serves to target them for degradation by
cytosolic proteasome complex. Ubiquitination of
certain plasma membrane proteins can promote
their internalization via endocytotic pathway, fol-
lowed by their degradation in lysosomes [69].
Protein ubiquitination is reversed by deubiquiti-
nating enzymes (DUBs), which is essential for
cellular homeostasis.

The first example of ubiquitination of an AQP
was reported more 10 years ago. The studies
demonstrated that AQP1 was able to be ubiquiti-
nated and degraded by the proteasome. Exposure
to hypertonic medium induced decrease of AQP1
ubiquitination and markedly increased stability
of AQP1 protein, thereby contributing to overall
protein induction [128].

There are three putative potential attachment
sites (cytosolic lysine residues) for AQP2 ubiqui-
tination at positions 228, 238, and 270, but site
mutation study revealed that K270 is the only
substrate for ubiquitination, with one to three
ubiquitins added in a K63-linked chain [111]
(Fig. 1.4a). The ubiquitination of AQP2 at the
plasma membrane results in the internalization of
AQP2, transport to intracellular multivesicular
bodies and subsequent proteasomal degradation
[111]. Transcriptome analysis and liquid
chromatography-tandem mass spectrometry pro-
teomic analysis identified that five common iso-
forms of E3 ligases (UBR4, UHRFI1, NEDD 4,
BREIB, and Cullin-5) are putatively associated
with dDAVP (1-deamino-8-D-arginine vasopres-
sin, a vasopressin V2 receptor agonist)-induced
AQP2 regulation [127]. For examples, a
vasopressin-activated calcium-mobilizing recep-
tor Cullin-5, a member of the cullin gene family
of scaffold proteins of the E3 complex [185], was
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Fig. 1.5 Phosphorylation and ubiquitination of AQP2
determines the intracellular localization. Arginine-
vasopressin (AVP) induced phosphorylation at S256 on
AQP2 monomers, followed by increased S269 and S264
phosphorylation and reduced S261 phosphorylation,
resulting in steady redistribution of AQP2 from intracel-
lular vesicles to the apical plasma membrane. AQP2 is

observed to be upregulated during dDAVP with-
drawal, which was associated with increased
prevalence of AQP2 among the ubiquitinated
proteins in intracellular vesicles fractions. This
finding suggests that CUL5 may play a role in the
attachment of Ub to AQP2, resulting in an ubiq-
uitination of AQP2, internalization of AQP2 and
reduction of AQP2 abundance after dDAVP with-
drawal, presumably via lysosomal and/or proteo-
somal degradation [127].

Phosphorylation of AQP2 at S256 and dephos-
phorylation at S261 cause its translocation from
intracellular vesicles to the apical membrane,
whereas ubiquitination of AQP2 at K270 induces
its internalization and lysosomal degradation, or
released in exosomes into the urine via exocyto-

$261
s261 XA
$261 /
campd
@
Basolateral

ubiquitinated with one or more ubiquitin proteins at K270.
Ubiquitination occurs in the membrane after removal of
AVP stimulation and mediates steady redistribution AQP2
to intracellular vesicles. Ubiquitination of AQP2 may be
sorted to the multivesicular body (MVB), where AQP?2 is
either degraded in lysosomes or released in exosomes into
the urine via exocytosis

sis. Phosphorylation and ubiquitination are
highly dynamic in the cell. A cross-talk between
phosphorylation and ubiquitination has been pro-
posed [92]. Phosphorylation and ubiquitination
likely act in concert and could greatly increase
fine regulation of protein function. Together with
the plasma membrane targeting signal of S256,
S264, and S269 phosphorylation as well as intra-
cellular S261 phosphorylation, K270 ubiquitina-
tion fine tunes the subcellular distribution of
AQP2 (Fig. 1.5).

Recently, two studies examined the potential
interplay between polyubiquitylation and poly-
phosphorylation of AQP2 [159, 228]. Stimulation
with dDAVP or forskolin induces pS256 on
AQP2 monomers, followed by increased S269
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and S264 phosphorylation and reduced S261
phosphorylation, resulting in steady-state redis-
tribution of AQP2 from vesicles to the apical
membrane, whereas increased AQP2 ubiquitina-
tion induced endocytosis and steady-state redis-
tribution of AQP2 to intracellular vesicles.
Interestingly, phosphorylation of S261 on AQP2
occurs after ubiquitin-mediated endocytosis, sug-
gesting that phosphorylation of S261 does not
induce AQP2 ubiquitination itself, but likely sta-
bilize ubiquitinated AQP2 (Fig. 1.5).

Phosphorylation often occurs as a priming
event for ubiquitination and ubiquitination can
regulate protein phosphorylation by regulation of
kinase activity [92]. AQP2 phosphorylation was
demonstrated to be able to override dominant
endocytic signal of K63-linked polyubiquity-
lation. In polarized epithelial cells and kidney tis-
sue, distribution of AQP2 on the plasma
membrane is regulated by phosphorylation at
S256 and S269. The rate of AQP2 endocytosis
was reduced by prolonging phosphorylation spe-
cifically at S269. AQP2 phosphorylation at S269
and ubiquitylation at K270 can occur in parallel,
with increased S269 phosphorylation and
decreased AQP2 endocytosis occurring when
K270 polyubiquitylation levels are maximal
[159]. The study suggests that site-specific phos-
phorylation can counteract polyubiquitylation to
determine its final localization.

1.5.3 SUMOylation

Beside from ubiquitin, the best-studied ubiquitin-
like protein is Small Ubiquitin-like MOdifier
(SUMO). SUMOylation is a reversible PTM
where SUMOs are covalently attached to lysine
residues in the target proteins, similar to ubiquiti-
nation. Sumoylation has been found to be
involved in multiple nuclear processes, such as
chromatin organization, transcription and DNA
repair. Sumoylated proteins also play important
roles in the regulation of channel activity, recep-
tor function, G-protein signalling, cytoskeletal
organization, exocytosis, and autophagy. So far
there is no evidence showing involvement of
Sumoylation in regulation of AQP expression.

1.5.4 Glutathionylation

As an important PTM, S-Glutathionylation exerts
protection of cysteine residues against irrevers-
ible oxidation during redox imbalance. The rela-
tionship between AQP2 and S-glutathionylation
is of potential interest because reactive oxygen
species (ROS) may influence the expression and
the activity of different transporters and chan-
nels, including aquaporins. Recent evidence sug-
gested that in mpkCCD cells, vasopressin
stimulated translation of seven glutathione
S-transferase (GST) proteins functioning to con-
jugate the tripeptide glutathione to substrates e.g.
cysteine, likely indicating the involvement of
redox into vasopressin-activated signal transduc-
tion pathway [206]. Glutathione is one of the
major cellular antioxidant molecules that are
continuously converted into the reduced form of
GSH. Topological analysis of AQP2 suggests
that Cys75 and Cys79 on cytosolic B-loop might
be target of S-glutathionylation [229].
Subsequently, the study later demonstrated that
AQP2 is subjected to S-glutathionylation both in
kidney tissue and in HEK cells stably expressing
AQP2 [229]. The S-glutathionylation of AQP2 is
tightly modulated by changes in cellular ROS
content both in renal tissue and in HEK cells sta-
bly expressing AQP2, specifically, an oxidant
inducer caused a significant increase in AQP2
S-glutathionylation secondary to an increases in
ROS content, indicating that this redox sensitive
PTM is linked to the redox condition of the tis-
sue, however, whether S-glutathionylation affects
the localization and the activity of AQP2 is not
reported [229].

1.5.5 Glycosylation

In their extracellular loops, AQPs contain
N-linked glycosylation consensus sites, some of
which are not efficiently recognized during pro-
tein synthesis by oligosaccharyltransferase, gen-
erating a mixture of glycosylated and
nonglycosylated species. N-glycosylation is not
believed to be important in the transport function
ofaquaporins.In AQP1, thesite of N-glycosylation
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is Asn42, which lies in a potential N-glycosylation
consensus sequence. The early study using site-
directed mutant of Asn42 showed that the non-
glycosylation of AQPI failed to affect water
permeability in oocytes [192]. In AQP2, the gly-
coslated form has a shorter half-life than the non-
glycosylated form [206], indicating that N-linked
glycosylation is not necessary for the stability of
AQP2. The glycosylation seems important for
cell surface expression of AQP2 [82] but is not
essential for routing, evidenced by that inhibition
of glycosylation does not prevent delivery of
AQP2 to the plasma membrane in response to
increased cAMP [11]. In addition, glycosylation
appears not essential for tetramerization of AQP2
in the endoplasmic reticulum, as part of tetra-
meric complexes with one or more nonglycosyl-
ated AQP2 molecules [82]. However, early data
indeed suggested that addition of a single
N-linked oligosaccharide moiety can partially
compensate for ER folding defects induced by
disease-related mutations [28].

1.5.6 Several Other PTMs

N-terminal acetylation has been proposed to be a
determinant of protein stability [93]. AQP2 was
one of the proteins identified with N-terminal
acetylation [206]. Recently, N-linked acetylation,
carbamylation, and oleoylation was discovered
on AQPO at the N-terminal amino acid residues
by using direct tissue profiling method designed
for membrane protein analysis [72]. Although
biological and physiological significance of these
PTM is still undetermined, it might play potential
roles in protein-protein interactions and thus reg-
ulation of water permeability in the eye. Another
study revealed that the N-terminal cysteines of
AQP4 are post-translationally modified with pal-
mitic acid, and this palmitoylation likely inhib-
ited the formation of AQP4 square arrays in
Chinese hamster ovary cells transfected with
AQP4 [222].

A reduction in histone H4 acetylation level of
AQP5 induced by TNF-a caused decrease of
AQP5 expression and the fluid secretion from
salivary acinar cells [249]. Insulin treatment

resulted in a marked reduction in the acetylation
and a significant increase methylation of histone
H3 at the AQPY promoter in hepatocytes, which
was associated with downregulation of AQP9
protein [195]. However, these studies about acet-
ylation and methylation mainly focus on histones
and their roles in modulating chromatin structure
and gene transcription, which more belongs to
epigenetic regulation but not PTM.

1.5.7 PTM of Several Other AQPs

Here are a few examples about phosphorylation
regulation of several AQPs, in particular, AQP1,
AQP4, AQPS and AQPS, which have been impli-
cated to trigger membrane specific trafficking.

1.5.7.1 AQP1

AQP1 water permeability has been shown to be
dynamically regulated by several hormones. In
Xenopus oocyte expression system, water perme-
ability of AQP1 was increased by vasopressin
and decreased by ANP [184]. Early data from in
vitro and in vivo studies suggest that phosphory-
lation by PKA result in trafficking of AQP1 from
an intracellular compartment to the apical mem-
brane [73, 145, 146]. In addition, PKC positively
regulates both water permeability and ionic con-
ductance of AQP1 channels by phosphorylating
Thr157 and Thr239 [264]. A quite recent study
demonstrated that the signaling molecules cAMP
and cGMP promote trafficking of AQP1 into the
brush border membrane of proximal tubular
cells from intact endosomal compartment [188].
In the same study, cAMP and ¢cGMP have both
reduced the ubiquitination of AQP1 and
increased AQP1 protein stability, as two poten-
tial ubiquitination sites (Lys-243 and Lys-267)
were indicated in the AQP1 amino acid sequence
[69, 128].

Recent data have shown that a hypotonicity-
induced translocation of AQPI occurs rapidly,
which is Ca**/calmodulin, PKC, and microtubule
dependent [41, 42]. On the other hand, interest-
ingly, exposure to hypertonicity also increases
AQP1 expression in cultured renal proximal and
inner medullary cells [108, 235]. The effect of
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hypertonicity may be mediated by promoter-
mediated activation of AQP1 synthesis [234] and
by inhibition of AQP1 protein degradation [128].

1.5.7.2 AQP4

It is well established that AQP4 water permeabil-
ity can be regulated by reversible protein phos-
phorylation. There are several potential
phosphorylation sites of AQP4 for PKA, PKC,
PKG, casein kinase (CK) and calcium/calmodu-
lin dependent protein kinases (CaMK).

The Ser111 residue of AQP4 is a potential site
for both PKA phosphorylation and calcium-
dependent CaMKII phosphorylation. The phos-
phorylation of Serll1l by PKA increases water
permeability of AQP4 [69, 71, 263]. Agents that
stimulate cAMP production including forskolin,
AVP, and V2 receptor agonist were reported to
increase the water permeability in a renal cell line
transfected with AQP4 [69]. The increased mem-
brane water permeability of an astrocyte cell line
transfected with AQP4 cDNA induced by Ser111
phosphorylation was able to be reversed by a
Ca*/CaMKII inhibitor, suggesting that phos-
phorylation of Ser111 via CaMKII increases the
water permeability of AQP4 [70]. It is therefore
reasonable to speculate that Ser111 is phosphory-
lated by PKA in kidney cells and by CaMKII in
astrocytes, both phosphorylation leads to
increased permeability of AQP4. Early studies
have suggested that Serl11 could also be phos-
phorylated by PKG via CaMKII-NO-cGMP-
PKG signalling [71]. In contrast to
phosphorylation of Serl11, phosphorylation of
Ser180 by PKC downregulates AQP4 water per-
meability both in Xenopus oocyte expression sys-
tem and in cultured kidney epithelial cells [73,
263], which is previously considered due to a gat-
ing effect, since expression of AQP4 in the cyto-
solic compartment is negligible both under basal
conditions and in hormone-stimulated cells [263].

However, recent evidence from crystal struc-
ture, functional studies, and molecular dynamics
simulations against phosphorylation dependent
gating of AQP4 via Serl11 and Ser180 [9, 154,

204]. One latest study by using mass spectrome-
try demonstrated that AQP4 plasma membrane
trafficking or channel gating is not significantly
modulated by phosphorylation at COOH-
terminal serine residues [9].

1.5.7.3 AQP5

AQPS5 membrane trafficking has been shown to
be affected by cAMP in a PKA-dependent man-
ner [121, 254]. Elevated intracellular cAMP
appears to have distinct acute and chronic effects,
which cause a decrease in AQP5 membrane
abundance in short-term (minutes) and increased
total AQPS5 protein in long-term (hours) [211].
Two consensus PKA sites in AQP5 that are able
to be phosphorylated have been identified,
Ser156 in cytoplasmic loop D [34] and Thr 259
[78, 121] in the carboxy-terminus. However,
mutation of these phosphorylation sites resulted
in constructs with the same membrane abundance
as wild-type AQPS, indicating that phosphoryla-
tion may not occur under basal conditions. In
contrast, AQP5 phosphorylation at Thr259 by
cAMP-PKA was recently shown to be associated
with lateral diffusion of AQPS, potentially regu-
lating water flow in glandular secretions [119].
Recent data demonstrated that membrane expres-
sion of AQPS is affected by Ser156 phosphoryla-
tion, either by increased targeting or decreased
internalization or both [115].

1.5.7.4 AQP8

AQPS is primarily located within the liver cell in
a vesicular compartment [29, 61] and in mito-
chondria [57]. The expression of AQPS on cell-
surface is very low under basal conditions [61,
67], however, hormone glucagon or its second
messenger cAMP strongly induced redistribution
of AQPS to the plasma membrane from intracel-
lular compartment [67]. Thereby, the water per-
meability of plasma membrane is increased,
facilitating osmotic water transport and canalicu-
lar bile formation. These studies suggest that
both PKA and PI3K pathways are involved in
glucagon-induced trafficking of AQP8 [67, 68].
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1.6  Expression Regulation

of AQPs

AQPs are expressed in a wide range of tissues
and usually spatially located within a certain
region of the cell. AQPs mediate the bidirectional
water flow driven by an osmotic gradient. The
transport of water mediating by AQPs is regu-
lated either by gating, a conformational change,
or by altering the AQP density in particular mem-
brane. The trafficking of AQPs is regulated at the
transcriptional and/or translational level, and also
involves shuttles of AQPs between intracellular
storage vesicles and the target membrane. PTMs,
especially phosphorylation, are one of important
mechanisms regulating redistribution of AQPs in
the cell. The regulation of AQPs, either through
gating or trafficking, allow for rapid and specific
regulation in a tissue-dependent manner. There is
another relatively long-term regulation by which
increased/decreased protein abundance of AQPs
is affected by systemic hormones (e.g. vasopres-
sin, insulin, ANP, angiotensin II), local molecules
(e.g. purine [265], prostaglandins [182, 262], bra-
dykinin [227], dopamine [20], and other common
microenvironment signals including pH [37,
167], divalent cation concentrations [70] and
osmolality [125, 129, 235]. These regulations of
AQPs are often associated with certain physio-
logical or pathophysiological conditions. In this
section, regulatory mechanisms of AQP2 are dis-
cussed mainly, based on the fact that regulation
of AQP2 is well characterized.

1.6.1 Gating of AQP2

In plants and yeast, the plasma membrane-
localized AQPs are gated in response to environ-
mental stress [123]. In mammals, gating regulates
the water permeability of AQPO, in a pH-
dependent and Ca**-calmodulin dependent man-
ner [169, 198]. Gating of AQP4 via
phosphorylation has also been suggested [71].
Data on gating of AQP2 via phosphorylation is
still debatable. Studies from different research
groups by using similar systems or different sys-
tems have failed to unanimously agree [54, 155,

156]. In fact, the predominant regulatory mecha-
nism of mammalian aquaporins is trafficking.
AQP2 trafficking is a canonical example.

1.6.2 Trafficking of AQP2
to the Membrane

Facilitated transport processes across epithelia
require an apically to basally polarized distribu-
tion of transmembranous transport proteins like
AQP. AQPs must be transported in vesicles spe-
cifically to the apical or basolateral plasma mem-
brane domain, which requires trafficking
machineries, including exocytosis, endocytosis,
sorting, clustering, and the maintenance of inte-
gral membrane proteins at the plasma membranes
[51].

Following translation, AQP2 is folded into its
monomeric conformation, and subsequently a
tetrameric complex, in the endoplasmic reticu-
lum. These tetramers are later transported to the
Golgi apparatus where two monomers are
N-glycosylated before they are transported
through the trans-Golgi network to different sub-
cellular compartments [158]. A large proportion
of AQP2 that exits the trans-Golgi network stored
in some form of endosomal vesicles and upon
relevant stimulus (e.g. AVP) is transported to the
apical plasma membrane [158, 172]. Trafficking
of intracellular vesicular containing AQP2 to the
membrane, docking and fusion of AQP2 vesicles
with the apical plasma membrane (exocytosis),
and removal of AQP2 from the membrane (endo-
cytosis) is likely attributed to total plasma mem-
brane abundance of AQP2 [158].

1.6.2.1 The cAMP-Mediated Effect
of Vasopressin on AQP2
Trafficking
AQP2 is present in the principal cells of the renal
collecting ducts, and its abundance and intracel-
lular localization in response to the AVP deter-
mine water reabsorption in this segments [59,
158, 172]. In the absence of vasopressin, AQP2 is
localized in subapical vesicles. Upon to stimula-
tion of AVP, a predominantly apical membrane
localization of AQP2 is induced. Classically,
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Fig. 1.6 Protein regulation of AQP2 by AVP. AVP
binds to the vasopressin type-2 receptor (V2R), present
on the basolateral membrane of renal collecting duct
principal cells. This induces a signaling cascade, involv-
ing Gs protein mediated activation of adenylate cyclase
(AC), arise in intracellular cAMP, activation of protein
kinase A (PKA) and subsequent phosphorylation of
AQP2. This results in the redistribution of AQP2 from
intracellular vesicles to the apical membrane. AVP
stimulation also results in increased intracellular Ca?
levels via Ca?* release from calmodulin-dependent
ryanodine-sensitive intracellular stores, which induces

AVP binds to the basolaterally located vasopres-
sin V2 receptor (V2R), which is coupled to ade-
nylate cyclase by the heterotrimeric G-protein,
Gs. The binding of vasopressin to its receptor
causes o subunit of G-protein to release GDP,
bind to GTP, and dissociate from the  and y sub-
units. This G aGTP complex, in turn, activates
adenylate cyclase (AC) to synthesize cAMP
which activates PKA. PKA in turn directly or
indirectly phosphorylates AQP2 at Ser256, which
is important for AQP2 trafficking as described
above. The phosphorylation of AQP2 then

apical membrane expression of AQP2. On the long
term, vasopressin increases AQP2 expression via acti-
vating transcriptional factors, which stimulates tran-
scription of AQP2 at the AQP2 promoter. Once the
water balance is restored, AVP levels drop and AQP2 is
internalized via ubiquitination. Internalized AQP2 can
either be targeted to recycling pathways or to degrada-
tion via lysosomes. Driven by the transcellular osmotic
gradient, water enters principal cells through AQP2 and
pass through basolateral plasma membrane via AQP3
and AQP4 to the blood. N nuclear, ER endoplasmic
reticulum, G Golgi apparatus

increases transport or trafficking via the cytoskel-
eton from the storing cytoplasmic vesicles to the
apical membrane [59, 60, 112, 172, 174, 236]
(Fig. 1.6).

As PKA has many cellular targets, localiza-
tion of PKA to specific sites of targets is neces-
sary for a timely and spatially effective
phosphorylation of target protein. This is medi-
ated by PKA-anchoring proteins (AKAP). For
the phosphorylation of AQP2, anchoring of PKA
by AKAP in close proximity to AQP2 is a prereq-
uisite [51, 177]. Several splice variant of
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AKAP18, AKAP18delta, and AKAP220 has
been reported to be involved in the shuttling of
AQP2 [83, 117, 118].

1.6.2.2 The Role of Calcium
in Vasopressin-Induced AQP2
Trafficking

Several studies have demonstrated a role of intra-
cellular Ca* mobilization in vasopressin-
mediated AQP2 trafficking. By binding to V2
receptors, vasopressin causes a transient increase
in intracellular Ca** concentration and calcium
oscillations in IMCD cells [35, 38, 257]. Removal
of extracellular Ca** in perfused IMCD did not
prevent the initial rise of intracellular Ca** levels
induced by vasopressin but inhibited the sus-
tained oscillations [257]. Ryanodine inhibitors,
calmodulin inhibitors, or intracellular Ca** chela-
tors were shown to block vasopressin-stimulated
translocation of AQP2 to the plasma membrane
and increase of osmotic water permeability in
primary cultured IMCD cells [35, 38, 257]. These
observations suggest that vasopressin-induced
intracellular increase of Ca® is important for
AQP2 translocation to the apical membrane. This
involves intracellular Ca’* released from
ryanodine-sensitive stores and the influx of extra-
cellular Ca?*. In contrast, data from other studies
in primary cultured epithelial cells from renal
inner medulla showed that cAMP is sufficient for
triggering the exocytic recruitment of AQP2,
which is not evoked by vasopressin-induced
intracellular calcium increases [136].

1.6.2.3 Vesicles Bearing AQP2
Transport to the Membrane

For the co-ordinated delivery of vesicles to spe-
cific sites their transport along the cytoskeleton is
needed [51]. In the case of AQP2, the reorganiza-
tion of microtubules and actin cytoskeletons are
essential in its trafficking. The actin cytoskeleton
provides a cage anchoring AQP2 in unstimulated
cells, preventing their exocytosis. The binding of
AVP to V2R causes the depolymerization of
F-actin in collecting duct cells, which is critical
in promoting the trafficking and fusion of AQP2-
bearing vesicles with the apical membrane [212,
259]. Indeed, AQP?2 itself can directly modulate

the local actin cytoskeleton depolymerization
and subsequent exocytosis. PKA-induced phos-
phorylation of AQP2 at S256 reduced the direct
binding of AQP2 to G-actin, but increased the
affinity of AQP2 to myosin-Vb, one of the central
regulators in apical trafficking. This interaction
results in a reduced quantity of myosin-Vb that
bounds to F-actin, resulting in F-actin destabili-
zation that allows translocation of AQP2 vesicles
to the plasma membrane (Fig. 1.5) [175, 176,
178]. The A-kinase anchoring protein 220
(AKAP220) is a ubiquitously expressed vesicular
and membrane-associated anchoring protein that
positively regulate actin polymerization and
microtubule stability during membrane protru-
sion [245]. Early studies showed that AKAP220
is physically associated with AQP2 in the princi-
pal cells of the kidney collecting ducts [181]. A
very lately study demonstrated that loss of
AKAP220 leads to accumulation of AQP2 at the
plasma membrane and reduces urine-diluting
capacity during overhydration [245]. This study
supports the role of actin-barrier dynamics in the
subcellular localization of AQP2 in the kidney
(Fig. 1.7).

It should be noted that there are some binding
proteins at C-terminus of AQP2 (or in AQP2-
bearing vesicles) that mediate AQP2 sorting and
the destination of AQP2. A large-scale proteomic
analysis showed that more than 180 proteins
were identified, including SNARE proteins,
trans-Golgi network markers, motor proteins etc.
These proteins interact with AQP2 via direct
binding, indirect linkage, forming a protein com-
plex, or colocalization in the same vesicles [10,
209], which is actively involved in regulation of
AQP2 dynamics.

1.6.2.4 Docking and Fusion of Vesicles
Bearing AQP2 with the Apical
Membrane (Exocytosis)
Fusion of AQP2-bearing vesicles with the plasma
membrane is a key terminal step in vasopressin-
regulated water transport. The docking and fus-
ing of AQP2-bearing vesicles is mediated by
SNARE (Soluble N-ethylmaleimidesensitive fac-
tor attachment protein receptors) mechanisms
[158] which involves vesicle (v) SNAREs (solu-
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Fig. 1.7 Exocytosis and endocytosis of AQP2. AVP
triggers cAMP signaling and induces phosphorylation of
AQP2 at S256, which dissociates G-actin from AQP2 and
promotes AQP2 interaction with myocin-Vb. This releases
myocin-Vb from F-actin and induces destabilization and
depolymeriztion of the F-actin network, allowing vesicles

ble NSF attachment protein receptors) and target
membrane (t) SNAREs. Multiple components of
the SNARE system are found in the collecting
duct principal cell. The v-SNARE proteins
vesicle-associated membrane protein (VAMP)-2
and VAMP-3 are found in AQP2-containing ves-
icles [10, 172], and t-SNARES (syntaxin-4, syn-
taxin 3, SNAP23, and SNAP25) are observed in
the apical membrane of principal cells [97, 144].
Snapin, an intermediate scaffolding molecule,
was found to serve as a linker between AQP2 and
the t-SNARE complex and can aid AQP2 traf-
ficking from storage vesicles to the apical plasma
membrane [97, 144]. The cleavage of VAMP-2
by tetanus toxin blocked the AVP-mediated
AQP2 translocation to the plasma membrane,

Basolateral

bearing-AQP2 transport to the membrane. AQP2-bearing
vesicles contain specific v-SNAREs that bind to specific
t-SNARE:S on the apical plasma membrane, AQP2 is thus
fused with the apical plasma membrane. After AVP wash-
out, AQP2 localizes to clathrin-coated pits and undergoes
clathrin-mediated endocytosis

suggesting a role of v-SNARS in AQP2 docking
[66]. Knockdown of Munc18, a protein-inhibiting
SNARE mediated membrane fusion, increased
AQP2 membrane accumulation, whereas, knock-
down of VAMP-2, VAMP-3, syntaxin 3, and
SNAP23 inhibited AQP2 fusion at the apical
membrane [193]. These studies strongly suggest
involvement of SNARE in AQP2 docking and
fusion to the membrane. It is noted that many
other proteins (e.g. annexin-2, GTPase, AKT
substrate) are also involved in AQP2 trafficking
and exocytosis, although their precise roles and
how they interact with AQP2 (or AQP2-bearing
vesicles) remains to be fully established [158]
(Fig. 1.7).
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1.6.2.5 Removal of AQP2

from the Membrane

(Endocytosis) and Degradation
Regulated endocytosis of AQP2 contributes sig-
nificantly to final plasma membrane levels of
AQP2. Inhibition of endocytosis can increase the
amount of AQP2 at the apical membrane [24,
137, 158, 203], indicating another way to increase
the water permeability of collecting ducts.

In the endocytotic process, AQP2 accumulates
in clathrin-coated pits and is internalized via a
clathrin-mediated process in a dynamin-
dependent manner [26, 218, 221]. hsc70, a heat
shock protein, which is important for uncoating
clathrin-coated vesicles, may bind to the
C-terminus of non-phosphorylated AQP2 and is
reported to be required for AQP2 endocytosis
[138]. Mimicking phosphorylation of AQP2 at
S$256 and S269 decreased their interaction with
clathrin, hsp/hsc70 and dynamin alongside a
decreased rate of endocytosis [138, 156], thus,
phosphorylation of AQP2 may alter the efficiency
of pit maturation and clathrin-coated vesicle and
modulate quantity of AQP2 in clathrin-coated
pits and internalization [56].

Lately, AQP2 was shown to interact with
caveolin-1, a principal component of caveolae
membranes that are involved in receptor-
independent endocytosis [6]. Both AQP2 and
caveolin-1 were internalized in response to for-
skolin removal [6], indicating that AQP?2 is inter-
nalized through caveolae/caveolin-1 dependent
mechanisms. In addition, evidences support the
role of membrane rafts in regulation of AQP2
endocytosis. Reagents depleting membrane cho-
lesterol induces plasma membrane accumulation
of AQP2 in vivo and in vitro, likely a result of
decreased AQP2 internalization [132, 137, 194,
203].

After endocytosis, AQP2 is retrieved to early
endosomes through a PI3K dependent mecha-
nism and then is transferred to Rabl1-positive
storage vesicles [209, 224, 225]. Ubiquitination
works as a signal for endocytosis and subsequent
degradation by multivesicular body or protea-
some, as discussed above. Some AQP2 trans-
ferred to multivesicular body is excreted into the
urine as exosomes [183, 187, 219] (Fig. 1.7).

1.6.3 Protein Synthesis of AQP2

Aside from intracellular trafficking and PTM, the
protein levels of AQP2 are also regulated tran-
scriptionally. Several different transcription fac-
tors, such as CREB, the AP1 [255], NFAT family
(TonEBP and NFATc) [79, 80], and NF-yB [80]
have been involved in this regulation. Vasopressin
treatment or dehydration for a certain time results
in increased water permeability of the collecting
ducts, a response called “long-term regulation”.
This response is mainly attributed to an increased
abundance of AQP2 protein due to stimulated
transcription of the AQP2 gene [231], which is
mediated by the vasopressin-V2R signaling cas-
cade [48]. Sequencing of the 5-flanking region of
the AQP2 gene revealed several putative cis-
binding element motifs including a cAMP-
response element (CRE) and an SP-1 site [197,
233]. CRE present in the AQP2 gene regulates
transcription of the gene [79, 151]. Hypertonicity
affects transcription of many genes through the
interaction between the tonicity-responsive
enhancer (TonE) and its transcription factor
TonEBP. TonEBP knockout mice show down-
regulated protein expression of AQP2, confirm-
ing the role of TonE/ToneEBP in AQP2
transcription [79] (Fig. 1.6). A Systems-level
analysis of cell-specific AQP2 gene expression in
renal collecting duct revealed many transcrip-
tional regulators and transcriptional regulators
binding elements that were involved in the tran-
scription of the AQP2 gene. The transcriptional
regulators that bind to ETS (Ets-like factors),
HOX (homeobox-binding factors), RXR(retinoid
X receptor family), CREB, and GATA (GATA-
binding factors) of the AQP2 gene are likely to be
involved in cell-specific regulation of AQP2 gene
expression [258], providing further insight into
the transcription regulation of the AQP2 gene.

