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Abstract Although birds and mammals have evolved from
primitive tetrapods and advanced divergently, both can
conserve water by producing hyperosmotic urine. Unique
aspects in the avian system include the presence of loopless
and looped nephrons, lack of the thin ascending limb of
Henle’s loop, a corticomedullary osmotic gradient primarily
consisting of NaCl without contribution of urea, and
significant postrenal modification of final urine. The
countercurrent multiplier mechanism operates between the
descending and ascending limbs of Henle via recycling of a
single solute (NaCl) with no water accompaniment, form-
ing an osmotic gradient along the medullary cone. Bird
kidneys and developing rat kidneys share morphological
and functional characteristics. Avian kidneys express aqua-
porin (AQP) 1, 2, and 4 homologues that share considerable
homology with mammalian counterparts, but their distribu-
tion and function may not be the same. AQP2 expression in
Japanese quail (q) evolves in the collecting duct of early
metanephric kidneys and continues to increase in intensity
and distribution during nephrogenesis and maturation.
qgAQP2 mRNA and protein are increased by arginine
vasotocin (avian ADH), but vasotocin-induced enhance-
ment of cAMP production and water permeability are less
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marked than in mammalian kidneys. Nephrogenesis is
delayed by insufficient nutrition in avian embryos and
newborns and results in fewer nephrons and an impaired
water balance in adults. Diabetes insipidus quail with
homozygous autosomal recessive mutation and an unaf-
fected vasotocin system have low AQP2 expression,
underdeveloped medullary cones. Comparative studies will
provide important insight into integrative, cellular, and
molecular mechanisms of epithelial water transport and its
control by humoral, neural, and hemodynamic mechanisms.
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Introduction

For terrestrial vertebrates, water economy is a prerequisite
for survival. Reptiles, birds, and mammals share a common
evolutionary origin, but the ancient evolutionary line
leading to mammals (Synapsida) departed from the reptil-
ian—avian line (Archosauria) at a very early stage of
tetrapod evolution [33, 81]. Although birds and mammals
represent parallel lines of divergent evolution, both are able
to concentrate urine to produce hyperosmotic urine (the
urine to plasma osmolality ratio is over 1.0) and thus
conserve water in the body. In birds, body temperature is
40-42°C and extracellular fluid volume is generally higher
than in other vertebrate animals. This is considered to be
beneficial for activities that demand high energy consump-
tion such as flight [20].

Avian kidneys have several unique morphological and
functional features [9, 17, 52, 54]. First, avian kidneys have
short loopless (reptilian type) cortical nephrons and longer
looped (mammalian type) nephrons that are situated deeper
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in the medullary zone; the former comprise 70-85% of the
entire nephron population. Second, looped nephrons lack
the thin ascending limb; thus, the avian kidney has an outer
medulla but lacks an inner medulla (Fig. 1). In general, the
corticomedullary osmotic gradient and urine concentration
ability are lower in avian kidneys than in mammalian
kidneys [16]. Third, the corticomedullary osmotic gradient
in birds is primarily composed of NaCl with no comple-
ment by a nitrogenous compound such as urea. Uric acid,
the major nitrogen metabolite in birds, has low solubility
and thus does not contribute to the formation of the osmotic
gradient along the renal medulla.

In birds, as in mammals, an aquaporin-2 (AQP2) water
channel is present at the apical membrane of the cortical
and medullary collecting duct (CD) [55, 78]. Synthesis,
secretion, and activity of avian AQP2 appear to be
regulated by arginine vasotocin (AVT), an avian antidiuretic
hormone (ADH) [21, 78]. This brief review summarizes the
structural and functional basis of urine concentration and
the role of the AQP water channels in birds. Birds live in a
variety of habitats and the role of the kidney in the
maintenance of body fluid homeostasis varies in accordance
with adaptation to environment. Moreover, osmoregulatory
organs other than the kidney (such as the gastrointestinal
tract, cloaca, and nasal gland) that complement or interact
with the kidneys play an important role in ion and water
balance in birds [8, 9].
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Fig. 1 A proposed model for urine concentration in the mammalian-
type nephron of Coturnix quail, showing transport properties of NaCl
and water in various nephron segments. Left NaCl is actively extruded
from the thick ascending limb (TAL) and enters the descending limbs
(DLs) by simple diffusion without the osmotic accompaniment of
water; the NaCl is recirculated for maximum operation of a single-
effect countercurrent multiplier system. Active NaCl transport in the
TAL appears to be enhanced by perfusion flow rate or luminal NaCl
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Functional morphology of avian kidney and urine
concentration

