Chapter 2
Comparative and Evolutionary Physiology
of Water Channels

Stanley D. Hillyard

Abstract Experiments with a variety of plant and animal tissues over the past
250 years have given rise to concepts of osmosis, osmotic pressure and permeability
that are used to this day. The frog skin and mammalian red blood cells proved
particularly useful in establishing that water transport across membranes was
mediated by pores rather than simple diffusion. Comparative studies identified
membrane intrinsic proteins (MIPs) in a variety of tissues that included red blood
cells, bovine lens, plant cell membranes, fruit fly brain and microbial membranes.
From these studies emerged the concept of water conducting channels called
aquaporins (Aqps) that were present in virtually all living organisms. The discovery
of Agps and methodology for identifying them by RT-PCR cloning resulted in an
enormous literature that provided mechanistic bases for physiological functions
related to ionic and osmotic regulation. Among the vertebrates mammalian Aqps
are the best studied due to their importance for biomedical issues such as diabetes
insipidus and the availability of knock out (KO) models where specific deficiencies
can be studied. From an evolutionary perspective, fish have multiple copies of most
of the canonical Aqps that have been characterized in mammals. The development
of genomic technologies is beginning to identify episodes of whole genome dupli-
cation, beginning in the earliest chordates, that resulted in the variety of Aqps that
serve osmoregulatory functions in living vertebrate taxa. Comparative studies are
beginning to describe how different Aqps have been coopted to osmoregulatory
epithelia but more research is needed to understand the coordination of apical and
basolateral membrane function.
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2.1 Introduction

The study of water transport across biological membranes has a long history of
experimentation with plant and animal tissues that established basic principles of
osmosis, the role of membrane integral proteins and ultimately the identification of
aquaporins (Agps) as water conducting membrane channels. The first objective of
this chapter is to use selected studies to give a linear time line for these events.
Techniques for cloning Agps have generated an enormous literature that makes it
difficult if not impossible to address a topic as broad as the chapter title within the
time and space limitations for its preparation. Given the context of this volume, the
second objective will focus on vertebrate Agps but even then it is likely there will
be omissions that some may find fault with. There is an equally interesting literature
on Aqgps in plants [summarized by Maurel et al. (2008)] and invertebrates [sum-
marized by Campbell et al. (2008)].

The literature on the structure and function of vertebrate Aqps is dominated by
research with mammalian tissues [summarized by Ishibashi et al. (2009)] and the
numerical terminology for mammals is applied to Agps in other vertebrate classes.
Of particular interest are recent studies that reveal the expression of homologs to
mammalian Aqps in elasmobranch, actinopterigian and sarcopterigian fishes,
suggesting the diversity of Aqps associated with mammalian evolution dates from
the earliest chordates (Cutler et al. 2012; Cerda and Finn 2010; Konno et al. 2010).
The invasion of land is associated with unique amphibian Aqps in the skin and
bladder (Suzuki and Tanaka 2009, 2010). Mammalian-like Agps have been cloned
from osmoregulatory tissues of reptiles and birds, including the avian kidney that
has nephrons with loops of Henle and modest concentrating capability (Nishimura
and Yang 2013). Despite the broad evolutionary aspects of vertebrate Aqps sur-
prisingly few physiological conclusions can be made. The presence of mRNA used
for cloning doesn’t necessarily indicate the Aqp is translated or even expressed in a
membrane. Antibodies used to immunolocalize Agps often show expression in the
apical or basolateral membrane of osmoregulatory epithelia but not both. Further-
more, many Agps perform functions other than simply water channels including
cell adhesion and motility in adult and embryonic tissues (Ishibashi et al. 2011).
Phylogenies based on Aqp sequence identities, in combination with comparative
physiological studies of ionic and osmotic regulation (Evans 2009), raise interesting
questions regarding the role of gene duplication and co-optation of Aqps in the
evolution of water balance strategies of many species.
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2.2 Historical Perspectives

2.2.1 Osmosis and Water Permeability

The movement of water across biological structures has been studied for many
years, using different plant and animal tissues for experiments. Among the earliest
was Nollet (1752, 1995 translation) who stretched a pig bladder over the opening of
a flask filled with an ethanol solution and placed the bladder into a vase of water.
Water was taken into the solution, a process he termed ebullition, leading to the
conclusion that ethanol exerted a force attracting water across the tissue. Anecdotal
reference was made to similar results obtained by another researcher in 1688 which
is only a short time after the term “cell” was coined by Hooke (1664) and the
description of red blood cells by Malphighi (1666, translated by Forrester 1995).
Hewson (1773) observed changes in the shape of red blood cells of many species as
they rolled down a tilted microscope slide. He noted that cells bathed in serum were
disc shaped and when placed in water they swelled and became spherical. It was
suggested that cells were contained within a membrane and that water was taken up
from dilute pond water [Reviewed by Kleinzeller (1996)].

The term “osmosis” is attributed to Dutrochet (1827) who used a device similar
to that of Nollet (1752) with the caecum of a chicken separating an upper chamber
containing a solution from a container of pure water (Fig. 2.1a) Movement from
water in the lower chamber into the solution in the upper chamber was termed
endosmosis. Over time solute permeated the tissue resulting in an outward move-
ment of water that he called exosmosis. A similar Dutrochet-like osmometer was
used by Matteucci and Cima (1845) and Reid (1890) to demonstrate inward water
movement across isolated frog skin. The pressure generated by osmotic water
movement across a membrane was quantified by the German botanist Wilhelm
Pfeffer (1877) who constructed a similar osmometer using an artificial membrane
of copper ferrocyanide precipitated on a porous ceramic surface. A mercury
manometer was used to measure the pressure generated as water flowed across
the membrane into the solution (Fig. 2.1b). The osmotic pressure was taken as the
hydrostatic pressure at which osmotic water flow ceased. The relationship between
solute concentration and osmotic pressure (denoted as w) was quantified by van’t
Hoff (1887, 1901) who applied the ideal gas law to this relationship and derived the
famous equation:

n = CRT (2.1)

in which C; is the concentration of an ideal solute, R the appropriate gas constant
and T the absolute temperature. For this synthesis he was awarded the first Nobel
Prize in chemistry in 1901.

In practice, the osmolar concentration (C,g,) is generally lower than the molar
concentration and can be corrected for by an osmotic coefficient for a particular
solute. For example the osmotic coefficient for NaCl is assumed to be about 0.93 at
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Fig. 2.1 (a) Osmometers used by Dutrochet (1827) to measure osmotic water movement across
chicken cecum tied over the opening of a flask and immersed into a container of water. (b)
Osmometer constructed by Pfeffer (1877) in which an artificial membrane made of copper
ferrocyanide precipitated on a ceramic plate (r) separated water in the lower chamber (z) from
solutions of different concentration in the upper chamber (t). Osmotic flow into the upper chamber
displaced a mercury column (m). The pressure measured when osmotic flow was balanced by the
mercury column was the osmotic pressure

physiological concentrations (Stadie and Sunderman 1931). Further, many biolog-
ical membranes may be permeable to the solute as well. This may be compensated
for by correcting Eq. (2.1) for solute permeability with the reflection coefficient (8;)
for a given solute. A reflection coefficient of 1 indicates complete solute imperme-
ability while a value of 0 indicates a solute permeability equal to that of water. The
osmotic pressure generated by a concentration difference across a water permeable
barrier is then:

m = 8 RT ACqm (2.2)

Osmotic pressure is generally expressed as a positive value since it is measured as
the force exerted as water moves from a more dilute to a more concentrated
solution. The free energy of water can be determined from the equation (Marshall
1978),
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n Vy =RTIn X, (2.3)

where V, is the partial molal volume of water (18 cm® mol™ ') and X, is the mole
fraction of water [(moles water)/(moles water + moles solute)]. In this notation the
free energy of pure water (Xa=1) is taken to be zero and the addition of solute
results in a progressively more negative value (Xa < 1) so osmotic water movement
occurs down a favorable free energy gradient. Note that corrections from ideality
are also required for accurate evaluation of osmotic gradients. A more rigorous
description of the thermodynamics of osmotic water movement is provided by
Larsen et al. (2014). The osmotic permeability coefficient P (cm s~ 1) is often
used for comparisons among biological structures.

Py= (R T)/Vw) L, (2.4)

In this equation L, is the hydraulic conductivity (the rate of water movement across
a given area per unit of osmotic concentration gradient.