1.7  Concluding Remarks

The past three decades have seen substantial
progress in our understanding of AQPs. In this
review, we have focused on the structure, molec-
ular characteristics, the intracellular trafficking,
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posttranslational modification, and regulation
mechanisms of aquaporins, in particular, AQP2.
Novel technologies and well-designed experi-
mental strategy will continue to improve our
understanding on aquaporin structure, function,
regulation, and roles in disease at a cell biologi-
cal, physiological, and pathophysiological level.
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The Evolutionary Aspects
of Aquaporin Family

Kenichi Ishibashi, Yoshiyuki Morishita,
and Yasuko Tanaka

Abstract

Aquaporins (AQPs) are a family of transmembrane proteins present in
almost all species including virus. They are grossly divided into three sub-
families based on the sequence around a highly conserved pore-forming
NPA motif: (1) classical water-selective AQP (CAQP), (2) glycerol-
permeable aquaglyceroporin (AQGP) and (3) AQP super-gene channel,
superaquaporin (SAQP). AQP is composed of two tandem repeats of con-
served three transmembrane domains and a NPA motif. AQP ancestors
probably started in prokaryotes by the duplication of half AQP genes to be
diversified into CAQPs or AQGPs by evolving a subfamily-specific
carboxyl-terminal NPA motif. Both AQP subfamilies may have been
carried over to unicellular eukaryotic ancestors, protists and further to mul-
ticellular organisms. Although fungus lineage has kept both AQP subfami-
lies, the plant lineage has lost AQGP after algal ancestors with extensive
diversifications of CAQPs into PIP, TIP, SIP, XIP, HIP and LIP with a pos-
sible horizontal transfer of NIP from bacteria. Interestingly, the animal lin-
eage has obtained new SAQP subfamily with highly deviated NPA motifs,
especially at the amino-terminal halves in both prostomial and deuterosto-
mial animals. The prostomial lineage has lost AQGP after hymenoptera,
while the deuterostomial lineage has kept all three subfamilies up to the
vertebrate with diversified CAQPs (AQPO, 1, 2, 4, 5, 6, 8) and AQGPs
(AQP3, 7, 9, 10) with limited SAQPs (AQP11, 12) in mammals. Whole-
genome duplications, local gene duplications and horizontal gene transfers
may have produced the AQP diversity with adaptive selections and func-
tional alternations in response to environment changes. With the above
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evolutionary perspective in mind, the function of each AQP could be specu-
lated by comparison among species to get new insights into physiological
roles of AQPs. This evolutionary guidance in AQP research will lead to
deeper understandings of water and solute homeostasis.

Keywords

MIP family ¢ Classical AQP ¢ Aquaglyceroporin ¢ Super-gene family ¢

Internal tandem repeat

2.1 Introduction
Aquaporin (AQPs) is an ancient channel that
transports water and small molecules such as
urea and glycerol for the maintenance of fluid
homeostasis in various environments [3, 40, 48,
49,76, 90, 112]. Moreover, some AQPs transport
nutrients, metabolic precursors, waste products,
toxins and gases [15, 34, 67, 96]. AQPs are ubiq-
uitous in almost all living systems including a
virus [33] with exceptions for some prokaryotes
and protozoa. This is consistent with their funda-
mental roles in homeostasis and long history in
evolution. Based on their wide distribution, the
evolutionary pathways for AQPs have been pro-
posed by combining a phylogenetic analysis of
both AQPs and species [1, 23, 27, 28, 38, 50, 79,
80, 82, 88, 92, 109, 110]. This approach will be
insightful to speculate the function and physio-
logical significance of uncharacterized AQPs.
The primary structure of AQP indicates that it
has a relatively conserved overall structure with
six transmembrane domains and five connecting
loops (A-E) (Fig. 2.1). They form a tetramer and
the each monomer has a pore that is made of two
highly conserved hydrophobic short stretches of
~20 amino acid residues named asparagine-
proline-alanine (NPA) motifs in loops B and E to
simulate a hour-glass structure (Table 2.1). The
NPA motif is highly conserved in AQPs and des-
ignated as a signature sequence for AQP family.
Before bioinformatic tools were available, this
amino acid sequences were exploited to design
degenerative primers to clone new AQPs by PCR.
Accumulating databases from genome proj-
ects have facilitated the identification of AQPs
with powerful bioinformatic tools that automati-

cally find new AQPs using conserved signature
sequences: NPA motifs and transmembrane
domains [38]. If these AQP-like proteins function
as a water channel when properly expressed, they
will be included in AQP family. However, most of
their function is unknown and they will be
grouped as MIP (Major Intrinsic Protein) multi-
gene family. MIP was originally identified as a
dominant protein at bovine lens fiber junction
membranes with unknown channel function
before the identification of AQP1 [30, 35]. This is
because AQP was originally proposed as the
name for a functionally defined water channel [3].

As many MIP proteins have been identified by
genome projects and they transport water, MIP
family and AQP family are often used inter-
changeably. Moreover, the acronym of MIP also
comes from a couple of other proteins such as
‘macrophage inflammatory protein’ and ‘mito-
chondrial intermediate precursor-processing
proteinase’. Thus, in this review, AQP family
was used instead of MIP family to avoid the
above confusion. The usage of AQP family irre-
spective of its function can also evade the discus-
sion on the functional discrepancies of AQPs in
the literature.

In fact, MIP has been renamed to be AQPO
after the discovery of AQP1 although it is a poor
water channel [35]. Another member of MIP
family cloned and characterized before AQP1 is
a bacterial glycerol channel or glycerol diffusion
facilitator, GlpF. The homolog of GlpF in mammals
was later identified as AQP3. GIpF, however, was
not renamed but included in aquaglyceroporin
family together with AQP3.

We overview the evolution of AQP family
based primarily on the amino acid sequences but
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not on the function. However, relevant advanta-
geous functions will be discussed as they are
important for the selection bias to survive through
evolution. Many detailed reviews on the evolu-
tion of AQP family are available in the literature
trying to find clues to functionally critical resi-
dues and physiological roles through adapting to
changing environments through evolution [1, 27,
38, 82, 109]. This review, however, does not
intend to provide a detailed analysis of the evolu-
tion of AQP family but to present a general and
simplified view on the evolution and origins of
diversified AQP family through evolution to
obtain basic ideas on the history of AQPs.
Moreover, the review will update our previous
review during five years [50].

2.2 The Classification of AQP
Family into Three

Subfamilies

AQP has a paired stretch of highly conserved sig-
nature sequences, NPA motifs, which form a pore
structure and primarily define the selectivity of
transport as a charge and size obstacle [10, 43,
66, 103]. Moreover, AQP is composed of an
internal tandem repeat of three transmembrane

Hemipore

Hemipore

Hemipore-2

Hemipore-1 J \

A Aspartate(D)
B Arginine-Proline-Alanine(NPA)

Fig. 2.1 Hypothetical formation of AQPs. AQPs may
have been formed by duplication of a hemipore gene [88]
or a fusion of two similar genes (hemipore-1 and hemi-
pore-2). AQGP may have been transformed to CAQP by

segments (TMS) speculated by the fact that the
amino terminal half (hemipore-1) and the car-
boxyl terminal half (hemipore-2) are related with
each other at the level of ~20% amino acid
homology to face each other to form a pore
(Fig. 2.1) [80, 88]. The amino-terminal half is
relatively well conserved among AQPs, while the
carboxyl-terminal half is less conserved possibly
for the purpose of specifying its unique pore
selectivity. Each half has two loops in which the
second loop, loop B or loop E, has a highly con-
served hydrophobic residues, NPA motif that
forms the pore (Fig. 2.1). This structure suggests
that AQP originated from a tandem duplication
of a half AQP gene (hemipore) [79, 88].
Alternatively, both hemipore may have evolved
independently to produce unique structures
(hemipore-1 and hemipore-2) and fused to form
AQPs (Fig. 2.1).

After the identification of AQP3 as a mamma-
lian homolog of GIpF, a bacterial homolog of
AQP1 was found to be AQPZ [17]. With the dis-
covery of these two sets of AQP family in bacte-
ria and mammals, AQPZ vs. AQP1 and GIpF vs.
AQP3, the evolutional pathway of AQP family
from bacteria to human seemed to be apparent
and straight forward [3, 47]. Moreover, the differ-
ence in primary sequence also reflects the func-

A g E
)
2 3/2 CAQP oy SAQP
D
B I,
AQGP

the shortening of loop D and the disrupting mutation of
the signature D residue of AQGP in microbes. SAQP may
have been produced by the transformation of CAQP in
multicellular organisms
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Table 2.1 Sequence of AQPs at the first and the second NPA boxes

‘ First NPA box Second NPA box

CAQP

AQPZ —-VGHISGGHF NPA VTIGLWAG- -SIPVTNTSV NPA RSTAVAIFQG-
Meth —-FGRISGCHI NPA VTIALFAT- —-IGNLTGASL NPA RTFGPYLGDW-
Chl.T -MGTVSGAHL NPA VTLAFAMR- —-AAPVSGASM NPV RSLAPALVCG-
Chl.P -MGTVSGAHL NPA VTIAFAMR- -AAPISGASM NPV RSLAPALVCG-
Cript -FFRVSGGLEF NPA VSLGMVLA- -GVPYSGGAL NPV RSLGPAVVTH-
Trypl -FGYISGGHF NPA VTMAVFLV- -VGRISGGAF NPA AATGLQLALC-
Tryp2 -FGYISGAHF NPA ITFATFIN- -VGGFTGGAF NPA VATGTQLVGC-
Leish -FGYISSSHF NPA VSIAVFLV- -AGRISGGAF NPA AASGLQVAMC-
D.disA -VSGVSGCNL NPA VTLANLLS- -GEFNFSGGAL NPV RVLGPSIISG-
D.disB -ISGISGCQL NPA VTVGCVTT- -LNLFTGGSL NPA RSFGPAVFSD-
D.disC -FADVSGAHF NPA VTFATCVT- -GGSVSGGAF NPA RVFGTALVGN-
D.disD -CAPVSGGHL NPS ITLATFFA- —-IAPNYIFGF NIA RCLSPAIVLS-
D.disE -CAPVSGGHL NPS ITIATFFS- -ISPNYIFGEF NMA RCLCPAIVTG-
XIP1.1 —APATSGGHV NPC ITWTEMLT- -FSGYGGAGI NPG RCIGPAVVLG-
TIP1.1 -GANISGGHV NPA VTFGAFIG- -GGAFSGASM NPA VAFGPAVVSW-
PIP2.6 -TAGISGGHI NPA VTFGLFLA- -TIPITGTGI NPA RSFGAAVIYN-
HIP1.1 -TGAISGGHI NPA VTLAFVVA- -GVPYTGASM NPA RSFGPALVSG-
NIP1.2 -LGHISGAHF NPA VTIAFASC- —-AGPVSGASM NPG RSLGPAMVYS-
STP1.1 -TVIFGSASF NPT GSAAFYVA- -GSKYTGPAM NPA IAFGWAYMYS-
LIP -DIVSGGSQV NPS VSVAMEVH- -GTPYTGPAM NPM IAFGWAVQSD-
AQP1 -VGHISGAHL NPA VTLGLLLS- -AIDYTGCGI NPA RSFGSAVLTR-
AQPS8 —-LGNISGGHF NPA VSLAVTVI- -GGSISGACM NPA RAFGPAVMAG-
AQGP

AQPV1 -FGFVS-AHL NPA MCLALFIL- -MGGVTSIAA NPA R D FSPRLAHF-
GlpF -TAGVSGAHL NPA VTIALWLF- -MGPLTGFAM NPA R D FGPKVFAW-
Entero -LFVFGGVCI NPA MALAQAIL- -LGGTTGFAM NQA R D LGPRIAYQ-
Ustil -CATTSGTQF HPA FTIAQVVF- -CFSSSNVVA NSA R D IGARLVCS-
P.viv -AAKLSGAHL NLA VTVGFATI- -FGGNTGFAL NPS R D LGARLLSL-
GIP -VGHISG-FF NPA VALAAAVV- -GGGMTGPAL NPA R D LGPALVSG-
AQP3 -AGQVSGAHL NPA VTFAMCFL- -MGEFNSGYAV NPA R D FGPRLFTA-
SAQP

CeAQOPY -IEFQRDAVA HPC PLVTNCYR- -GINYTGMYA NPI VAWACTEN C L-
CeAQP10 -NIFNRGAMT NCA PIFEQFVF- -LYVVGVPGL NPI VATARLYG C R-
CeAQP11 -ALCNRTAFC SPL APTEQYLF- -VTFVGDQAL DPL VASTLFFG C R-
MtAQP11 —TFTFQDGTC DPS ECYEKFCK- -GLFVSGGYF NPT LSFAMEYG C Q
Dros -GRVWGDASA CPY THMEDVVE- -AFNFSGGYF NPV LATALKWG C R-
Urchl -LTFDGDSTA NTC MIWQSMLK- -GLEWTGMMF NPA LAAGITLN C G-
Urch?2 -NEELSNAGD APL GQAVQVQP- -GLEYTGAPM NPI LGFASGWG C K-
7ZF11 -GFSFRGAIC NPT GALELLSR- -GGRLTGAVF NPA LAFSIQFP C P-
7F12 -TAVMQDVSG NPA VTLLRLLQ- —-ANNYTSGYV NPA LAYAVTLT C P-
Xenopus -GFTFNKASG NSA VSLODFLL- -AGSYTGAFF NPT LAAALTFQ C S-
Chicll -GLTLPGSTC NPC GTLQPLWG- -GGNLTGAIF NPA LAFSLHPH C F-
Chicl?2 -AACANGAAS NPT VSLQOEFLL- -AAPATGAFF NPA LATASTFL C A-
AQP11 -GLTLVGTSS NPC GVMMQMML- -GGSLTGAVF NPA LALSLHFM C F-
AQP12 -GVTLDGASA NPT VSLQEFLM- -AGPFTSAFF NPA LAASVTFA C S-

The table was modified from Ref. [50]
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tional dichotomy of AQPs: water-selective vs.
solute-permeable.

The fact that the dichotomy of AQP family
seemed to start early in bacteria suggests that
AQP family is ancient and conserved in evolution
possibly for its critical roles in water and solute
homeostasis for survival since water is vital for
every living organism. It is particularly true with
GlpF whose gene is located in the functional
gene complex, glpFK operon, encoding glycerol
kinase as well. However, the role of AQPZ is not
clear as its absence produces little defect though
controversial [93]. Furthermore, ~90% of bacte-
ria are even devoid of GIpF nor AQPZ as is the
case of most archaebacteria [98]. As majority of
prokaryotes do not have AQPs, AQPs in bacteria
could have been derived from horizontal gene
transfer from eukaryotes and accumulated muta-
tions to produce diverse NPA motifs due to the
absence of functional constraints on the primary
sequences.

The original division of AQP family into two
subfamilies was based on their permeability
function: water-selective vs. glycerol-permeable.
Each was then named a classical AQP (CAQP) or
an aquaglyceroporin (AQGP), respectively [40,
90]. Although this classification is based on the
function, itis also related to the primary sequence.
As the functional data are sometimes controver-
sial and they are not available in most AQPs, the
classification is usually conducted based on the
primary sequence using signature sequences. The
signature sequence for AQGP is the aspartic acid
residue (D) in the second NPA motif that is
expected to expand the pore to permeate larger
molecules such as glycerol [32, 103] (Fig. 2.2).
The signature sequence for CAQP, however, is
not readily apparent due to several variations in
the second NPA motifs. Thus the absence of D
suggests CAQPs. It is true that the pore size and
characteristics are not determined simply by
this D residue alone, but the relevant combina-
tion of conserved residues of AQGPs such as a
longer loop D always coexist with this D residue,
indicating the phylogenetic sequence conserva-
tion of AQGP subfamily through evolution. On
the other hand, CAQPs may have come from
multiple phylogenetic sources although some

CAQP

AQGP

SAQP

A Aspartate (D)
@ Cysteine(C)
mm Arginine-Proline-Alanine (NPA)

Fig.2.2 The classification of AQPs into three subfami-
lies. The signature sequence for AQGP is the aspartic acid
residue (D) in the second NPA motif. The signature
sequence for SAQP is Cys (C) residue at the downstream
of the second NPA motif. The partner Cys residue for
disulfide binding is present in the loop C. The absence of
these D and C residues indicates CAQP (See text for more
details)

critical residues for water-selective transport
have been conserved [10, 31].

The amino and carboxyl terminal halves of
CAQPs are conserved at the level of ~30% while
those of AQGPs are less conserved at the level of
~20% due to the longer residues at the loop D
[88] (Fig. 2.1). Nevertheless, as both amino-
terminal halves are relatively conserved at the
level of 30~40%, CAQP and AQGP may have a
common ancestral AQP. It is also possible that
the duplication of a half-sized AQP gene may
have produced CAQP and AQGP independently
with the carboxyl-half diversification [66, 102]
(Fig. 2.1). As the role of AQGP with glpFK
operon in bacteria is more apparent than CAQP,
CAQP could have been produced by the isolation
of AQGP from glpFK operon or by a remaining
component of deleted glpFK operon. The first
AQP, most likely AQGP, may have had a larger
pore permitting the uptake of nutrients or the
excretion of waste products in bacteria. Then, the
mutation of the signature Asp (D) in the second
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SAQP

CAQP
AQGP

Fig. 2.3 Schematic presentation of the phylogenetic
relationship of AQP subfamilies. SAQP is distantly
related to CAQP and further away from AQGP

NPA motif and the deletion in the loop D may
have converted AQGP to CAQP specialized for
water transport with a newly-formed narrow pore
[43] (Fig. 2.1). However, the identification of
original AQP in bacteria will be difficult because
a major fraction of prokaryotic genes have been
derived from horizontal gene transfer among
microbes.

The subsequent discovery of AQPI1 and
AQPI12 in mammals has challenged the above
dichotomy classification of AQP family because
they have highly degenerative NPA motifs with
very low overall amino acid homology (<15%), a
level of super-gene family [45, 46, 51, 52, 74, 75,
77]. Such AQPs were not identified by PCR clon-
ing because degenerative primers based on NPA
motifs did not work. Instead, AQP11 and AQP12
were identified by BLAST search of EST libraries
because their first and sixth transmembrane
domains are relatively conserved with CAQPs and
AQGPs. As previous phylogenetic trees have been
drawn from CAQPs and AQGPs with relatively
higher amino acid identity (>25%), the inclusion
of AQPI1 and AQPI2 in the tree has broadly
expanded AQP phylogenetic trees (Fig. 2.3).

The identification of super-gene family of
AQPs stimulated the search for more members in
genomic data bases. In fact, such AQPs have been
identified in the database of multicellular animals
whose amino acid upstream sequence from the
first NPA and NPA itself are completely different
from other AQPs (Table 2.1). Interestingly, they
are absent in bacteria, unicellular eukaryotes, and
plants (Table 2.2). Three members in a nematode,
C. elegans and one in an insect, D. melanogaster
are particularly deviated and were not previously
included in AQP family [42, 55] (Table 2.1).
Despite their low homology even among them-
selves, all have a signature NPA motif in the car-

Table 2.2 The distribution of aquaporins in three
subfamilies

Organisms CAQP  |AQGP  |SAQP
Microbe

E. coli 1 1

P. aeruginosa 1

S. typhimurium 1

L. plantarum 6

M. marburgensis

Chlorella virus 1

Fungus

S. cerevisiae 2 2

S. pombe 2

A. nidulans 4

U. mydis 3

M. grisea 3 1

Protist

L. major 4 1

T. cruzi 4

T. brucei 3

T. gondii 1

P. falciparum 1

D. discoideum 5

Invertebrate

C. elegans 3 5 3
M. tardigradum | 2

C. intestinalis 4 1 1
Plant

P. patens 23 (8PIP, 4TIP, SNIP, 2SIP, 2XIP,

1HIP)

51 (15PIP, 17TIP, ONIP, 4SIP, 6XIP)
35 (13PIP, 10TIP, 9NIP, 3SIP)

55 (15PIP, 17TIP, 1 INIP, 6SIP, 6XIP)

H. brasiliensis

A. thaliana

P. trichocarpa

Insect

L. salmonis 2 3 2
D. melenogaster |7 1
G. morsitans 9 1
Vertebrate

Zebra fish 11 7 2
Salmon 23 13 6
Clawed frog 12 5 2
Green anole 9 5 2
Turtle 10 3 2
Zebra finch 7 4 2
Platypus 8 5 2
Rat 7 4 2
Human?® 7 4(+4) 2(+1)

The table was modified from Refs. [28, 50]
“Human has four pseugogenes of AQP7 and another copy
of AQP12
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boxyl-terminal half without D residue and in
particular they have highly conserved Cys (C)
residue at the downstream of the second NPA
motif, NPAxxxxxxxxC (x is any amino acid resi-
due) [36, 50] (Fig. 2.2, Table 2.1). This Cys may
be important for disulfide binding to construct a
3D structure and will be functionally indispens-
able as its disruption in AQP11 produced a similar
phenotype to that of AQP11-deficient mice [75,
99]. Furthermore, a candidate partner Cys residue
for disulfide binding has been identified in the
loop C, which remains to be proved [36] (Fig.
2.2). Figure 2.4 shows a simple diagram to clas-
sify AQP family into three subfamilies [50].

With this Cys residue as a signature residue,
this subfamily will be grouped as a supergene
family of AQP family and named superaquapo-
rins (SAQPs) with the deviated NPA motifs [11,
107] (Table 2.1). Although many AQP-like pro-
teins have been identified in bacterial genomes
with deviated NPA motifs, they do not have this
particular Cys residue and their overall sequences
are closer to CAQPs. Therefore, these bacterial
AQP-like proteins with different NPA motifs
belong to CAQP subfamily. As SAQPs are absent
in lower organisms and plants, it could have been
obtained in multicellular animals by horizontal
gene transfer from cohabitating ancient bacteria
with deviated NPA motifs because such muta-
tions may have not adversely affected bacteria as
they were less dependent on AQPs. The gain of
the Cys residue may have been critical for new or
altered functions of SAQPs arising from the devi-
ated NPA motifs to form a unique 3D structure
for the benefit of multicellular animals. The pres-
ence of cell walls in plants in fact has inhibited to
function as multicellular organisms due to cyto-
plasmic convergence. Consequently, plants might
have no need for SAQP even if they had a chance
to obtain SAQP by a horizontal gene transfer
from symbiotic bacteria. Alternatively, SAQP
may have been originated in prokaryotes or even
in unicellular eukaryotes but lost through evolu-
tion due to too extensive deviations to function as
a water channel. In fact, AQPI11 is a relatively
inefficient water channel [108].

The 3D structural analyses of CAQP and
AQGP have revealed that they are highly con-

served with each other [103], while such an anal-
ysis of SAQP is not currently available. If SAQP
indeed has a similar 3D structure as CAQP and
AQGP, the validity to include SAQP into AQP
family will become robust. Surprisingly, a recent
report on 3D structural analysis of a formate
channel (FocA) in bacteria has indicated a strik-
ing 3D structural similarity to AQPs [21, 106].
Although its primary sequence has no homology
with AQP family, it has pore forming hydropho-
bic amino acid residues similar to NPA motifs
with six transmembrane domains in 3D structure.
Therefore, this channel could be another water
channel although its functional study has failed to
show water permeability [106]. It is also com-
posed of tandem internal repeats similar to AQPs.
However, the hemipores have a much lower
homology with each other at the order of ~7%.
Moreover, FocA forms a pentamer rather than a
tetramer to permeate formate, nitrite and hydro-
sulfide. FocA family is only present in prokary-
otes and lower eukaryotes. Although AQP family
is currently composed of three subfamilies:
CAQP, AQGP, and SAQP [11, 50], another novel
water channel family could be identified in the
future with a similar 3D structure to AQP family
with little primary sequence homology.

2.3  Clustering and Evolution

of AQPs

Molecular evolution by gene duplication and
structural diversification are the basis for the phy-
logenetic framework for AQP family [5, 16, 19,
24, 44]. However, the presence of horizontal gene
transfer from bacteria to eukaryotes or vice versa
has been suggested and should be carefully eval-
uated in the event of missing links between AQPs
and species in phylogenetic trees [57]. The most
compelling instance of horizontal gene transfer
will be the plant acquisition of NOD26-like
intrinsic proteins (NIPs) from cohabitant bacteria
at root nodule in the absence of glycerol-
transporting AQGP in plants [111]. Such a caveat
of horizontal gene transfer should be carefully
evaluated when comparing AQP sequences from
the evolutional point of view [6, 57].
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Fig. 2.4 A simple diagram for the classification of
AQP family. The characteristics of AQP subfamily shown
in Fig. 2.2 is the basis for this diagram (See text for more
details)

2.3.1 Microbial AQPs

The first AQP may have been originated in eubac-
teria as indicated by the presence of two AQPs in
E.coli, AQPZ and GIpF, which may correspond
to the ancestor forms of CAQP and AQGP,
respectively. However, most of bacteria do not
have a set of AQPs. Generally, gram-negative
bacteria have only CAQPs while gram-positive
bacteria have only AQGPs. For example, a gram-
positive Lactobacillus plantarum has six AQPs,
all AQGPs. Moreover, only ~10% of bacterial
genomes contain AQPs, and the role of AQPs in
bacteria is not clear [98]. It is postulated that
CAQP may be necessary for freeze tolerance to
prevent intracellular icing in the event of freezing
by enhancing intracellular osmolality through
rapid extrusion of water through CAQP. A simi-
lar role has also been reported in the case of
insect AQPs [53, 83]. AQGP may serve to trans-
port osmolytes, nutrients or toxins of small mol-
ecules rather than water. Therefore, in the event
of the transfer to hypotonic environments, AQGP
may serve to excrete rapidly glycerol as an osmo-
lyte to prevent cell swelling. The loss of AQGP
may have been caused by parasitic life style of
microorganisms, in which nutrients were easily
obtained and the environment was osmotically
stable. The fact that the majority of bacteria do
not have any AQP suggests that the presence of
AQPs may be harmful in hypotonic environment
as the cellular water is rapidly removed through

CAQP while its absence will be advantageous to
prevent osmotic water loss from the cell body.
Moreover, the osmolyte in most bacteria is potas-
sium or amino acids and not glycerol, which may
make AQGP unnecessary [15].

Genome projects have revealed the absence of
AQPs in many archaebacteria such as thermo-
philic archaea reflecting limited advantage of
AQP as in the case of eubacteria. An exceptional
AQP in archaebacteria is AqpM, a member of
CAQP, in Methanothermobacter marburgensis
[63] (Table 2.1). Interestingly, AqpM has a wider
pore structure to accept larger molecules such as
H,S instead of water [60]. It could be a primitive
non-specialized AQP, an ancestor form of more
specialized CAQP and AQGP. Again, much
fewer AQPs in archaebacteria suggest minimum
roles of AQPs in prokaryotes in general through
evolution despite their survival through harsh
environments.

It is notable that a chlorella virus has an
AQGP, AQPV1, which may have been obtained
by a horizontal gene transfer from bacteria to
virus, as the virus infect algae at the time of the
separation of eukaryotes from prokaryotes [33]
(Table 2.1). AQPV1 may play a role in infection
and replication of the virus to modulate water
transport of the host cell.

2.3.2 Protist AQPs

As eukaryotes have evolved from symbiosis of
prokaryotes, they could have inherited several
AQPs from prokaryotes to be expressed at the
plasma membrane [20, 89]. The number of AQP
genes in protists, however, is diverse and may
have changed by their environmental constraints
through the evolution [9, 26, 104]. A cyst-forming
symbiotic Cryptosporisium parvum does not
have any AQPs while Plasmodium.falciparum
has only one AQP (PfAQP), AQGP, for the nutri-
ent uptake from erythrocytes [7, 67, 87, 104]. On
the other hand, Toxoplasma gondii has only one
AQP (TgAQP), CAQP, but with a wide range of
permeability to uptake nutrients by changing its
pore structure through the alterations of function-
ally critical residues [81]. Some protozoa have
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multiple AQPs: Dictyostelium discoideum have
five AQPs, all CAQPs [50] while Trypanosoma
brucei has three AQPs, all AQGPs. Three patho-
genic Trypanosomatidae (Leishmania major,T.
cruzi and T. brucei) have different AQP subfami-
lies possibly caused by the need for different
nutrient uptakes to adapt to their environments
beyond evolutional constrains [104]. It seems
that eukaryotes need AQPs more than prokary-
otes possibly due to their larger size of cell bodies
which requires more efficient water transport
system at the plasma membrane. The multiple
AQPs beyond a genomic AQP subfamily barrier
may have been produced by gene duplication or
horizontal gene transfer.

2.3.3 Fungal AQPs

The budding yeast Saccharomyces cerevisiae has
two CAQPs (ScAqyl and ScAqy2) and two
AQGPs (YFL054Cp and ScFpsl) suggesting the
need for AQPs has been increased in eukaryotes
possibly for osmotic adjustment of yeast cells at
low temperature [4, 62, 91]. High osmolality
induces glycerol accumulation in yeast cells by
the high osmolality glycerol (HOG) pathway to
accumulate glycerol produced by alcohol fer-
mentation, which is regulated by the closure of an
AQGP, Fpsl [41, 84]. On the other hand, the role
of CAQPs is not clear as one of them presents
inside the cell. A recent comprehensive analysis
of AQPs in 38 strains of S. cerevisiae has revealed
various inactivating mutations in both CAQPs
and AQGPs, which may give a competitive
advantage in different environmental conditions.
Therefore, in selected environments, the pres-
ence of AQPs is detrimental for yeasts, suggest-
ing little importance of AQPs even in unicellular
eukaryotes.

Alternatively, multiple AQPs in yeast could be
caused by horizontal gene transfer and genome
fusions of prokaryotes before the separation of
eukaryotes [89] and by the subsequent endosym-
biosis of prokaryotes into eukaryotes [20]. As the
current unicellular yeast used to be a multicellu-
lar organism, four AQPs may reflect the combi-
nation of multiple cells fused within the cell wall.

On the other hand, the baker’s yeast S. pombe has
only two AQGPs [56, 101]. Much wider distribu-
tion of AQGP than CAQP in fungi suggests that
glycerol is the major osmolyte in yeasts and
nutrient imports or toxin exports will be more
important than water transport as a function of
AQPs.