Architectural organization of the medullary cone

Avian kidneys are composed of numerous medullary
cones comprising grossly separated cortical and medullary
regions [11, 16]. The cortical reptilian-type nephrons
consist of proximal tubule, intermediate segment, distal
tubule, and collecting tubule and CD [9, 13]. Since they
lack the loop structure (loopless nephron) and their
collecting tubules open to the CD at a right angle,
reptilian-type nephrons do not directly contribute to urine
concentration [9, 16]. The early distal tubule of loopless
nephrons reveals a lumen-positive transepithelial voltage
(inhibitable by ouabain or Na cyanide), whereas the late
distal segment shows a deep lumen-negative potential,
suggesting that the early distal segment may function as a
diluting segment [57]. Proximal tubules absorb Na, Cl,
and water isosmotically [42].

In looped nephrons of avian kidneys, the straight segment
of the proximal tubule runs into the narrower descending limb
(DL) rather abruptly. This transition from DL to thick limb
occurs prior to the hairpin turn; thus, avian looped nephrons,
differing from the long-looped nephrons of mammalian
kidneys, lack the thin ascending limb (thin AL); and,
accordingly, bird kidneys lack the inner medulla [32]
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concentration. Immunohistochemical and molecular studies indicate
that aquaporin 2 (AQP2) is present in the collecting duct (CD),
regulating water transport across the CDs. Right hypothetical cascade
transport of NaCl in medullary cone, showing that more NaCl
extrusion occurs near the tip of the cone, which may help to enhance
an osmotic gradient. PT proximal tubule AVT arginine vasotocin.
Reproduced with modification from Nishimura et al. [58] and Osono
and Nishimura [62]
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(Fig. 1). The thick ascending limb moves into the distal
tubule, collecting tubules, and CDs; the CDs run parallel to
Henle’s loop, indicating that looped nephrons have a
structural basis for producing concentrated urine by a
countercurrent multiplier mechanism [12]. There is no clear
positive correlation, however, between morphometrical
indices of the medulla and urine-concentrating ability [22].
Furthermore, the hairpin turns occur in a graded fashion at
various levels of the medullary cone (Fig. 1) [13, 58].

Descending and ascending limbs of Henle

The DL of avian looped nephrons shows morphometrical and
functional heterogeneity of epithelial cells, and three types of
cells (A, B, and C) have been identified [12, 58]. Type A
cells, located near the proximal tubule-DL junction, are
relatively tall and have numerous apical microvilli, a
moderate number of mitochondria, and lateral interdigitation
with neighboring cells, forming a labyrinthine structure;
whereas type B and C cells are more flat [58]. The upper
segment of the DL (type A cells) has no net volume flux, has
low diffusional and osmotic water permeability, and has zero

transepithelial voltage [58]. Type A cells have high and
nearly equal permeability to Na and Cl ions, suggesting that
NaCl is likely to enter the DL unaccompanied by water
(Table 1).

Mammalian kidneys show structural and functional
heterogeneity of thin limbs within nephrons, between
short-looped and long-looped nephrons, and among species
[4, 38; Table 1]. The epithelia of thin limbs are classified
into four types (types I-IV) based on cell thickness,
abundance of luminal microvilli, mitochondria and inter-
digitation, and the depth of tight junctions [38]. Although
the heterogeneity of thin limbs appears less complex in
avian nephrons, the upper part of the DL of avian looped
nephrons and the type II segment of mammalian long-
looped nephrons share some common features. This
similarity suggests that avian looped nephrons may evolu-
tionarily correspond to the outer medullary part of
mammalian long-looped nephrons rather than to the cortical
short-looped nephrons. The major difference in transport
properties, however, is that in the upper part of the DL (the
lower part has not been examined) of avian looped
nephrons, water permeability is low and permeabilities to