2.2.2 The Amphibian Skin and Urinary Bladder

The English naturalist Robert Townson (1795) observed living frogs (Rana
temporaria) and tree frogs Hyla (then Rana) arborea to absorb water across their
skin when water was made available, rapidly regaining water lost by evaporation.
He also noted the storage of water in the urinary bladder as a reservoir to offset
evaporation. Edwards (1824) made similar observations that frogs dehydrated by
15 % of their hydrated weight recovered 2/3 of the loss in 15 min. These and other
studies on amphibian water balance during the nineteenth and twentieth centuries
were reviewed by Jgrgensen (1997) who noted most of the research was directed at
the application of basic principles of water transport to human physiology
(e.g. Matteucci and Cima 1845; Reid 1890). Comparative physiology as an inde-
pendent discipline had not yet been established. Frogs were often used because they
were readily available and “tenacious of life” (attributed to Claude Bernard). A
significant advancement in understanding the regulation of osmotic water perme-
ability was the finding by Brunn (1921) that neurohypophyseal hormones (Pituitrin)
were able to stimulate water absorption by living frogs (Fig. 2.2a). The “Brunn
effect” or hydroosmotic response established antidiuretic hormone as major factor
in the regulation of amphibian water balance and the utility of frog skin for studying
mechanisms of regulation. The availability of D,O as an isotopic tracer for water
movement was investigated by Hevesy et al. (1935) who found osmotic flow was
three to five times more rapid than the theoretical value calculated from heavy
water flux. They concluded: “The large difference between the observed rate for
heavy and ordinary water came as a surprise to us” and that the discrepancy “limits
the practical applicability of heavy water or any other indicator to comparative
experiments.” These concerns were addressed by Koefoed-Johnsen and Ussing
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Fig. 2.2 (a) The increase of body mass of three frogs each injected with two doses of pituitrin
(from Brunn (1921) with permission). (b) Osmotic water flow across isolated toad urinary bladder
following treatment with antidiuretic hormone, is much greater than diffusional flow measured
with tritiated water (plotted from tabular data in Hays and Leaf (1962) in Hillman et al. (2009),
with permission)

(1953) who formulated a mathematical analysis of osmotic flow vs diffusion of
isotopic water. They observed that the stimulation of osmotic flow by treatment of
isolated skin from frogs (Rana temporaria) and toads (Bufo bufo) with neurohypo-
physeal extracts was increased by 100200 % while heavy water diffusion “. . .had
only slightly increased.” They concluded, “The results are consistent with the
assumption that neurohypophyseal hormones increase the pore size in some layer
of the skin without increasing the total area available for diffusion.”

The anuran urinary bladder, long known as a storage organ for dilute urine
formed when water is available (Steen 1929), also became a valuable tool for
studying the effects of neurohypophyseal peptides on epithelial water permeability
(Bentley 1958). Similar increases in water permeability could be obtained follow-
ing treatment either with the mammalian antidiuretic hormone, arginine vasopres-
sin (AVP), or the amphibian antidiuretic hormone, arginine vasotocin (AVT). Hays
and Leaf (1962) compared the increase in water flux calculated from D,O and
tritiated water with that determined from osmotic flow and, like Koefoed-Johnsen
and Ussing (1953), found a large increase in osmotic flow compared with that
calculated from isotopic flux (Fig. 2.2b). Further experiments with the toad bladder
showed the increase in water permeability to correspond with an increase in
membrane area, measured as capacitance (Stetson et al. 1982) and was inhibited
by colchicine, a disruptor of microtubules (Taylor et al. 1973) both suggesting the
insertion of vesicles containing putative water channels. This concept was further
supported by the identification of clusters of intramembranous particles that could
be seen in freeze fracture electron micrographs of toad bladders stimulated by
vasopressin or vasotocin (Chevalier et al. 1974; Kachadorian et al. 1975).
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2.2.3 Discovery of Aquaporins

In parallel with research on amphibian epithelial tissues, experiments with red
blood cells showed a similar discrepancy between osmotic water flow and diffusion
of tritiated water (Paganelli and Solomon 1957). This study cited Koefoed-Johnsen
and Ussing (1953) and similarly hypothesized water transport to be mediated by
pores in the membrane. It was later found that osmotic water permeability of red
blood cells was inhibited by HgCl, and organomercurial compounds (Macey and
Farmer 1970). Benga et al. (1986) subsequently utilized (chloromercuri) benzene
sulfonate (PCMBS) with '*°Hg as a label to identify proteins associated with
inhibition of water permeability of red blood cell ghosts. Two labeled bands were
identified with gel electrophoresis that the authors concluded “....have to be
considered as playing a role in water transport.” During this same period, studies
on proteins associated with junctional complexes in the bovine lens revealed a
“main intrinsic polypeptide”, abbreviated as MIP, with a molecular weight of about
27 kD (Broekhuyse et al. 1976). Takemoto et al. (1983) were able to purify the MIP
with a molecular weight of 26 kDa (called the major intrinsic polypeptide, MIP26)
and obtain its amino acid sequence. From this sequence, Gorin et al. (1984) were
able to construct an array of 20 mer oligonucleotide probes to screen a cDNA
library established for bovine lens. The derived amino acid sequence obtained from
the resulting cDNA revealed a protein with six transmembrane domains “...and
that it has at least one amphiphilic transmembrane segment, as expected if the
protein were to participate in the formation of an aqueous channel.” In this regard
MIP26 (now called Major Intrinsic Protein) was proposed to be a candidate for a
gap junction protein and was identified in the lens of many mammalian spe-
cies (Kistler and Bullivant 1980).

Alternative approaches also supported the existence of water channel proteins in
the kidney that are known to reabsorb a considerable amount of water from the
glomerular filtrate. In one study water permeability of brush border vesicles from
proximal tubules in rat kidney was evaluated by measuring changes in volume by
light scattering and radiation inactivation. Because absorption of radiation is a
linear function of molecular weight, the radiation dose that inactivates water
permeability could be used to estimate the mass of the water conducting protein
as 30 £ 5 kDa (van Hoek et al. 1991). The discovery that mRNA for membrane
proteins from mammalian tissues was able to be expressed in Xenopus oocytes
made it possible to use this assay for water channels. Zhang et al. (1990) micro
injected poly A mRNA from rat and rabbit kidney into oocytes and showed a
greater increase in water permeability compared with water injected oocytes.

While isolating a 32 kDa Rh protein from red blood cells, Agre and co-workers
discovered a novel 28 kDa protein that was also present in rat kidney (Agre
et al. 1987; Denker et al. 1988). This protein was further characterized by Smith
and Agre (1991) who obtained its amino acid sequence and observed the first
35 NH,-terminal amino acids had 37 % homology with the 26 kDa MIP described
in bovine lens by Gorin et al. (1984). The 28 kDa protein was shown to occur as a
tetramer. Oligonucleotide primers corresponding to the N-terminal amino acid
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sequence were used to screen a cDNA library from erythroid tissue and create a
cDNA for the 28 kDa protein (Preston and Agre 1991). The deduced amino acid
sequence was highly homologous with other members of the MIP family that had
been identified in wide range of organisms (Pao et al. 1991). Because these proteins
were collectively proposed to form membrane channels, the term channel-like
integral membrane protein of 28 kDa (CHIP28) was applied to this protein. When
in vitro transcribed CHIP28 RNA was injected into Xenopus oocytes the water
permeability was increased from 27.9 x 107* ecm s7! to 210 x 10~ cm s~ ! and
inhibited by exposure to HgCl, (Preston et al. 1992). This was further demonstrated
by the incorporation of highly purified CHIP28 protein into proteoliposomes and
showing similar increase in water permeability (Zeidel et al. 1994). Thus, a specific
protein was identified as a water channel and Peter Agre was awarded the Nobel
Prize in chemistry in 2003, a century after the pioneering work of van’t Hoff.

2.2.4 Diversity of MIP Proteins

The MIP family of integral membrane transport proteins examined by Pao
et al. (1991) included a neurogenic protein in Drosophila (Big Brain, Rao
et al. 1990), plant tissues including the cell membrane and that of the tonoplast
(PIP and TIP, Johnson et al. 1990) and in the inner membrane of a bacterial cell
(Escherichia coli, glycerol facilitator protein, GlpF) where it formed a pore to
facilitate glycerol uptake (Miramatsu and Mizuno 1989). Alignment of the consen-
sus amino acid sequences for these proteins revealed six transmembrane helical
domains connected by extracellular and intracellular loops A—E. Domains 1-3
(segment 1) resembled domains 4-6 (segment 2) but their orientation in the
membrane (inward vs outward facing) was reversed. Comparison of segments
1 and 2 with corresponding segments 1 and 2 of several species showed a 32 %
average identity whereas comparison of segment 1 with segment 2 of these species
showed a 23 % average identity. It was hypothesized that MIP proteins arose by
internal gene duplication of a three transmembrane protein in an ancestral organ-
ism. Preston and Agre (1991) found similar sequence similarities and membrane
orientation for CHIP2S. Further examination of CHIP 28 revealed four intron
sequences with intron-exon boundaries that were identical with human MIP26
despite there being only a 44 % overall sequence identity between the two and
different sizes of introns (Moon et al. 1993). The gene for human CHIP28 was
localized to chromosome 7p14 and found to exist as a single copy.