2.3.4 Plant AQPs

In contrast to animals, plants have developed
multiple AQPs due to their polyploids [2, 71].
Interestingly, they have only CAQPs that are
diversified in higher plants [65]. For example,
Arabidopsis thaliana has 35 AQPs, which are
further subdivided into four groups: 13 PIPs
(Plasma membrane Intrinsic Protein), 10 TIPs
(Tonoplast Intrinsic Protein), 9 NIPs (NOD-26
like Intrinsic Protein), and 3 SIPs (Short Intrinsic
basic Proteins) (Table 2.2). The absence of
AQGPs in plants can be explained by the func-
tional conversion of CAQPs to AQGPs as is the
case with protozoa or insects [29, 105]. NIPs can
transport small molecules other than water such
as glycerol, silicon and boron [96], which are
thought to be derived from bacteria by a horizon-
tal gene transfer: symbiotic bacteria in the root
may have had ancestors of NIPs for the uptake of
nutrients and possibly for the efflux of metabo-
lites and wastes [85, 92, 111]. Some NIPs are
expressed at the ER membrane, which may be
reminiscent of previous intracellular symbiotic
states. The absence of SAQPs in plants is intrigu-
ing and may be related to the presence of intra-
cellular TIPs and SIPs, which may have made
intracellular SAQPs redundant.

Another subfamily of CAQPs identified in
poplar trees, but absent in A. thaliana, is XIP
(uncategorized X Intrinsic Protein) [37, 39, 69]
(Table 2.2). Similar to SIPs, XIPs have less con-
served NPA boxes but do have conserved Cys
residue after 2nd NPA box (Table 2.1). However,
this Cys is located near NPA as NPARC and its
functional significance has not been clarified.
Thus both SIP and XIPs do not belong to SAQPs.
XIPs are expressed at the plasma membrane and
have a wider selectivity for permeant substrates
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including glycerol [14]. Interestingly, XIPs are
also present in protozoa and fungi [22, 37]. More
recently, further new subfamilies also belonging
to CAQP, HIP (Hybrid Intrinsic Protein, similar
to PIPs and TIPs) and LIP (Large Intrinsic
Protein, similar to SIP) have been identified in
algae but they are absent in higher plants [23, 58].

Interestingly, an AQGP, GIP, has been found
in a primitive land plant, a moss Physcomitrella
patens, functioning as a glycerol channel.
However, it may have come from bacteria by a
horizontal gene transfer [22, 39]. It is difficult to
integrate plant AQPs in evolutionary context as
there can be a possible contamination of bacterial
horizontal gene transfer such as NIPs and GIP
although the absence of AQGPs in plants is
intriguing.

It is unique for plants to have seven subfami-
lies of CAQP based on the primary sequences
(PIP, TIP, NIP, SIP, XIP, HIP, LIP), which seems
to make plant CAQPs functionally comparable to
animal AQPs. For example, the absence of AQGP
in plants is in fact compensated by the extended
functions of NIPs [85, 96]. The absence of SAQP
might be compensated by SIP, XIP or
HIP. Detailed phylogenetical analysis of plant
AQPs has been reported and such a functional
evolution in concert with minute primary
sequence changes within CAQP subfamily will
give novel insights into evolution paradigm
including structure-function relationships of
AQPs. Although these results are derived from
subfamilies of CAQPs, they will be insightful
into the functions of other AQP subfamilies.

2.3.5 Invertebrate AQPs

SAQPs have first appeared in multicellular ani-
mals both protostome such as insects and deu-
terostome such as vertebrates [18, 36].
Caenorhabditis elegans, a deuterostome has 3
SAQPs, which are highly deviated from mamma-
lian 2 SAQPs (Table 2.1). They are also not much
homologous with each other suggesting the
acquisition of SAQPs in C. elegans may be
through horizontal gene transfers possibly from
bacteria. Since SAQPs have first appeared in

multicelular nematodes and not in unicellular
protozoa, SAQPs may have a role in cellular
activities specific to multicellular organisms such
as cellular differentiation, apoptosis, organogen-
esis, mating and intercellular communication. If
it is the case, the absence of SAQPs in plants may
reflect the unicellular nature of cytoplasmic com-
munication in plants within the cell wall which is
absent in animals.

It is notable that C. elegans has abundant
AQGPs, 5 out of 11 AQPs (45%), suggesting that
there is some selection advantage to retain mul-
tiple AQGPs [42] (Table 2.2). Although glycerol
may be important for its osmoregulation and a
nutrient, their functional studies showed that not
all AQGPs transport glycerol and one is even
water selective, while one CAQPs is water selec-
tive but two CAQPs have no transport activities
[42]. The function of three SAQPs has not yet
been examined and their subcellular localization
is not clear. Moreover, the physiological roles of
nematode AQPs are still unclear as even multiple
AQP knockouts up to quadruple AQP deletion
has revealed no abnormalities [42]. Interestingly,
agp-1, an AQGP, has been reported to lengthen
the life in a low-sugar diet suggesting that AQPs
may play a role in metabolism rather than osmo-
regulation [64].

The unusual tardigrade survives drying and
dehydration by anhydrobiosis, which may be
regulated by 11 AQPs: 2 CAQP, 8 AQGPs and a
single SAQP [36]. Much more AQGPs in this
animal suggest the importance of glycerol in
anhydrobiosis. Some of AQGPs in tardigrade
may have been derived from horizontal gene
transfers to increase their number. As in the case
with C. elegans, its SAQP is also highly deviated
(Table 2.1).

2.3.6 Insect AQPs

Early arthropods, protostomes, have all three
AQP subfamilies [18]. A non-insect louse,
Lepeophtherius salmonis, has 7AQPs: 2CAQPs,
3AQGPs, and 2SAQPs [94] (Table 2.2). A mite,
Rhipicephalus  sanguineus, has an AQGP,
RsAQPI1, although it has a water-selective
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transport [8, 12]. As the osmolyte in insect is not
glycerol but trehalose, a remnant AQGP in mites
might have been functionally converted to a
water-selective AQP, or it may have been gained
by a horizontal gene transfer from bacterial
AQGPs.

Interestingly, insects with feathers have lost
AQGP while insects without larva stages have
retained AQGPs. For example, a fruit fly,
Drosophila melanogaster has lost AQGP from
eight AQPs: 7 CAQPs and one SAQP (Table 2.2).
SAQP was not initially included as a member of
AQP family as the first NPA is unusual CPY with
deviated its upstream sequences [18, 55] (Table
2.1). Another fly, Tsetse fly, Glossina morsitans,
a vector for African trypanosomiasis, has 10
AQPs: 9 CAQPs and one SAQP. The loss of
AQGP in higher insects is compensated by the
functional conversion of CAQPs to become per-
meable to glycerol and urea in dipteran order as
shown in silkworm larva, Bombyx mori [25, 29,
53, 54, 105]. Insect CAQP as a water channel
may also be important for freezing tolerance as in
the case with bacteria [53, 83].

2.3.7 Vertebrate AQPs

In vertebrates, all three families of AQPs are
present. In rats, there are thirteen AQPs in total:
CAQPs (AQPO, 1, 2, 4, 5, 6, 8); AQGPs (AQP3,
7,9, 10); and SAQPs (AQP11, 12) (Table 2.2).
Although two rounds of whole-genome duplica-
tion (WGD) occurred in the common ancestor of
early vertebrates before ray-fined fish [13, 16, 61,
72], the total number of AQPs in mammals is
relatively small compared with nematodes with
11 AQPs but may be reasonable from the number
of 7 AQPs in Ciona intestinalis, an ascidian
(sea squirt) from which vertebrates have been
derived after a WGD (Table 2.2). Many AQPs
might have been lost through the evolution. In
fact, the numbers of AQGPs and SAQPs have
been decreased in vertebrates compared with
nematodes. Alternatively, nematode may have
gained these AQP subfamilies by horizontal gene
transfers in increase their numbers.

Zebrafish as a teleost have undergone another
round of WGD to increase the number of AQP
to 20 [30, 100]. Some fish families such as
salmon have experienced fourth round of WGD,
adding further complexity with 42 AQPs [68].
Interestingly, the orthologue of AQP6 is missing
in birds but it has AQP14, CAQP, instead [28]. In
lower vertebrates, there are AQP13, AQGP, and
AQP14-16, all CAQPs, which, however, have
been lost in mammals. Further analyses of the
tissue distribution and the hormonal regulation
of each AQP orthologue in vertebrates will be
useful to obtain an insight into the function and
role of each mammalian AQP [95].

Although there is not much divergence of
AQGPs in vertebrates, some AQP10 have been
lost in turtles [28] or turned to a pseudogene [73].
Not only rodents but also cows have a pseudo-
gene of AQP10 without any authentic AQP10
gene [97]. On the other hand, AQP7 in human
has four pseudogenes in addition to the authentic
AQP7 gene [28]. Moreover, a nonfunctional
splice variant missing sixth transmembrane
domain has been identified in AQP10 and possi-
bly in AQP3 [46]. These nonfunctional genes
may represent a transitional stage in their way to
pseudogenes or deletion. As the role of glycerol
in the energy metabolism seems to be small in
higher vertebrates, redundant AQGPs may be
dispensable and their future lost might be
expected in some mammals.

Although the role of SAQPs in the vertebrate
is not well clarified, just 2 SAQPs may not be
enough as compared with other subfamilies. In
fact, C. elegans has 3 SAQPs and Atlantic salmon
has 6 SAQPs [28] (Table 2.2). Interestingly, there
are two copies of AQP12 gene with local gene
duplication in human [28]. As AQP12 has limited
expression in the acinus of the pancreas [78], the
duplication of AQP12 could be in the process of
expanding the repertory of SAQPs.

24  The Perspectives

The AQP research orientated by an evolutional
guidance will be insightful as it may lead to a
comparative analysis of osmoregulation and fluid
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homeostasis including hormones and their recep-
tors [59, 70, 95]. As water is vital for every living
organism, some have expanded the AQP reperto-
ries while others have limited its number. Such
strategic difference for adapting to environmental
changes will be the basis for the expression pat-
terns and functional diversities of AQPs, which
may be regulated by osmolarity and hormones.
Cooperative evolutions of AQPs and hormones
will be expected and may shed a new light on the
physiological significance of AQPs [59, 70, 95].

Although AQPs are not usually regulated by
open-close states, their functions are sometimes
modulated by trafficking to and from the plasma
membrane [86]. Such movements of AQPs will
be regulated by associated proteins that may also
have evolved together. Currently little is known
about such associated proteins. Furthermore, the
driving force for water movement requires
solute transport such as sodium and potassium.
Accordingly, co-expression of AQPs with ion
channels, pumps or transporters will be important
to enhance the water transport efficiency through
AQPs. The relevant regulation of ion movements
as well as their co-evolution will also be intrigu-
ing [33].
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Transport Characteristics

of Aquaporins
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Abstract

Aquaporins (AQPs) are a class of the integral membrane proteins, which
are permeable to water, some small neutral solutes and certain gases across
biological membranes. AQPs are considered as critical transport media-
tors that are involved in many physiological functions and pathological
processes such as transepithelial fluid transport, cell migration, brain
edema, neuro excitation and carcinoma. This chapter will provide infor-
mation about the transport characteristics of AQPs.
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3.1 Water Transport Mediated

by Aquaporins

The main physiological function of aquaporins
(AQPs) is to facilitate the water transport across
plasma membrane of cells. Each AQP channel is
composed of six membrane-spanning alpha-
helices with a central water-transporting pore
(Fig. 3.1) that is permeable to water molecules at
various permeability rates [1]. Water transporting
property of AQPs was first confirmed via bio-
physical function studies of AQPI1 possessing
extremely high water permeability reaching 2~3
x 10° water molecules per subunit per second [2].

Almost all of rat AQPs are permeable to water
with various single channel water permeability
including: AQPO (0.25 x 10~ cm?/s) [3], AQP1
(6.0x 10 cm?/s) [3], AQP2 (3.3 x 10~* cm?/s) [3],
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Fig.3.1 Tetrameric
structure of AQP1.
AQP1I is organized as a
tetrameric assembly of
four identical
polypeptide subunits.
Water molecules pass
through a pore of each
AQP1 monomer
(Reproduction from Ref.

[17D)

AQP3 (2.1 x 107 cm?¥s) [3], AQP4 (24 x 10~
cm?/s) [3], AQP5 (5.0 x 107 cm?’/s) [3]. The
water permeability of other AQPs was measured
by various groups: human AQP6 was reported to
be inhibited by HgCl, [4], nevertheless, when the
rat AQP6 expressed in oocytes, it was activated
by Hg?** to dramatically increase the osmotic
water permeability (P; = 93.0 x 10~* cm/s) [5].
The mouse AQP6 was identified to have low
water permeability activated by Hg?* [6]. Another
group confirmed that rat AQP6 lacked water per-
meability [7]. AQP7 was initially found and
cloned from rat testis, and water permeability
coefficient of Xenopus oocytes injected with rat
AQP7-cRNA reached 186 pm/s [8]. The cloning
and water transport measurement of mouse AQPS
were performed using Xenopus oocytes, and the
single channel water permeability of AQP8 was
up to 8.2 x 107 cm?/s [9]. Rat AQP9 cRNA-
injected Xenopus oocytes expressed ~fourfold
increase of coefficient of osmotic water permea-
bility (Py) [10]. The function of AQP10 was also
examined in Xenopus oocyte expression system,
in which the osmotic water permeability
increased up to sixfold with AQP10 expression
[11]. Using CHO cells transfected with GFP-
AQP11 to measure the water permeability of
AQP11, the osmotic water permeability P; value
enhanced up to 8.0 x 10™* cm/s [12]. Another
group confirmed that mouse AQP11 was water
permeable using stopped-flow analysis of vesi-
cles containing mouse AQPI11 [13]. Whether

AQP12 could transport water has not been deter-
mined yet.

With selective pore for the rapid movement of
water across cell membranes, AQPs are crucial
for the transport of water and regulation of water
homeostasis. In body, there are two trans-tissue
water flow routes: transcellular water flow medi-
ated by AQPs and paracellular flow [14, 15].
AQPs are thought to be the specific channels for
rapid water transport in response to osmotic gra-
dient, making a critical contribution to the regula-
tion of transcellular water flow [16].

When expressed in Xenopus laevis oocytes,
AQP1 exhibited significantly high osmotic water
permeability that was 20-fold higher than that of
the control oocytes [17, 18]. AQP1 protein recon-
stituted into membrane proteoliposomes caused
the 50-fold raise in water permeability [19, 20].
This process occurs with low Arrhenius activa-
tion energy and is inhibited by HgCl, or other
mercurial and is reversed by a reducing agent.
Water permeability mediated by most AQPs can
be inhibited by mercurial reagents such as HgCl,
whose mechanism was elucidated by molecular
dynamics simulations [21]. Mercury inhibits
water and glycerol transport by mammalian
AQPs through binding to cysteine residues [22].
However, AQP4 and AQP6 are not inhibited by
HgCl, [23, 24].

To explain how a simple pore without moving
parts could allow rapid transit of water without
movement of protons, the groups of Robert
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Stroud and Bing Jap solved the atomic structures
of AQP1 from bovine red blood cells at 2.2-A
resolution [25]. Later, several groups performed
molecular dynamics simulations on the basis of
this solved structure [26, 27]. Now, the essence of
how AQPs facilitate the movement of water but
not protons has been revealed. Peter Agre
explained how AQPI1 could selectively accom-
modate water molecules transporting in his Nobel
lecture [28]: water maintain the bulk solution
condition at the extracellular vestibule and an
internal vestibule both have the hourglass struc-
ture of the AQP1 molecule. In a single file, water
could pass through a 20 A channel that separates
vestibules, the water molecules could interact
with pore-lining residues to prevent the forma-
tion of hydrogen bonds between the water mole-
cules. Especially near the top of the bridged site,
the channel reaches its narrowest constriction of
2.8 A, thus the pore is so narrow that it just
accommodates a single water molecule. The
mechanism of repealing proton from its perme-
ation of AQP includes [25, 28-30]: (1) The side
chain in loop E forms a fixed positive charge and
a conserved histidine residue of another wall
forms a partial positive charge, these two positive
charges collectively repel protons. (2) Moreover,
a single water molecule could forms hydrogen
bonds simultaneously when it transiently undergo
a transient dipole reorientation, also serves to be
the barrier to protons.

3.2  Glycerol Transport Mediated

by AQPs

In addition to the primary function of AQPs to
facilitate water transport, glycerol transport could
be another significant function of AQPs.
Aquaglyceroporins, including AQP3, AQP7,
AQP9 and AQP10, are a subset of aquaporin fam-
ily and the exclusive mammalian proteins with
the ability to permeate glycerol with their rela-
tively broad solute specificity and sequence
homology. One of the physiological functions of
aquaglyceroporins is to facilitate the transport of
glycerol across the cell membrane. Such glycerol-
transporting function of aquaglyceroporins is

involved in the movement of glycerol and energy
metabolism process.

AQP3 (originally called glycerol intrinsic pro-
tein, GLIP, based on its glycerol-transport func-
tion) was first cloned by three different groups,
respectively [31-33]. AQP3 is a relatively weak
transporter of water but functions as an efficient
glycerol transporter. Measurements of the 10-min
glycerol uptake of Xenopus oocytes after micro-
injection of 5 ng of AQP3 cRNA and a 24~27-h
incubation at 18 °C indicate that glycerol uptake
is remarkably increased compared with control.
Glycerol uptake in oocytes expressing AQPO,
AQP1, AQP2, AQP4 or AQPS is not increased
significantly above control [3]. AQP3 is mainly
expressed at the basolateral membrane of epithe-
lial cells in kidney collecting duct, airway and
intestine, as well as in epidermis, urinary bladder,
conjunctiva and cornea [34]. As an aquaglycero-
porin, AQP3 mediates glycerol permeability in
certain organs, tissues and cells. In skin, the stra-
tum corneum (SC) is the most superficial layer
whose hydration determines skin appearance and
physical properties [35]. Phenotype analysis of
AQP3-deficient mice indicates that AQP3
expressed in epidermal keratinocytes plays
essential role in hydration process and maintain-
ing biological functions of skin [36, 37]. Study
on AQP3 null mice showed that deficiency of
skin AQP3 impaired glycerol transport through
basal keratinocyte layer into the epidermis and
SC, resulting in the reduced glycerol content of
epidermis and SC and therefore impairing hydra-
tion and epidermal biosynthetic functions [37].
These data provide us compelling evidence that
glycerol-transporting property of AQP3 is impor-
tant for the skin function [35].

AQP7 is abundantly expressed in human adi-
pose tissue and acts as an adipose glycerol chan-
nel [38], it is found to act as a facilitative carrier
for water by tenfold (186 + 15 pm/s), glycerol by
fivefold (the calculated Pyyee Was 18.9 x 1076
cm/s) and urea by ninefold (the calculated Py,
was 12.0 x 107° cm/s), respectively in Xenopus
oocytes expressing AQP7 [8].

Rodriguez et al. reported that AQP3 and AQP9
were also expressed in omental and subcutaneous
fat depots, in addition to the well-known
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expression of AQP7 in adipose tissue [39]. AQP3
and AQP9 act as glycerol channels in adipocytes
and the hepatocytes respectively, representing
novel additional pathways for the glycerol trans-
port in human adipocytes [40, 41]. Studies on
AQP7 and AQP9 knockout or knockdown mice
demonstrated the pathophysiological relevance
of glycerol channels through effects on glycerol
metabolism. Impairment or lack of AQP7 func-
tion might have a causal role in obesity and dia-
betes mellitus [41].

AQP9 is mainly expressed in liver, testis,
brain, leukocytes, epididymis and spleen [42-
44]. By injecting rat AQP9-cRNA into oocytes
and determining the permeability profile of
AQP9, it is concluded that AQP9 confered high
permeability for water as well as other solutes
including carbamides, polyols, purines, pyrimi-
dines and monocarboxylates [44]. Subsequent
research showed AQP9 mainly facilitated glyc-
erol and urea transport [45]. Further study also
showed that AQP9 facilitated glycerol influx and
urea efflux in hepatocytes, providing evidence
that AQP9 acts as important solute channel asso-
ciated with energy metabolism [10].

Fig.3.2 Proposed role
of aquaglyceroporins
in lipogenesis.
Triacylglycerols (TAG)
is synthesized from FFA
and glycerol-3-
phosphate in adipocytes.
Glycerol-3-phosphate
proceeds from: (1)
glucose, (2) glycerol
from HSL-dependent
lipolysis that is
phosphorylated by GK
or (3) AQP9-mediated-
glycerol uptake
(Reproduction from Ref.
(39D

VLDL/CM

In human adipocytes, AQP3, AQP7 and
AQP9 represent the glycerol channels involved
in the regulation of lipid and glucose metabolism
[38, 40]. AQP3 is present in the plasma mem-
brane and cytoplasm, AQP7 is expressed pre-
dominantly in the cytoplasm upon the lipid
droplets, AQP9 is constitutively expressed in the
plasma membranes [39]. The role of aquaglyc-
eroporins expressed in adipocytes is to control
the transport of glycerol into and out of adipo-
cytes, which are critical steps for lipogenesis and
lipolysis [41]. In the lipogenic process, AQP9-
mediated-glycerol uptake provides glycerol for
the glycerol-3-phosphate proceeds, and further
involves in the triacylglycerols synthesis of adi-
pocytes (Fig. 3.2) [40]. In the lipolysis, stimula-
tion of adrenergic receptors by catecholamines
leads to a translocation of AQP3 and AQP7 to
the plasma membrane to facilitate the glycerol
release, which parallels with the translocation of
HSL to the lipid droplets and its activation, leptin
(via the PI3K/Akt/mTOR signalling cascade)
and catecholamines downregulate AQP7 expres-
sion, which restrict glycerol release from adipo-
cytes (Fig. 3.3) [40].
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Fig.3.3 Proposed role
of aquaglyceroporins
in lipolysis.
Translocation of AQP3
and AQP7 to the plasma
membrane is led by
stimulation of adrenergic
receptors by
catecholamines to
facilitate the glycerol
release. AQP7
expression is
downregulated by leptin
and catecholamines,
which represents a
negative feedback
regulation in lipolytic
states to restrict glycerol
release from adipocytes
(Reproduction from Ref.
(39D

AQP10 is abundantly expressed in the duode-
num and the jejunum [46], which is also identified
as aquaglyceroporin on account of its functional
and structural similarity with other aquaglycero-
porins AQP3, AQP7 and AQPY9 [11]. Using
oocytes, mediated isotopic solutes uptakes by
AQPI10 was detected, resulting that the glycerol
permeability was significantly increased threefold
with AQP10, which was inhibited by HgCl, [11].

3.3 Urea Transport Mediated

by AQPs

Urea is mainly generated from ammonia in liver
as a key role in protein catabolism in mammals.
And as a terminal product, approximately 90% of
urea is eliminated in urine by the kidney [47]. In
kidney, urea transport and cycle are vital in uri-
nary concentrating mechanism [48]. Some of
human AQPs are permeable to urea including
AQP3 [32], AQP7 [49], AQPY [42], AQP10 [11],
and possibly AQP6 [50], but the physiological
significance of these aquaporins in urea transport
is not fully revealed.

Catecholamines

Leptin

tGcheroI

Whether AQP3 is urea channel remains con-
flicting. With AQP3 expressing in Xenopus
oocytes and measurement of the urea permeabil-
ity, early work suggested that urea uptake was
increased to twofold after 30 min incubations
with radiolabelled urea, which can be completely
blocked by phloretin, the inhibitor of urea trans-
porters [32]. Controversially, subsequent study
did not find urea permeability property of rat
AQP3 [51]. The difference may be resulted from
the use of diverse concentrations of urea, and the
AQP3 mediated urea transport was so low that it
did not induce significant change in volume
under lower urea concentration (20 mM) [52].

AQP6 possesses water permeability under the
activation of Hg?* as described by Yasui et al. [5].
AQP6 was determined to be permeable to urea
using AQP6-expressing oocytes, the uptake of
[**C]lurea stimulated by HgCl, was initially large
(Puea = 21.3 x 1077 cm/s) but decreased with time.
However, the uptake of [“Clurea into AQP6-
expressing oocytes not stimulated by HgCl, was
about three times less [50].

Ishibashi et al. found that urea uptake was
increased up to 9-fold in 5 min and 16-fold in
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Fig.3.4 Proposed
mechanism of AQP3
function in epidermis.
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Moreover, AQP3
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10 min with AQP7 expression in the oocytes,
whose stimulation effect of urea uptake was
much higher than that of AQP3 [8].

AQP9 expressed in oocytes showed to increase
the urea permeability coefficient (Py.,) from 1.5
x 107¢ cm/s to 23.5 x 107° cm/s [43].

Urea permeability of AQP10 was measured in
Xenopus oocyte expression system, and the result
showed urea uptake was significantly increased
twofold, which was inhibited by phloretin [11].

AQP3, AQP7 and AQP9 appear to play roles
in urea transport in skin. AQP3 and AQP9 are
expressed in the differentiating layers of human
epidermal skin equivalents [53]. AQP7 localizes
to superficial epithelial cells of the gastrointesti-
nal tract [54]. Expression of AQP3, AQP7 and
AQP9 could be upregulated by urea [55] (Fig.
3.4). Studies revealed that urea transporters and
AQPs transport exogenous urea into keratino-
cyte, playing a critical role in keratinocyte dif-
ferentiation, lipid synthesis, and maintaining
epidermal homeostasis. Moreover, AQP3 is pro-
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posed the important channel of epidermis in
which AQP3 facilitates water and glycerol
transport from blood and sebaceous glands to
keratinocytes involved in proliferation and differ-
entiation of keratinocytes [17].

AQP3 null mice have nephrogenic diabetes
insipidus under normal conditions. When given a
urea load, the concentration of urine reach high
level, however, the excretion of other solutes
reduces significantly [56]. The capacity of urea to
increase the concentration of non-urea solutes
relies on AQP3 and its function in transporting
both urea and water [57]. AQP10 is only found in
duodenum and jejunum [46], and it transports
water, urea and glycerol when expressed in
Xenopus oocytes [11]. Further study of AQP10 in
urea transport is less carried out. AQPY is a
urea-permeable protein localized at the basolat-
eral membrane of hepatocytes, since the liver is a
major site of urea production [42]. AQP9 also
abundantly expresses in the peripheral leukocytes
permeable to water and urea [43].
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Fig. 3.5 CO, passes through the central space of AQP1
tetramer in plasma membrane (Reproduction from
Ref. [17])

3.4 GasTransport Mediated

by AQPs

AQPs including AQP1, AQP3, AQP4, AQPS,
AQP8 and AQP9 could potentially transport
gases such as CO,, NO, NH; and O,.

3.4.1 Carbon Dioxide (CO,)
Early study showed that permeability of CO, was
significantly increased in Xenopus oocytes
injected with AQP1 cRNA and proteoliposomes
containing purified AQP1 [58, 59], supporting
the hypothesis that AQP1 is a pathway for CO,
transport across the membrane. Also, one study
adopting '80-labeled HCO;™ to examine the CO,
permeability of AQPI1-null human erythrocytes
compared with normal ones verified that AQP1
was responsible for 60% of the high Pcg, of
erythrocytes [60], directly suggesting that AQP1
plays the critical role in mediating CO, transport.
It is suggested that gases transport plasma mem-
brane through central space of tetramer of AQP1
and do not go through water pore (Fig. 3.5).
Further study on cholesterol-containing mem-
branes reconstituted with human AQP1 mediat-
ing CO, permeability showed significant increase
in membrane CO, permeability, suggesting that
both cholesterol and AQP1 are necessary in CO,
permeability across biological membranes [61].
When expressed in oocytes, bovine AQPO,
human AQPI, rat AQP4-M23, rat AQPS, rat
AQPO6, rat AQP6ygog, or rat AQP9 exhibited sig-
nificantly increased permeability to CO, mea-
sured by microelectrode positioned at the surface
of the oocytes [7].

However, some studies suggest that AQPI-
dependent CO, transport has no physiological
relevance [62, 63]. Verkman group reported
experiments in which physiological conse-
quences of CO, transport by AQP1 were studied
by comparing CO, permeability in erythrocytes
and intact lung of wild-type and AQP1 null mice.
Results showed no difference in CO, permeabil-
ity between AQP1 null mice and wild-type mice,
providing direct evidence against physiological
significance of CO, permeability mediated by
AQP1 [62, 63].

3.4.2 Nitric Oxide (NO)

As another physiologically important gas, NO
plays critical role in cardiovascular system, uri-
nary system, and central nervous system (CNS).
Early studies showed that NO produced by the
endothelial cells relaxed adjacent vascular
smooth muscle cells to regulate blood flow and
blood pressure [64—66]. Previous conception that
the process of NO transporting from endothelial
cells to the vascular muscle cells occurred by free
diffusion through the lipid bilayer of the cell
membrane was challenged by the discovery of
AQP1 in transporting NO. In the vascular system,
AQP1 expressed in endothelial cells [67]
is involved in vascular function. By transfecting
AQP1 into CHO cells and reconstituting purified
human AQPI1 into the lipid vesicles, transport
property of NO by AQP1 was measured. In CHO
cells expressing AQP1, NO permeability was
identified to be correlated with water permeabil-
ity, the use of AQP1 inhibitor led to a NO trans-
port reduction by 71% and the NO transport is
saturable. In the reconstituted lipid vesicles
expressing AQP1, NO influx was increased by
316% [68]. Results all above support the hypoth-
esis that NO is transported by AQP1.

Using AQPI1 null mice, Herrera et al. subse-
quently identified that transport of NO by AQP1
was required in full expression of endothelium-
dependent relaxation, though NO free diffusion
still occurred in the absence of AQPI1 slowly
[69, 70].
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In addition to AQP1, AQP4 located in brain is
also permeable to NO through its central pore,
and it even provides a more favorable permeation
pathway for gas molecules than AQP1 [71].
Further investigation is required to clarify the
role of AQP4 in the control of NO flow in the
central nervous system.

3.4.3 Ammonia (NH,)

Holm et al. first observed a role of AQPs as NH;
channels [72]. AQP1, AQP3, AQP8 and AQP9
expressing in Xenopus oocytes and lipid bilay-
ers have been shown to facilitate NH; transport
[72-74]. Another group measured NH; permea-
bility of the AQPs in Xenopus oocytes, and their
results indicated that human AQP1, rat AQP3, rat
AQP6, rat AQP6yss, human AQP7, human
AQPS, and rat AQP9 had a significantly increased
permeability to NH; [7]. Nevertheless, the physi-
ological significance of AQPs as NHj; transport-
ers remains unclear [70].

3.4.4 Oxygen (0,)

Molecular dynamics (MD) simulations on the
AQP1-embedded membranes and on the pure
lipid bilayers indicated that the central pore of
AQP1 was an ideal channel for the permeation of
both CO, and O, The result of MD simulations
showed the central pore of APQ1 permeated O,
with a —0.4~—1.7 kcal/M energy well [75].