Table 1 Morphological and functional properties of thin descending limb of Henle in quail and hamster

Quail tDL, Hamster
SDL LDL, LDL,

Epithelial cells

Height Relatively tall Flat Relatively tall Flat
Microvilli ++ + ++ +
Interdigitation +++ + - +
Mitochondria ++ + +++ +

Basal infoldings - + ++ +

Junction Tight, shallow Tight, deep Tight, shallow Tight, deep
V, (mV) 0 0 0 0
Diffusional AV, (mV) 1.940.2 2.9+0.4° -9.4+1.0° 1.3+0.1

J,, isosmotic bath (nl min ' mm") 0.21+0.14 —-0.20+0.12 0.15+0.05 -

J,, hyperosmotic bath (nl min~' mm™") 0.49+0.19° 14.65+4.36° 22.60+2.20° 29.67+6.35¢
L, (10° em*s ' atm ") 83.3+32.4 1394+506 2600+328° 1693+517
Py (107 ecm? s 73.0+7.8 - - -

Pro (107 cm? s71) 31.7+2.3 29+14 41.0+5.4 2.4+0.8
Poy (107 em? s 24.9+3.56 0.9+0.2 3.8+0.6 -

Purea (107 cm? 571 - 5.1+1.4 1.4+0.3 7.9+4.1
Reference [58] [28] [28] [29]

Osmolality units are mOsm kg ' H,0.

tDL,, upper segment, thin descending limb, SDL descending limb of short-looped nephron, LDL, upper segment of descending limb of long-
looped nephron, LDL,; lower segment of descending limb of long-looped nephron, V't transepithelial voltage, J, net volume flux, L, osmotic water
permeability, P, diffusional water permeability, Py, ¢y urea lumen-to-bath flux coefficient of Na™, CI™, urea as an index for permeability

#From [28]

® Perfusate 312, bath 364 with sucrose
¢ Perfusate 304, bath 405 with raffinose
dperfusate 300, bath 477 with sucrose
¢ From [29]
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Na' and CI™ are high and nearly equal; whereas very high
water permeability (both upper and lower part) and cation
selectivity (upper part) are present in the DL of mammalian
long-looped nephrons (Table 1). These transport character-
istics appear important for the difference between counter-
current urine-concentrating mechanisms in avian and
mammalian kidneys.

Thick limbs and collecting ducts

In looped nephrons of bird kidneys, the thick AL shows
characteristics of diluting segments, including (1) lumen-
positive transepithelial voltage, (2) furosemide- or bumeta-
nide-inhibitable Na'—2C1 K" cotransport (stoichiometry of
membrane transporters has not been examined) and an
ouabain-sensitive basolateral Na'~K" pump, and (3) low
volume flux and osmotic permeability [46, 54, 57]. In the
isolated perfused thick AL of the quail kidney, the lumen-
to-bath Na® and Cl™ flux increased proportionately to
perfusion flow rate and NaCl concentration, suggesting
that increased luminal loading of NaCl evoked by increased
volume flow or NaCl concentration facilitates NaCl
extrusion (reabsorption), which may help enhance the
imposition of the medullary osmotic gradient [62].

The CD cells in the cortical zone contain dark electron-
dense cells that have apical microvilli and vesicles,
resembling intercalated cells, and light mucus-secreting
cells that have large vacuoles, particularly in the apical side
of the nucleus [50, 59]. Abundant interdigitation and tight
deep junctions are seen between mucus-secreting cells and
also between intercalated cells and mucus-secreting cells.
Regulation of avian kidney function by AVT and biological
evidence for AVT receptors on preglomerular vasculature
and renal tubules have been established in birds (for review,
see [21]). In isolated perfused medullary CDs of Coturnix
quail kidneys, the volume flux is nearly zero [59]. When
medullary CDs are acutely treated with AVT, the volume
flux increases only in water-deprived quail. Furthermore,
the basal diffusional water permeability (tritiated water flux
coefficient) in medullary CDs is considerable, whereas the
diffusional water permeability is increased slightly by AVT
and only modestly by forskolin, which stimulates adenylate
cyclase, whereas a forskolin analogue that does not
stimulate adenylate cyclase shows no effect [59]. Thus
AVT’s direct action on water transport in CDs appears less
marked in avian kidneys [23, 59] than in mammalian
kidneys [18, 35]. In medullary cones, cAMP levels are also
increased only slightly by AVT but markedly by forskolin,
suggesting that the relatively low response to AVT is not
due to insufficient adenylate cyclase activity [59]. cAMP
response to AVT also varies among species and ages [23].
An AVT-sensitive AQP water channel is present in CDs of
medullary cones (see below). It is thus possible that the
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number/affinity of AVT receptors or cellular signal pathway
distal to cAMP may not have fully developed in birds.