Research during the following decade revealed a plethora of MIP-related pro-
teins in virtually all living organisms. Given the similarities among many members
of the MIP family, Agre et al. (1993) suggested, “We believe that other sequence-
related water pores will be identified and feel that the functional name, aquaporin,
will be useful for communication among scientists...”. With this designation
CHIP28 became Aqpl, MIP26 became AqpO and an aquaporin that had been
recently described in the mammalian collecting duct (WCH-CD, Fushimi
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et al. 1993) became Aqp2. In prokaryotic cells, Calamita et al. (1995) characterized
a water channel in E. coli that was termed AqpZ. Phylogenetic comparisons of
AgpZ and GIpF indicated an ancient gene divergence. At about the same time,
Ishibashi et al. (1994) cloned an aquaporin (Aqp3) from rat kidney that was also
permeable to glycerol and urea in addition to water (see also Yamaguchi et al.
1994). Thus, the proposed internal gene duplication that gave rise to an ancestral
MIP family and the divergence of water vs glycerol conducting isoforms occurred
very early in the evolution of cellular life and persists in extant species. In this
context, aquaporins that are also permeable to glycerol and other small organic
molecules are termed aquaglyceroporins although the term aquaporin is often
applied to both.

The characteristic feature of Aqps and aquaglyceroporins is the presence of
corresponding asparagine-proline-alanine (NPA) sequences in intracellular loop B
and extracellular loop E (Fig. 2.3a). Comparing osmotic water permeability of
CHIP28 (Aqpl) with site-directed mutations in the B and E loops Jung
et al. (1994) proposed an “hourglass model” in which loops B and E fold into the
membrane in such a way that the NPA sequences align to form a single narrow
aqueous pore surrounded by the six transmembrane helices (Fig. 2.3b). Resolution
of Agp1 structure was made at 3.8 A resolution with electron crystallographic data
(Murata et al. 2000) and 2.2 A resolution with X-ray diffraction data (Sui
et al. 2001). Further insight into the structure and function of Agps was made
with molecular dynamic simulation (Fujiyoshi et al. 2002). These studies revealed
that loops B and E contain a-helical domains each extending half way across the
membrane to form a seventh “broken’ half membrane helix with the NPA motifs at
the center of the channel (reviewed by Tornroth-Horsefield et al. 2010). The
positive dipole of the complimentary helices aligns with that of water molecules
as they pass by the NPA motifs and restricts proton movement. A selectivity filter
for water permeation is provided by a constriction at the extracellular face of the
channel containing an “aromatic arginine” motif in which an arginine residue from
the E loop interacts with aromatic groups of phenylalanine and histidine residues in
transmembrane helices (Fig. 2.3c). Aquaglyceroporins have a different selectivity
filter in which arginine is paired opposite phenylalanine and tryptophan (Wang
et al. 2005; Wang and Tajkhorshid 2007). A variety of other amino acid residues
have been implicated in the regulation of permeation, selectivity and gating of both
Aqgps and aquaglyceroporins as has the observation that Agps invariably occur as
homotetramers (Wang and Tajkhorshid 2007; Tornroth-Horsefield et al. 2010).

2.2.5 Phylogenetic Considerations

Evolutionary relationships are often expressed as phylogenetic trees produced by
computer based analyses of amino acid sequence identities. Figure 2.4 (from
Calamita et al. 1995) provides an example of phylogenetic relationships among
Aqgps that were known at that time. It can be seen that Aqpl has 37 % sequence
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Fig. 2.3 (a) The structure of Aqpl illustrating the two repeats that are inversely oriented in the
cell membrane and the NPA sequences of loops B and E that characterize aquaporins and
aquaglyceroporins (From Heymann et al. 1998 with permission). Note also a cysteine residue
that confers sensitivity to mercury. (b) The membrane orientation of the six transmembrane
segments and the formation of a water conducting channel by the infolding of loops B and E
with helical domains that restrict ion permeation. (c¢) The juxtaposition of arginine with phenyl-
alanine and histidine constitute a size filter for water passing entering the channel (b and ¢ from

Tornroth-Horsefield et al. 2010, with permission)
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identity with AqpZ. However, water permeability and selectivity in oocytes is
increased to almost 200 x 10™* cm s~ ' when injected with AqpZ cRNA, i.e. both
homologs are able to stimulate water permeability by a similar amount despite their
long established divergence from one another. In contrast, AqpZ lacks a Hg*
sensitive cysteine residue while water permeability resulting from the expression
of Agpl is inhibited by Hg*" (Yang et al. 1996). It is evident that many functional
properties of Aqps and aquaglyceroporins are conserved despite the differences in
amino acid sequences used to establish phylogenies and that some, but not all amino
acid substitutions result in functional differences. In an examination of the NCBI
data base, Zardoya (2005) identified over 450 non-redundant amino acid sequences
for members of the MIP family in eubacteria, archaea and eucaryia. Computer
programs were used to align amino acid sequences and construct phylogenetic
trees. The diversity of Aqps in plants and animals is the result of gene duplication
and cooptation for different physiological functions in different tissues. This can be
seen in Table 2.1 showing Aqps in mammals, plants, yeast and a bacterium
[compiled from Hillyard (2012)]. E. coli has a single Aqp and aquaglyceroporin,
yeast (Saccharomyces cervevisiae) has two copies of each while the model plant
(Arabidopsis thaliana) has 35 integral membrane proteins including those
expressed in the plasma membrane (PIPs), tonoplast (TIP) and root nodules
(NIPs). Thirteen mammalian Aqps have been described that include three classes:
class 1 are water selective Aqps (Agp O, 1, 2, 4, 5, 6, 8), class 2 are
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Table 2.1 Aquaporin diversity increases with the evolution of biological complexity

E. Coli Yeast Mammals Plants
AqpZ Aqyl Aqp0 PIPs (Plasma membrane intrinsic proteins)

GlpF* Aqy2 Aqgpl TIPs (Tonoplast intrinsic proteins)***
GLPY1* Aqp2 NIPs (Nodulin-like intrinsic proteins)***
GLPY2* Aqp3*
Aqp4
Aqgp5
Aqp6
Aqp7*
Aqp8
Aqgp9*
Aqpl0*
Agpl 1%+
Agpl2#+
Escherichia coli expresses a single aquaporin and aquaglyceroporin * while brewers yeast,
Saccharomyces cerevisiae, expresses two copies of each. Mammals express 13 aquaporins that
includes 4 aquaglyceroporins* and 2 unorthodox or super aquaporins with non-NPA motifs (NPC
in Aqpl1 and NPT in Aqp12)**. Plants express aquaporins in various tissues including the plasma
membrane, tonoplast and root nodules. Some of the TIPs and NIPs are permeable to glycerol***.

A total of 35 aquaporins have been described in the model plant, Arabadopsis thaliana [Data from
Calamita et al. (1995), Ishibashi et al. (2009), Maurel et al. (2008)]

aquaglyceroporins (Aqgp 3, 7, 9, 10), class 3 are unorthodox or “superaquaporins’
(Agp 11, 12) characterized by variations in the amino acid sequences of the
characteristic NPA sequence in the transmembrane pore.

The diversity of Aqps and aquaglyceroporins can arise from tandem gene
duplication or whole genome duplication. Terminology for these patterns of gene
duplication is important for interpreting these patterns of Agp evolution. Differ-
ences in sequence identities between homologous Aqps that resulted from a speci-
ation event are termed orthologs while differences that result from gene duplication
are termed paralogs. In general (but not always), paralogs assume a different
function or become expressed in a different tissue than the parent form. For
example, microbial AQPZ and GIpF can be seen as paralogs. Now that genomic
sequences are available, it is possible to determine the position of paralogous genes
in the same chromosomal regions, a condition termed synteny and such regions are
termed paralogons. Patterns of gene duplication and synteny seen in aquaporins
provide examples for the evolution of osmoregulatory function at the cellular and
organismal level.
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2.3 Comparative and Evolutionary Relationships

2.3.1 Mammals

Although vertebrate evolution began long before the appearance of mammals the
use of the term aquaporin arose in the context of mammalian aquaporins and the
numerical assignments of mammalian aquaporins are commonly used for compar-
isons with other vertebrates (Crane and Goldstein 2007). For this reason it is useful
to begin with discussion of the mammalian aquaporins and compare their structure
and function with other vertebrates in an evolutionary context. The following
description of mammalian aquaporins (with chromosomal locus) is compiled
from Ishibashi et al. (2009). This review also notes that the above three classes
have characteristic intron-exon boundaries: class 1 are aquaporins with four exons,
class 2 are aquaglyceroporins with six exons and class 3 are the unorthodox
aquaporins with three exons. Primary literature references from this review are
selected to provide additional information.

AqpO (12q13) was the first MIP described in the lens in the context of junctions
that adhere cells closely together to maintain organization of the cellular structure
of the lens (Gorin et al. 1984). Humans with defective Aqp0O and Aqp0 knock out
(KO) mice both develop cataracts. These junctions were shown to be alignments of
Agp0 homotetramers of adjacent cells forming an octomer (Gonen et al. 2004).
X-ray diffraction studies indicated proteolytic cleavage of a C-terminal peptide
segment that made the junctional form impermeable to water while the
non-junctional homotetramer expressed in oocytes showed water permeability
only one tenth of Aqpl. More recently, Jensen et al. (2008) used molecular dynamic
simulation of Aqp0 function in the tetrameric and junctional configuration and
found both to have similar low water permeabilities. The low permeability of the
junctional form was suggested to allow water movement within cells of the lens as it
changes shape in the course of focusing images on the retina. Aqp0 is found in the
lens of other vertebrates and, importantly, exists as paralogs that are implicated in
the evolution of Aqps 2, 5 and 6 that are syntenic in the amphibian and mammalian
genomes.