3.5 Other Molecule Transport
Mediated by Aquaporins
3.5.1 Hydrogen Peroxide(H,0,)

Hydrogen peroxide (H,0,) belongs to the group
of reactive oxygen species (ROS). ROS are gen-
erated in a number of key metabolic processes in
cells such as the electron transport chain in the
inner mitochondrial membrane [76]. Because of
the potential damage of ROS on nucleic acids,
proteins and lipids, cells have a number of ROS-

scavenging systems to remove these molecules
and to maintain a relatively low and constant
ROS concentration [77]. Although the formation
and scavenging of ROS has been studied thor-
oughly relatively, little is known about their
transport mechanism from the site of origin to the
place of action or detoxification [77]. The obvi-
ous chemical similarity between water and H,0O,
suggests that AQPs could likely be candidates for
H,0, permeation and many studies confirmed
that certain AQPs could mediate H,O, transmem-
brane transport [77-81]. In 2006, human AQP8
was evidenced to facilitate the diffusion of H,O,
across membranes adopting fluorescence assay
with intact yeast cells and intracellular ROS-
sensitive fluorescent dye [77]. And as the H,0,
has been revealed to be an important signaling
molecule for immune response, growth, differen-
tiation, migration processes, Miller et al. demon-
strated that AQP3 and AQPS8 promoted uptake of
H,0, in HEK-293 cells transfected with AQP3 or
AQPS expression vectors, and that intracellular
H,0, accumulation can be modulated by endog-
enous AQP3 expression that influences down-
stream cell signaling cascades [81]. Another
study showed that the AQP3-meidated H,O,
uptake is essentially required for the chemokine-
dependent T cell migration during immune
response, which revealed a novel physiological
role of AQP3-mediated H,O, transport [80].

3.5.2 Somelons

AQPs were originally regarded as plasma mem-
brane channels that were freely permeable to
water or small uncharged solutes but not to ions
[82]. There is increasing evidence that certain
AQPs have ion channel function [82, 83]. In
1996, Yool group reported that AQP1 acted as a
cation channel (K*, Cs*, and Na* and to a lesser
degree tetracthylammonium) [84] that was ini-
tially controversial. Subsequent researches by
Yool group showed that human AQP1 expressed
in Xenopus oocytes could mediate cationic con-
ductance gated by the activation of cGMP [85]
and defined not only the ion channel function, but
also the detailed molecular mechanisms that
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govern and mediate the multifunctional capabili-
ties of AQP1 [86]. In AQPI, the central pore at
the fourfold axis of symmetry in the tetramer has
been proposed as the most likely pathway for cat-
ion conduction [83]. AQP1 functions as a
non-selective monovalent cation channel when
activated by intracellular cGMP, with a large sin-
gle channel conductance of approximately 150
pS in standard physiological saline conditions [85].

In other AQPs such as AQPO and AQP6, the
possible role of the intrasubunit pores as ionic
conductance pathways was proposed by many
research groups [5, 86—88]. As the major protein
component of isolated lens junctions, AQPO
shows to have ion channel activity when reconsti-
tuted in bilayers [89]. Bovine AQPO has a con-
ductance of 200 pS in unilamellar vesicles with
100 mM saline, which supports ion channel activ-
ity [86]. The ion channel of AQPO was detected to
be voltage- and pH-sensitive, opened at acidic pH
and closed permanently at neutral pH [87].

Rat AQP6 was found expressed in intracellu-
lar vesicles of renal epithelia. As a gated channel,
mammalian AQP6 expressed in oocytes shows
intermediate conductance (49 picosiemens in 100
mM NaCl) induced by HgCl, [88]. At pH lower
than 5.5, anion conductance is rapidly and revers-
ibly activated in AQP6 oocytes. The cation/anion
selectivity changed with the site-directed muta-
tion of lysine to glutamate at position 72 in the
cytoplasmic mouth of the pore leaving low pH
activation intact [5]. The studies of Ikeda et al.
indicated that AQP6 exhibited a form of anion
permeation with significant specificity for nitrate
[82]. Above all of the researches, the function of
AQP as gated ion channel and as water channel is
considered to have physiological and potentially
translational relevance [90].

3.5.3 Silicon

Silicon is abundantly and differentially distrib-
uted in body, researchers showed that unlike sili-
con transporter existing in plants and algae,
human aquaglyceroporins (AQP3, AQP7, AQP9
and AQP10) can mediate silicon transport in
Xenopus laevis oocytes and HEK-293 cells.

Further, aquaglyceroporins could act as the rele-
vant silicon permeation pathways in both mice
and humans, regulating the Si balance in body.
And this study surprisingly found phloretin stim-
ulated the Si transport of AQP9 [91].

3.6 Conclusion

The transport of various kinds of small molecules
by AQPs is an interesting topic. However, most
data about transport characteristics of AQPs are
derived from in vitro experiments. The physio-
logical significance of AQPs that are permeable
to gases and other small molecules is necessary
to be determined by in vivo experiments. Studies
using knockout mouse models of AQPs have
confirmed that AQPs, with water and glycerol
permeability, play important roles in urine con-
centrating mechanism, skin moisture and energy
metabolism, etc. Aquaporin-mediated transport
of other small gases (CO,, NH; and NO) should
be carefully studied, due to that the high intrinsic
membrane permeabilities for these gases makes
aquaporin-facilitated transport not dominant in
physiological mechanism.
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Aquaporins and Gland Secretion
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Abstract

Aquaporins (AQPs) are expressed in most exocrine and endocrine secre-
tory glands. Consequently, summarizing the expression and functions of
AQPs in secretory glands represents a daunting task considering the
important number of glands present in the body, as well as the number of
mammalian AQPs — thirteen. The roles played by AQPs in secretory pro-
cesses have been investigated in many secretory glands. However, despite
considerable research, additional studies are clearly needed to pursue our
understanding of the role played by AQPs in secretory processes. This
book chapter will focus on summarizing the current knowledge on AQPs
expression and function in the gastrointestinal tract, including salivary
glands, gastric glands, Duodenal Brunner’s gland, liver and gallbladder,
intestinal goblets cells, exocrine and endocrine pancreas, as well as few
other secretory glands including airway submucosal glands, lacrimal
glands, mammary glands and eccrine sweat glands.
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4.1 The Secretory Glands

from Gastrointestinal Tract

AQP expression has been localized to several
secretory glands from the gastrointestinal tract
(Fig. 4.1).

4.1.1 Salivary Glands

Salivary glands comprise major salivary glands,
namely parotid, submandibular and sublingual
glands, and minor salivary glands [4, 180].
Salivary glands contains several lobes that further
subdivide into lobules. Salivary glands are made
of acinar, ductal and myoepithelial cells [136].
The acinar cells are either serous, mucous or
seromucous, based on their secretory products

Fig.4.1 AQP expression in
gastrointestinal tract
secretory glands. AQP
expression has been localized
to several secretory glands
from the gastrointestinal tract

and characteristics [136]. The ductal system can
be subdivided into intralobular (intercalated and
striated), interlobular, interlobar (excretory)
ducts.

In all human salivary glands, AQPI1 is
expressed in myoepithelial [117] and endothelial
[10, 50, 158] cells. In addition, AQP3 is located
at the basolateral membrane of serous and
mucous acini, but not the ducts [10, 50]. AQP4,
AQP6 and AQP7 proteins have not been detected
in human salivary glands, despite the presence of
their mRNA [50]. AQPS5 is exclusively expressed
at the apical membrane of serous acinar cells [50,
158].

Rat submandibular and parotid glands express
AQP1 and AQPS5 respectively in endothelial cells
[3, 54, 90, 126] and at the apical membrane of
acinar cells [45, 120, 125, 135, 158]. The expres-

AQP expression
in gastrointestinal tract
secretory glands

salivary glands

liver
gallbladder

gastric glands

exocrine pancreas
endocrine pancreas

duodenal Brunner’s glands

intestinal Goblet cells
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sion of AQP3 and AQP4 in rat salivary glands
remains a subject of controversy [3, 43, 71, 125].
In rat parotid glands, the expression of AQP6 has
been localized to secretory granule membrane
[101], while that of AQP8 has been located in
myoepithelial cells [40, 78, 175].

In all mouse salivary glands, AQP1 is located
to endothelial and myoepithelial cells [122].
Acinar and ductal cells express AQP3, AQP4 and
AQP8 at their basolateral membrane [122]. AQPS5
is expressed at the apical membrane of acinar
cells [6, 84, 103]. AQP7 is expressed in endothe-
lial cells [6]. The cell distribution of AQP9
remains to be determined in mouse salivary
glands [6, 33, 84]. Ductal cells express AQP11
[6, 84].

Saliva secretion results from the secretion of
an isotonic-like fluid rich in NaCl and water by
acinar cells and its subsequent modification in
composition when entering the ductal lumen [87,
109]. This leads to the secretion of a final hypo-
tonic saliva into the oral cavity.

AQPS5, located in acinar cells, plays a major
role in saliva secretion [80, 95]. Indeed, AQP5
knockout mice displayed a 60% decrease in
pilocarpine-stimulated saliva secretion, as well as
a more viscous and hypertonic saliva [80, 95]. In
addition, when submitted to hypotonic challenge,
water permeability of parotid and sublingual aci-
nar cells from AQP5 knockout mice decreases by
65% and 77%, respectively [80]. Despite the use
of AQPI1, AQP4 and AQPS8 knockout mice, the
involvement of these AQPs has not been demon-
strated in saliva secretion [95, 169, 178]. The cur-
rent saliva secretion model suggests that AQPS is
responsible for transcellular water movement
occurring in acinar cells [87, 96, 109, 151].
However, an osmosensor feedback model sug-
gest that AQPS could act as an osmosensor, con-
trolling the tonicity of the transported fluid by
mixing transcellular and paracellular water flows
[57]. Indeed, in response to stimuli promoting
intracellular calcium, AQP5 traffics from intra-
cellular vesicles to plasma membrane [28, 66,
105].

In salivary glands of patients suffering from
Sjogren’s syndrome, is an autoimmune disease
characterized by lymphocytic infiltration of exo-

crine glands. It has been hypothesized that AQPS5
could participate in the pathogenesis of the dis-
ease and the reduction of saliva secretion [158].
In salivary glands from Sjogren’s syndrome
patients and a mouse model of Sjogren’s syn-
drome, AQP5 expression and/or localization has
been reported to be either altered [41, 76, 92,
143, 155, 156, 158, 181] or not modified [11, 51,
161]. AQPS5 altered distribution could be linked
to the presence of inflammatory infiltrates [156].
Therefore, cytokines and autoantibodies directed
against muscarinic M3 receptors may play a role
in altered distribution and/or expression of
AQPS5 in salivary glands from patients with
Sjogren’s syndrome [86, 89, 150, 177, 179]. Even
though altered expression and/or localization of
AQPS could not totally account for saliva impair-
ment observed in Sjogren’s syndrome patients,
nevertheless it could still play a role in the patho-
genesis of the disease.

Interestingly, a naturally occurring point
mutation of AQP5 has been identified in rats and
associated with decreased AQPS5 production and
saliva secretion [121]. However, no AQP5 muta-
tion has been associated to defects in saliva flow
in humans.

Despite decreased AQP1 expression in myo-
epithelial cells of salivary glands from Sjogren’s
syndrome patients [10] and reestablished saliva
flow in patients with Sjogren’s syndrome by drug
increasing AQP1 expression [137], further stud-
ies will be necessary to better understand its role
in xerostomia.

In patients who received ionizing radiation
therapy as part of their treatment for head and
neck cancer, decrease/loss of AQP5 expression
[30, 159] and impaired AQPS trafficking [5] may
participate to xerostomia.

AQPs could be used as either therapeutic tar-
gets or therapeutic agents to treat xerostomia.
Cevimeline may be a useful drug to treat xerosto-
mia as it restores proper AQPS5 trafficking [62,
67, 172]. Drugs finely tuning DNA methylation
may also be useful to treat xerostomia as DNA
demethylation agent increased AQPS5 expression
[176]. Gene therapy using delivery of a recombi-
nant adenovirus vector coding for AQPI1
(AdhAQP1) to irradiated glands of animals and
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human leads to saliva flow restoration [8, 9, 34,
127, 145]. Further studies are required to engi-
neer new adenoviral vectors that would allow
more efficient and persistent expression of a
transgene, such as for instance hAQPI, in sali-
vary glands. Despite the latter consideration,
gene therapy using hAQP1 as a therapeutic agent
still represents a promising therapy for patients
suffering from xerostomia subsequent to head
and neck irradiation therapy, as well as for
Sjogren’s syndrome.

4.1.2 Gastric Glands

In mammals, the gastric glands are located in dis-
tinct regions of the stomach, in gastric pits within
the gastric mucosa. The gastric glands comprise
fundic glands (located in the cardia), cardiac
glands (located in the fundus and body of the
stomach) and pyloric glands (located in the
antrum of the pylorus). Gastric glands are com-
posed of foveolar cells producing mucous, pari-
etal cells secreting gastric acid and bicarbonate
ions, chief cells secreting pepsinogen, G cells
secreting gastrin and enterochromaffin-like cells
releasing histamine [74].

The human stomach express several AQPs.
AQP1, AQP3, AQP4, AQP5, AQP7, AQPS,
AQP10 and AQP11 mRNA have been identified
in the fundus, while AQP1, AQP3, AQPS5, AQP7
and AQP11 mRNAs have been located to the
antrum of the pylorus [82]. Both parietal and
chief cells express AQP4 protein at the basolat-
eral membrane [43, 44, 58, 79, 114]. In stimu-
lated cells, AQP4 internalization in a
vesicle-recycling compartment was followed by
phosphorylation [24]. However, AQP4 knock-
down mice did not exhibited any change in the
rates of both basal or stimulated acid and fluid
secretion [174]. Even though other AQPs could
compensate for the lack of AQP4, AQP4 is
unlikely to play a major role in gastric acid pro-
duction, but on the other hand may be involved in
cell volume maintenance. AQP5 has exclusively
been localized to the apical and lateral mem-
branes of pyloric glands [131].

Several AQPs have been found to promote or
be involved in stomach pathologies including
chronic gastritis and gastric cancer [27, 59, 82,
85, 108, 146, 184].

4.1.3 Duodenal Brunner’s Gland

AQP5 was localized to the apical, lateral and
secretory granule membranes of the Brunner’s
gland cells [131]. AQP1 localization was
restricted to apical and lateral membranes of the
Brunner’s glands cells [130]. Vasoactive intesti-
nal peptide (VIP) is known to increase secretion
flow rate as well as bicarbonate and protein out-
put from rat Brunner’s glands [72]. In both rat
and human, VIP induces subcellular redistribu-
tion, from intracellular granules to apical plasma
membrane, of AQP5 but not of AQP1 in a cAMP
and protein kinase-A dependent manner [31,
130]. Co-localization and co-trafficking of cystic
fibrosis transmembrane conductance regulator
(CFTR) and AQPS5 provides a parallel pathway
for electrolyte secretion and osmotic water move-
ment [31]. In celiac disease-affected Brunner’s
glands, AQP5 expression was almost absent,
while AQP5 expression was reduced in cystic
fibrosis [31]. Therefore, AQPS may participate to
the pathophysiology of these diseases character-
ized by altered duodenal secretion.

4.1.4 Liver and Gallbladder

Liver comprises hepatocytes, as well hepatic ducts
made of cholangiocytes, endothelial cells and
Kupffer cells [88]. Hepatocytes secrete canalicular
bile containing bile salts, organic and inorganic
solutes and 95% water. Hepatic ducts facilitates
bile flow towards intestine and gallbladder, but
also modify the composition of bile [128]. In the
gallbladder, bile is concentrated or directly deliv-
ered to the intestinal lumen [16]. Humans produce
daily about 17 pL/g liver/h, while the production is
about 6 times higher in rats [16].

Rat hepatocytes express AQPO and AQPS
intracellularly and at the canalicular plasma
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membrane [19, 40, 60]. Human hepatocytes also
express AQP8 [49]. Upon secretin stimulation
and intracellular cAMP increase, AQPS, but not
AQPO, traffics from intracellular vesicles to the
canalicular plasma membrane [22, 47, 48, 60,
162]. AQPS8 is also located in rat hepatocyte
mitochondria [20]. AQP9 is expressed at the
basolateral membrane of both rat, mouse and
human hepatocytes [39, 49, 138, 160]. AQPI11
mRNA has been detected in mouse and human
liver [49, 119]. AQP7 has been located to human
hepatocytes [49].

Cholangiocytes express AQP1 in intracellular
vesicles and AQP4 at their basolateral membrane
[99, 133]. Upon secretin stimulation and intracel-
lular cAMP increase, AQP1 traffics from intra-
cellular vesicles to the plasma membrane of
cholangiocytes [157, 163]. Mice cholangiocytes
also express AQP3 and AQP8 at their plasma
membrane [132, 168].

Endothelial cells express AQP1 [126] and
AQP7 [49]. Kupffer cells express AQP3 [49].

Human and mouse gallbladder epithelial cells
express AQP1 at their apical and basolateral
membranes, while AQPS8 is located intracellu-
larly and at the plasma membrane [20, 126].

Hepatocyte secrete bile by a mechanism of fil-
tration in response to osmotic gradients created
by the transport of osmotically active solutes in
the bile canalicular lumen [16, 20, 22]. Water and
small solutes enter passively the canalicular
lumen, in response to the osmotic gradient. Water
flows through both transcellular and paracellular
pathways [16, 22]. Cholangiocytes are responsi-
ble for less than 10% bile production in rodents,
whereas it humans it may account for about 30%
of daily bile production [16]. Cholangiocytes
account for secretin-induced ductal bile secretion
and extrude CI- and HCO;™ into the canalicular
lumen, providing the driving force for osmotic
water movement into the ductal lumen [16, 22].
In addition, cholangiocytes reabsorb solutes and
fluid from the primary secretion of hepatocytes
[16]. Considerable species differences exist with
the respect of cholangiocytes in modifying hepa-
tocyte bile [16]. Gallbladder concentrates bile by
reabsorbing water, thereby allowing the concen-
tration of bile acids [167]. Gallbladder contracts

and expulses bile into the intestinal lumen in
response to cholecystokinin [16].

AQPS subcellular distribution and trafficking
suggested its participation in bile formation by
the hepatocytes. However, AQP8 knockout mice
did not confirm this hypothesis [178].
Compensatory mechanisms and/or species differ-
ences could account for this result. While the
involvement of AQPS8 in mitochondrial volume
expansion occurring during active oxidative
phosphorylation remains controversial, it is likely
to play a role in rat liver mitochondrial ammonia
transport [154]. In addition, AQP8 present in
smooth endoplasmic reticulum could be involved
in glycogen synthesis and degradation in mice
[42]. As AQP9 knockout mice display increased
plasma glycerol and triglycerides levels as well
as decreased hepatocyte glycerol permeability,
AQP?9 is likely involved in glycerol metabolism
and energy balance [21, 97, 110, 139]. AQP11
knockout mice display hepatocyte vacuolization,
suggesting that AQP11 is involved in rough endo-
plasmic reticulum homeostasis and liver regen-
eration [64, 138]. In cholangiocytes, AQP1 is
thought to play a key role in basal and secretin-
induced bile secretion [22, 100]. However, AQP1
knockout mice studies do not support a role of
AQP1 in bile formation [94, 111]. AQP4 and sev-
eral other AQPs are expressed in hepatocytes and
cholangiocytes, where they could be involved in
compensatory mechanism occurring following
the deletion of a given AQP. Therefore, further
studies are necessary to clarify the roles of AQPs
in bile secretion, involving both hepatocytes and
cholangiocytes. In gallbladder, AQP1 and AQP8
may participate to water movement. However,
their roles in gallbladder function remain unclear
due to oppose findings [22, 91]. Therefore, addi-
tional studies will be required to address the role
played by AQPs in gallbladder function.

4.1.5 Intestinal Goblet Cells

In the intestine, a subset of mucus-secreting gob-
let cells have been shown to express AQP9
mRNA [129]. However, the presence of AQP9
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protein and its function in goblet cells remain to
be determined.

4.1.6 Exocrine Pancreas

Exocrine pancreas, accounting for 90% of total
pancreatic cells, possesses a morphology very
similar to salivary glands, albeit the presence of
few differences. Exocrine pancreas is only made
of serous acinar cells, centroacinar cells represent
an extension of intercalated ducts into each aci-
nus, and the exocrine pancreatic fluid secretion
drains into a main collecting duct. Human pan-
creatic fluid secreted daily (1-2 1) contributes to
both the neutralization of the stomach acid and
the digestion of food. Several neurotransmitters
including acetylcholine, cholecystokinin and
secretin are involved in pancreatic juice secre-
tion. They induce both pancreatic enzyme and
fluid secretion or mainly fluid secretion, and exert
potentiated effects [77].

Human exocrine pancreas has been shown to
express AQP1, AQP3, AQP4, AQPS8 and AQP12
mRNAs, while only AQP1, AQPS5 and AQPS8 pro-
teins were detected [17, 68]. AQP1 is expressed
in capillaries, centroacinar cells and intercalated
ductal cells [17]. In addition, pancreatic zymogen
granule membranes express AQP1 [2, 29]. AQP5
and AQP1 are localized to the apical membrane
of respectively intercalated ductal cells and aci-
nar cells [17]. The precise localization of AQP12
expression has not yet been determined [68].

Rat exocrine pancreas expresses AQP1, AQP4,
AQP5, AQPS, but not AQP12, mRNAs [17, 61,
68]. AQP1 is localized to the apical and basolat-
eral membranes as well as caveolae and vesicle-
like structures of intralobular and intralobular
ductal cells [46, 73]. In addition, AQP1 is
expressed in acinar zymogen granules [29] and in
endothelial cells [61]. AQPS5 is located at the api-
cal membrane of centroacinar and intercalated
ductal cells [18], while AQP8 is expressed at the
apical membrane of acinar cells [68].

In mouse exocrine pancreas, interlobular duc-
tal cells express both AQP1 and AQP5 at their
apical membrane, while intercalated and intra-
lobular ductal cells only express AQPS5 at their

apical membrane [18]. Acinar cells express
AQP12 intracellularly [69].

The mechanisms leading to pancreatic juice
secretion involve a first step during which acinar
cells secrete a small volume of isotonic fluid, and
a second step in which ductal cells secrete ions
(Na*, CI~ and HCO;™) as well as most of the
water [87, 107]. Transcellular water movement to
the acinus lumen is ensured by the AQPS8 located
at the apical membrane, while AQP1 (located at
both apical and basolateral membranes) and
AQPS5 (located at the apical membrane) ensure
ductal transcellular movement to the ductal
lumen [18]. While AQP8 accounts for 90% of
water permeability in rat pancreatic acinar cells
[61], AQP8 knockout mice display normal exo-
crine pancreatic function likely because acinar
cells generate small amount of fluid compared to
ductal cells [178]. AQP1, expressed in rat pancre-
atic acinar zymogen granules, contributes to
basal and GTP-mediated vesicle water entry and
swelling [2, 29]. In rat interlobular ductal cells,
AQP1 accounts for 80-90% of secretin-
stimulated pancreatic juice secretion [73].
However, AQP1 and AQPS5 knockout mice dis-
play normal exocrine pancreatic function [17].
Weak level of AQP1 and AQPS expression or
function redundancy may account for this obser-
vation. Nevertheless, double AQP1 and AQP5
knockout mice could be valuable to determine
the possible contribution of these AQPs to the
pancreatic juice secretion. Finally, additional
experiments will also be required to elucidate the
role of AQPI2 in exocrine pancreatic fluid
secretion.

4.1.7 Endocrine Pancreas

Endocrine pancreatic cells, accounting for 10%
of total pancreatic cells, are organized in islets of
Langerhans made of insulin-producing B-cells
surrounded by glucagon-producing a-cells,
somatostatin-producing &-cells, and pancreatic
polypeptide-producing PP cells [83]. Human
endocrine pancreas is responsible for post-
prandial insulin secretion [55, 144].
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While no data are currently available concern-
ing the expression of AQPs in human, AQP7 is
expressed in both rat and mouse B-cells [12, 93,
102]. In addition, mouse B-cells express AQPS
and AQP8 [93].

The classically-described sequential mecha-
nisms involved in insulin secretion in response to
increased glucose levels are: massive glucose
uptake by the glucose transporter type 2
(GLUT?2), glucose metabolization, increase in
intracellular ATP concentration, inhibition of
ATP-sensitive K* channels, membrane depolar-
ization, opening of voltage-dependent Ca** chan-
nels, increase in intracellular calcium
concentration, exocytosis of insulin-containing
granules [55]. In addition, glucose induces an
increase in B-cell volume that may affect (-cell
activity as well [112]. Indeed, B-cell swelling in
response to hypoosmotic stress induces volume-
regulated anion channel (VRAC) activation and
cell membrane depolarization leading to activa-
tion of voltage-dependent Ca** channels, calcium
entry and insulin secretion [13, 38].

AQP7 emerged as playing a key role in intra-
cellular glycerol content regulation, as well as
insulin production and secretion. Indeed, AQP7
knockout mice display reduced B-cells size,
mass, insulin content and cAMP-induced glyc-
erol release [56, 102]. In addition, these mice had
increased rates of both basal and glucose-
stimulated insulin secretion, glycerol and triglyc-
eride contents and glycerol kinase activity [102].
However, most likely related to the different
genetic background of the AQP knockout mice,
the mice presented different phenotypes. Some
AQP7 knockout mice presented hyperinsu-
linemia [56, 102] accompanied [56] or not [102]
with hyperglycaemia, while other had normal
glycaemia with undetermined insulin levels
[149]. In both B-cells and BRIN-BD cells, extra-
cellular isosmotic addition of glycerol induces
sequential cell swelling, VRAC activation, mem-
brane depolarization, electrical activity and insu-
lin secretion [12, 35, 171]. Both glycerol entry
and glycerol metabolization are likely to contrib-
ute to B-cell activation [12]. In response to
increased D-glucose concentration, extracellular
hypotonicity or extracellular isosmotic addition

of glycerol, AQP7 knockout mice displayed
lower insulin released than wild type mice [93].
AQPT7 likely plays a dual role in the regulation of
insulin released by allowing both glycerol entry
and exit, and by acting directly or indirectly at a
distal downstream site in the insulin exocytosis
pathway [93]. While association between muta-
tions or single-nucleotide polymorphisms of
AQP7 with diabetes and/or obesity have been
investigated, no clear conclusion has been drawn
[25, 26, 75, 113, 134]. Additional studies will be
required to further clarify the role of AQP7 in
B-cells physiology and physiopathology.

4,2  Other Secretory Glands

4.2.1 Airway Submucosal Glands
Submucosal glands are present in the trachea and
bronchial airways in humans, while only in the
trachea in rats and mice [7]. Submucosal glands
are made of serous and mucous acinar cells orga-
nized is secretory tubules, and ductal cells orga-
nized in lateral and collecting ducts. Submucosal
gland secrete a mixture of water, ions and mucins
ensuring the hydration of the airway surfaces,
supporting mucociliary transport, and serving as
a fluid matrix for secreted molecules including
the gel-forming mucins [7]. Submucosal gland
secretion is mainly induced by acetylcholine and
VIP stimulations [7].

AQPS5 is expressed at the apical membrane of
submucosal serous epithelial cells [81, 170].

The mechanisms of submucosal fluid secre-
tion involve the secretion of C1~ and HCO;™ cre-
ating an electrical gradient for cations such as
Na* to passively follow through a paracellular
pathway. The resulting osmotic gradient drives
the passive flux of water across the glandular epi-
thelia [7]. Knockout mice studies have revealed
that AQPS5 is involved in submucosal fluid secre-
tion, as the latter decreased by more than 50% in
AQPS5 knockout mice as compared to wild type
mice [153]. In submucosal glands from patients
suffering from chronic obstructive pulmonary
disease, AQPS5 expression is decreased and
related to the severity of the disease [173]. In
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submucosal glands of asthmatic patients, AQPS5
is overexpressed [147]. In addition, in an animal
model of asthma characterized by hypersecretion
of mucins and increase in inflammatory cyto-
kines levels, AQP5 deletion induced a decrease
of both parameters [147]. These data suggest that
AQPS5 is likely involved in the development of
mucous hyperproduction and inflammation dur-
ing chronic asthma [147]. Further studies are
required to confirm the possible trafficking of
AQP5 and the regulation of such process by
physiological stimuli in submucosal glands. In
addition, there is a need for a better understand-
ing of the role of submucosal AQPS5 in pulmo-
nary diseases.

4.2.2 Lacrimal Glands

Lacrimal glands are composed of several lobules
containing acinar cells secreting a fluid into intra-
lobular, interlobular, intralobar, inerlobar and
finally excretory ducts. Acinar cells are sur-
rounded by myoepithelial cells. Lacrimal gland
secretion is under the control of acetylcholinergic
and adrenergic fibers. Lacrimal glands secrete a
tear film rich in water and proteins ensuring cor-
nea transparency, as well as the quality of the
image projected onto the retina [164].

In rat lacrimal glands, endothelial cells express
AQP1 and AQPS5, while acinar cells express
AQP3 (basolateral membrane), AQP4 (lateral
membrane), AQP5 (apical membrane) and
AQP11 (intracellularly) [182]. In mouse lacrimal
acinar cells, AQP4 and AQPS5 are localized to the
basolateral and apical membranes, respectively
[65, 135]. In addition, AQPS is also expressed by
mouse lacrimal ductal cells [141].

Lacrimal fluid is produced in two steps: for-
mation of a primary isotonic fluid by acinar cells
and modification of the primary fluid composi-
tion during its transit through the ductal system
[37]. Depending on the flow rates, the final lacri-
mal fluid has much higher K* and CI~ concentra-
tions in rats, and higher K* concentration but
similar C1~ concentration in rabbits [37]. In lacri-

mal glands, electrolytes and water secretion
occur in ductal cells [32]. Therefore, AQPs
expressed in ductal cells are likely to contribute
to tear secretion. However, knockout mice for
AQP1, AQP3, AQP4 or AQP5 do not present
defects in basal or stimulated tear secretion by
lacrimal glands [118, 141]. Direct in situ mea-
surement of major ions in tear fluid in AQPS
knockout mice revealed a significant tear film
hypertonicity as compared to wild type mice
[140]. It was proposed that AQPs are most likely
not required for fluid secretion when fluid trans-
port rates are low, such as in lacrimal glands
[165].

In Sjogren’s syndrome, characterized by sicca
syndrome where tear fluid secretion is decreased,
defective cellular trafficking of AQPS5 has been
shown in acinar cells [166]. In an animal model
of Sjogren’s syndrome, both AQP5 mRNA and
protein levels were increased in ductal cells but
decreased in acinar cells and AQP4 expression
was decreased in ductal cells [36]. Some of these
modifications could be due to autoantibodies
directed against muscarinic M3 receptors [52],
altered calcium signaling and volume regulation
occurring in Sjogren’s syndrome [41]. Additional
studies will be needed to elucidate the functional
role of AQPs in both the physiology and pathol-
ogy of lacrimal glands.