Countercurrent multiplier mechanism for urine

There are three basic requirements for the DL and thick AL
of the loop of Henle to act as a single-effect countercurrent
multiplier: (1) a source of energy to create a transverse
difference in osmotic pressure, (2) differences in epithelial
permeability, and (3) countercurrent flow. First, the trans-
port properties of the thick AL of Coturnix quail agree with
a luminal Na'-dependent CI™ transport driven by a baso-
lateral Na'—K'—ATPase-operated pump without water
accompaniment [46, 57]. The thick AL is thus able to
provide an energy source. Second, the epithelial perme-
abilities of the DL and thick AL differ [58]. Third, the
architectural organization of the medullary cone indicates
that there is a counterflow between the descending and
ascending limbs of Henle’s loop. Thus, the Coturnix kidney
satisfies the basic requirements mentioned above [52, 58].
The DL is highly and nearly equally permeable to Na and
Cl with no active transport, whereas the osmotic and
diffusional permeabilities to water are low [58]; AQPI is
not expressed in DLs from Coturnix quail [79 and an
unpublished manuscript]. Therefore, tubular urine may be
concentrated by the addition of NaCl while it passes
through the DL. In contrast, urine dilution occurs by active
NaCl absorption in the thick AL. Net NaCl flux in the thick
AL is further facilitated by increased luminal NaCl delivery
evoked by increased flow rate or NaCl concentration [62].
Therefore, in avian kidneys, urine concentration and
dilution occur by a combination of passive diffusion and
active transport and the recycling of a single solute (NaCl).
A mathematical model of the urine-concentrating mecha-
nism for avian kidneys supports this concept [41]. This
single effect may be multiplied by counterflow and the
graded elongation of hairpin structures, forming an osmotic
gradient along the medullary cones (Fig. 1). The low water
permeability of the DL helps to maintain the bulk of
volume flow from the proximal tubules, which in turn
facilitates NaCl transport from the luminal to the interstitial
side via the perfusion flow-dependent mechanism [62]. In
rodent kidneys, while tubular urine descends along the DL
of Henle, equilibration between tubular fluid and the
interstitium can be more efficiently accomplished by
subtraction of water [27-29]; this mechanism is apparently
lacking in quail kidneys. It will be interesting to investigate
whether DLs from avian species that show higher urine-
concentrating capacity express AQP1 and are water
permeable.

In mammalian kidneys, urea and a unique urea recircu-
lation system significantly contribute to urine concentration
(for review, see [5]). Furthermore, in rodent kidneys, the
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DL of Henle from the short-looped nephron runs in parallel
to the ascending vasa recta in the vascular bundle [4, 38].
High urea permeability in DLs of short-looped nephrons
appears important for recapturing urea escaped from the
inner medulla via the ascending vasa recta and delivering it
to distal nephrons [4, 27]. Urea is subsequently recycled to
the inner medulla via urea-permeable CD segments. High
osmolarity of the inner medulla/papilla is therefore main-
tained in a “sealed” compartment [4]. Avian kidneys lack
an efficient vasa recta mechanism to effectively remove the
water from the tip of the medullary cone and transport it to
the cortex and systemic circulation. These differences may
limit the urine-concentrating capacity of avian kidneys. In
most birds examined, the maximum osmolal urine to
plasma (U/P) ratio is below 2.5 after dehydration [8, 16].