Aqgpl (7p14) was discovered in red blood cells and is the most characterized of
the Agps. It is widespread in mammalian tissues including the endothelium of
non-fenestrated capillaries on the serosal side of epithelia where it may facilitate
water absorption and secretion. Humans with defective Aqpl and Aqp1-KO mice
show little or no loss of function for most of the potential tissues where AQP1 has
been described although pulmonary edema can be induced in some individuals
(Agre 2006). An exception is in the kidney where AQP1 is expressed in the apical
and basolateral membrane of epithelial cells of the proximal tubule and descending
loop of Henle. Aqpl-null humans and Aqp-1-KO mice both show concentration
defects that are not life threatening when water is available. Aqpl has also been
implicated in angiogenesis associated with tumor growth. Melanoma cells
implanted in Aqp1-KO mice show less growth than those implanted in wild type
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mice. Further, cultured proximal tubule cells from Aqp1-KO mice show a reduced
capacity for migration in vitro and a reduced capacity for healing of ischemia-
reperfusion injury in vivo. It was suggested that cell movements associated with
wound healing and morphogenesis requires osmotic water movement in conjunc-
tion with changes in the actin cytoskeleton and ionic transport along the leading
edge of lammelipodia (reviewed by Belge and Devuyst 2006).

Aqp2 (12q13) was initially described as WCH-CD in collecting duct principal
cells (Fushimi et al. 1993). It is translocated into the apical membrane by exocytosis
from a subapical pool of vesicles during vasopressin stimulation to increase water
reabsorption and urine concentration. Activation of V, receptors promotes phos-
phorylation of serine 256 by way of an adenylate cyclase-cyclic AMP-protein
kinase A pathway (Fushimi et al. 1997). Agp2-null humans display diabetes
insipidus that is lethal in Aqp2-KO mice. Although a common model for ADH
stimulation is from a subapical pool, Aqp2 also occurs in the basolateral membrane
of collecting duct cells (reviewed by Brown 2003). Various studies with different
species and cell cultures have implicated increased basolateral expression with
ADH stimulation and hyperosmolality (van Balkom et al. 2003; Hasler 2009).
Aqgp2 is also an integrin binding protein (Chen et al. 2012). These authors note
that Aqp2-KO mice show abnormalities in basolateral integrin binding and abnor-
malities in tubular structure. They propose Aqp2 expressed in the basolateral
membrane plays a role in cell migration and epithelial morphogenesis.

Agp3 (9p13) is an aquaglyceroporin that was cloned from rat kidney and is
expressed in the basolateral membrane of principal cells in the medullary collecting
duct (Echevarria et al. 1994). Permeability of Aqp3 to water and small organic
molecules was inhibited by the organomercurial compound PCMBS. Ecelbarger
et al. (1995) subsequently showed Aqp3 to be localized in the basolateral mem-
brane of cells in the cortical and outer medullary collecting duct with greatest
expression in the inner medulla. Water deprivation for 48 h doubled the expression
of Agp3 in the inner medulla and appears to serve an important role in
transepithelial water transport in conjunction with Aqp2 in the apical membrane.
Agp3 is also present in basolateral membrane of secretory epithelia including
airway, salivary glands, lacrimal glands and sweat glands. In this capacity water
from the serosal fluid enters the cells and is expelled via Aqp5 located in the apical
membrane, generally in response to an osmotic gradient generated by serosa-
mucosa ion transport. Another phenotype of Aqp3-KO mice is dry skin due to the
role of Aqp3 in transporting water and glycerol to the basal layer of keratinocytes
(Hara-Chikuma and Verkman 2008). Aqp3-KO mice also show delayed prolifera-
tion of enterocytes of the colon following an episode of colitis (Thiagarajah
et al. 2007).

Aqgp4 (18g22) was first described as a mercurial insensitive water channel
(MIWC) that was co-localized with Aqp3 (then called glycerol intrinsic protein,
GLIP) in the basolateral membrane of several epithelial tissues, including principal
cells of the collecting duct (Frigeri et al. 1995). Aqp4-KO mice show a mild urinary
concentration defect while the review of Ishibashi et al. (2009) report that no
phenotype has been reported for Aqp4-null humans. Aqp4 is expressed to a great
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degree in glial and ependymal cells of the brain and has opposing roles in the
formation or reduction of edema depending on whether it results from cytotoxic or
vasogenic sources (Papadopoulos and Verkman 2007). Aqp4 also affects cell
migration and neural excitability with reduced hearing, vision and olfaction
observed in Aqp4-KO mice.

Agp5 (12q13) is expressed in the apical membrane of many exocrine glands
where it serves to mediate water movement associated with glandular secretion and
often functions with AQP3 in the basolateral membrane. Aqp5-KO mice show
reduced sweating (mice have sweat glands in their feet) and salivary secretions.
Stimulation of muscarinic (M3) receptors causes Aqp5 to become translocated from
intracellular lipid rafts into the apical membrane of cells in the interlobular ducts of
rat parotid gland (Ishikawa et al. 2005). Agp5-KO mice also show a lower level of
paracellular transport than males indicating a possible connection with tight junc-
tion proteins (Kawedia et al. 2007). This was more prominent in female mice but a
reason for this difference was not obvious. In the lung, Aqp5 mediates fluid
secretion into the alveolar air space by type 1 alveolar pneumocytes (Nielsen
et al. 1997).

Aqp6 (12q13) is of interest because it is activated by mercury. It has been
identified in a number of tissues including the kidney where it is localized in the
endosome of type A intercalated cells of the collecting duct. Aqp6-KO mice appear
normal and no phenotypes are noted by Ishibashi et al. (2009) in humans.

Agp7 (9pl3) is an aquaglyceroporin described initially in testis and sperm
although Aqp7-KO mice have normal reproductive function. It is localized in
brush border epithelia of proximal tubules and Aqp7-KO mice show an increase
in urinary glycerol loss. Aqp7-KO mice and Aqp7-null humans also show a reduced
capacity for glycerol mobilization from adipose tissue. Dumas et al. (2007)
observed humans are unique among primates in that there are five copies of Aqp7
gene in the human genome that resulted from segmental gene duplication. These
authors suggest this is related to the large capacity for endurance running relative to
other primates.

Aqp8 (16p12), initially described in testis and pancreatic acinar cells, is unique
among class 1 aquaporins in having six exons and a sequence identity that is similar
to that of tonoplast integral proteins (TIPs) of plants. Aqp8 has been identified in
numerous tissues including the inner mitochondrial membrane of liver hepatocytes
(Calamita et al. 2005). Agp8 is also permeable to urea but its role in urea transport
may be considered to be redundant because more specific urea transport proteins are
expressed in the liver and the role of Aqp8 is not clear.

Aqgp9 (15@22) is an aquaglyceroporin initially described in leucocytes and also
in liver. Aqp9-KO mice have a slightly reduced capacity for glycerol uptake but the
lack of Aqp9 may be compensated by other aquaglyceroporins (e.g. Aqp7). Aqp9
mRNA levels are increased in osteoclasts but no bone defects are seen in Aqp9-
KO mice.

Aqpl0 (1g21) is a pseudogene in mice. In humans it is an aquaglyceroporin that
is expressed in a variety of tissues however its physiological function remains
poorly understood.
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Aqgpl1 (11q 13) KO mice suffer fatal polycystic kidney disease with renal cysts
forming from proximal tubule cells beginning shortly after birth. Vacuoles appear
to have originated from the endoplasmic reticulum and it is suggested Aqp11 serves
a role in intracellular water transport.

Aqp 12 (2q37.2) in the human genome exists as two genes denoted as Aqpl12A
and Aqpl12B that appear to have resulted from local gene duplication that is not
apparent in the mouse genome. Although expressed in the pancreas its physiolog-
ical role remains to be identified.