4.2.3 Mammary Glands

Mammary glands are apocrine glands made of
alveoli lined with milk-secreting cuboidal acinar
cells surrounded by myoepithelial cells, and lac-
tiferous ducts (intralobular and interlobular
ducts) draining milk to the openings in the nipple
[98].

Mammalian mammary glands produce and
secrete milk. Milk consist of sugars, lipids, pro-
teins, vitamins and minerals dissolved in water
[148]. The percentage of water may vary depend-
ing on the species and their physiological status
[106].
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In rat and mouse mammary glands, AQP3 is
localized at the basolateral membrane of secre-
tory epithelial cells, as well as intralobular and
interlobular ductal cells, while AQP1 is
expressed at the apical and basolateral mem-
branes of endothelial cells [104]. In addition,
AQPS5 is expressed at the apical membrane of
acinar cells [123].

Inbovine mammary glands, AQP3 is expressed
at the basolateral membrane of acinar cells and
AQP4 is located at the apical membrane of
selected ductal cells [116]. In addition, AQPS5 is
expressed at the apical membrane of selected aci-
nar and ductal cells and AQP7 is located at the
apical membrane of selected acinar cells [116].
Finally, AQP1 is expressed in both endothelial
cells, as well as selected myoepithelial cells
[116].

AQP3 may be involved in both water and
glycerol transport that are essential for milk syn-
thesis and secretion [104]. Glycerol uptake via
AQP3 may participate to milk triglycerides syn-
thesis [104]. While AQPs are likely to play a role
in milk secretion, additional experiments using
knockout mice will be necessary to the under-
standing of the underlying molecular mecha-
nisms involved in this physiological process.

Altered expression of AQPs has been reported
in mammary tumors and breast cancer cells lines
[85, 115]. However, it is unclear whether this is a
causal or a consequence of neoplasia [110]. In
this respect, further studies are required to better
understand the role of AQPs in mammary neo-
plasia and assess if they could be used as either
therapeutic targets or diagnostic/prognostic
biomarkers.

4.2.4 Eccrine Sweat Glands

Eccrine sweat glands consist of single tubular
structure made of secretory acinar cells and duc-
tal cells.

AQPS5 is located at the apical membrane of
mouse, rat and human eccrine sweat gland acinar
cells [63, 124, 183]. In addition, during induced-
sweating, AQP5 translocates from intracellular

vesicles to the apical plasma membrane of acinar
cells [63].

Sweat secretion occurs generally into two
steps: a primary fluid is secreted by acinar cells
due to the action of active salt transporters fol-
lowed by movement of water, and the primary
fluid draining into ductal lumen undergoes salt
reabsorption [142].

Using AQP5 knockout mice, the functional
involvement of AQPS5 in sweat secretion remains
a subject to controversy due to opposing sets of
data generated using distinct mouse strains and
methodologies [124, 152]. Additional studies are
needed to clarify the contribution of AQPS5, and
possible other AQPs, in sweat secretion.

Modified AQPS5 expression is related to vari-
ous skin pathologies [15, 53, 70]. In addition,
mutations of AQPS5 gene are responsible for pal-
moplantar keratoderma [1, 14, 23].

4.3  Conclusions

AQPs are expressed in most exocrine and endo-
crine secretory glands. By participating to trans-
cellular water flow, AQPs are involved in the
mechanisms leading to exocrine glandular fluid
secretion. The general mechanism of exocrine
secretion usually occurs in two steps (Fig. 4.2). A
first step involves the creation of a transepithelial
osmotic gradient, formed by the accumulation of
ions, mostly NaCl. A second step involves the
movement of water from epithelial cells to the
gland lumen though AQPs. Water flows from
secretory epithelial cells according to a transepi-
thelial osmotic gradient. In addition, AQPs could
participate to some endocrine secretion. Despite
considerable scientific advances, further studies
are still clearly needed to clarify our understand-
ing of the role played by AQPs in glandular secre-
tory processes.
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Fig. 4.2 Involvement of AQPs in the general mecha-
nism of exocrine secretion. AQPs are expressed to sev-
eral exocrine gland epithelial cells. The general
mechanism of exocrine secretion usually occurs in two
steps. A first step involves the creation of a transepithelial
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Aquaporins in Nervous System
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Abstract

Aquaporins (AQPs) mediate water flux between the four distinct water
compartments in the central nervous system (CNS). In the present chapter,
we mainly focus on the expression and function of the 9 AQPs expressed
in the CNS, which include five members of aquaporin subfamily: AQP1,
AQP4, AQP5, AQP6, and AQPS; three members of aquaglyceroporin sub-
family: AQP3, AQP7, and AQP9; and one member of superaquaporin sub-
family: AQP11. In addition, AQP1, AQP2 and AQP4 expressed in the
peripheral nervous system (PNS) are also reviewed. AQP4, the predomi-
nant water channel in the CNS, is involved both in the astrocyte swelling
of cytotoxic edema and the resolution of vasogenic edema, and is of piv-
otal importance in the pathology of brain disorders such as neuromyelitis
optica, brain tumors and Alzheimer’s disease. Other AQPs are also
involved in a variety of important physiological and pathological process
in the brain. It has been suggested that AQPs could represent an important
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target in treatment of brain disorders like cerebral edema. Future investi-
gations are necessary to elucidate the pathological significance of AQPs in

the CNS.

Keywords

Aquaporins * Nervous system ¢ Brain disorders

5.1 Introduction

Water homeostasis in the central nervous system
(CNS) is of pivotal physiological and clinical
importance, since about 80% weight of brain is
water [1]. Water transport is linked to a number
of brain functions such as the production and
drainage of cerebrospinal fluid, cell volume regu-
lation, and the controlling of the dimensions of
the extracellular space [2—4]. In a pathophysio-
logical context, water transport plays important
role in cerebral edema, which may lead to ulti-
mately cerebral herniation and death due to pro-
gressive increase in brain water content [5-7].

In the brain and other organs, water passes
through plasma membranes by three distinct
mechanisms: mere diffusion through the lipid
bilayer, cotransport with organic or inorganic
ions, and by way of specialized water channels
(aquaporins, AQPs) [2, 8, 9]. It is recognized that
AQPs are seen to mediate water flux between the
four distinct water compartments existing in the
brain: intracellular fluid (ICF), interstitial fluid
(ISF), cerebrospinal fluid (CSF), and blood [10,
11], which are driven by osmotic and hydrostatic
pressure gradient [12].

At present, 9 AQPs have been identified at dis-
tinct brain sites, including AQP1 [13, 14], AQP3
[15, 16], AQP4 [17, 18], AQP5 [15, 19], AQP6
[20, 21], AQP7 [22-24], AQPS [15, 25], AQP9
[26, 27], and AQP11 [28, 29] (Fig. 5.1). A num-
ber of studies have reported the unexpected roles
for the three members of this family (AQPI,
AQP4, and AQPY) in physiology and pathology
of CNS such as cerebral edema [30, 31], tumor
angiogenesis [14, 32], autoimmune disease [33],
glial scar formation [34], and neuro-excitation
[35]. To date, little is known about the function
and regulation of AQP3, AQP5, AQP6, AQP7,

AQPS8 and AQP11 in the CNS [10]. This chapter
will provide an update of recent findings in these
rarely reviewed AQPs, and further the field of
AQPs in the nervous system, and in particular the
potential pathophysiological role of AQP4 in the
CNS.

5.2  AQPsin the Central Nervous
System
5.2.1 Aquaporin Subfamily

5.2.1.1 AQP1

Expression of AQP1 in the CNS

AQP1 is primarily distributed at the apical mem-
brane in epithelial cells of the choroid plexus
where the transcellular water movement via
AQP1 contributes 25% of CSF production as
shown by study on AQP1 null mice [36]. AQP1
has also been found in small diameter sensory
neurons in dorsal horn of the spinal cord and tri-
geminal and nodose ganglia, with a strong impli-
cation that AQP1 may be involved in pain
signaling [37, 38]. Moreover, intensive AQP1
expression was also detected in neuronal fila-
ments in the septum after juvenile traumatic brain
injury [39]. In addition to these locations, AQP1
is also expressed in astrocytes in the white matter
and the glia limitans, and neurons innervating the
pial blood vessels in the non-human primates
[40].

Besides these hereinbefore expression, AQP1
also distributes at specific sites in some brain dis-
orders. For instance, AQP1 is localized in vascu-
lar structures of glioblastomas [41] and in
microvascular endothelia and astrocytes of astro-
cytoma and metastatic carcinomas [14].
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Moreover, in combination with NKCC1 (the
Na-K-2Cl cotransporter 1), AQP1 was identified
in meningioma cells and capillaries invading the
dura [42]. These findings suggest that AQP1 may
be involved in the tumor spread [43]. More
recently, AQP1 was also detected in astrocytes in
the temporal neocortex of patients with
Parkinson’s Disease (PD), indicating that
astrocytes-involving water homeostasis may be
disturbed along with the development in PD [44].

Role of AQP1 in Brain Disorders

It has been clearly established that AQP1 expres-
sion is up-regulated in brain astrocytomas [14,
45, 46] and positively correlated with the grade
of malignancy, which is associated with angio-
genesis and tumor invasion [7, 47]. In this case,
the AQP1 polymorphisms could be used as a sur-
vival prognosticator in patients suffering from
glioblastoma multiforme [48]. AQPI1 is also
upregulated in other brain disorders including
choroid plexus tumors [49], spinal cord injury
[50], and subependymomas [51]. Based on these
findings, many researchers suggest that AQP1
inhibitors could be used as potential drugs in
treatment of these brain diseases [7, 36, 52].

v A
Aqp7 ol |
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Interestingly, AQP1 could be inhibited by mela-
tonin in rodents with spinal cord injury and
agmatine in cerebral edema [50, 53], suggesting
that melatonin and agmatine agonists could be
used as such potent agents. Moreover, it seems
that there is a possible link between AQPI and
neuropathic pain sensation, since pain responses
were decreased in consistence with reduced
AQP1 expression [38, 50].

It has been adequately reported that AQP1
plays important roles in tumor growth [7], cere-
bral edema [53, 54], angiogenesis [32], neoplastic
invasiveness [55], and neurodegenerative disease
like Alzheimer’s disease (AD) [56] and PD [44].
The possible mechanism could be the induction
of cell migration mediated by the water perme-
ation of AQPs in ‘Osmotic Engine Model’ [57],
or the water influx into the cells leading to an
expansion of their lamellipodia [58].

5.2.1.2 AQP4

Expression of AQP4 in the CNS

AQP4 is the principal water channel in the CNS,
primarily expressed in perivascular astrocyte foot
processes, blood vessels, and subarachnoid space
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throughout the brain structures [59, 60], such as
the spinal cord [61], retina and optic nerve [62],
periventricular organs [63], ependymal cells that
line the lateral ventricles and cerebellum [17],
hypothalamic magnocellular nuclei [64], dentate
gyrus [65], and temporal neocortex [44]. The
extensive distribution of AQP4 between the brain
and various fluid compartments suggests its role
in the brain water homeostasis [66]. Interestingly,
the expression of AQP4 coincides the location of
the potassium channel 4.1 (Kir4.1) [67].

AQP4  expression shows heterogeneous
region-specific expression pattern with highest in
the cerebellum [60]. AQP4 is also abundant in
osmosensory areas, including the supraoptic
nucleus and subfornical organ [18]. In the hip-
pocampus, AQP4 expression exhibits laminar-
specific pattern, with highest expression in the
CAl stratum lacunosummoleculare and the
molecular layer of the dentate gyrus [65].
Activated astrocytes also increase AQP4 expres-
sion in the whole astrocyte elements, causing
AQP4 depolarized from the vascular end feet to
parenchymal process, which occurs in a variety
of neurological pathological conditions [56, 68—
70]. In addition, reactive astrogliosis occurs in
the aging brain or after diffuse injury, such as
microinfarction or mild traumatic brain injury,
causing the mislocalization of AQP4 from the
perivascular end feet to the rest of the astrocyte
soma [71, 72].

An interesting finding is that AQP4 can form
both homo and hetero tetramers, with the hetero
tetramers formed by a longer AQP4-M1 isoform
and a shorter AQP4-M23 isoform. The M23-
containing tetramers could assemble into orthog-
onal arrays of particles (OAPs), acting as a
critical component of blood-brain-barrier (BBB)
[73-75]. Functionally, OAPs may serve to
increase water permeability, enable the modula-
tion of AQP4 membrane distribution, and be
involved in the development and maturation of
the BBB [76-78].

Function of AQP4 in the CNS

Phenotypic analysis of AQP4 knockout mouse
model [31, 79-82] has shown that AQP4 facili-
tates a detrimental cellular water uptake as well

as a protective clearance of extracellular fluid in
cerebral edema following stroke [30], traumatic
brain injury [83, 84], transient focal cerebral
ischemia [85], spinal cord injury [86, 87], brain
tumors [88], bacterial meningitis [89], and brain
metabolic disturbances such as hyponatremia and
water intoxication [30, 90]. In accordance with
this dual role of AQP4, its overexpression in glial
cells accelerates cytotoxic brain swelling in
transgenic mice [91] (Fig. 5.2).

In addition to control water movements in the
CNS, AQP4 null mice demonstrate other major
roles for AQP4 in brain. AQP4 deficiency reduces
neuroinflammation, in support of a deleterious
role of AQP4 multiple sclerosis pathophysiology
[92]. Similarly, AQP4 deletion is neuroprotective
after severe global cerebral ischemia [93] and
micro traumatic brain injury in mice [94].
However, absence of AQP4 shows more hyperac-
tive microglial inflammatory responses, poten-
tially increasing the severity of PD [44, 95].
Moreover, AQP4 knockout in mice produces sev-
eral impairments in neuro-excitation phenomena
including hearing, vision, olfaction, epilepsy, and
cortical spreading depression [96]. Besides,
AQP4 deficiency impairs synaptic plasticity and
associative fear memory in the lateral amygdala
[97], causes impairment of blood-retinal barrier
[98], and increases capillary density in the brain
[99].

AQP4 is known to be associated with astro-
cyte migration in glial scar formation [34, 100],
and involved in facilitating gas diffusion [101]
and cell adhesion between astrocytes [102, 103].
In terms of metal intoxication, AQP4 may act as
either a neuro-protector or a mediator during the
development of oxidative stress in the brain
[104]. Furthermore, interactions of AQP4 and
TRPV4 (transient receptor potential isoform 4)
could function as an osmoregulatory complex in
astrocytes [105].

AQP4 and CNS Water Balance

The high AQP4 polarization at blood-brain and
blood-CSF interfaces is crucial for rapid trans-
port of water into and out of the brain paren-
chyma [66, 106]. The AQP4 deletion causes a
slightly increase in the baseline water content in
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Fig.5.2 Role of AQP4 in cytotoxic brain swelling. (a)
Brain AQP4 protein expression detected by immunoblot
analysis of whole brain homogenates from AQP4 overex-
pressing mice (GFAP-AQP4), wild type mice (+/+) or
AQP4 knockout mice (—/—). (b) Representative intra-
cranial pressure (ICP) curves for mice with indicated

the brain and spinal cord of adult mice [86, 87,
107-109], which further supports that AQP4 may
facilitate water efflux from the brain parenchyma
into the brain vessels, ventricles and subarach-
noid space. AQP4 also facilitates the elimination
of excess brain water following vasogenic edema
[31, 110-112]. However, there is also evidence
indicating that AQP4 is responsible for rapid
water movement into the brain [113]. AQP4 null
mice have reduced brain swelling and improved
survival when compared with wild-type litter-
mates following water intoxication, focal cere-
bral ischemia or controlled cortical impact brain
injury [30, 84]. These studies together suggest
that AQP4 is a bidirectional water channel that
facilitates water transport into and out of the
brain.

Apart from maintaining brain water balance
under physiological and pathophysiological con-
ditions, AQP4 is also involved in the establish-
ment of brain water homeostasis during the
development. Early studies reported that AQP4
expression coincides with the BBB differentia-
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tion in the cerebellum of postnatal rat [114, 115]
and the optic tectum of embryonic chicken [116].
Subsequent studies revealed that increased AQP4
expression levels partially relate to decreased
brain water content in postnatal mice [117].
Systemic or conditional AQP4 knockout mice
show a significant delayed decrease in brain
water content during the postnatal development,
providing the direct evidence for a role of
AQP4 in postnatal brain water uptake [117, 118].

AQP4 and Clearance of ISF Substances
Including AP and Tau Proteins
An imbalance between the production and clear-
ance of Af and Tau has been regarded as the cen-
tral event in AD pathogenesis [119]. Data have
accumulated to support that AQP4 is necessary
for clearance of interstitial solutes, including Ap
and Tau proteins through the glymphatic system
[71,72, 120].

It is well known that the lymphatic system is
responsible for tissue homeostasis clearance via
clearance of excess fluid and interstitial solutes.
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The lymphatic vessels are present throughout all
parts of the peripheral tissues. The CNS has long
been regarded as lack of lymphatic network
because no conventional lymphatic vessels are
found within brain parenchyma. However, this
view has been challenged by recent studies that
reveal the clearance of ISF with its constituent
proteins and other solutes along the perivascular
space [121-124]. On the basis of in vivo two-
photonimaging of small fluorescent tracers, Iliff
et al. reported that CSF tracers rapidly enter brain
parenchyma along the cortical pial arteries, and
then influx into the Virchow-Robin spaces along
penetrating arterioles [120]. The tracers rapidly
distribute into brain parenchyma and subse-
quently exit the CNS primarily along the central
deep veins and lateral ventral caudal rhinal veins
[120]. The ISF within the perivenous space fur-
ther flows into dural lymphatic vessels, and even-
tually drains toward the deep cervical lymph
nodes [124]. The perivascular pathways within
brain parenchyma mainly include eperiarterial
space, pericapillary space and perivenous space,
all of which are surrounded by astrocyte vascular
endfeet [125]. These astrocyte endfeet have
50 nm gaps between each other, creating the
outer wall of the perivascular space and forming
a donut-shaped tunnel surrounding the vascula-
ture. These unique perivascular pathways,
recently entitled the glymphatic system, not only
provide efficient routes for rapid interchange of
CSF and ISF, but also for clearance of soluble
proteins and metabolites from the brain [126].
Particularly, Iliff et al. found that injected fluo-
rescent or radiolabeled AP,y in striaturn is rap-
idly cleared from the mouse brain along the
glymphatic paravenous efflux pathway [120].
Moreover, AQP4 null mice exhibit slowed CSF
influx through this system and a ~65% reduction
in ISF clearance and a ~45% reduction in clear-
ance of intrastrialtal injected radio-labeled A;_4o
[120]. These data highly suggest that AQP4-
dependent astroglial water fluxes couple the
clearance of interstitial solutes, including soluble
AP from the brain. Further studies have revealed
that the paravascular clearance pathways are
impaired in the aging brain [71]. Compared to

young controls, old mice show dramatic decreases
in the efficiency of exchange between subarach-
noid CSF and brain parenchyma and clearance of
intraparenchymally injected Af. Apart from
aging brain, impairment of glymphatic pathway
function has been observed in traumatic brain
injury, ischemic stroke and AD mouse models
[72, 127].

AQP4 and Spatial Buffering of Extracellular
Potassium

Astrocytes mediated potassium (K*) homeostasis
is of critical importance for the regulation of neu-
ronal excitability. Synaptic activity causes release
of K* into the extracellular space (ECS). The
ECS K* is efficiently taken up by astrocytes
through the inward rectifier potassium channel
Kir4.1, then redistributed through the astroglial
syncytium via gap junctions, thereby stabilizing
neuronal activity [128]. The early study reported
that AQP4 is co-localized with Kir4.1 in the end
feet of retinal Miiller cells, indicating their func-
tional interaction [67, 129]. By contrast, the sub-
sequent studies on AQP4 null mice provide
evidence against functional interaction between
AQP4 and Kir4.1 in retinal Miiller cells [130].
However, deletion of AQP4 in mice does impair
extracellular K* clearance, which subsequently
affects neuro-excitation with reduced seizure
threshold and increased seizure duration [131-—
133]. These results support that AQP4 contrib-
utes to K* clearance, although the underling
mechanism remains unclear.

Neuronal activity is associated with a shrink-
age of the ECS around the active synapses [134,
135], which may be dependent on AQP4-
mediated rapid water movement. AQP4 facili-
tates water entry into astrocyte processes
surrounding the synapse, transports water
through the astroglial network, and releases dis-
tantly into the ECS surrounding micro-vessels,
thus subsequently produces a local shrinkage of
ECS during the synaptic activity. Certainly, the
AQP4-mediated rapid transport of intercellular
water would drive reuptake of the ECS solutes
including K* by astrocytes, because water serves
as a transport medium for these substances.
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AQP4 and Calcium Signal Transduction

Calcium (Ca?*) signalling serves as a mediator of
bidirectional interactions between neurons and
astrocytes. Impaired Ca?* signalling plays a criti-
cal role in the progression of brain edema [136].
Recent evidence suggests an involvement of
AQP4 in astrocyte Ca®* signalling. Deletion of
AQP4 reduces hypo-osmotic stress-evoked Ca?*
signalling in astrocytes [137]. Subsequent func-
tional studies revealed that AQP4 and TRPV4, a
polymodal nonselective cation channel, synergis-
tically regulate cell volume and Ca®* homeostasis
[138]. Coimmunoprecipitation and immunohis-
tochemistry further demonstrated that AQP4 and
TRPV4 co-localize within astrocytes and retinal
Miiller glia [138, 139]. Functional analysis of an
astrocyte-derived cell expressing TRPV4 but not
AQP4 shows that cell-volume control and intra-
cellular Ca®* response can be reconstituted by
transfection with AQP4 but not with AQP1 [139].
These data indicate that a TRPV4/AQP4 complex
that constitutes a molecular system that finely
regulates astroglial volume via integrating Ca*
signalling and water transport, and might exacer-
bate the pathological outcome when an edema
develops.

AQP4 and Regulation of Neurotransmission
Glutamate is the most prominent excitatory neu-
rotransmitter in the CNS. Astrocytes absorb
extracellular glutamate via excitatory amino acid
receptors [140]. Glutamate uptake is also accom-
panied by water transport, which causes astrocyte
processes to swell around the synapses, subse-
quently reducing the extracellular synaptic space
during synaptic transmission and processing
[141]. To restore ECS volume, astrocytes rapidly
transport water into the surrounding capillary via
AQP4 located in the perivascular end feet.
Previous studies demonstrate that the AQP4 dele-
tion downregulates glutamate transporter 1
expression in astrocytes and impairs their ability
of glutamate uptake [97, 142-144]. Previous
studies also suggest that AQP4 is involved in the
metabolism of dopamine, serotonin, and other
neurotransmitters [145, 146].

AQP4 and Synaptic Plasticity

There is growing evidence that astrocytes play a
role in long-term potentiation (LTP) and long-
term depression (LTD) [147-149], which could
be regulated by AQP4 [150, 151]. Experiments
using mice with a deletion of the astrocyte-
specific channel AQP4 on hippocampal synaptic
plasticity and spatial memory function has been
investigated by Skucas et al. [152]. The mecha-
nism appears to be related to neurotrophins, and
especially brain-derived neurotrophic factor
(BDNF), because pharmacological blockade of
neurotrophin Trk receptors or scavenging BDNF
restores synaptic plasticity [152]. However, the
underlying mechanism for AQP4 modulating
synaptic plasticity still needs more research.

AQP4 and Adult Neurogenesis

A previous study demonstrated that in
corticosterone-treated model, AQP4 deficiency
aggravated decreased proliferation and survival
of new-born cells in the dentate gyrus [153].
Recent studies suggest that the development of
depression-like behaviour in corticosterone-
treated models is paralleled by hippocampal neu-
rogenesis, and adult hippocampal neurogenesis
buffers stress responses and depressive behav-
iours [154, 155]. Thus, the aggravated neurogen-
esis inhibition in the hippocampus could also
contribute to the exacerbated depressive behav-
iours in AQP4 null mice. This is consistent with
the previous in vitro studies demonstrating that
deletion of AQP4 impairs proliferation, migration
and neuronal differentiation of adult neural stem
cells (ANSCs) [156].

The lack of AQP4 could change the intrinsic
property of ANSCs and enhance the injurious
effects of corticosterone to ANSCs [157]. It has
been revealed that AQP4 is essential for the ini-
tiation of intracellular Ca®* event, including Ca*
spikes and Ca’* oscillation [156], AQP4 defi-
ciency results in abnormal expressions of Ca*
handling proteins in skeletal muscle cells and
cardiac muscle cells [158, 159], and it has been
suggested that AQP4 modulates the effects of
corticosterone on ANSCs by regulating Ca* sig-
naling [157]. However, the exact mechanisms
still are not fully explored yet.
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Role of AQP4 in Brain Disorders

It has been observed that AQP4 is clearly upregu-
lated in several pathological conditions including
brain tumors [160, 161], cerebral ischemia [162,
163], traumatic brain injury [39, 164, 165] and
neuro-inflammation [166]. In general terms, the
upregulation of AQP4 in astrocytes is associated
with edema resolution [1, 39, 166, 167]. Most
cases, the increase and redistribution of the AQP4
is detected near the lesion site [39, 160, 162].
Indeed, decrease of AQP4 was also detected in
some pathological conditions like AD [168-170]
and epilepsy [171], the regulation of AQP4
expression might be the changes in rodent strains,
injury type, and age at impact [39].

AQP4 and Cerebral Edema

The role of AQP4 in cerebral edema has been
extensively established by using AQP4 knockout
models [59, 66, 79]. Considering the timeline of
the newly observed AQP4 changes in ischemia,
some researchers propose that cerebral edema
should be divided into three major types: anoxic,
ionic, and vasogenic edema, to replace the tradi-
tionally two category: cytotoxic and vasogenic
edema [1, 172]. The initial anoxic edema, cur-
rently used, is characterized as the induces of
ions into cells, accompanied by water entry and
astrocyte swelling, while ionic edema occurs due
to further alternations of the endothelial cell’s
trans-capillary flux of sodium ion [173]. The
development of ionic brain edema is associated
with upregulation of AQP4 [1, 162, 163]. The

final step termed as vasogenic edema, occurs
with the disruption of the tight junction between
the cerebrovascular endothelial cells, which com-
prise the BBB. At this time, a second increase of
AQP4 expression is observed [162, 172], the
presence of AQP4 is to facilitate clearance of
excess fluid in vasogenic brain edema [31] (Fig.
5.3).

The dynamic spatial distribution of AQP4 at
the astrocyte membrane is one of the two major
modulation following injury. AQP4 becomes
more uniformly distributed on the astrocyte plas-
malemma, termed as ‘“dysregulation”, which
seems occur in parallel with cytotoxic edema to
counteract early edema formation [39, 174, 175].
Interestingly, the ratio of AQP4-M1 and
AQP4-M23 is increased in the ischemic hemi-
sphere [163], the physiological role of this change
remains unclear. Dysregulation of AQP4 may be
produced via the reduction of the perivascular
laminin, agrin and B-dystroglycan, which facili-
tate AQP4 to diffuse freely throughout the astro-
cyte membrane [175, 176]. The true function of
AQP4 dysregulation remains largely unknown
[176].

The activity of ion transporters or channels
that induce AQP4-mediated cytotoxic and ionic
edema is the other major modulation following
injury [176]. Besides, AQP4 probably integrates
with other astrocyte proteins like connexin-43
(Cx43) and the potassium channel Kir4.1 to elim-
inate the excess fluid [1]. SiRNA to silence the
AQP4 expression, used as a potential drug to
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Fig. 5.3 Schematic drawing of AQP4 in 3 different
edema phases: anoxic, ionic, and vasogenic edema.
Anoxic edema is characterized as a swelling of the astro-
cytes caused by a disruption of the cellular ionic gradients
and the entry of ions followed by water entry and leading
to cellular swelling. During the ionic edema, astrocytes
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become swollen, AQP4 is upregulated. Vasogenic edema
is a result of disruption of the tight junctions between the
endothelial cells, leading to increased expression of AQP4
and permeability of the cerebral blood-vessels, further
contributing to swelling of astrocytes (Adapted from Refs.
(8,43
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block AQP4, contributes to reduction of the
edema formation after posttraumatic brain injury
[177, 178]. It seems that there is no convective
solute flow in the pathology of acute brain edema,
as proposed in ‘glymphatic’ system [179].

AQP4 and Neuromyelitis Optica

AQP4 specific antibodies have been identified as
the therapeutic target for neuromyelitis optica
(NMO), an autoimmune inflammatory disease of
CNS that develops to paralysis and loss of vision
[33, 180-182]. The binding of AQP4-IgG to
AQP4 on astrocyte end-feet is involved in activa-
tion of the complement cascade, a classical
inflammatory response that occurs with pro-
nounced granulocyte and macrophage infiltra-
tion, followed by oligodendrocyte damage,
demyelination and even neuron death [182] (Fig.
5.4). To date, this complement-dependent cyto-
toxicity may be the most accepted hypothesis for
NMO pathogenesis [183]. AQP4 IgG generally
has greater binding affinity to OAPs than indi-
vidual AQP tetramers [184—-186], the structural
changes in the AQP4 epitope upon array assem-
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Fig. 5.4 AQP4 and the pathogenesis of neuromyelitis
optica. (a) AQP4 IgG binds to AQP4 on astrocyte foot pro-
cesses. Complement is activated via the classical pathway
with deposition of C5bC9 complexes in astrocyte cell
plasma membranes. (b) Activated complement components

bly greatly increases complement activation
[186]. However, AQP4 water permeability and
the size of OAPs are not altered by binding to
NMO-IgG [187].

A novel NMO therapeutics that target AQP4,
involves using aquaporumab, a monoclonal
antibody that blocks the binding of AQP4-IgG to
AQP4 and lacks cytotoxic effector functions
[188]. Another approach to block the binding of
AQP4-1gG and AQP4 involves a small-molecule
blocker strategy [189]. AQP-IgG-targeted enzy-
matic therapeutics involves bacteria-derived
endoglycosidase S (EndoS) and the enzyme IdeS,
which neutralizes NMO-IgG pathogenicity [190,
191]. Other potential therapeutic strategies for
NMO include reducing the entry of AQP4-IgG
into the CNS or the expression of AQP4 on astro-
cytes, as well as preventing the formation of
OAPs, or upregulating complement inhibitor pro-
teins such as CD59 [6].

Recently, AQP4 specific antibody was applied
for the diagnosis of NMO by using AQP4 extra-
cellular loop-based carbon nanotube biosensor
[192]. Since AQP4-targeted therapies are quite
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attract peripheral neutrophils into the lesion, which causing
astrocyte death. (¢) Dying astrocytes attract macrophages,
causing death of oligodendrocytes and neurons. (d)
Microglia enter the lesion as well as reactive astrocytes.
The lesion core is necrotic with a macrophage infiltrate
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selective, new drugs (like aquaporumab, siveles-
tat, and eculizumab) entered into clinical trials
need to be proved effective for NMO [183].
Moreover, there exist many important unsolved
questions about the relationship of AQP4-1gG and
NMO. For instance, the role of AQP4-1gG in the
classification of NMO remains uncertain [193].
Furthermore, it is largely unknown about the rea-
son why peripheral AQP4-expressing organs can-
not be damaged by AQP4-IgG. Further studies in
patients worldwide could help to identify more
genetic susceptibility factors for NMO [194].