In avian kidneys, the hyposmotic urine that drains from the
cortical loopless nephrons to the medullary CDs decreases the
final urine concentration. Considering the smaller number of
looped nephrons, usually 10-30% [16], and the fact that only
a limited number of nephrons in Henle’s loop reach the tip of
the medullary cone, the looped nephrons of avian kidneys
must work efficiently to double the urine osmolality.
Furthermore, in birds, the plasma osmolality increases
considerably during water deprivation; the higher plasma
osmolality apparently reduces the osmolal U/P ratio. Thus,
caution is needed for the use of the osmolal U/P ratio as an
index of urine-concentrating ability.

Renal responses to osmotic challenges

Although it is difficult to generalize because of the nu-
merous variations among species, there seem to be two
patterns of avian renal response to osmotic challenges [17]:
(1) an acute reduction in glomerular filtration rate (GFR)
and urine flow to retain water and prevent an increase in
plasma osmolality, a response pattern seen in desert quail;
and (2) excretion of excess salt at the expense of water, as
seen in starlings. Similarly, excess water may be excreted at
the expense of salt [17, 70], or it may perhaps be retained in
the body to prevent acute salt loss [10]. During dehydration
or salt loading, the inulin U/P ratio or creatinine U/P ratio
increases in reptiles and birds, indicating that renal tubules
effectively absorb water [11, 70]. In contrast, significant
tubular water absorption continues during water loading in
desert quail; only 79% of loaded water is excreted, despite
the increase in single nephron GFR and the number of
filtering nephrons [10]. This may suggest that avian
kidneys cannot efficiently turn on and off the control
mechanism for renal tubule water permeability, unlike the
case in mammalian CDs, in which ADH effectively serves
this function via AQP2 [34]. On the other hand, birds have,
in general, a higher tolerance and adaptability than

mammals to a wide range of plasma osmolalities. Further-
more, some avian species, such as domestic fowl, are able
to shift tissue fluid to the vascular compartment when their
blood volume/blood pressure is acutely reduced; and blood
volume/blood pressure is thus promptly restored [53, 74].
Such a unique compensatory mechanism may help in the
maintenance of avian body fluid homeostasis. There is no
marked difference in GFR when compared on a weight
basis between birds and mammals, but the percentage of
filtered water excreted after water deprivation is higher in
birds [55]. A larger urine flow may be required for birds to
excrete uric acid and other metabolic products. In non-
mammalian vertebrates, GFR is controlled intermittently
[11, 16]. In this context, caution is needed in interpreting
the percentage of filtered water excreted/reabsorbed.

Aquaporin water channels in avian Kidneys

AQP and glyceroporin homologues are widely found in
plants, microorganisms, invertebrates, and vertebrate ani-
mals [2, 73, 75]. Although it is anticipated that all
vertebrate kidneys possess AQPs, in nonmammalian verte-
brates, AQP isoforms have been cloned from only limited
species of fish, amphibians, and birds [15, 37, 55] (Fig. 2).
Studies on the expression, function, and regulation of AQPs
in animals that live in different salinities and during
osmotic challenges will elucidate fundamental mechanisms
of AQP water channels in vertebrates.