2.3.2 Ray Finned Fish (Actinopterygii)

The presence of a diverse genome among the vertebrates has been ascribed to two
rounds of whole genome duplication (ca 600 mya), prior to that seen in the teleosts,
at the very base of vertebrate evolution (Nakatain et al. 2007; Vandepoele
et al. 2004). The increase in genetic diversity, in particular Hox genes and related
anatomical complexity, has been ascribed to whole genome duplication (Ohno
1970). An increase in Aqp paralogs from genomic duplication and in orthologs
from evolutionary changes in homologous Aqps could account for their varied
functions in tissues of the diverse array of vertebrate species. Figure 2.5 provides an
approximate time line for vertebrate evolution based largely on the fossil record.
What stands out is the divergence of the tetrapod lineage from bony fishes in the
upper Devonian, ca 350-400 million years ago (mya). Among the teleosts,
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Fig. 2.5 A diagram of vertebrate evolution illustrating the time course for the divergence of the
major vertebrate clades (Benton 1998). Arrows indicate two proposed gene duplications at the base
of the vertebrate lineage and the single gene duplication at the base of the teleost crown group
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examination of aquaporin transcripts from the zebrafish (Danio rerio) genome
revealed 18 sequences related to aquaporins, aquaglyceroporins and unorthodox
aquaporins that are also present in the mammalian genome, with the exception of
Aqgps 2, 5, and 6 (Tingaud-Sequeira et al. 2010). Of these, one is a pseudogene with
one exon having similarity to the tetrapod Agps 5 and 2 and another to tetrapod
Aqgpl. The deduced amino acid sequences revealed paralogs for many of the Agps.
Thus, the genes that express most of the mammalian Aqps were present in the
vertebrate genome long before the divergence of land vertebrates and persist as
multiple paralogs in extant fishes. Three of the duplicated Agp genes have unlinked
genetic loci, two are linked and a third, DrAqp8, is expressed in triplicate with
isoforms encoded on three different linkage groups. The mechanism for multiple
gene copies spread among different linkage groups has been ascribed to an addi-
tional round of whole genome duplication (WGD) at the base of the teleost crown
group ca 320 mya (Vandepoele et al. 2004) with subsequent “fusion and and/or loss
of gene segments” (reviewed by Cerda and Finn 2010). In some cases, Aqp genes
remain syntenic suggesting tandem gene duplication.

Functional expression of the different paralogs in Xenopus oocytes usually
showed similar increases in water and glycerol permeability as seen in mammalian
orthologs with the exception of DrAqp8. DrAqp8aa has a particularly high perme-
ability to water and urea while the DrAqp8 ab and Dr.Aqp8bb have much lower
permeabilities to urea and water (Fig. 2.6).

From a physiological perspective, osmotic regulation at the whole organism
level requires regulated water permeability in the gills, gut and kidney. Fish in fresh
water face osmodilution, and absorb salts across their gills. They drink little and
form large volumes of dilute urine while fish in salt water drink copiously and
absorb water across the gut while the gills eliminate excess salt and the kidneys
form a small volume of isoosmotic urine (Evans and Claiborne 2009). The follow-
ing is a summary of the putative roles for Aqps in these tissues taken from a recent
review by Cerda and Finn (2010).

Gills The gills of various teleost species that have been examined express Aqp3a,
Aqp3b or both at levels that are generally lower in salt water adapted fish. They
have been localized in the apical and basolateral membrane of chloride cells in the
European eel but only the basolateral membrane of chloride cells of other species. It
has been proposed that these paralogs play a role in osmoreception of chloride cells
but “the physiological roles for Agp3a or -3b in the gill epithelium of teleosts
remains speculative”. Branchial expression of Aqpla and -b paralogs has also been
reported in teleost gills. Aqpla has been localized in epithelial cells of gill filaments
of the gilthead seabream (Sparus auratus) and suggested to function with Aqp3
paralogs in promoting transepithelial water transport. However, no consistent
expression of these paralogs has been reported for the European eel. Aqp4 exists
as a single gene in fishes and has been localized in the basolateral membranes of gill
pavement cells that are involved with mucous secretion. Freeze fracture electron
microscopy reveals orthogonal arrays of particles that suggest Aqp4 may also
function in cell adhesion and migration. Finally, various studies have detected
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mRNAs for virtually all of the other known piscene Aqps in the gills but their
functional significance remains to be determined.

Intestine Marine and euryhaline fish in saline environments drink large amounts
of water. Monovalent salts are removed by ion transport in the esophagus and along
the gastrointestinal tract with water following osmotically. Transcripts for Aqpla,
1b and Aqp3b are upregulated in the freshwater eels treated with the steroid
hormone cortisol, which is known to be elevated in salt water-adapted fish. How-
ever, the esophagus is primarily a site of ion transport with low water permeability
so the role of these Aqps in this region is not clear. Aqpla and 1b are variably
expressed by different species along segments of the intestine, the pyloric ceca and
the rectum. This is consistent with earlier observations that isolated intestine from
cortisol-treatment of freshwater eels resulted in an increase in intestinal water
permeability. Cerda and Finn (2010) caution that the presence of Agps in the



2 Comparative and Evolutionary Physiology of Water Channels 23

basolateral membrane of enterocytes remains to be shown so the role of Aqps in
coordination of epithelial transport in these tissues is unresolved.

Kidney Although mRNAs for different paralogs of Agqp 1, 3 and 10 have been
reported from the kidneys of various fish species, their cellular localization is not
well described. The European eel expresses Aqpla and -3b in the apical membrane
of some renal tubules. Agpla is seen in the endothelia and more proximal segments
while Aqp3b is seen in the more distal tubular segments. During salt water
acclimation Aqpla is upregulated while Aqp3b is downregulated. These and
other observations stimulate hypotheses regarding the roles of Aqps in renal
function but “. . .definitive conclusions remain elusive.” (Cerda and Finn 2010).

Reproduction Radiation of teleosts into the oceans required the capacity of eggs
to survive in hyperosmotic sea water and, for pelagic species, for eggs to be buoyant
so they can disperse. This is accomplished by rapid hydration during oocyte
maturation. Prior to ovulation oocytes of the sea bream (Sparus aurata) were
found to express an Aqgpl-like Agp that was translocated to the membrane as
hydration occurred during egg maturation (Fabra et al. 2005). This Aqp was termed
SaAqgplo with a sequence identity of 45-54 % relative to other vertebrate orthologs
while a second SaAqpl was identified that was closer to that of the mammalian
Agpl. Further characterization resulted in reclassification of these paralogs as
SaAqgpla (mammalian type) and SaAqplb that is proposed to have resulted from
gene duplication after the divergence of teleosts from the tetrapod lineage
(Tingaud-Sequiera et al. 2010).

2.3.3 Chondrichthys and Primitive Chordates

Sharks and rays are descendents of a more primitive piscine ancestor and provide
intriguing clues about Aqp evolution in vertebrates. The first Aqp cloned from an
elasmobranch was Aqple from the bullshark (Charcharhinus leucas) that had
similar amino acid sequence identities with mammalian Aqps 1, 2 and 5 (Cutler
et al. 2005). A similar Aqp was cloned from a more primitive chordate, the hagfish
(Myxine glutinosa). This was suggested to be a putative gene that duplicated to give
rise to the Agps expressed in tetrapods and may be represented as introns of the
pseudogene described in the teleost genome. With improved PCR techniques Cutler
(2007) found two Aqgp1 paralogs in S. acanthius, one with a sequence identity closer
to the mammalian Aqpl and another more similar to Agple. This study also
identified orthologs of the human Aqp4 (78.8 % sequence identity) and the
aquaglyceroprotein Aqp3 (69.9 % sequence homology). More recently, Aqp4 in
S. acanthius was shown to be expressed in many tissues including the gills and
rectal gland (Cutler et al. 2012). While acclimation to 75 % vs. 120 % seawater
resulted in no difference in Aqp4 mRNA levels in the rectal gland, a significant
reduction was seen in the gills. As with other fish Aqps, additional research is
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needed to describe their contribution to regulatory mechanisms for water transport
across osmoregulatory epithelia.

2.3.4 Lobe Finned Fish (Sarcopterygii)

The evolution of terrestriality in vertebrates began with the divergence of the
sarcopterigii (lobe finned) from the actinopterigii (ray finned) with the oldest
sarcopterigian fossils dating from the upper Silurian, ca 420 mya. The sarcopterigii
gave rise to the earliest tetrapods such as panderichthys and ichthyostega that
appear as fossils in fresh water deposits in the upper Devonian ca 375 mya (Carroll
2001) and ultimately to extant amphibians and amniotes (Fig. 2.7a). That the
mammalian and teleost genomes both express orthologs of Aqp 0, 1, 3, 4, 8, 10,
11 and 12 indicates these isoforms were present at the time of this divergence. With
the invasion of land, new strategies for osmoregulation evolved, including the
regulation of epithelial water permeability by antidiuretic hormone. This can be
seen in lungfish (subclass Dipnoi) that are primitive survivors of the sarcopterigii
and the closest living relatives of extant land vertebrates. Lungfish species are
found in fresh water habitats in Africa, South America and Australia. They burrow
in mud when water sources dry up and endure dry seasons with reduced metabolic
rate. Konno et al. (2010) cloned an aquaporin (AqpOp) from the kidney of an
aestivating African species (Protopterus annectans) that had sequence identity
similar to tetrapod Aqp0 (75-78 %), Aqp2 (74-78 %) Aqp5 (74-77 % and Aqp6
(6870 %). An Aqp cloned from the eye had sequence identity that was 84—89 % of
tetrapod Aqp0 and was a distinct ortholog of the lens Agp0. It was further demon-
strated that AqpOp in aestivating lungfish was localized in the apical membrane of the
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Fig. 2.7 (a) Divergence of actinopterigian and sarcopterigian and the emergence of tetrapods
(from Romer 1962). Note the position of lungfish and the divergence of stem amphibians. (b)
Phylogenetic tree for extant amphibians showing the estimated time course for evolution of the
three orders relative to the breakup of the Pangea supercontinent. The estimated times for the
divergence of anurans and urodeles (?) and amniotes (??) are rough estimates but still predate the
breakup of the supercontinent (San Mauro et al. 2005)
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late distal tubule and co-localized with a vasopressin type 2 (V;) receptor in the
basolateral membrane. Protein and mRNA levels for AqpOp were reduced when
animals were kept in water. The consensus peptide sequence identified a putative
site (ser 263) for phosphorylation by protein kinase A and when expressed in Xenopus
oocytes an increase in water permeability was further stimulated by cyclic AMP.
Taken together, these results suggest AqpOp to be ancestral to the Aqp that regulates
reabsorption by the kidneys of terrestrial vertebrates. Duplication of Agp0 is consis-
tent with the observation that Aqps 0 2, 5 and 6 are syntenic in the mammalian
genome. Given that amniotes diverged from amphibians in the upper carboniferous,
the gene duplication that gave rise to these Aqps must have occurred in a primitive
amphibian prior to this divergence. The similarity between AqpOp and the teleost
pseudogene suggests the existence of a putative AqpOp—Ilike Agp that was function-
ally lost in teleosts but retained in species that exploited terrestrial habitats.