AQP4 and Brain Tumor

AQP4 is expressed in astrocytoma cells and
around the tumor [161]. And its expression is
upregulated in astrocytoma and glioblastoma [12,
161]. A role for AQP4 in cell migration and cell-
cell adhesion suggest its involvement in promot-
ing glioblastoma cell migration, glioma invasion,
and glioblastoma cell apoptosis [34, 100, 102,
195-197].

The possible mechanism is that AQP4 induces
the cell morphological changes via polarizing to
the cell lamellipodia and inducing an increased
number or size of lamellipodia in migrating cells
[195-197]. Structure of AQP4 (including OAPs)
suggests its role in channel-mediated cell adhe-
sion [102]. However, absence of such abnormali-
ties in AQP4 knockout mice raises the argument
about whether AQP4 plays a role in cell-cell
adhesion [79]. Once, data against involvement of
AQP4 in cell adhesion were demonstrated [198].
However, recent experiments display that the
larger AQP4-M23 rich OAPs could bind with
adhesion complexes, suggesting a role for
AQP4-M23 in cell adhesion [73]. So it could be
speculated that whether AQP4 plays a role in cell
adhesion was determined by the involvement of
OAPs.

AQP4 and AD

AD is the most common neurodegenerative dis-
ease among the elderly and characterized by Ap
plaque deposition, neurofibrillary tangles, and
neuronal and synapse loss in learning and mem-
ory related regions [199]. As mentioned earlier,

activated astrocytes accompanied with altered
polarization of AQP4 occur in the brain tissues of
patients with AD and several AD models [56, 68,
69], indicating an involvement in AD pathology.
A recent study reported that the AQP4 gene dele-
tion in APP/PS1 transgenic AD model mice
impairs exogenous A clearance from brain
parenchyma and exacerbates spatial learning and
memory defects associated with more severe A
plaque deposits and synaptic protein loss [200].
This finding provides the direct evidence for a
key role of AQP4 in the pathogenesis of
AD. Actually, accumulatively direct and indirect
evidences have indicated that AQP4 affect the
onset and progress of AD via various mecha-
nisms, such as Ap clearance, glutamate transduc-
tion, synapse plasticity, Ca’* signal transduction,
neuroinflammation and neurotrophic factor
secretion [71, 72, 120, 127, 152, 200-203]. For
example, reactive gliosis with loss of perivascu-
lar AQP4 polarization impairs the glymphatic
pathway function, causing reduction in CSF-ISF
exchange and AP deposition in cortical and lepto-
meningeal vessels [119]. Thus, these clues sup-
port that AQP4 may serve as a hopeful target for
prevention and treatment against AD.

Modulators of AQP4 in the CNS

It has been proposed that AQP4 modulators have
potential utility in the treatment of AQP4 related
brain diseases [204, 205]. AQP4 inhibitors such
as vasopressin, melatonin, PKC, mercury (Hg"),
trombin, dopamine, hypoxia, tetraethylammo-
nium (TEA), bumetanide, acetazolamide (AZA),
siAQP4, curcumin, and H,S may be regarded as
potential therapeutic drugs for cytotoxic brain
swelling, seizure, glial scar [178, 205-210];
while the AQP4 enhancers including glutamate,
syntrophin, dystrophin, connexin 43 (Cx43), K*
(Na*, K*-ATPase; NKCC1), Kir4.1, lead (Pb*),
cyclic AMP, and lactic acid have therapeutic
potentials in reducing vasogenic brain swelling
[131, 205, 211, 212]. AQP4 modulators could
offer new therapeutic options for many brain dis-
orders like preventing tumor malignancy in glio-
blastoma [10]. Notably, many of the AQP4
modulators have been experimentally examined
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in isolation. However, these factors are likely to
interact after injury [176].

5.2.1.3 AQP5
AQPS5 expression in the CNS is similar to that
described for AQP3, AQP4 and AQPS8, mainly
expressed in the astrocytes and neurons of cho-
roid plexus, piriform cortex, hippocampus, and
dorsal thalamus [213, 214], and could expand to
the nucleus caudatus putamen and globus palli-
dus in rat ischemic hemisphere [16, 215].
Whether AQPS facilitates the highest water trans-
port in the body remains uncertain [216, 217].
AQPS5 might be an important water channel in
astrocytes that is differentially expressed during
various brain injuries [215]. AQP5 expression in
brain is upregulated both after permanent focal
cerebral ischemia [16] and following preterm
intraventricular hemorrhage [218]. Upregulation
of AQPS5 after scratch injury is polarized to the
astrocyte processes and cytoplasmic membrane
in the leading edge of the scratch-wound, and
facilitated astrocyte process elongation [215].
AQPS5 expression is also detected near the
ischemia-induced infarct border in the rat brain,
and AQPS level could be regulated by hypoxia
[219] and protein kinase A (PKA) [19]. Moreover,
recent research has also demonstrated that AQPS
expression is associated with the development
and intensity of peritumoral edema in meningi-
oma patients [220].

5.2.1.4 AQP6

AQP6 mRNA has been observed in neonatal and
adult mouse cerebellum by using reverse tran-
scription PCR [20]. AQP6 gene was found in
mouse hind brain (involving cerebellum) and
spinal cord [21], while AQP6 protein was
detected at synaptic vesicles in rat brains [221].
The role of AQP6 in the CNS remains unknown.
Since AQP6 mRNA expression is regulated in a
tissue-specific and age-related way, it is likely
that AQP6 plays a role in mouse development
[20]. In addition, the location of AQP6 in synap-
tic vesicles might participate in their swelling
and secretion [221]. Thus further investigation is
needed to understand the function of AQP6 in
the CNS.

5.2.1.5 AQP8

AQPS8 was early detected in astrocytes, neurons,
and oligodendrocytes [219], and in ependymal
cells lining the central canal in spinal cords [61].
Recent study showed that AQP8 was primarily
expressed in the cytoplasm of astrocytoma cells
in piriform cortex, hippocampus, and dorsal thal-
amus; weakly in ependyma and choroid plexus
[25, 213].

AQPS8 may play an important role in the devel-
opment of brain disorders (edema and tumor),
and can be used as a potential therapeutic drug
for astrocytoma and glioma. For instance, AQP8
expression level is upregulated both along with
the severity grade of astrocytoma [25] and glio-
mas [222]. Furthermore, down-regulation of
AQPS8 in human glioma cells shows a significant
inhibitory effect on cell proliferation and migra-
tion [222]. In addition, AQP8 expression is
upregulated after brain ischemia, suggesting that
AQPS contributes to the early formation of edema
[16]. Even though AQPS8 null mice show surpris-
ingly mild phenotype [223], its role in the CNS
seems to be pivotal.

5.2.2 Aquaglyceroporin Subfamily

5.2.2.1 AQP3

AQP3, permeable to glycerol and urea, was first
found in brain meningeal cells in the CNS [224].
Studies show that similar to AQP5 and AQPS,
AQP3 is expressed in astrocytes and neurons of
piriform cortex, hippocampus, and dorsal thala-
mus [213, 219]. However, no expression of AQP3
is found in pig brain [23]. It seems that the distri-
bution of AQP3 in the CNS shows a species-
specific model. The role of AQP3 in the CNS
remains scarcely investigated, only one research
demonstrated that AQP3 expression is upregu-
lated within the first 6 h after ischemia, suggest-
ing a role of AQP3 in the early formation of the
cerebral edema and the neuronal swelling [16].

5.2.2.2 AQP7

By using Northern blot analysis, a weak band of
AQP7 was first detected in rat brain [225].
Function as a glycerol channel mainly in fat
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metabolism, AQP7 is largely localized in the
choroid plexus in brain of mice [22, 226].
Similarly, AQP7 mRNA is also detected in pig
brain [23]. Recent study shows that AQP7 expres-
sion is found to be restricted to the apical mem-
brane of choroid plexus epithelial cells (CPECs)
and endothelial progenitor cells (EPCs), in paral-
lel with previous study [22], suggesting that
AQP7 could be involved in CSF secretion [24].

5.2.2.3 AQP9

Expression and Function of AQP9

in the CNS

AQP9, a channel permeable to water, glycerol,
urea, and monocarboxylates, has been evidenced
in rodent and primate brains [40]. AQP9 is pres-
ent in the ependymal cells lining the ventricles
and the tanycytes of hypothalamus [26], astro-
cytes, endothelial cells of pial vessels, catechol-
aminergic neurons [27, 227]. The intracellular
distribution of AQP9 is in mitochondrial inner
membranes of brain cells [228]. It has also been
reported that AQP9 is expressed in malignant
astrocytic cells and leukocytes, which infiltrate
the tumor in glioblastoma [229]. AQP9 knockout
mice do not show severe abnormalities [230].
However, silencing of AQP9 in astrocyte cultures
contributed to decreased glycerol uptake and
increased glucose uptake and oxidative metabo-
lism [231]. In addition, AQP9 expression was
decreased under hypoxia and recovered with
reoxygenation [219]. It has been suggested that
signal transduction via PKA pathway may regu-
late the expression of AQP9 by some factors
induced by dbcAMP [19].

Role of AQP9 in Brain Disorders

AQP9 permeability to various molecules sug-
gests a role in energy metabolism in addition to
water homeostasis [78]. AQP9 plays a role in
normal cell metabolism, under physiological
conditions, and also increases cell stress toler-
ance, under pathological conditions [232]. For
instance, AQP9 expression is upregulated by
decreased insulin concentration in diabetic rats

[233], after transient focal ceberal edema [27], in
astrocytic tumors [234], after permanent middle
cerebral artery occlusion [235], and with hirudin
treatment after intracerebral hemorrhage [236].
All these findings would suggest that AQP9 is
involved in astrocyte energy metabolism and the
malignant progression of astrocytic tumors.
Changes in AQP9 expression may be the conse-
quence of glial cell attempt to response to hypoxic
and ischemic conditions via facilitating clearance
of glycerol and lactate [10].

5.2.3 Superaquaporin Subfamily

5.2.3.1 AQP 11

AQP11 is found to be expressed in the CNS in
rats [237] and mice [238], appearing in hippo-
campal and cerebral cortical neurons, purkinje
cell dendrites in rat brains [28], and epithelium of
the choroid plexus and endothelium of the brain
capillary in mice brains [29, 239]. The brain of
AQP11 null mice appears normal, without any
morphological and functional abnormalities [29,
240]. However, AQP4 expression at the BBB is
reduced by half in AQP11 null mice, suggesting
AQP11 may functionally interact with AQP4
[29]. It has been proposed that, when osmotically
challenged, AQP11 may reduce its expression to
protect the brain [239]. Since AQPI1 has a
unique high affinity mercury ion binding site (tri-
cysteine motif site), AQPI11 distributed in
Purkinje cells may interact with the cations like
mercury in autism, and be the therapeutic target
for this cognition-related disorders [241]. Future
investigations are necessary to elucidate the
physiological role of AQP11 in the CNS.

5.3  AQPsin the Peripheral

Nervous System

In the peripheral nervous system (PNS), three
AQPs (AQP1, AQP2 and AQP4) are localized to
neurons or glial cells in the ganglia and visceral
plexuses [242].
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5.3.1 AQP1

AQPI is mainly localized to the cytoplasm and
cell membrane of some medium and small-sized
trigeminal or dorsal root ganglion (DRG) neu-
rons [37, 243]. The expression pattern of AQP1 in
the primary afferent sensory neurons suggests
involvement in the specific somatosensory trans-
duction including pain signal transduction [38,
244, 245]. Furthermore, a recent study suggests
that AQP1 is mediated in DRG axonal growth
and regeneration [246]. Additionally, AQP1 has
been found in peripheral trigeminal axons and
spinal nerve axons of humans and mice [247].
Interestingly, difference in the cellular localiza-
tion of AQPI in the central trigeminal root
between humans and mice was detected. AQP1 is
specifically expressed in astrocytes of humans,
but is restricted to nerve fibres within the central
trigeminal root and spinal trigeminal tract and
nucleus in mice [247]. In the visceral plexuses,
strong AQP1 expression is localized to satellite
cells rather than neurons of humans [248]. In
contrast, the localization of AQP1 protein in a
particular neuronal subtype has been observed in
the enteric nervous system of rats [249, 250].
Together, these morphological evidences have
revealed a species difference of AQP1 expression
in the PNS, but the underlying mechanisms
remain to be determined.

5.3.2 AQP2

An early study reported AQP2 expression in rat
trigeminal ganglion neurons, with strong label-
ling in the medium- and large-sized types and
weak labelling in the small-size type. After for-
malin treatment, there was a marked increase of
AQP2 expression in small-sized neurons and a
decrease in medium- and large-sized neurons
[251]. Another study shows that AQP2 expres-
sion is not detectable in the DRG of normal rats,
but remarkable increase in small-sized DRG neu-
rons in response to chronic constriction injury
treatment. These data suggest that AQP2 is
involved in pain transmission in the PNS [252].

The cellular localization of AQP2 in the human
PNS has not been studied yet.

5.3.3 AQP4

Compared to extensive studies of AQP4 in the
normal CNS and neuropsychological diseases,
little is known about its expression and function in
the PNS. A study by Thi et al. (2008) identified
AQP4 protein expression in the myenteric and
submucosal nerve plexuses of mice and rats [253].
There are about 12% myenteric neurons positive
for AQP4 in the myenteric plexus, while nearly
80% neurons are positive for AQP4 in the submu-
cosal plexus of colon. Glial cells in the rat and
mouse enteric plexuses are immunonegative to
AQP4. Recently, Kato and colleagues reported
that AQP4 is exclusively localized to satellite glial
cells surrounding the cell bodies of the primary
afferent sensory neurons in the trigeminal ganglia
and DRG of mice [254]. Jiang and colleagues
reported that there are different patterns of AQP4
expression in the enteric nervous system of
human, guinea pig, rat and mouse colon mucosa.
In rat and mouse, AQP4 is expressed at a small
subpopulation of neurons, while in the guinea pig
and human, AQP4 is localized to enteric glial cells
[255]. The cellular localization and function of
AQP4 in the PNS including in the trigeminal and
dorsal root ganglia need further study.

5.4  Future Directions

AQPs are involved in a variety of important phys-
iological processes in the CNS, by coordinating
water and solutes trafficking among the different
fluid compartments [10]. Specific up-regulation
of some AQPs’ expression along with their
involvement in brain edema formation, has been
consistently investigated by many scientists. It
has been strongly suggested that AQPs could rep-
resent important targets in treatment of brain dis-
orders [6]. However, we are still far from having
a full comprehension of the physiological and
pathological significance of all AQPs in the CNS
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[256] and no specific therapeutic agents have
been designed to inhibit and enhance water trans-
port through AQPs [1]. To date, the major chal-
lenge is still to facilitate drug delivery across the
BBB [257]. Considering the importance of AQPs
in brain disorders, it will be of great achievement
to find out novel drugs capable to cross the BBB
and to suppress AQP up-regulation [10].
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Aquaporins in Cardiovascular
System
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Abstract

Recent studies have shown that some aquaporins (AQPs), including AQP1,
AQP4, AQP7 and AQP9, are expressed in endothelial cells, vascular
smooth muscle cells and heart of cardiovascular system. These AQPs are
involved in the cardiovascular function and in pathological process of
related diseases, such as cerebral ischemia, congestion heart failure,
hypertension and angiogenesis. Therefore, it is important to understand
the accurate association between AQPs and cardiovascular system, which
may provide novel approaches to prevent and treat related diseases. Here
we will discuss the expression and physiological function of AQPs in
cardiovascular system and summarize recent researches on AQPs related
cardiovascular diseases.
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Aquaporins (AQPs), a family of membrane
protein, mediate permeability of water and some
small molecules across cell membrane driven by
osmotic or concentration gradient. AQPs mainly
distribute in epithelial cells and endothelial cells,
maintaining water balance in the body. Since the
first AQP was identified in red blood cells in
1991, 13 AQPs (AQP0O-12) have been identified
[1-3]. Functions of AQPs have been gradually
revealed, such as the regulation of urine concen-
tration and gland secretions. In recent years, it
has been proved that AQPs are also involved in
cerebral ischemia, cancer, glaucoma, obesity and
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Table 6.1 AQPs expression in blood vessel of different tissues
Secretory Skeletal
Eye | Brain glands Lung Liver Pancreas Kidney muscle

AQP1 + — + + + + + +

AQP4 - - - - - - - -

AQP7 - - - - - - - +

AQP9 - + - - - - - -

Table includes integrating data from rats, mice and human experiments [5, 27, 62-65]; +: with AQPs expression; —:

without AQPs expression

infection by using gene knockout mice [2].
Studies have shown that AQPs are also involved
in the regulation of cardiovascular function and
development of related diseases, especially in
cerebral ischemia, congestion heart failure,
hypertension and angiogenesis. Therefore, fur-
ther studies are needed to elucidate mechanism
accounting for the association between AQPs and
cardiovascular diseases, which may lead to novel
approaches to the prevention and treatment of
those diseases.

6.1 Expression and Physiological
Function of AQPs

in Cardiovascular System

AQPI1, AQP4, AQP7 and AQP9 have been found
in cardiovascular system (Table 6.1). They dis-
tribute in the heart, endothelial cells and vascular
smooth muscle cells [4], participate in water-
transportation, glycerol and lactic acid, which
play an important role in vascular physiological
function. AQPs function may be related to patho-
logical process of vascular diseases.

6.1.1 AQP1

AQP1 is highly expressed in microvascular (capil-
laries and small veins) endothelial cells (ECs), and
also exists in vascular smooth muscle cells (SMCs)
and non-vascular endothelia, such as corneal
endothelial cells, pulmonary and bronchial endo-
thelial cells, etc., whereas AQP1 has not been
found in ECs in the central nervous system [5].
AQP1 is present in cardiomyocytes of rat, but it is
not expressed in mouse cardiomyocytes [6, 7].
AQP1 facilitates trans-endothelial water move-

ment in osmotically driven membrane processes.
Recently, increasing evidence suggests that AQP1
could also mediate transport of many small mole-
cules, such as urea, NH;, H,0,, NO, CO,, Sb(OH);,
As(OH); [3, 8-10]. In endothelial cells, AQP1
might be involved in the regulation of nitric oxide
(NO) entering endothelial cells to regulate vascu-
lar tone and blood pressure through controlling
NO level, bioavailability and diffusion distance [4,
11]. AQP1 expression is affected by some vascular
related diseases. AQP1 is up-regulated in the
fibrotic septa of cirrhotic liver and promotes angio-
genesis by enhancing endothelial invasion/prolif-
eration [12]. AQP1 knockout attenuated the
angiogenesis, fibrosis and portal hypertension that
follows bile duct ligation in mice [13]. In retinal
vascular endothelial cells, AQP1 has been shown
to be involved in hypoxia-inducible angiogenesis
through a vascular endothelial growth factor
(VEGF) signaling pathway independent manner
[14]. However, in oxygen-induced retinopathy
microvessel proliferation was not affected in
AQP1 knockout neonatal mice [15]. Moreover,
AQP1 is highly expressed in microvascular endo-
thelial cells in malignant tumor. Inhibited tumor
growth and reduced vascularity with extensive
necrosis was found in AQP1 knockout mice after
subcutaneous or intracranial tumor implantation
[16]. Our previous study demonstrated that a car-
bonic anhydrase inhibitor acetazolamide could
inhibit AQP1 protein expression and angiogenesis
in tumor tissues (Fig. 6.1) [17]. AQP1 DNA immu-
nization based on ubiquitin—proteasome system
could directly damage melanoma tumor vascula-
ture and suppress the growth of tumor in mice
[18]. Therefore, targeting to regulate AQPI
expression in vascular endothelial cells may play
a positive role in tumor angiogenesis and
treatment.
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Fig. 6.1 AQP1 and angiogenesis.

Expression of
AQP1I in capillaries (a, b) and postcapillary venules endo-
thelial cells (¢, d) of primary tumor; (a) and (c¢) untreated

6.1.2 AQP4

AQP4 is expressed predominantly in the central
nervous system. It is highly expressed in the
brain, spinal cord and optic nerve [19-21]. AQP4
mainly exists in astrocytes surrounding cerebral
capillaries, and is distributed in the astrocytic
foot processes, external glial limiting membrane,
ependyma, and subependymal internal glial.
Most scientists do not think that AQP4 is
expressed in cerebrovascular endothelial cells.
However, Amiry-Moghaddam and colleagues
(2004) demonstrated that AQP4 is expressed in
brain endothelial cells by using immunogold
electron microscopy, at lower levels than in astro-
cytes [22]. A selective knockout of the AQP4 in
the astrocytic foot processes delayed cerebral
edema, despite the presence of a normal comple-
ment of endothelial AQP4. But whether the endo-
thelial AQP4 is involved in maintaining water
balance in the brain is still elusive.

AQP4 is an important part of blood brain bar-
rier and blood-cerebrospinal fluid (CSF) barrier.
Its major role in the central nervous system is
maintaining brain water balance [23]. In fact, the
highly polarized AQP4 expression (in glial mem-
branes that are in direct contact with capillaries
and pia) indicates that AQP4 mediates the flow of
water between glial cells and the cavities filled
with CSF and the intravascular space. Another
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" Endothelial
cells

group, (b) and (d) treated with acetazolamide. (e) AQP1 in
endothelial cells could assist cell migration and promote
angiogenesis

role of AQP4 is to promote astrocyte migration
and neural signal transduction. It has been proved
that the astrocyte migration is impaired in AQP4
deficient mice, and AQP4 deficiency impairs the
migration of cultured astrocytes [24]. In the heart,
AQP4 has been found in the cardiomyocytes of
mice, not in rats [7].

6.1.3 AQP7

AQP7, an aquaglyceroporin, mainly distributes
in renal proximal tubules, testis, cardiac and stri-
ated muscle and adipose tissue. A microarray
study showed that heart was the second biggest
expression tissue of AQP7 mRNA after adipose
tissue [25], but studies on the cardiac role of
AQP7 are limited. In 2009, Hibuse and col-
leagues demonstrated that AQP7 knockout mice
have lower cardiac glycerol and ATP content than
those of wild-type mice [26]. Under basal condi-
tions, AQP7 knockout mice had normal cardiac
histology and morphology; when injections of
isoproterenol or subjected to transverse aortic
constriction (TAC), AQP7 knockout mice devel-
oped advanced hypertrophy and lower survival
than wild-type mice, indicating the importance of
glycerol as a cardiac energy substrate [26]. In
addition, AQP7 was expressed in capillary endo-
thelial cells of adipose tissue, but its functions
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remain to be fully elucidated [27]. Therefore, it is
necessary to clarify the physiological and patho-
logical significance of cardiac and endothelial
AQP7 in the future.

6.1.4 AQP9

AQP9 is also an aquaglyceroporin and has per-
meability to water, monocarboxylate, glycerol,
urea and other small neutral solutes. AQP9 has
two isoforms: a short isoform located on the
inner membrane of mitochondria, and a long iso-
form located within the cell membrane [28, 29].
AQP9 has been found in brain, liver, spleen, epi-
didymis and testis. AQP9 was observed in the
endothelial cells of pial vessels [30]. AQP9, simi-
lar to AQP4, has also been suggested to contrib-
ute to extracellular water homeostasis and edema
formation [31]. Moreover, AQP9 might partici-
pate in brain energy metabolism. It is also
expressed in neuronal mitochondria and glucose
sensitive neurons, and its expression could be
negatively regulated by insulin [30]. AQP9 is
involved in the transport of lactate and ketone
bodies across the blood-brain barrier. It has been
suggested that AQP9 may participate in the
clearance of excess lactate and other metabolites
during cerebral ischemia [32].

6.2 AQPs and Cardiovascular
Disease
6.2.1 AQPs and Cerebral Ischemia

In ischemic stroke, a key aggravating factor is the
presence of edema. Stroke is a complex and dev-
astating neurological condition with limited
treatment options. Brain edema is a serious com-
plication of stroke. Edema is a therapeutic target
in cerebral ischemia. Early edema formation can
significantly contribute to infarct formation and
thus represents a promising target. Seven AQP
subtypes, including AQP1, AQP3, AQP4, AQPS,
AQP8, AQP9 and AQP12, have currently been
identified in the brain. Among them, AQPI,
AQP4 and AQP9 are the most abundant AQPs in

the brain. The expressions of AQP4 and AQP9
were changed during cerebral edema after isch-
emic stroke, but AQP1 expression was unchanged
[33]. AQP4 expression was found to be increased
on astrocyte endfeet in the core and the border of
lesion in 1 h after cerebral ischemia, and increased
in astrocytes in the border of lesion over the
whole cell for 48 h after ischemia; both were
coinciding with the peak of cerebral edema [33].
AQP4 was more abundant in the early stage of
cerebral ischemia [34]. Studies from various labs
have demonstrated that mice lacking AQP4
showed reducing infarct volumes and improved
neurological outcomes after cerebral ischemia;
absence of AQP4 could partly prevent blood
brain barrier disruption and alleviate neuroin-
flammation induced by cerebral ischemia [35—
37]. Hastings and colleagues demonstrated that
cerebral hemispheric edema was reduced in
AQP4 null mice at 1 h after ischemia [35].
In addition, Hirt and colleagues (2016) reported
that AQP4 absence on behavioral outcomes and
lesion volume was not associated with the reduc-
tion of edema formation on days 3 and 7 after
ischemia [38].

The expression of AQP9 showed a significant
induction at 24 h after ischemia and gradually
increased over time, which was not correlated
with the cell swelling [33]. Its functional roles
remain to be fully elucidated. A few studies have
examined the associations between AQP3, AQP5
or AQP8 and cerebral ischemia. Yang and col-
leagues (2009) demonstrated that the expression
of AQP3, AQP5 and AQPS8 enhanced until 24 h
after cerebral ischemia in the border region but
decreased 6 h after ischemia in the ischemic core,
suggesting their involvement in edema formation
after cerebral ischemia [39]. Selective regulation
of AQPs may serve as an effective strategy for
cerebral ischemia.

6.2.2 AQPs and Congestive
Heart-Failure (CHF)

Congestive heart failure (CHF) is the typical end-
stage of most heart diseases, with impairment of
water excretion. Acute exacerbation of CHF
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stimulates the pituitary, leads to the activation of
renin—angiotensin—aldosterone system (RAAS)
and increases release of adrenocorticotropin
(ACTH) and arginine vasopressin (AVP).
Subsequently the retention of sodium and water
is induced. Kidney is essential for the water reab-
sorption and water and sodium retention. AVP
increases the water permeability of the renal col-
lecting duct cells, allowing more water to be
reabsorbed from collecting duct urine to blood.
In addition, AVP acts on V2 receptors in the renal
collecting duct, which regulates the expression
and trafficking of AQP2 [40, 41]. AQP2 is a
promising marker of the concentrating and dilut-
ing ability of the kidney. AVP triggers a revers-
ible translocation of AQP2 from intracellular
storage vesicles into the apical plasma mem-
branes (APM) over a period of minutes, and
AQP2 protein levels could be elevated by AVP
over a period of hours to days [42, 43]. Renal
AQP2 expression has been found to be signifi-
cantly increased in CHF rats, whereas other sub-
types of AQP expressions (such as AQP1 and
AQP3) were unaltered [44]. Besides its expres-
sion, urinary excretion of AQP2 was also mark-
edly increased in CHF patients [45]. There is a
close correlation among plasma AVP levels,
renal AQP2 expression and the severity of
CHF. Administration of V2 receptor antagonist
tolvaptan could downregulate renal AQP2 pro-
tein levels in the CHF rats [46]. Tolvaptan was
approved in 2009 by FDA to treat hyponatremia
associated with CHF, however, the ideal respond-
ers to tolvaptan have not yet been identified.
AQP2 may be served as an ideal predictor of
response to tolvaptan and guide its treatment in
the future [47].

6.2.3 AQPs and Hypertension

Hypertension is a common cardiovascular dis-
ease, that can lead to heart disease, stroke, as well
as hypertensive retinopathy and chronic kidney
disease. Blood pressure (BP) is affected by vari-
ous factors, including peripheral resistance, ves-
sel elasticity, blood volume, cardiac output; so

the mechanism of hypertension is too complex.
Recently, much interest focused on the role of
AQPs in the pathophysiology of hypertension. In
spontaneously hypertensive rats (SHR), AQP2
expression in renal tubule epithelial cells is
upregulated, along with activation of the cAMP
pathway induced by AVP [48, 49]. Same results
have been found in DOCA-salt hypertensive rat
model [50]. In addition, treatment with AVP V2
receptor antagonist would lower BP and urinary
osmolarity, and alleviate urinary AQP2 levels
both in control and SHR, indicating AQP2 and
AVP are involved in the pathogenesis of hyper-
tension in spontaneously hypertensive [51].
Besides AQP2, the expressions of medullary
AQP1 and AQP3 were also significantly increased
in SHR compared with corresponding control
(WKY rats), while that of AQP4 was not [48].
However, Klein Fukuoka and colleagues (2006)
demonstrated that medullary AQP2 expression
was decreased in response to angiotensin II or
norepinephrine-induced acute hypertension [52].
Alterations in the expressions of AQPs in the
brain were also found during hypertension. AQP1
expression was increased in choroid plexus epi-
thelium of SHR, and elevated AQP4 expression
was found in frontal cortex, striatum, and hippo-
campus of SHR compared to control WKY rats
[53]. The increased AQPs expression may modu-
late the fluid exchange between blood brain bar-
rier and blood-CSF barrier, and evoked an acute
increase in blood pressure and impairment of
blood brain barrier.

In 2007, Herrera and colleagues reported that
AQP1 mediated transfer of NO at a K, (the con-
centration of NO that produces half of the maxi-
mum transport rate) of 0.54 pmol/L, and
knockdown of AQPI by siRNA could prevent
NO release by 44% in endothelial cells [11].
They further (2007) demonstrated that AQP1
facilitated transport of NO out of endothelial
cells and influx into vascular smooth muscle
cells, and got involved in endothelium-dependent
vascular relaxation [4]. However, AQP1 null
humans and knockout mice are not hypertensive,
so additional evidences are needed to confirm the
role of AQP1 in hypertension [54].
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6.2.4 AQPs and Angiogenesis

Angiogenesis, mechanism of capillaries forma-
tion from existing blood vessels, is the main form
of vessel formation in the adult. Angiogenesis is
regulated by many factors, such as VEGFE,
platelet-derived growth factor (PDGF), trans-
forming growth factor-f (TGF-f), fibroblast
growth factor (FGF), angiopoietin (ANG), Notch,
Wat, etc. And it relates to a variety of diseases,
such as tumor, ophthalmic diseases and wound
healing. Recently, AQPs have shown to be
involved in angiogenesis, especially in tumor
angiogenesis. Tumor angiogenesis includes 3
procedures: (1) matrix breakdown (2) prolifera-
tion, migration and differentiation of endothelial
cells (3) supplement of periendothelial cells [55].