AQP2-homologue channel

An AQP2-homologue water channel has been identified in the
medullary cones of Japanese quail, Coturnix coturnix
(qAQP2) by reverse transcription-polymerase chain reaction
(RT-PCR)-based cloning techniques [78]. This full-length
cDNA contains an 822-bp open reading frame that encodes a
274-amino acid sequence with 75.5% identity to rat AQP2.
The qAQP2 has six transmembrane domains, two aspara-
gine-proline-alanine (NPA) sequences, and putative N-
glycosylation (asparagine-124) and phosphorylation sites
(serine-257) for cAMP-dependent protein kinase [78].
gAQP2 is expressed in the membrane of Xenopus laevis
oocytes and significantly increases its osmotic water perme-
ability (Py), inhibitable by mercury chloride. gQAQP2 mRNA
was detected in the kidney; medullary mRNA levels were
higher than cortical levels [40]. A qAQP2 protein that binds
to rabbit anti-rat AQP2 antibody is present in the apical/
subapical regions of both cortical and medullary CDs from
normally hydrated quail, and the intensity of staining
increased in the medullary CDs after water deprivation or
AVT treatment (Fig. 3) [78]. The relative density of the ~29-
kDa protein band detected by immunoblot, and the in situ
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Fig. 2 Evolutionary analysis of
aquaporins (AQPs) in verte-
brates using the Clustal X pro-
gram based on similarity scores
[72, 77]; the resulting multiple
alignments were refined by
visual inspection. Neighbor-
joining analysis [68] of the
amino acid alignment was con-
ducted to reconstruct phyloge-
netic trees based on mean
character distance matrices. The
principle of this method is to
find pairs of operational taxo-
nomic units (OTUs, neighbors)
that minimize the total branch
length at each stage of clustering
of OTUs, starting with a starlike
tree [68]. The outgroup to con-
struct a rooted tree was not
applied in our analysis. AQPs
and aquaglyceroporins (AQGPs)
from plants and invertebrates are
not included. AQP and AQGP
isoform structures reported in
GenBank (reference number in
parenthesis) were used for anal-
ysis. a Phylogenetic comparison
of vertebrate AQPs. AQPs ex-
hibit two major groups and three
clades (see text for details). The
length of the horizontal con-
necting bars is inversely pro-
portional to the pair-wise
similarity scores calculated from
the alignment of sequences with
use of the Clustal algorithm for
PC/GENE. b The unrooted
phylogenetic tree of AQPs in
vertebrates. It suggests a diver-
gence (dichotomy) from the an-
cestor of the AQP superfamily
[2, 73]. The colors of the three
clades correspond to those of a.
AQPs identified in nonmamma-
lian vertebrates are in bold. r rat;
m mouse; h human; z zebrafish;
k killifish; e eel; x Xenopus; f
frog, ¢ toad; ¢ quail; ck chicken;
eb Eptatretus burgeri (inshore
hagfish); hyla Hyla chrysoscelis
(southern gray tree frog).
Reproduced with modification
from Yang et al. [77] (see also
for references). Horizontal bars
(length of branch) indicate 0.05
for a and 0.1 for b
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Fig. 3 Immunohistochemical
localization of quail AQP2
(qAQP2) in the kidney. Nor-
mally hydrated (a, b, and ¢),
water-deprived (48 h; d), and
arginine vasotocin-treated (AVT,
50 ng/kg/day, for 3 days; e)
Coturnix quail (20 weeks of
age) are shown. Tissues were
collected from the cortical (su-
perficial) area (a), midsection
(b), and medullary cones (c, d,
e, and f). Frozen tissue slices
were processed with rabbit anti-
rat AQP antisera (1:1,000)
(a—e), or normal rabbit serum
(), using an immunoperoxidase-
antiperoxidase complex. Arrows
in b indicate immunoreactive
qAQP2 staining in the apical
membrane in normally hydrated
birds. The arrow in d indicates
AQP2 negative cells (possibly
intercalated cells). Horizontal
bar 20 pm; G glomerulus; P
proximal tubule. Reproduced
from Yang et al. [78]

hybridization signals of the riboprobe of JQAQP2 mRNA [60]
increased after water deprivation/AVT treatment, suggesting
that an AQP2 mechanism regulated by ADH/AVT via cAMP
exists in quail. A partial amino acid sequence of AQP2 has
also been identified in chickens and the transcript of chicken
AQP2 was detected only in the kidney [64].

AQP4-homologue channel

Two distinct qAQP4 cDNAs were isolated from quail
medullary cones; long (L, open reading frames) and short
(S) cDNA encoded 335 (qAQP4-L) and 301 (qAQP4-S)
amino acids with, respectively, 80% and 87% identity to
human long- and short-form AQP4 [77]. qAQP4-S is
identical to qAQP4-L from the second initiation site. Both
isoforms have two NPA motifs, but lack cysteine at the
known mercury-sensitive site. qAQP4-L and qAQP4-S are
expressed in membranes of X. laevis oocytes, but both failed
to increase the water permeability (Py) of oocytes exposed to
a hypotonic solution. When glutamate (Q242) was replaced
with histidine, a known mammalian structure, qAQP4 did
not increase Py [77]. With conventional RT-PCR and real-

time PCR, qAQP4-L/S mRNA signals were detected in the
brain, lung, heart, intestine, adrenal gland, skeletal muscle,
liver, and kidney (higher in medulla than in cortical region).
gAQP4-L mRNA was detected only in the brain and adrenal
gland. Orthogonal arrays of intramembranous particles seen
in mammalian AQP4 [26, 69] were not detected in quail
CDs, suggesting that although qAQP4-L and qAQP4-S have
high homology to mammalian AQP4, their physiological
function may be different [77].