2.3.5 Amphibians

While amphibians have been used as an example for the adaptations required for the
initial colonization of terrestrial habitats, there is a large gap in the fossil record
between the earliest amphibious tetrapods and the radiation of amphibians in the
Carboniferous and Permian (Carroll 2001). There is another gap between the Permian
species and fossil evidence of extant species in the Mesozoic so the relationships
between the physiological adaptations of the earliest tetrapods and living species is
speculative. None-the-less, the expression of Agps in living amphibians provides
insight into strategies that may have been retained from these earliest species. The
three orders of living amphibians, anura, caudata and gymnophiona all have species
that occupy a range of habitats that range from highly aquatic to purely terrestrial
(Hillman et al. 2009). A phylogeny for the three orders has been proposed by San
Mauro et al. (2005) based on a combination of nuclear and mitochondrial gene
sequences (Fig. 2.7b). Note the earlier divergence of the gymnophiona relative to
that of the anura and caudata. The figure also shows the juxtaposition of the continental
land masses of the Pangea supercontinent at the time of these divergences. The
taxonomic and physiological similarities of amphibians worldwide was likely
established prior to the breakup of Pangea and the subsequent tectonic events that
resulted in the current distribution of amphibians in present day continents.

Despite their very different body plans, all three orders are often viewed as
monophyletic and are unique among vertebrates in that they utilize their skin as a
primary surface for osmotic water absorption (reviewed by Hillman et al. 2009 and
Hillyard et al. 2009). Because of their greater abundance and availability anuran
species are most commonly used for experiments. When water is available they are
able to rehydrate quickly and form dilute urine that can be stored in a urinary
bladder, which is a diverticulum off of the cloaca. When they venture on land or
burrow during dry periods stored bladder water is reabsorbed to maintain osmotic
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balance. As noted earlier amphibian skin and bladder played an important role in
the understanding of epithelial water permeability and its regulation by antidiuretic
hormone. Given the similarity with the response seen in the mammalian kidney, an
Agp2-like protein would be expected.

Examination of skin from the Japanese tree frog (Hyla japonica) revealed two
Aqgps that became inserted into the apical membrane of the outer most living
epithelial cell layer of dehydrated animals or when the tissue was treated with
AVT (Tanii et al. 2002; Hasegawa et al. 2003). These homologs, labeled Aqp-h3
and Aqp-h2, had serine residues that were protein kinase A phosphorylation sites
but were sufficiently different from the mammalian Aqp2 that they were termed
anuran specific “Aqpa2” paralogs. They are suggested to have resulted from
duplication of an Aqp2 precursor that remained a single gene in amniotes. Similar
Agp2as were expressed in the skin of Bufo species while only an Aqp-h3-like Aqp
was expressed in the skin of Rana species. This was seen as an adaptation for the
more terrestrial habitats occupied by Hyla and Bufo species that also have larger
regions specialized for water absorption, extending from the ventral surface of the
skin to the lower limb (Suzuki et al. 2007; Suzuki and Tanaka 2009; Ogushi
et al. 2010a). The apical insertion of these Aqps and the associated increase in
water permeability was also stimulated by beta-adrenergic agonists in conjunction
with an increase in vascular perfusion of the skin (Ogushi et al. 2010b). This more
closely resembles the response of dehydrated animals in which vascular perfusion is
more prominent than observed in AVT-injected animals (Viborg and Rosenkilde
2004). Thus, the sympathetic nervous system in addition to neurohypophyseal
hormones regulates water absorption by terrestrial species. As with Aqp2 in the
mammalian nephron, Agp2a paralogs are frequently observed in the basolateral
membrane of the outermost living cell layer of the anuran skin in addition to the
apical membrane (Ogushi et al. 2010a; Shibata et al. 2011). Anuran skin undergoes
a regular cycle of cell division in the basal cell layer and constant replacement of
the outermost living cell layer as cells cornify and are shed. It is possible that
basolateral expression of Agp2as is involved in cell adhesion and migration as has
been suggested for Aqp2 in the mammalian kidney (Chen et al. 2012).

Surprisingly, mRNA for an Aqp-h3 homolog (Aqp-x3) was identified in the skin
of the aquatic frog, Xenopus laevis, but was not expressed at the protein level
because additional nucleotides at the C-terminal tail prevented its translation
(Ogushi et al. 2010a). In its native habitat, Xenopus species encounter dry seasons
when they seek moist substrates to avoid desiccation. At this time cutaneous water
absorption could be important for survival. Regulation at the translational or post-
translational level according to seasonal or husbandry conditions need to be con-
sidered in the interpretation of aquatic vs terrestrial adaptations of the amphibians.

Aqgp-h2 homologs were found in the urinary bladder of Hyla, Bufo, Rana and even
Xenopus species. Syntenic analysis of the genome of X. tropicalis, recently sequenced
by Hellsten et al. (2010) showed them to be localized between the same genes (Fas
apoptotic inhibitory molecule 2, FAIM2 and Rac GTPase-activating protein
1, RACGAP1) that flank Agps2 and 5 on chromosome 12 of the human genome.
Suzuki and Tanaka (2009) suggest a sequence of events whereby Aqp0 in an ancestral
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Fig. 2.8 A proposed sequence for the evolution of Agps 2 and 5 from gene duplication in an early
amphibian ancestor that persists in mammals. Two subsequent gene duplications are required to
produce the Aqpa-2 paralogs (Agqp-h2 and Aqp-h3 first described in the tree frog, Hyla japonica)
(From Suzuki and Tanaka 2009, with permission)

tetrapod duplicated to give rise to Agps 2 and 5 that remained as single copies in
amniotes but duplicated further in the course of amphibian evolution (Fig. 2.8).

Of interest, an Aqp homologous with the mammalian Aqp2 (Aqp-h2K) was
localized in the apical membrane of the collecting segment of kidneys of Hyla
Jjaponica and a related Aqp, HC-2 has been identified in H. chrysoscelis (Ogushi
et al. 2007; Zimmerman et al. 2007; Crane and Goldstein 2007) indicating that
expression of this gene has been retained in the kidney in addition to duplication
and cooptation of the Aqp2a paralogs in the skin and bladder. When amphibians
become dehydrated, glomerular filtration and urine production is greatly reduced
via AVT activation of V| receptors. The glomerular filtration rate of H. chrysocelis
dehydrated by 20 % declined by almost 84 % relative to hydrated controls but
fractional water clearance declined from 62 to 2 %. Amphibians are not able to
concentrate their urine but elevated water permeability in the collecting duct could
allow the tubular fluid to become iso-osmotic with the body fluids (Fig. 2.9).

Aqgp5 has been immunolocalized in the apical membrane of granular glands in the
skin of all anurans studied. In terrestrial species, glandular secretion has been related to
thermoregulation, mucus secretion and the need to keep the skin moist as a respiratory
surface (Lillywhite 2006). In this regard Agp5 may serve a function similar to that seen
in the alveoli of the mammalian lung. Recently, Shibata et al. (2014) identified two
Aqgp5 paralogs (Agp-xt5a and -5b) in the genome of X. tropicalis. Both are syntenic
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Fig. 2.9 (a) Schematic diagram of a nephron from an anuran kidney that is not able to concentrate
urine. (b) Immunolabeling shows dispersal of Aqp-h2K in principal cells of the collecting duct of
unstimulated kidney (green FITC). Aqp3 in the basolateral membrane is /abeled red. (¢) When
stimulated with AVT Aqp2K is translocated to the apical membrane showing the pattern seen in
the mammalian kidney predates the capacity to form a concentrated urine. (a, b and ¢ from Suzuki
and Tanaka (2009), with permission)

with Aqpa2 paralogs in the X. tropicalis genome. Molecular phylogenetic analysis
showed Agp-xt5ato be orthologous with mammalian Aqp5 and also to be expressed in
the urinary bladder. Dehydration resulted in increased expression of Aqp-xt5a in the
apical membrane of granular cells suggesting it might facilitate reabsorption of water
as opposed to fluid secretion as seen in glands. AVT did not increase apical expression
of Agp-xt5a. The bladder also expresses a homolog of the urinary bladder type Aqp2a
that is stimulated by AVT in more terrestrial species with larger bladder capacities.
The physiological importance of this observation remains to be determined. The
genomic events that resulted in the evolution of amphibian and mammalian Aqp2
and Aqp5-related Aqps, their ability to regulate epithelial water transport and their
relationship to a putative ancestral AqpOp in the early sarcopterygian lineage remain
intriguing questions that can be addressed by a more extensive examination of Aqps in
living amphibian species.