In the brain cancer and glioblastoma, AQPs
expression is positively correlated with tumor
histological differentiation [56, 57]. And in other
cancers, such as breast cancer, brain cancer and
multiple myeloma, high expression of AQPs
result in localized edema that aggravated matrix
breakdown [58, 59].

AQP-dependent cell migration has been found
in a variety of cell types both in vitro and in vivo
(Fig. 6.1). Saadoun and colleagues found upregu-
lated expression of AQP1 in tumor microvascular
endothelial cells could assist cell migration and
its expression was positively correlated with
tumor microvascular density. AQP1 deletion
reduces endothelial cell migration, inhibits tumor
angiogenesis and growth [16]. AQP1-expressing
tumor cells have enhanced metastatic potential
and local infiltration. Impaired cell migration has
also been seen in AQP1-deficient proximal tubule
epithelial cells, and AQP3-deficient corneal epi-
thelial cells, enterocytes, and skin keratinocytes
[60]. AQP4 deletion slows the migration of reac-
tive astrocytes, impairing glial scarring after
brain stab injury [57]. The mechanisms by which
AQPs enhance cell migration are under
investigation.

Studies about AQPs and tumor angiogenesis
provide a theoretical basis for tumor treatment.
Inhibition of AQPs expression and AQP-mediated
water influx by acetozolamide, cyclophospha-
mide, topiramate, thiopenthal, phenobarbital and

propofol may affected cancer cells proliferation,
migration, metastasis and angiogenic potential
[17, 61].

6.3  Conclusion and Prospect

Due to the diversity and complexity of AQP fam-
ily, blood vessels may require a variety of AQP
subtypes to finish its normal physiological func-
tion. It is necessary to study the expression and
function of AQPs in the blood vessels further
from the level of integration.

AQPs are involved in many related disease
occurrence, development and blood vessel func-
tion regulation. It has important clinical signifi-
cance to understand the accurate correlation
between AQPs expression variation and vascular
diseases, which can provide new ideas and meth-
ods for vascular disease treatment.
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Abstract

Aquaporins (AQPs) are water channel proteins supposed to facilitating
fluid transport in alveolar space, airway humidification, pleural fluid
absorption, and submucosal gland secretion. In this chapter, we mainly
focus on the expression of 4 AQPs in the lungs which include AQPI,
AQP2, AQP4 and AQP5 in normal and disease status, and the experience
of AQPs function from various model and transgenic mice were summa-
rized in detail to improve our understanding of the role of AQPs in fluid
balance of respiratory system. It has been suggested that AQPs play
important roles in various physiology and pathophysiology conditions of
different lung diseases. There still remains unclear the exact role of AQPs
in lung diseases, and thus continuous efforts on elucidating the roles of
AQPs in lung physiological and pathophysilogical processes are

warranted.
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7.1  Introduction

Respiratory system by definition includes respi-
ratory center located in brain stem; respiratory
muscle including external and internal intercostal
muscle, sternocleidomastoid muscle and dia-
phragm; airways including upper airway and
lower airway; alveolus and surrounding pulmo-
nary and systemic circulation. Each part has spe-
cific function and mainly carries the function of
ventilation and oxygenation with coordination of
ventilation and pulmonary circulation that pro-
vides adequate oxygen delivery to distal organs.
However, the lungs also have metabolism,
defending, immune and fluid transport function.
The fetus lung is filled with fluid before the fetus
is delivered, and the fluid inside of the lungs is
absorbed immediately to keep the lungs rela-
tively dry to maintain adequate ventilation and
oxygenation after delivery. When the lungs or
airways were insulted, it may bring fluid trans-
port disorders, such as airway and lung edema,
pleural effusion, etc. However, if there is extra
fluid absorption, the airway may become relative
dry and induce thick sputum and subsequent air-
way inflammation. Thus, it is critical to keep
fluid balance in alveolus, interstitial space, air-
way and pleural space to maintain normal respi-
ratory function.

The fluid transport follows few rules: the
osmotic fluid transport due to osmotic gradient;
the Starling mechanism due to hydrostatic pres-
sure; and the fluid pinocytosis. It has been a long
history for the researchers to discover that the
cell membrane express a water channel aquapo-
rin (AQP) to control fluid transport [1]. Since the
first report of AQP1 in red blood cells, there were
numerous publications addressing expression
and function of AQPs in various organs including
respiratory system. So far, there are 4 AQPs
expressed in the lungs, including AQP1 in the
vascular endothelium and pleural membrane,
AQP3 in epithelium of large airway, AQP4 in
epithelium of small airways, and AQP5 in alveo-
lar type I cells and submucosal glands. In this
chapter, the expression of above mentioned AQPs
in normal and disease status, and the experience
of AQPs function from various model and trans-

genic mice were summarized in detail to improve
our understanding of the role of AQPs in fluid
balance of respiratory system.

7.2  Expression of AQPs

in the Lungs and Airways

There are 4 AQPs expressed in the lungs includ-
ing AQP1, AQP3, AQP4 and AQPS. AQPI is
expressed in the endothelium of pulmonary cap-
illary, vein and artery [2, 3], the apical and baso-
lateral membrane of the microvascular
endothelium within pleural membrane, including
inner and out membrane [4]. AQP3 is located in
the basolateral membrane of basal cells of the tra-
cheal epithelium and in submucosal gland cell
membranes in rodents and in apical membrane of
bronchioles and type-II alveolar epithelial cells
(ACEjs) of adult humans, while AQP4 is expressed
in the basolateral membrane of columnar cells in
the bronchi and trachea of rats and in type-I
AECs in humans [5-8]. AQP5 is expressed in
apical membrane of type I ACEs, as well as api-
cal membrane of serous cells of upper airway
submucosal glands, it has also been detected in
type-II AECs in mice [8, 9]. Some studies show
AQPS is also expressed at apical membrane of
ACEs [10].

Levels of AQPs expression depend on timing
of lung development and pathological conditions.
There is a dramatic difference of AQPs expres-
sion in airway and alveolar epithelium before and
after birth delivery. The underlying mechanism
might be the accommodation of fluid transport
because airway epithelium and alveolar epithe-
lium play an important role in fetal lung fluid
secretion before delivery and turn to absorption
function after delivery to clear lung fluid for oxy-
genation. Most of the studies about AQPs in fetal
lungs are derived from animal experiments. Fetal
sheep have been used as an important animal
model for lung developmental studies, particu-
larly of factors regulating the physiological
development of the fetal lung [11, 12]. Sheep
fetal lungs can express AQP1, AQP3, AQP4 or
AQP5 in mRNA and protein levels during mid-
term gestation [13]. Rat fetal lungs express very
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little AQPs before birth, and only AQP1 and
AQP4 in rats has been detected at present before
birth [14-16]. Although AQP1 expression in
mRNA and protein levels in the lungs of fetal and
neonatal rats is increased when treated with syn-
thetic glucocorticoids [7, 15], little is known
about the physiological factors to control its
expression before birth. Besides, Ya sui et al. [15]
found that AQP4 could be induced to increase by
corticosteroids  and  p-adrenergic  agents.
However, AQP5 mRNA expression in very low
level was detected before birth in mice [13].

The deletion of one or more AQP genes in the
studies of mice suggested that AQPs are not
essential for neonatal survival [17]. However,
what is true in mice may not be true for all spe-
cies, including humans [18]. Because the expres-
sion and distributions of different AQPs in the
lungs are varied from the different species, it is
difficult to make a consistent conclusion about
the physiological role of AQPs in fetal lung
development and the transition to extra-uterine
life at birth, especially in the species with long-
gestation such as humans.

7.3  AQPs and Lung Fluid

Transport

Besides ventilation and oxygenation, the lungs
exert other biological functions such as lung fluid
transport, metabolism, immune defense, etc.
Herein, lung fluid transport refers to the alveolar
fluid balance, airway hydration, pleural fluid
transport and submucosal glands secretion.

7.3.1 AQPs and Alveolar Fluid

Balance

Fluid transport between alveolar and capillary
endothelium presents with several forms includ-
ing the osmotic fluid transport, blood-gas barrier
disruption induced fluid leakage and hydrostatic
fluid transport. AQP1 and AQPS5 are mainly
expressed at apical membrane of capillary endo-
thelial cells and type I AECs [8, 9, 19] (Fig. 7.1).
The location of these two AQPs suggests possible

roles in facilitating water transport. As stated
before, AQP expression varies during gestation
time, 45 min immediately after delivery do not
shown difference of lung wet/dry weight ratio
between wild-type and AQP1, 4, 5 knockout mice
[21], suggesting slow fluid absorption does not
require AQP facilitation, plus these AQPs do not
have full expression at the time point of experi-
ment. Several studies have showed that knockout
AQP1 and AQPS5 could significantly reduce
osmotic fluid transport [17, 22]. However, dele-
tion of AQP1 or AQP5 did not alter lung edema
formation and resolution difference in acute lung
injury model [23, 24], in which increased capil-
lary permeability leads to the fluid accumulation
in interstitial and alveolar tissue. This might be
explained that AQP-mediated fluid transport is
slower than fluid transport through enlarged cap-
illary leakage, and fluid transport through cell
membrane is little [23, 24]. Similarly, to study
the effects of AQP5 on hydrostatic pressure-
induced lung edema, high pressure infusion plus
blockage of outflow from left atrium are designed
to mimic left heart failure induced lung edema.
Deletion of AQPS5 did not affect lung edema
induced by high pulmonary pressure infusion
[22]. These studies further indicate that AQP1
and AQPS5 mainly facilitate osmotic fluid trans-
port through the apical membrane of capillary
endothelial cells and AECs, but they may not par-
ticipate in fluid transport driven by capillary per-
meability and hydrostatic pressure changes.

=
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Fig.7.1 Expression of AQP1, AQP4 and AQPS in distal
airway and alveolar space [20]
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Peri-bronchial edema formation was found to
decrease in AQP1 mutation patients after bonus
saline infusion, for capillary network formation
defects after AQP1 mutation, and thus it is
unlikely that AQP1 could contribute to hydro-
static pressure induced fluid accumulation [25].
Besides, deletion of AQP4, which is expressed on
the epithelium of small airways close to alveolar
spaces, does not significantly affect fluid trans-
port compared to wild-type mice. However,
AQP4 deletion displays a more decrease in
osmotic fluid transport compared with AQP1
knockout in mice, suggesting AQP4 acts as the
main role in facilitating fluid transport through
small airway epithelium [25]. The potential effect
of AQP4 is under covered by AQPI, because
function of AQP4 appeared more significant
when AQP1 is deleted.

7.3.2 AQPs and Airway Fluid
Balance

Airway must keep high humidity to protect air-
way epithelial cells that work together with sub-
mucosal glands to secret fluid to facilitate cilliary
movement to expel inhaled exopathogens.
Although AQP3 and AQP4 has been found to be
expressed on apical membrane of ciliated epithe-
lial cells [26] (Fig. 7.2) and studies showed that
AQPs play minor role in airway humidification,
ASL hydration, and isosmolar fluid absorption in
AQP3 and AQP4 knockout mice [27]. By calcu-
lating fluid transport rate, the fluid movement
across airway epithelium challenged by dry air is
relatively slower compared to salivary gland
secretion where AQPS5 facilitates fluid transport.
Furthermore, the minor effect of AQP3 and
AQP4 in airway physiology suggests slow fluid
movement does not rely on water channel neces-
sarily unless it is challenged by osmotic fluid
movement [27].

A recent study showed AQP3 deletion reduce
airway re-epitheliulization [28], the possible role
is reduced epithelial cell migration due to water
and glycerol transport reduction [29]. The role of
AQP3 in airway epithelial growth provide poten-
tial role of AQP in tissue repair.

nasopharnyx

microvessels

trachea

NP1

alveolus

Fig. 7.2 AQP1, AQP3, AQP4 and AQP5 expression in
capillary, airway, and alveolar space [26]

7.3.3 AQPs and Pleural Fluid
Balance

The pleural space plays an important role in pleu-
ral fluid secretion and absorption and lubricating
visceral and parietals membrane of pleural space
to facilitate lung extension. The fluid is filtered
through capillary within visceral membrane and
reabsorbed by parietal lymphatic duct located on
parietal membrane. In some malignancy, these
lymphatic can be blocked to result in fluid accu-
mulation within pleural space. AQP1 is expressed
at apical membrane of visceral and parietal
pleura, and apical membrane of endothelial cell
within visceral membrane [4] (Fig. 7.3). Our
group found that AQP1 could facilitate the
osmotic fluid transport within pleural space, and
deletion of AQP1 could significantly reduce
osmotic fluid transport. However, AQP1 did not
take part in pleural isosmolar fluid clearance [30,
31]. Similarly, there is no relationship of AQP1
with clinically relevant mechanisms of pleural
fluid accumulation or clearance [4].

7.3.4 AQPs and Submucosal Gland
Secretion

Submucosal glands are located at upper and
lower airway submucosal area, where capillary
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Fig.7.3 AQP1 expression in
parietal and visceral
membrane of pleural space [4]
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Fig. 7.4 AQP1, AQP3, AQP4 and AQPS5 expression in
airway submucosla glands [33]

and nerves are surrounded to keep normal func-
tion for gland secretion. In general, when glands
are stimulated with nerve or chemical through
muscarinic receptors, increased cytosolic cAMP
level will activate CFTR function, to induce chlo-
ride secretion, and sodium will increase in cell to
follow the electronic neutralization through intra-
cellular and paracellular pathway, and then water
will come out of the cells following the ionic
osmotic gradient mainly through AQPS5 water
channel. This phenomenon was evidenced in air-
way submucosal glands and salivary glands [32]
(Fig.7.4). Deletion of AQPS5 significantly reduced
gland fluid secretion and thus made the secreted
fluid more viscous [33]. There are few studies
showing that dry mouth due to salivary glands
radiation or sojoren syndrome are associated
with abnormal distribution of AQP5 [34, 35],
suggesting AQP5 modulation may potentially
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improve dry moth syndrome through correction
of saliva secretion. It is therefore interesting to
test whether AQPS5 modulation could be useful to
promote airway mucus clearance in COPD or
bronchiectasis patients.

7.4  AQPs and Lung Cancer

Development

Several studied found that AQP1, AQP3, AQP4
and AQPS are over-expressed in lung cancer [36—
39]. The expression of AQP1 is higher in lung
adenocarcinoma (ADCs) and bronchoalveolar
carcinoma than that in lung squamous cell carci-
noma and normal lung tissue [37]. AQPI1 is
located in the endothelial cells of capillaries
within lung cancer tissue and responsible for
tumor angiogenesis [40, 41]. AQP1 is also
involved in invasion of lung cancer cells, and
reducing AQP1 expression by AQPI1-shRNA
could inhibit lung cancer cell invasion and migra-
tion [41]. Moreover, AQP1 expression is corre-
lated with high postoperative metastasis ratios
and low disease-free survival rates in ADCs,
especially with micropapillary ADC components
[36]. These studies suggest that AQP1 could be a
significant prognostic index for stage and histo-
logic differentiation of lung cancer.

AQP3 is over-expressed in non-small cell car-
cinoma (NSCLC), especially ADCs, well-
differentiated bronchioloalveolar carcinomas and
papillary subtypes. Some studies found that
AQP3 might regulate biological functions of lung
cancer cells, in the early stage of lung ADC [36],
and even involve in angiogenesis of lung cancer
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through HIF-2a-VEGF pathway and lung cancer
cell invasion partly by the AKT-MMPs pathway,
mitochondrial ATP formation and cellular glyc-
erol uptake [42]. The anticancer effect of shRNA-
targeting AQP3 is confirmed in experimental
NSCLC models, and further is confirmed in
preclinnical studies [42]. Beside, AQP4 wis
involved in the invasion of lung cancer cells [41].
Higher transcript and protein levels of AQP4 in
well-differentiated lung ADCs suggest an asso-
ciation with a better prognosis [38].

The expression of AQPS5 was also detected to
dramatically increase in lung ADCs and corre-
lated with poor prognosis of patients with
NSCLC [43]. AQP5-expressed cells exhibited a
loss of epithelial cell markers and activation of
c-Src through SH3 binding domain to promote
epithelial to mesenchymal transition (EMT)
which might be responsible for the promote
metastasis of lung cancer [43]. Over-expressed
AQP5 could facilitate lung cancer cell growth
and invasion through the activation of the EGFR/
ERK/p38 MAPK pathway [43, 44]. The cAMP-
protein kinase (PKA) consensus site in AQPS is
also preferentially phosphorylated and promoted
cell proliferation ability in tumor. The phosphor-
ylation S156 in PKA consensus site is demon-
strated to play an important role in tumor
proliferation and invasion [45]. So, S156 in AQP5
may provide a potential therapeutic target by
developing small molecules as an inhibitor.
Moreover, developing specific monoclonal anti-
body targeting AQPS5 will also be another
approach.

7.5 AQPs and Acute Lung Injury

and Lung Infection

Several studies have shown that both AQP1 and
AQPS are down-regulated after lung injury [23,
24, 46]. Deletion of AQP1 does not show signifi-
cant phenotype changes while AQP5 deletion
shows worsened lung injury after P. aeruginosa
challenge [21, 24]. The mechanism may be that
AQP1 was expressed in pulmonary capillary
endothelium cells, and deletion of AQP1 impairs
osmotic fluid transport but not near isosmolar

fluid transport during capillary leaking due to
increased permeability changes. AQP1 mutation
in human does not cause morphology changes,
but results in retarding fluid accumulation around
airways [23].The underlying mechanism could
be a change in capillary networks. It is believed
that hydrostatic force could affect isosmolar fluid
transport through water channels. Besides, the
worsened lung injury in AQP5 null mice after
P. aeruginosa challenge could be due to airway
surface liquid property changes [24], in which
AQPS5 deficiency leads to reduced mucin produc-
tion in lung. Moreover, and declined activation of
mitogen-activated protein kinase and nuclear
factor-kappa B before and after PA infection.

Considering that AQP 1 and AQPS5 are
expressed at blood-gas barrier, and both of them
facilitate osmotic fluid transport, it has been
though that AQP1 and AQP5 may play an impor-
tant role in acute lung injury, especially in the
pulmonary edema. Several studies showed that
AQP1 and AQPS5 are significantly down-regulated
after lung injury [23, 24], and deletion of AQP1
does not show any difference of lung edema for-
mation or resolution in LPS induced acute lung
injury, suggesting slow fluid transport or fluid
leakage from paracellular pathway may not
require AQPs for intracellular fluid transport in
acute lung injury. Meanwhile, AQPs may facili-
tate osmotic fluid transport but not near isosmolar
fluid movement.

7.6  AQPs and Asthma

Asthma is featured by increased airway constric-
tion, esionphilic infiltration, hypersecretion of
airway mucus and small airway epithelium
edema formation. Immunostaining study shows
AQP1 expressed not only in alveolar type I and
type II cells, as well as in airway epithelium.
OVA-induced Asthma animal model shows an
increase in expression of AQP1 and AQP5 com-
pared to control group, suggesting AQP1 and
AQP5 may participate in airway epithelium
edema formation [47]. Bronchial provoke test
usually shows hyperactivity and hyper respon-
siveness to methacholine [48]. AQPS5 knockout
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mice study shows deletion of AQPS5 increased
airway reactivity challenged by inhalation of
methacholine accompanying with increased air-
way resistance [10]. It is not clear why deletion
of AQPS5 decreases airway challenge threshold.
Besides, same loci of AQP5 and other asthma
gene located at chromosome 12q and mouse
chromosome 15 further indicated potential role
of AQPS5 in asthma development [10].

7.7 Summary

AQPs are water channel proteins supposed to
facilitating fluid transport in alveolar space, air-
way humidification, pleural fluid absorption, and
submucosal gland secretion. Previous studies
suggested the roles of AQPs in various physiol-
ogy and pathophysiology condition of different
lung disease in vivo or vitro. It still remains
unclear the exact role of AQPs in lung diseases,
and thus continuous efforts on elucidating the
roles of AQPs in lung physiological and patho-
physilogical processes are warranted.
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Abstract

In this chapter, we mainly discuss the expression and function of aquapo-
rins (AQPs) expressed in digestive system. AQPs in gastrointestinal tract
include four members of aquaporin subfamily: AQP1, AQP4, AQP5 and
AQPS, and a member of aquaglyceroporin subfamily: AQP3. In the diges-
tive glands, especially the liver, we discuss three members of aquaporin
subfamily: AQP1, AQP5 and AQP8, a member of aquaglyceroporin sub-
family: AQP9. AQP3 is involved in the diarrhea and inflammatory bowel
disease; AQPS is relevant to gastric carcinoma cell proliferation and
migration; AQP9 plays considerable role in glycerol metabolism, urea
transport and hepatocellular carcinoma. Further investigation is necessary
for specific locations and functions of AQPs in digestive system.
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8.1 Introduction The distributions of AQPs are relevant to their

Digestive system includes the digestive tract and
digestive gland. The digestive tract is composed
of oral cavity, pharynx, esophagus, stomach,
small intestine, large intestine and anus. The
digestive glands include large digestive glands
and plenty of small digestive glands spread over
the wall of the digestive tract. The large digestive
glands, such as 3-pair salivary glands, pancreas
and liver, have secretary portion and ducts formed
by gland cells to drain the excreta into the diges-
tive tract. Moreover, pancreas can also perform
as an endocrine gland, as A-cells excrete gluca-
gon, B-cells excrete insulin, and D-cells excrete
somatostatin, PP-cells excrete pancreatic poly-
peptide. These endocrine hormones regulate
blood glucose and the movement of gastrointesti-
nal tract. Apart from secretion, absorption is an
important function for digestive systems, espe-
cially for gastrointestinal tract. During a meal,
after the primary digestion of saliva, the osmo-
larities of the food we eat can change rapidly
from zero (water) to several hundred millosmoles
(solid meal). In response to the rapid change of
the osmolality in gastrointestinal tract, cell junc-
tions are tight in the stomach and colon (in order
not to lose water when dehydrating feces), and
gastric juice or other kind of digestive fluids will
be secreted to balance the osmolarity of gastric
content [1]. When the content comes to small
intestine, most water will be absorbed with sol-
utes and nutrition. When it comes to colon, the
content is further dehydrated and forms feces.
Totally, about 7.5 L of fluid is secreted into the
tract, which includes saliva, gastric secretions,
bile, pancreatic juice, and intestinal secretion,
and about 9 L fluid is absorbed each day [2, 3].
Moreover, the liver is related to substance
metabolism.

Aquaporins (AQPs) are expressed and play
physiological roles in the digestive system [2].

functions. Basolateral water channels AQP3 and
AQP4 are more expressed in secretive epithelia
(e.g, stomach), whereas apical water channels are
more localized in absorbing epithelia (e.g, small
intestine). In the colon, which can both absorb
and secrete water, both apical and basolateral
AQPs are expressed [1]. AQP9 is expressed in the
liver, and involved in fat metabolism. Here we
describe some important isoforms of AQPs in
digestive system, and mention others that are not
very clearly studied. The general distribution of
AQPs in digestive system is summarized in
Fig. 8.1 [4-6]. Figure 8.2 presents the possible
pathways for transepithelial water transport
in digestive system. They mainly consist of para-
cellular pathway, transcellular pathway, diffu-
sion, and osmolality-dependent AQP pathway.
Considering the constant phenotype of specific
AQP-knockout mice regarding the fluid secretion
[7, 8], the function of AQPs in the digestive sys-
tem might be limited.

8.2 AQPs in the Gastrointestinal
Tract
8.2.1 Aquaporin Subfamily

8.2.1.1 AQP1
In gastrointestinal tract, AQP1 is diversely
expressed on the endothelial barriers, while there
is no expression in the epithelia and mucosa. It is
more expressed in the body of the stomach, duo-
denum and ascending colon than the pyloric
antrum [9]. A moderate amount of AQP1 was
also observed in the stromal tissue of the anus,
but it is difficult to identify the specific location
[10].

In human tissue, AQP1 was demonstrated on
the endothelial cells of the lymphatic vessels in
the submucosa and lamina, and capillary endo-
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Fig. 8.1 Distribution of aquaporins in the digestive
system. AQP1, AQP5 and AQPS are expressed in salivary
glands. AQP1, AQP3 and AQPS5 are present in oral cavity.
In the stomach, AQP1 is expressed in the endothelial cells
of capillaries and small vessels; AQP3 is expressed in the
basolateral membrane of surface mucous cells; AQP4 is
expressed in the basolateral membrane of parietal cells,

thelial cells in the smooth muscle layer through-
out the gastrointestinal tract. For other species,
abundant expression of AQP1 was detected in
endothelium of capillaries and small vessels in
digestive system [11-15].

On the basis of the location of AQP1 in the
gastrointestinal tract, speculation is that AQP1
plays an absorptive passage in the water trans-
port between the gastrointestinal mucosa and
bloodstream. In addition, AQP1 is present in
endothelial cells of central lacteals in the villi of
small intestine, which produces chylomicrons
when digesting food. Therefore, AQP1 might be
involved in the fat digestion process. There is
evidence that AQP1 null mice show up a defect
in fat absorption [2, 12]. Further studies about

and AQPS is present at the apical membrane of parietal
cells. Small intestine expresses AQP1, AQP3, AQP4,
AQPS, AQP8 and AQP9. AQP1, AQP3, AQP4 and AQPS
are expressed in large intestine. AQP1, AQP8 and AQP9
are expressed in the liver. AQP1 is diversely expressed in
gallbladder, bile duct and pancreas, while AQPS is present
in the pancreas as well [2]

functions of AQP1 in gastrointestinal tract are
needed.

8.2.1.2 AQP4

AQP4 is selectively expressed in the basolateral
membrane of parietal cells of the stomach, espe-
cially at the base of gastric pits, which is acknowl-
edged to play the main role in modulating the
secretion of the acid. AQP4 null mice were
applied to study the role of AQP4 in gastric acid
secretion by Verkman’s group [7]. There was no
apparent difference in morphology in the parietal
cells within the gastric pits for AQP4 null mice.
And the deficiency of AQP4 showed no differ-
ence to the rates of basal or stimulated acid or
gastric fluid secretion. Nor did it affect the pH
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Fig. 8.2 Possible pathways for transepithelial water
transport in the digestive system. There are 4 pathways
for transepithelial water transport, including paracellular

level and fasting serum gastrin concentration in
the stomach. These data suggest that AQP4 has
little influence on gastric acid production [8].
AQP4 is also expressed in the basolateral
membrane of the crypt cells located at the bottom
of the crypt in small intestine, and the basolateral
membrane of surface epithelial cells in the colon
as mentioned above. It is suggested that AQP4 is
involved in colonic fluid transport. However, in
AQP4 null mice, the water permeability was
decreased in the proximal colon but not the distal
colon, while the water content of the feces had no
difference compared to wild-type mice. All in all,
AQP4 in surface epithelial cells has no influence
on feces dehydration and colonic fluid secretion

(2].

8.2.1.3 AQP5

AQPS5 was first isolated from the salivary gland.
It is typically expressed in glandular tissues like
salivary glands, lacrimal glands, and pancreas. In
digestive tract, it is present in the stomach and
duodenum in rat. For stomach, it is expressed in
apical membrane of secretory cells of the pyloric
gland, and there is almost no expression in the

transport

Diffusion
h

Apical

MBWWM

Transcellular Basolateral

pathway

pathway, transcellular pathway, diffusion and osmolarity-
dependent AQP pathway

fundic gland. In the duodenum, AQPS is present
along the apical membrane of secretory cells in
duodenal gland [16]. AQPS5 is not detected in
other tissues of the digestive system by immuno-
histochemistry, while the expression of AQPS5
was shown by reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis in the liver [2].

It is reported that AQPS5 promotes the progres-
sion and invasion of several cancers [17]. It is
upregulated in a variety of cancers and associated
with the clinicopathological characteristics of
patients, which include colon cancer, lung can-
cer, chronic myelogeous leukaemia, breast can-
cer, and biliary tract carcinoma. In gastric
carcinoma, AQPS5 is relevant to the tumorigenesis
and progression, such as differentiation, lymph
node metastasis and lymphovascular invasion
[1, 17].

8.2.1.4 AQP8

AQPS was first isolated from the pancreas, liver
and testis. AQP8 transcript is widely expressed in
the digestive system, including the salivary glands,
small intestine, colon, pancreas, and liver.
In digestive tract, it is mainly present at the
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subapical intracellular sites of epithelial cells in
the duodenum, jejunum, and colon [2, 18].
AQPS8 knockout mice are used to explore
AQPS8 functions, and they have normal appear-
ance, survival, growth, organ weights and serum
chemistries, but larger testis. In small intestine,
AQPS8 knockout model made no difference in
cholera toxin- or agonist-stimulated maximal
fluid secretion. In colon, AQP8 knockout model
had little effect on the colonic fluid absorption or
fecal dehydration. And water content in stool
changed little in AQP8 knockout mice. Only mild
phenotype differences between the wild-type and
AQPS8 knockout mice were found. And the func-
tion of AQPS8 in the water absorption and secre-
tion of small intestine and colon is limited [19].
In 2, 4, O6-trinitrobenzene sulfonic acid
(TNBS)- induced colitis model, which mimics
human Crohn’s disease, AQP8 expression is
downregulated with the increase of inflammation
and injury [20], indicating that AQPS is possibly
involved in inflammatory bowel disease.

8.2.2 Aquaglyceroporin Subfamily

8.2.2.1 AQP3

In digestive system, AQP3 is highly expressed in
the esophagus, proximal and distal colon [21].
According to immunohistochemical results from
rat digestive tract, AQP3 is also present in the
oral cavity, forestomach, and anus, where AQP3
situates at the basolateral membrane. The func-
tions of AQP3 in tissues mentioned above are
still elusive. It is possible that AQP3 is providing
water to epithelial cells directly with bad circum-
stances of feces. And AQP3 in oral and anus is
seen as the extension of skin, in which AQP3 has
been confirmed to be important in keeping
stratum corneum hydration and skin elasticity
[2,22-24].