In order for apically expressed Aqp2 or AgpS related Aqps to function in
epithelial water transport it is essential that a basolateral route of permeation
occur as well. As with mammalian epithelia, an amphibian aquaglyceroporin
(Agp3) homolog has been identified in the basolateral membrane of absorptive
and secretory epithelia (Suzuki and Tanaka 2009; Zimmerman et al. 2007). Other
functions of basolateral Aqps could be to maintain the hydration status of the skin of
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Fig. 2.10 (a) Immunolabeling of Aqp-h2 and Aqgp-h3 in the apical membrane of the outer most
living cell layer of Hyla japonica skin that has been stimulated by AVT. (b) Light micrograph of
toad skin with Agpl immunolabeled in endothelial cells of subepithelial capillaries [a and b from
Suzuki and Tanaka (2007), with permission]. (¢) Schematic drawing of water absorption across
anuran skin showing the apical entry step with Aqp-h2 and h3 stimulated by AVT, water transport
across the basolateral membrane mediated by Aqp3 (not labeled) and transfer into the vasculature
via Agpl1 in the subepithelial capillaries (from Hillman et al. (2009), with permission)

terrestrial species as they forage on land in a manner similar to that suggested for
Aqgp3 in mammalian skin (Hara et al. 2002). At the same time increased expression
of Agp3 could accommodate a greater rate of rehydration in conjunction with
Agp2a expression in the apical membrane. Exchange between the vascular and
extracellular fluid compartments at the serosal face of these epithelia is required for
fluid absorption and secretion. This is mediated by Agpl homologs that are
expressed in capillary endothelia (Fig. 2.10).

A unique function for an aquaglyceroporin is seen in the freeze-tolerant frogs,
Hyla chrysoscelis (Zimmerman et al. 2007). These anurans accumulate glycerol as
a cryoprotectant when cold acclimated. Plasma glycerol concentration increased
from 0.18 to 51 mM when cold acclimated while tubular reabsorption increased
from 64 to 82 %. Tissue glycerol levels similarly increased from non-detectable
levels in liver and muscle to 187 and 131 pM, respectively, indicating a greater
synthesis, tissue distribution and renal reabsorption that would protect the tissues if
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freezing occurred. An aquaglyceroporin, HC-3 was cloned from these tissues and
found to have high sequence identity with mammalian and amphibian AQP3.
Oocyte expression of HC-3 resulted in a greater uptake of glycerol. HC-3 cDNA
was used as a template to quantify HC-3 expression in a variety of tissues and
showed marked increases in the liver and muscle of cold acclimated frogs. Kidney
levels were relatively high in both warm and cold acclimated animals but increased
in the urinary bladder of cold acclimated frogs.

These results suggest an important role for HC-3 in cryoprotection but the
authors caution that correlation between mRNA levels in tissues may not be an
accurate measure of protein expression because of regulation at the post-
translational level. As noted above, mRNA for ventral skin type Aqp-x3 was
identified in skin of Xenopus laevis but the protein was not expressed. In an earlier
study, expression of an Aqp from toad bladder in Xenopus oocytes did not result in
an increase in water permeability (Siner et al. 1996). It was suggested this was due
to intracellular sequestration because of a YXRF sequence motif in the carboxy
terminal domain. These observations suggest mechanisms for regulation at the
translational and post-translational level that are important for amphibian water
balance physiology in the face of their exposure to variable habitats.

Cope’s grey tree frog complex includes H. chrysoscelis and its tetraploid sister
species H. versicolor. Both accumulate glycerol during cold acclimation. Polyploidy is
relatively common among amphibians, for example the commonly used species
Xenopus laevis is tetraploid while its sister species, X. tropicalis is diploid. Mabel
et al. (2011) note that among vertebrates fish and amphibians have a greater tendency
to have polyploidy populations but found no evidence in the zoogeographic and
conservation literature that additional genetic material in polyploid species has resulted
in any selective advantage. How species level polyploidy in existing populations might
affect Aqp gene distribution, in addition to that attributed to whole genome duplication
events early in vertebrate evolution remains an interesting question.

2.3.6 Reptiles

Modern reptiles are descended from stem tetrapods that, based on homologies
among teleost and mammalian species, could potentially express all 13 Aqp homo-
logs identified in these taxa. In a comprehensive review of osmotic and ionic
regulation in reptiles, Dantzler and Bradshaw (2009) observed that the three most
abundant orders of reptiles: Crocodilia (alligators and crocodiles) Squamata (liz-
ards, snakes and amphisbaenids) and Testunides (turtles and tortoises) have species
that occupy habitats that range from terrestrial to aquatic to marine. A fourth order,
Rynchocephalia contains a single terrestrial species, Sphenodon punctatus from
New Zealand (a second species S. guntheri was recognized in 1989). Reported
values for the relative proportions of extracellular, intracellular and vascular fluid
volumes vary among taxa as does the regulation of ionic composition of the “milieu
interieur”. Physiological studies of ionic and osmotic regulation are limited to a
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small number of species. The genome of the lizard, Anolis carolinensis (Afoldi
et al. 2011) contains many of the tertrapod Aqps associated with osmoregulation in
mammalian and amphibian tissues but their identification in osmoregulatory tissues
is limited. An overview of regulatory structures characterized in reptiles provides
opportunities for future research. These include the skin, kidneys, cloaca-colon and,
in some species a urinary bladder.

Skin The colonization of terrestial habitats by amniotes involved evolution of a
skin that is resistant to evaporative water loss (Lillywhite 2006). Indeed, skin of
desert species fulfills this requirement. It might be expected that basolateral expres-
sion of Aqp3 might be present to keep the epithelial cells hydrated, as per that seen
in the skin of mice by Hara et al. (2002).

Kidneys As with the amphibia, the reptilian kidney is unable to form concentrated
urine and AVT is the antidiuretic hormone. Antidiuresis is mediated to a great
extent by a reduction in glomerular filtration in response to AVT binding to a
V;-type receptor. Plasma AVT concentrations correlate with plasma osmolality in
the lizard, Varanus gouldii but levels in other reptile species have been variable.
Adenylate cyclase activity in nephron segments of the lizard, Ctenophorus ornatus
was significantly stimulated by AVT in the intermediate segment and collecting
duct regions (Bradshaw and Bradshaw 1996). This would indicate the presence of
an Aqp2 homolog but this remains to be demonstrated. While investigating the role
of extra-renal ion regulation by salt glands, Babonis et al. (2011) cloned an Aqp3
from transcripts in the kidney of aquatic and sea snakes without salt glands. This
Aqgp3 was immunolocalized in the connecting segments and collecting ducts. Taken
together, these observations suggest a similar function to that of amphibians for the
formation of iso-osmotic urine. It should be remembered that many reptiles are
uricotelic so the volume of water that must be voided to maintain nitrogen balance
is less than ureotelic species.

Cloaca and Colon Urine flows in ureters to the cloaca. Muscular contraction of the
cloaca forces cloacal fluid antegrade into the colon. Together they form a functional
complex where solute linked fluid reabsorption is believed to occur. Dantzler and
Bradshaw (2009) note, “The transport mechanism underpinning the reabsorption of
water and electrolytes from the cloacal-colonic complex are the subject of some
debate.” Babonis et al. (2012) used an antibody made against an amino acid sequence
of the amphibian Aqp3 to immunolocalize this aquaporin in the basolateral membrane
of the ureters and cloaca suggesting a role for fluid reabsorption or possibly mucus
secretion. An apical Aqp and its regulation remain to be described.

Urinary Bladder The urinary bladder is absent in crocodilians and snakes but is
found in a number of lizards, the tuatara and to varying degrees in all chelonians.
Historically, Darwin (1839) noted that the Galapagos tortoises held large volumes
of water in their bladders and suggested they might act as a water storage organ. The
use of bladder water to offset dehydration has been demonstrated in the desert
tortoise (Gopherus agassizii) that is able to spend months without water or even
succulent vegetation (Nagy and Medica 1986). Bladder water has similarly been
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shown to offset dehydration in a desert lizard, the Gila monster, Heloderma
suspectum (Davis and DeNardo 2007). The presence of Agps in these tissues and
the regulation of water permeability remain to be determined. Other reptilian
species have a urinary bladder but its use as a water reservoir, in an ecological
context is not well established.

Salt Glands Salt glands in reptiles are derived from a variety of embryonic sources
and a variety of mechanisms have been identified that allow them to regulate
the secretion of salt solutions that can become highly concentrated. The degree
to which Aqps are involved in water transport associated with these secretions
and interactions between transcellular and paracellular pathways is poorly understood.