In human colon, AQP3 is predominantly
expressed in the mucosal epithelial cells [24],
which indicates its important role in water trans-
port. It is reported that the inhibition of AQP3 in
the colon leads to diarrhea. AQP3 inhibitor
(HgCl, and CuS0O,) applied for more than 1 h, the
fecal water content increased to approximately

four times that in the control group, and severe
diarrhea was observed [25, 26]. In the meantime,
several laxatives present a laxative effect by the
upregulation of AQP3 expression. For osmotic
laxatives such as magnesium sulfate, previously
thought to work by increasing the osmotic pres-
sure in the intestinal tract, AQP3 expression was
found upregulated, suggesting that osmotic laxa-
tive might play its role in response to the increased
AQP3 expression. However, stimulant laxative,
such as bisacodyl, works by promoting the peri-
staltic movements of the bowel. When it was
applied to rats, AQP3 expression was found
downregulated, and severe diarrhea was observed
without osmotic pressure change. Contrary to
diarrhea, AQP3 expression is also involved in the
constipation. Morphine is clinically used as a
narcotic analgesic with usual adverse effect of
constipation, which is caused by the decrease of
peristaltic movements of the bowel. In this model,
AQP3 expression is upregulated, which might
take part in the constipation. Generally speaking,
deeper investigation for the mechanism of AQP3
involved water transport may provide candidates
for new laxatives and antidiarrheal drugs in the
future [24].

In TNBS-induced colitis, AQP3 expression
was downregulated in accordance with AQPS,
accompanied with intestinal inflammation and
injury. After small bowel resection and improve-
ment of intestinal functions in IBD rats, AQP3
was upregulated during the adaptation [24]. The
evidence indicates that AQP3 might involve in
the pathogenesis of inflammatory bowel disease
[20, 21].

Looking into the AQP3 null mice, intestinal
barrier integrity was impaired based on previous
work [27]. The results showed that the AQP3
deletion induced a dramatic increase in E. coli
C25 translocation [27].

8.2.2.2 AQP10

The specific location of AQP10 in digestive sys-
tem has not been very clear. Previous studies
reported that unspliced AQP10 transcript was
detected at the apical membrane of epithelial
cells in the small intestine, while some claimed
that it was present at endothelial cells of
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submucosal capillaries in the duodenum [28].
Moreover, AQP10 performs as a pseudogene in
some kind of species [2]

8.3  AQPsin the Digestive Glands

8.3.1 Aquaporin Subfamily

8.3.1.1 AQP1

AQP1 is localized to the basolateral membrane of
the gallbladder, intrahepatic cholangiocytes,
hepatic ducts, endothelial barriers in the liver,
and pancreatic ducts and centroacinar cells in the
pancreas [10]. Moreover, AQP1 is specifically
expressed in the intralobular and interlobular
ducts, modulating the water transport through the
cells [2].

8.3.1.2 AQP5

AQPS5 is typically expressed in glandular tissues,
which include salivary glands, lacrimal glands,
and pancreas. It participates in fluid secretion and
therefore related to corresponding diseases, such
as Sjogren’s syndrome (PSS) and diabetes.

In salivary gland, AQPS5 is present at the apical
membrane, including the intercellular secretory
canaliculi of acinar cells. In the AQP5 knockout
mice, when compared to wild-type mice, the
saliva production was reduced and was hyper-
tonic, which showed that AQPS5 played a main
role in saliva secretion [2]. In Sjogren’s syndrome
models, AQP1 expression was increased and
AQPS5 expression was decreased, suggesting new
pathways to explain the disease [29]. Nevertheless
there is also oppositions to this hypothesis. The
research showed that the distribution and density
of AQPS in salivary glands of PSS patients had
no difference. And the role of AQPS in the patho-
genesis of PSS needs to be reassessed [30].

In pancreas, AQPS5 is located at the apical
membrane of centroacinar and intercalated ductal
cells [31]. It might be involved in the diabetes
and pancreatitis.

8.3.1.3 AQP8

For digestive glands, AQPS8 is mainly expressed
in parotid, salivary glands, liver and pancreas.
AQPS is present in myoepithelial cells around the

acini and the intercalated duct rather than the aci-
nar or ductal cells of rat parotid, submandibular
and sublingual cells [32].

AQP8 knockout mice are applied to study
AQPS functions. In salivary glands, strong AQP8
transcripts were detected while it could not be
found at protein level by immunofluorescence or
immunoblot analysis. Furthermore, salivary
secretion was not affected by AQP8 deficiency,
according to the comparison about the pheno-
types between AQP8 knockout mice and wild-
type mice, nor was it affected in the comparison
of AQP8/AQPS5 double knockout mice and AQPS
knockout mice. In the liver, AQPS8 is predomi-
nantly expressed in intracellular vesicles in hepa-
tocytes. Given a high fat diet, AQP8 knockout
mice did not show steatorrhea or abnormalities in
serum lipid profile, liver function tests, or pancre-
atic enzymes. Based on the results, AQP8 is not
involved in hepatobiliary/pancreatic function,
while the plasma triglyceride and cholesterol
concentrations rose up a little [24].

Moreover, AQP8 was confined to the apical
membrane of acinar cells in human pancreas. It
might play arole in the secretion of pancreatic juice.

8.3.2 Aquaglyceroporin Subfamily

8.3.2.1 AQP7

In human gastrointestinal tract, AQP7 was
detected on the superficial epithelial cells
throughout the small intestine and colon. For rats,
it is present on the apical region of the entero-
cytes in the villi; epithelial cells of the colon and
caecum, which suggests its involvement in rapid
fluid movement through the villus epithelium [33].

8.3.2.2 AQP9

In liver, AQPY is located at the basolateral (sinu-
soidal) membrane of hepatocyte [34, 35]. It has
been proved to be the major route of arsenite
uptake into the mammalian cells, whose accumu-
lation might result in hepatocellular damage and
hepatocellular carcinoma. In addition, bile duct
ligation-induced extrahepatic cholestasis has
been clarified to induce the downregulation of
AQP9 in the hepatocyte basolateral membrane,
indicating it might be involved in the bile flow.
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AQPY9 is also associated with glycerol
metabolism in liver. Glycerol, as a product from
adipose triglycerides during lipolysis, flows into
the liver through the portal vein. And it takes part
in gluconeogenesis later. AQP9 is verified as the
only glycerol channel in the liver, which selec-
tively localizes at the sinusoidal plasma mem-
brane facing the portal vein. Thus, AQP9 is
considered to be the channel for glycerol uptake
in the liver [35-39].

AQP9 knockout model was constructed to
study its role in glycerol metabolism. The results
revealed that AQP9 null mice had evident hyper-
glycerolemia and hypertriglyceridemia compared
to AQP9 heterozygous mice. When AQP9 null
mice crossed with Lepr®/Lepr® mice, a model of
obese and type II diabetes, it showed that Lepr®/
Lepr® AQP9 null mice had lower blood glucose
levels than Lepr®/Lepr® AQP9 heterozygous
mice. AQP9 null mice had lower plasma glycerol
levels than AQP9 heterozytous mice. These
results suggest the possible role of AQP9 in the
hepatic glycerol absorption as well as glucose
metabolism [35].

8.3.3 Superaquaporin Subfamily

8.3.3.1 AQP12

AQPI12 is selectively expressed in the pancreas,
especially in acinar cells. AQP12 knockout mice
were not observed evident abnormality. Further
research is needed in its function studies [28].
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Aquaporins in Urinary System

Yingjie Li, Weiling Wang, Tao Jiang,
and Baoxue Yang

Abstract

Several aquaporin (AQP)-type water channels are expressed in kidney:
AQP1 in the proximal tubule, thin descending limb of Henle, and vasa
recta; AQP2-6 in the collecting duct; AQP7 in the proximal tubule;
AQP8 in the proximal tubule and collecting duct; and AQP11 in the
endoplasmic reticulum of proximal tubule cells. AQP?2 is the vasopressin-
regulated water channel that is important in hereditary and acquired dis-
eases affecting urine-concentrating ability. The roles of AQPs in renal
physiology and transepithelial water transport have been determined using
AQP knockout mouse models. This chapter describes renal physiologic
insights revealed by phenotypic analysis of AQP knockout mice and the
prospects for further basic and clinical studies.
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The urinary system involves kidney, ureter, blad-
der and urethra. The upper urinary tract is made
up of the kidneys while the other structures are
the components of the lower urinary tract [37].
Urine that is formed in the kidney drains into the
renal pelvis, ureter and bladder. Finally, urine
stored in the bladder is excreted through urethra.
Among the whole urinary system, kidney is the
core organ to reabsorb water and concentrate
urine.

Urine concentration and dilution mainly pro-
ceed in the kidney by regulating water excretion
and reabsorption [153]. During water excretion
and reabsorption, water permeability in the
proximal tubules, descending limbs of Henle,
late distal tubules and collecting ducts is very
important. In contrast, those segments (such as
ascending limbs of Henle) of the nephrons that
are continuously impermeable to water are also
necessary to establish osmotic gradient from
renal cortex to inner medulla. Antidiuretic hor-
mone (ADH) regulates the urine concentration
by changing water permeability of late distal
tubules and collecting ducts. The water permea-
bility in the certain segments of renal tubules,
collecting ducts and vasa recta is mediated by
water channel aquaporins (AQPs) in the plasma
membrane of epithelium and endothelium.

Fig.9.1 Expression of AQPs in kidney.
AQP1 in the proximal tubule, thin
descending limb of Henle, and vasa recta;
AQP2-6 in the collecting duct; AQP7 in the

proximal tubule and AQP11 in the AQP1

endoplasmic reticulum of proximal

tubule cells AQP2
AQP3
AQP4
AQP5

AQP6
AQP7
AQP11

9.1 Expression Localization

of AQPs in Urinary System

At least eight AQPs are expressed in kidney:
AQP1 in the proximal tubule, thin descending
limb of Henle (TDLH), and vasa recta; AQP2-6 in
the collecting duct; AQP7 in the proximal tubule;
AQPS in the proximal tubule and collecting duct;
and AQP11 in the endoplasmic reticulum (ER)
of proximal tubule cells (Fig. 9.1) [71, 95, 111,
157, 167].

Although mammalian urothelium is generally
considered impermeable to constituents of urine,
some studies indicate urothelial transport of
water and solutes under certain conditions [142,
143] and expression of AQP2 and AQP3 in
urothelium.

9.1.1 AQP1

AQP1 is localized in the apical and basolateral
plasma membranes of the proximal tubule and
TDLH and in the micro-vascular endothelium of
the medullary descending vasa recta (DVR) [1, 6,
7,19,82,92,109, 112, 113, 161, 183]. In the prox-
imal tubule, AQP1 is localized from S1 though S3,
except for the earliest part of S1 [88, 112].

cortex

~ outer stripe
____of OM

inner stripe
of OM

water

inner
medulla
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AQP1 is also expressed in capillary and arteri-
ole endothelial cells in ureter and bladder [97, 142].

9.1.2 AQP2

AQP2 is expressed in principal cells of whole col-
lecting duct from the connecting tubule and under-
goes vasopressin-regulated trafficking between an
intracellular vesicular compartment and the cell
apical plasma membrane [21, 22, 67, 90, 133].

AQP2 is circumferentially lined the epithelial
cell membranes except for the apical membrane
of the epithelial cells adjacent to the lumens of
both ureter and bladder [98].

9.1.3 AQP3

AQP3, originally called glycerol intrinsic protein
(GLIP) based on its glycerol-transport function,
is expressed at the basolateral membrane of
cortical and outer medullary collecting duct
epithelium [5, 30, 31, 39, 44, 56, 74].

AQP3 is shown to be intensely expressed at
cell borders in the basal and intermediate layers
in urothelium [131].

Fig. 9.2 Freeze-fracture electron micrographs of col-
lecting duct principal cell basolateral plasma mem-
branes. (a) OAPs in the basolateral membrane P-face of a
collecting duct principal cell. (b) E-face of the basolateral

9.14 AQP4

AQP4 is expressed at the basolateral membrane
of inner medullary collecting duct epithelium and
the proximal tubule S3 region [25, 65, 150, 155].

Orthogonal arrays of particles (OAPs) have
been found in basolateral membrane observed by
freeze-fracture electron microscopy (Fig. 9.2). It
is confirmed that AQP4 forms these OAPs by
expressing rat AQP4 in Chinese hamster ovary
(CHO) cells [155, 169].

9.1.5 AQP5

Procino et al. demonstrated that AQPS is
expressed in type B intercalated cells in the kid-
ney collecting duct, which is the first report about
expression of AQPS in the kidney [123].

9.1.6 AQP6

AQP6 is expressed primarily in the membrane of
the intracellular vesicles in type A intercalated
cells of the collecting duct [126, 180]. Some
AQP6 is colocalized with H*-ATPase [179].

plasma membrane of a collecting duct principal cell
showing the appearance of imprints left in this membrane
leaflet by the P-face OAP arrays (Data cited from Ref.
[169])
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9.1.7 AQP7

AQP7, an aquaglyceroporin, is expressed on the
apical membrane of the proximal straight tubules
(S3 segment) where AQP1 is also expressed [55,
107].

9.1.8 AQP8

Whether AQPS is expressed in the kidney is con-
troversial. Elkjar ef al. first reported that AQP8
was expressed in proximal tubule cells. But ultra-
structural localization of AQP8 remains unre-
solved [32].

9.1.9 AQP9

AQP9, which is another aquaglyceroporin, has
been only found in the urinary concentration sys-
tem of birds [115]. In mammals, AQP9 is present
in leukocytes that prevents the transformation of
leukocytes when flow through high osmotic envi-
ronment in the inner medulla [145].

9.1.10 AQP11

AQPI11 is an unorthodox AQP. In the kidney,
AQPI11 is expressed intracellularly in the proxi-
mal tubules [3, 104]. AQP11 was identified in ER
by fluorescent labeling with ER marker in
AQP11-transfected cultured cells and in the kid-
ney from HA-tagged AQPI1-transgenic mice
[52, 54, 91].

There still may be additional, as yet unidenti-
fied, AQPs in kidney and locations of some AQPs
are not clear, which will be confirmed in the
future.

9.2  Functions of AQPs in Urinary
System
9.2.1 AQP1

To evaluate the role of AQPI1 in the proximal
tubule, Verkman’s group generated AQP1 knock-

out mice by targeted gene disruption [85, 137,
159, 160, 170, 172]. The AQPI null mice were
not obviously different from wild-type mice in
survival, gross physical appearance, and organ
morphology, except for mild growth retardation.

The measurement of the transepithelial
osmotic water permeability (Py) in S2 segments
of proximal tubule showed that P; in AQP1 null
mice was five-fold lower than that in wild-type
mice, which indicates that osmolality driven tran-
scellular water permeability is through AQP1. In
purified apical plasma membrane vesicles of
proximal tubule, P; (at 10 °C) decreased nine-
fold in AQP1 null mice compared with wild-type
mice. The remaining low water permeability in
AQP1 null proximal tubule was not been inhib-
ited by mercurial agents. Furthermore, an intrin-
sic membrane P; of approximately 0.006 cm/s (at
37 °C) in AQP1 null proximal tubule, which is
similar with water movement exclusively across
the lipid portion of the membrane, suggesting
that other AQP-type water channel and non-
aquaporin transporters play little role in proximal
tubule water permeability. Less than 20% of
osmotically driven transepithelial water transport
in the proximal tubule is paracellular [158].

The higher urine output demonstrates that
AQP1 null mice have reduced fluid absorption in
the collecting duct. The deletion of AQP1 in the
TDLH and DVR likely resulted in a defective
countercurrent mechanism, which prevents the
formation of a hyperosmolar medullary intersti-
tium. In water-deprived AQP1 null mice, dDAVP
stimulation of collecting duct water permeability
(that should nearly equalize urinary and medul-
lary interstitial osmolality) did not increase uri-
nary osmolality [15, 85]. Because salt transporters
are functional and the collecting duct can be
water permeable, AQP1 null mice can mildly
concentrate urine.

Ex vivo perfused segments of TDLH were
used to study the contribution of AQP1 to TDLH
water permeability [19]. P; was significantly
lower in AQP1 null TDLH, indicating that the
main water channel in TDLH is AQP1, which
also reveals that osmotic equilibration along the
TDLH mediated by water transport makes contri-
bution to the renal countercurrent concentrating
mechanism.
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There is a long-standing controversy regard-
ing the relative contributions of water reabsorp-
tion and solute entry to osmotic equilibration
along the TDLH [103]. AQP1 null mice showed
urine-concentrating defect and a decrease in
TDLH water permeability indicating that high
water permeability in the TDLH plays an impor-
tant role in urine concentration. AQP1 deletion
does not affect the NaCl and urea permeabilities
of the TDLH, so that osmotic water transport out
of the lumen of the TDLH is important for the
countercurrent multiplication mechanism and
that solute entry by itself is not sufficient to per-
mit the formation of maximally concentrated
urine [158].

Average body weight decreased by 35% in the
AQP1 null mice compared with 20~22% in wild-
type mice, and blood osmolality increased to 517
mosm/kg H,O compared with 311~325 mosm/kg
H,O in wild-type mice after being deprived of
water for 36 h. Interestingly, nearly all water-
deprived AQP1 null mice that were markedly
hyperosmolar could be resuscitated by oral water
administration without morbidity [85].

The urine osmolality in AQPI null mice was
similar before and after water deprivation.
Measurement of urine osmolalities of the AQP1
null mice every 8 h showed values were consis-
tent less than 650 mosm/kg H,O because the
osmolality gradient could not be established
without AQP1 (Fig. 9.3). In contrast, there was a

Fig.9.3 Osmolality gradient
in or outside the lumen with
or without AQP. Top, the
osmolality gradient in the
lumen was established by
water reabsorbing via AQP.
Bottom, the osmolality
gradient could not be
established without AQP

AQPs present j] B

significant increase in the urine osmolality (from
1400 mosm/kg H,O to 3000 mosm/kg H,0) in
wild-type mice after water deprivation. The urine
sodium was less than 10 mM in most of the
water-deprived AQP1 null mice. dDAVP, a V2
receptor agonist, treatment did not increase the
urine osmolality in AQP1 null mice, indicating
urinary concentrating defect in AQP1 null mice
was not central osmoreceptor sensing [85]. The
reason of urine concentrating deficiency in AQP1
null mice can mainly be the impairment of near-
isosmolar water reabsorption in proximal tubule
and disruption of the medullary countercurrent
multiplication mechanism [58, 69, 85].

9.2.2 AQP2

In the basal state, AQP2 is mainly localized in the
intracellular vesicles in collecting duct epithelial
cells. Upon stimulation with ADH, AQP2 is
translocated from the intracellular compartment
to the apical plasma membrane by exocytic
fusion of AQP2-bearing vesicles [144]. Water
permeability of the apical membrane is regulated
by the trafficking of AQP2 to the apical mem-
brane [13, 14, 33, 64, 116, 152, 168, 184]. Since
AQP3 and AQP4 are constitutively present at the
basolateral membrane, when AQP2 appears at
the apical membrane, water is easily reabsorbed
by passing through the principal cell layer trans-
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cellularly [146]. The physiological importance of
AQP2 in urine concentration is obvious consider-
ing patients with NDI caused by AQP2 mutation
[11, 26]. It was also reported that selective dele-
tion of AQP2 in the mouse collecting duct caused
severe urinary concentration defect and mice
with global AQP2 gene knockout died within 2
weeks because of serious dehydration [91, 130].
These results suggest that AQP2 is a critical
water channel in the kidney.

Dehydration or hypernatremia increases the
level of the arginine vasopressin (AVP), which
binds to the vasopressin V2 receptor at the baso-
lateral membrane, and activates protein kinase A
(PKA) by elevating the cAMP level [8, 10, 38,
72, 129]. This triggers the phosphorylation of
Ser256 in the AQP2 C terminus by PKA and
flags the protein for trafficking from storage ves-
icles to the apical membrane [23, 63, 99, 100,
106, 108, 121, 135, 154, 162, 164, 181].

The phosphorylation of AQP2 at Ser 256 is
critical in its targeting to the apical cell surface by
AVP stimulation [16, 42, 146]. Other possible
sites of phosphorylation such as Ser 261, 264, and
269 may also affect the trafficking of AQP2 [18,
34, 46, 120]. Phosphoproteomics analysis of rat
inner medullary collecting duct cells revealed
AQP2 phosphorylation at Ser 261 [48, 128]. ADH
induced an increase in monophosphorylation at
Ser 256 and diphosphorylation at Ser 256 and
261, suggesting that phosphorylation of both
sites is involved in AQP2 trafficking [49].
Immunofluorescence microscopy showed that
AQP2 phosphorylated at Ser 261 was mainly
localized intracellularly and distinct from the
endoplasmic reticulum, Golgi apparatus, and
lysosomes [47]. Point mutation analysis of Ser
261 indicates that the phosphorylation state of
AQP2 at Ser 261 does not detectably affect the
regulated or constitutive trafficking of AQP2
[80].

Because of the redistribution of AQP2, trans-
cellular water permeability increases and urine is
concentrated. When returning to normal condi-
tion, AQP2 is internalized through ubiquitin-
mediated endocytosis and restored in intracellular
vesicles or targeted for degradation [38].

9.2.3 AQP3

AQP3 null mice had normal perinatal survival
and postnatal growth but were remarkably poly-
uric, consuming and excreting ten-fold more
fluid than wild-type mice [159]. Average urine
osmolality in AQP3 null mice (262 mosm/kg
H,0) was much lower than that in wild-type mice
(1270 mosm/kg H,0). Urine osmolalities in the
AQP3 null mice increased significantly in
response to dDAVP administration and to a 36 h
water deprivation, although to a much less extent
than that in wild-type mice. These results define
a unique pattern of NDI in AQP3 null mice,
which confirms that countercurrent exchange in
AQP3 null mice is basically intact, although
medullary interstitial osmolalities are probably
lower than that in wild-type mice because of
diuresis washout. A study on AQP1 and AQP3
double knockout mice demonstrated the different
patterns of NDI result from distinct defects in
countercurrent exchange (AQP1) and collecting
duct function (AQP3) [173].

When P; was measured in basolateral mem-
brane of cortical collecting ducts using spatial
filtering microscopy, the volume of cortical col-
lecting ducts from AQP3 null mice changed
slowly with a half-time (t,,) for osmotic equili-
bration of 2.7 s, which is significantly slower
than that from wild-type mice (1.1 s). Because of
the underestimation of the rate in tubules from
wild-type mice by the finite solution exchange
time in the system, AQP3 deletion might decrease
the water permeability of the basolateral mem-
brane of cortical collecting duct more than three-
fold [83]. The experimental results on urinary
concentrating defect of the AQP3 null mice indi-
cates that AQP3 plays an important role in the
formation of concentrated urine by transporting
water across the basolateral membrane of collect-
ing duct epithelium [83].

9.24 AQP4

The role of AQP4 in urinary concentration was
evaluated using AQP4 null mouse model [84,
156]. No significant difference in urine osmolal-
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ity was found in hydrated mice. Serum sodium
concentrations and osmolalities were similar in
the two genotypes. However, after a 36 h water
deprivation, the maximum urinary osmolality in
the AQP4 null mice is lower than that in the wild-
type mice, indicating a mild urinary concentrat-
ing defect in the AQP4 null mice [20, 84, 176].

Transepithelial P; in ex vivo perfused IMCD
after 18—48 h of water deprivation and in the
presence of vasopressin to make the basolateral
membrane P; rate-limiting are 0.056 cm/s (wild-
type) and 0.013 cm/s (AQP4 null), which indi-
cates that AQP4 is responsible for the majority of
basolateral membrane water movement in the
IMCD.

Although the AQP4 null mice showed greatly
reduced IMCD water permeability, there was
only a very mild defect in urine-concentrating
ability [158]. This is consistent with expectations
based on the normal distribution of water trans-
port along the collecting duct. Micropuncture
studies of rodents under antidiuretic conditions
demonstrate that the main amount of water was
reabsorbed in the cortical portion rather than the
medulla of the collecting duct [62].

9.2.5 AQP5

AQPS5 null mice shows normal renal function as
wild-type mice [148]. Further studies are required
to uncover an unexpected role for AQP5 in the
kidney.

9.2.6 AQP6

Although AQP6 is classified as a classical AQP, it
differs from other AQPs. For example, its water
and anion permeability is increased by the pres-
ence of the well-known AQP inhibitor Hg** and
in acidic condition [2, 45, 50, 125]. These results
suggest that AQP6 might be involved in acid
secretion in the collecting duct.

However, the role of this transport in the renal
tubules is still not clear. It is widely known, that
the intercalated cells are characterized by a rich

inclusion of mitochondria, which provide energy
for the cells necessary for proper function [118].
In these cells there are intracellular vesicles con-
taining H* ATPase to transport proton [125].
AQP6 is also localized in the same vesicles. In
spite of that several studies have demonstrated
that the H* ATPase is shuttled from the cytoplas-
mic vesicles to the apical plasma membrane in
response to acid-base changes, AQP6 was not
found in plasma membrane of the intercalated
cells [86, 126]. Lack of AQP6 in the apical
plasma membrane indicates that this protein must
function exclusively at the intracellular sites. The
accumulating results suggest the possibility that
AQP6 may not play a direct role in simple fluid
transport, but may do so in maintaining the acid-
base balance in cellular regulation [53, 60]. The
mechanism of this process, however, has not
been explained yet.

9.2.7 AQP7

Compared with the wild-type mice (20%107
cm/s), Py of the vesicles obtained from the outer
medulla of AQP7 null mice (18*%10~% cm/s) sig-
nificantly decreased [139]. These results indicate
that AQP7 makes a small contribution to the
water permeability of the proximal straight
tubules [139]. Based results from AQP1/AQP7
double knockout mice, the estimated contribution
of AQP7 to the water permeability in the
proximal straight tubules is one-eighth that of
AQP1 [85].

AQP7 null mice do not show a urinary con-
centrating defect. But under normal conditions
urine volume increase significantly in AQP1/
AQP7 double-knockout mice compared with
AQP1 knockout mice. (AQP1/AQP7 knockout,
7.3 ml vs. AQP1 knockout, 5.7 ml). This vali-
dates that the amount of water reabsorbed through
the effect of AQP7 in the proximal straight
tubules is physiologically substantial.

The serum glycerol level in AQP7 knockout
mice was mildly lower than that of wild-type
mice (AQP7 null, 0.036 mg/ml vs. wild-type,
0.042 mg/ml). However, the glycerol concentra-
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tion in urine in AQP7 null mice was much higher
than that in wild-type mice (AQP7 null, 1.7 mg/
ml vs. wild-type, 0.005 mg/ml), indicating that
AQP7 mediates the glycerol reabsorption in the
proximal straight tubules [77, 87, 139, 140].
Although AQP7 plays a minor role in water
transport, AQP7 constitutes a major glycerol-
reabsorbing pathway in the kidney.

AQP7 has been reported permeable to ammo-
nia [43, 78]. However, the role of this transport
remains partly unexplained. It is generally known
that there is a process of glutamine metabolism in
the proximal tubule resulting in production of
HCO;~ and NH,*, which are then excreted into
tubular fluid. Some NH,* may exit from the prox-
imal tubule cells and enter to the tubular fluid as
NH;, where it is then protonated [70]. AQP7 may
be involved in the secretion of NH; or/and NH,*,
which regulates ammonia concentration on both
sides of the membrane in a shorter time.

9.2.8 AQP8

The AQPS transcript was found in kidney by
RT-PCR analysis. Urine osmolality does not
differ in AQP8 null mice vs. wild-type mice at
baseline or after 36 h water deprivation [175].
The urine osmolality is not significantly different
even between AQP1 null mice and mice lacking
AQPS and AQP1 together. These results indicate
that AQPS8 does not play a fundamental role in
urinary concentrating function. Some studies
reported that AQPS8 transport ammonia in the
kidney [57, 78, 134, 141]. Molinas et al. showed
AQPS8 knockdown in human renal proximal
tubule cell line HK-2 cells decreased ammonia
release into culture medium and AQP8 was
upregulated in an acidic medium [91, 102].

9.29 AQP11

The AQP11 null mice start dying within 2 weeks
due to severe renal failure suggesting that this
isoform is of fundamental importance [104].

9.3 AQPs in Renal Diseases

9.3.1 AQP1

Autosomal dominant polycystic kidney disease
(ADPKD) is one of the most common human
monogenic diseases, which morbidity is between
1 in 400-1000 worldwide, characterized by mas-
sive enlargement of fluid-filled cysts of renal
tubular origin. [163]. Renal cyst development in
ADPKD is associated with abnormal prolifera-
tion and cystic liquid secretion of cystic epithelial
cells, mediated by complicated mechanisms.
AQP1 is expressed in the epithelia lining 71%
renal cysts in human ADPKD, 44% of which are
derived from the proximal tubules [4]. Two-thirds
of the cysts express either AQP1 or renal collecting
duct water channel AQP2 [27, 28].

It is found that AQPI retard renal cyst devel-
opment [163]. Kidney size and cyst number are
significantly greater in AQP1 null PKD mice
than in AQP1-expressing PKD mice (Fig. 9.4a),
due to the presence of a greater number of proxi-
mal tubule cysts. MDCK cells form cysts with a
monolayer of polarized cells enclosing a central
lumen under forskolin stimulation. Remarkably,
stable AQPIl-overexpressing MDCK cells
formed cyst-like cell clusters that had no discern-
ible lumens (Fig. 9.4b). AQP1 overexpression
decreases f-catenin and cyclin D1 expression,
suggesting the down-regulation of Wnt signaling
pathway. Phosphorylated-p-catenin, the inactive
form of P-catenin, is up-regulated in AQP1 over-
expressing MDCK cells, suggesting that AQP1
promotes f-catenin degradation.

Coimmunoprecipitation reveals the interac-
tion of AQP1 with B-catenin, GSK3p, LRP6 and
Axinl. Subcellular fractionation experiment
shows that p-catenin, GSK3p and Axinl coex-
isted in both cytosolic fraction and membrane
fraction, while LRP6 and AQP1 are only detected
in the membrane fraction (Fig. 9.4c). It is hypoth-
esized that part of the “destruction signaling
complex” is located in cell membrane. AQP1
interacts with “destruction signaling complex”
and stabilizes the “complex” on the plasma mem-
brane (Fig. 9.4d). Absence of AQPl could



9 Aquaporinsin Urinary System

139

Fig.9.4 AQP1 retards
renal cyst development in
polycystic kidney disease.
(a) Representative images
of wild-type, PKD and
AQPI null PKD kidneys.
(b) Light micrographs of
cysts on the days 4—14
formed by non-transfected
MDCK and AQP1-MDCK
cells. (¢)
Coimmunoprecipitation
with anti-AQP1 showing
AQP1 interaction with
B-catenin, GSK3b, LRP6 D
and Axinl in AQP1-
MDCK cells. (d)
Schematic of proposed
f-catenin regulation by
AQP1 (Data cited from
Ref. [163])

A Wild-type

decrease the stability of the destruction complex
and block the ubiquitination of B-catenin, which
leads to f-catenin accumulation and translocation
into the nucleus and binding to TCF. The
B-catenin/TCF complex upregulates expression
of Wnt target genes. Therefore, AQP1 may act as
a novel determinant in renal cyst development
through inhibiting the Wnt signaling pathway by
an AQPI-macromolecular signaling complex.

AQP1 has been shown to be involved in
numerous types of tumors, especially those aris-
ing from organs where water permeability plays
an important role, such as kidney and bladder
[66, 79, 105]. AQP1 has been shown to enhance
cell