2.3.7 Birds

Birds (class Aves) diverged from theropod reptiles beginning in the Jurassic and
appear prominently in the Cretaceous. Current species inhabit virtually all habitats
on earth from the polar regions to the tropics, oceans and the extreme deserts. As
such they require a suite of osmoregulatory mechanisms that have been inherited
from their reptilian heritage including the cloaca-colon complex and in many
species nasal salt glands. Unlike reptiles birds have evolved a kidney capable of
forming concentrated urine. The concentration of ureteral urine in the domestic
fowl may be twice that of the plasma while other species may void a final urine that
is 2.5 times that of the plasma which is small compared to that of desert mammals
that may concentrate urine by a factor of over 20 times that of the plasma. These
values and mechanisms for osmotic and ionic regulation by avian species are
reviewed by Braun (2009).

Kidney The avian kidney has features similar to that of reptiles and amphibians in
that glomerular circulation is fed by higher pressure arterial circulation while
peritubular circulation is mediated by a lower pressure renal portal system. The
avian kidney is divided into multiple lobes with an outer cortical region that has
reptilian-like nephrons without loops of Henle. The inner cortical region has
nephrons with highly convoluted proximal segments and loops of Henle that extend
to varying degrees into a medullary cone. The distribution and function of Aqps in
the avian kidney has been reviewed by Nishimura and Yang (2013).

Aqpl A full length cDNA cloned from quail kidney has 82 % sequence identity
with rat Aqpl. gAgqpl was immunolocalized in the apical brush border membrane
of proximal tubule cells but not in the basolateral membrane. Unlike mammalian
nephrons, qAqpl was not localized in the descending loop of Henle. In the house
sparrow, Passer domesticus, an Aqpl homolog was shown to be expressed in both
the proximal and distal tubules in addition to podocytes of the glomerulus (Casotti
et al. 2007). Nishimura and Yang (2013) note “that AQPI may have a role in
osmoregulation in sparrows, although the biological function of Aqpl has not been
tested.” Further, there are no knock-out animals available to test this hypothesis.
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Aqp2 A full-length Aqp2 from quail kidney has a 76 % amino acid sequence
identity with rat Aqp2 and serine residues that are potential sites for phosphoryla-
tion by protein kinase A. gAgp2 mRNA was localized in branches of the collecting
duct in the medulla and cortex. Using real time PCR greater levels of mRNA for
qAqp2 were found in the medullary cones but water deprivation resulted in
increased expression in both superficial and looped nephrons. The interpretation
is an increase in Aqp2 expression resulting from antidiuretic hormone as is seen in
the mammalian kidney. It is noted that the increase in expression in the cortical
nephrons indicates the role of antidiuretic hormone in water retention by the kidney
predates the evolution of the loop of Henle, which is consistent with what has been
observed in amphibian and lungfish kidneys.

Aqp3 Aqgp3 cloned from quail kidney has an 81 % sequence identity with rat and
human Aqp3. mRNA for qAqp3 was localized in collecting tubules and ducts
suggesting it plays a role in water exit from collecting duct cells as is seen in the
mammalian kidney.

Aqp4 Two cDNAs for quail Aqp4 resulting from long and short reading frames
have been cloned from medullary cones of quail kidney. Both have high degrees of
homology with human Aqp4s. Orthogonal arrays of intramembranous particles are
not seen in quail collecting ducts and in situ hybridization failed to show mRNA for
qAqp4 in collecting ducts suggesting “their physiological function may be differ-
ent” from that of the mammalian kidney. Aqp4 homologs have also been cloned
from a variety of avian tissues including the hypothalamus and circumventricular
organs where they may serve a role in osmosensation.

Cloaca-Colon Ureteral urine deposited into the cloaca is forced by muscular
contraction into the distal rectum. Casotti et al. (2007) were able to clone an
Agp1 homolog in from the distal rectum and immunolocalize it in the epithelium.
However, whether it is distributed at the basolateral membrane or within the cells
remains to be described so a route for transepithelial water absorption is not evident.

Salt Glands Many birds utilize nasal salt glands to excrete excess salt taken in the
diet and thereby conserve water. Salt glands of ducks given hypertonic salt show a
down regulation of Agpl in the endothelial cells and Aqp5 in the epithelial cells
(Miiller et al. 2006). These results suggest decreased capillary ultrafiltration and
epithelial water loss in the course of forming a hypertonic secretion.

In reviewing the avian literature, Nishimura (2008) observes, “....recent evi-
dence indicates that AQPs show functions other than water channel or glycerol
transport. Comparative analysis of AQPs in primitive animals may provide useful
information as to the fundamental function. The importance of AQP2 to fluid
homeostasis in developing kidneys needs to be pursued. Such studies will provide
insight for understanding possible mechanisms of developmental programming in
adults.” These comments mirror those of Ishibashi et al. (2011) on the different
functions served by aquaporins in mammals.
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2.4 Perspectives

The expression of mammalian Aqgps is the result of gene duplication and
co-optation for tissue-specific functions that date at least from the earliest chor-
dates. The phylogenetic tree developed by Zardoya and Villalba (2001) using
amino acid sequences from insect Agps as outgroups provides a useful framework
for interpreting comparative and evolutionary aspects of vertebrate Aqps
(Fig. 2.11). The data set was analyzed with maximum parsimony (MP), neighbor
joining (NJ) and maximum likelihood (ML) phylogenetic methods. In this analysis,
the first branch point gave rise to Aqp4 as the most basal Aqp in eukaryotic
evolution. A paralog of that duplication underwent a second duplication that
resulted in Agpl and an ancestral Aqp for Aqps 0, 2, 5 and 6. This phylogeny is
consistent with the observation that Aqp4 serves a number of functions in various
vertebrate tissues, as early as the elasmobranchs (Cutler et al. 2012). Agp! is widely
expressed in tissues of many vertebrates including elasmobranchs that express the
paralog, Agple. The sequence of Agple is similar to mammalian Aqgps 1, 2 and
5. As such, it could be representative of the putative Aqp at the branch point that
gave rise to Agps 0, 2, 5, and 6, which are syntenic in the mammalian genome.
Further up the evolutionary scale, AqpOp expressed in the collecting duct of
lungfish kidney is suggested to be ancestral to Aqp2 in the tetrapod kidney. There
is a branch point in the derived phylogeny in which AqpOp, as a paralog of Aqp0,
could be ancestral to Agps 2 and 5, which are important for fluid reabsorption and
secretion in the kidney and exocrine glands. Note the gene duplications proposed to
have resulted amphibian-specific Aqps are not shown in this figure. Shortly after
submission of this chapter, Finn et al. (2014) published an extensive analysis of
aquaporins in deuterostomes and created a more complete phylogeny than depicted
in Fig. 2.11. In some cases the assignment of amphibian Aqp-2a paralogs is
modified from the earlier literature (Suzuki and Tanaka 2010).

On a broader evolutionary scale, it is important to note that six of the canonical
Aqp genes (Aqgps 1, 2, 3, 4, 6, 7) have been characterized in the nematode worm
Caenorhabditis elegans (Huang et al. 2007) indicating these molecules were
present earlier in metazoan evolution and have provided a “toolbox” of membrane
proteins that serve a variety of physiological functions related to water transport,
cell adhesion and cell motility. Four of the canonical Aqps identified in C. elegans
were found to be expressed in osmoregulatory tissues. Quadruple KO animals
displayed a normal phenotype under normal and hypertonic culture conditions.
Recovery from hypotonic conditions was slower than controls but survivorship was
the same. The authors suggested that these Aqps may confer a selective advantage
to animals in their natural soil habitat where the osmotic conditions “are likely to
vary dramatically both in time and space”. A similar argument can be made that
Agp1-null mice that are viable when provided water may face conditions in their
natural habitat where the inability to concentrate urine would be maladaptive.

The concept that the diversity of Agps is related to natural selection in the face of
environmental stresses [reviewed by Ishibashi et al. (2011)] is consistent with
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Fig. 2.11 Phylogenetic tree of metazoan Aqgps. The branch points indicate gene duplications and
the branch lengths are proportional to evolutionary distances. In this analysis, the first duplication
gave rise to Aqp4 that remains widely distributed in metazoans. A paralog of that branch further
duplicated to give Agpl and an ancestral gene for Aqgps 0, 2, 5, and 6 that are paralogous in
mammals and potentially other vertebrates. Arrows indicate putative roles for an Aqple-like and
AqpOp-like Aqps during the course of vertebrate evolution (Zardoya and Villalba 2001)

conditions associated with genome duplication in amphibians and fish (Mabel
et al. 2011). For example, temperature fluctuations that interfere with spindle
formation and external fertilization that may result in polyspermy. These and
other factors likely occurred earlier in eukaryotic evolution and could contribute
to the diversity yet the structural similarity of Aqps and aquaglyceroporins that
serve a variety of functions in different tissues of living species. Ishibashi
et al. (2011) conclude, “Such interdisciplinary works as comparative physiology
and endocrinology in particular should be encouraged and rewarded.”
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