Madrid and coworkers [44] identified in epithelial
MDCK (Madin-Darby canine kidney) cells two indepen-
dent C-terminal signals that regulate a sorting of AQP4
molecules from the Golgi apparatus to the basolateral
membrane: (1) a signal that encodes a dileucine-like motif
preceded by a cluster of acidic residues (ETEDLIL) and (2)
a signal consisting of a tyrosine-based motif (GSYMEV).
The latter also appears to regulate AQP4 endocytosis and
cell surface expression through serial interactions with
different clathrin-adaptor protein complexes. Mutation of
these motifs significantly impairs basolateral targeting of
AQP4 [44]. In contrast, the two motifs in the equivalent
positions in qAQP4 are ETDDLIL and GKYIEV, respec-
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tively. It will be of interest to investigate whether alteration
in these sequences impairs basolateral sorting and expres-
sion of qAQP4, leading to the lack of water channel
function.

Chicken AQP4 (cAQP4) [67] has 99% amino acid
homology with qAQP4 [77]. cAQP4 mRNAs have been
detected in the hypothalamus, proventriculus, kidney, mus-
cle, and other organs [64, 67]. It is interesting to note that
chicken AQP4 mRNA levels increased in the hypothalamus,
whereas they decreased in the kidney, after 2 d water
deprivation [67]. Immunoreactive AQP4 has been detected
in circumventricular organs of chicken brain [24]. Recent
evidence suggests that AQP4 may have a role in cell
migration [63]. AQP4 deletion slows migration of astrocytes
in cell culture and in vitro wound assays [66]. The evolution
of AQP4 appears phylogenetically old (Fig. 2) and an AQP4
homologue has been reported in cyclostomes [51]. Elucida-
tion of the role of AQP4 in birds and other nonmammalian
animals may shed light on functions of AQP4 other than the
water channel.

AQP1 and other AQP homologues

A 271-amino acid homologue to AQP1 has been isolated from
the kidney and lower intestine of the house sparrow, Passer
domesticus [14]. Sparrow AQP1 protein is expressed in both
the cortex and medulla at the proximal and distal tubules,
and in podocytes of the glomerulus. The distribution appears
broader than the characteristic area reported for mammalian
AQP1 [2, 75]. A full-length cDNA encoding a 270-amino-
acid sequence that shares specific structure of AQPs with,
respectively, 82%, 77%, and 60% identity to rat AQP1, frog
FA-CHIP [1], and eel AQP1 [3] has been cloned from quail
kidney [79 and an unpublished manuscript]. Phylogenetic
analysis (Clustal X 2.0) of the AQP superfamily revealed
that this clone is clustered into the AQP1 subset. The qAQP1
protein shows high water permeability and is selectively
inhibitable by HgCl, in a Xenopus expression system [79].
qAQP1 mRNA was detected (real time-PCR) in the brain,
intestine, heart, adrenal glands, liver, and kidney.
gAQP1 mRNA levels are, however, rather low in both the
cortex and medulla in quail kidneys [79]. Immunoreactive
gAQP1 protein is expressed in proximal tubule brush-
borders, but not in CDs. In ducks given hypertonic saline
for drinking water, nasal gland AQP1 (endothelial cells) and
AQP5 (epithelial cells) are downregulated, possibly to
enhance water retention while preventing dilution of secreted
salt [49]. AQP5 mRNA and protein have been also detected
in intestines from chickens [64], although their function
remains to be determined. The presence of immunoreactive
AQPs 2, 3, and 9 has been reported in gonadal accessory
organs in turkeys [82, 83].
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AQPs during development and maturation

During vertebrate evolution, three types of kidneys (pro-
nephros, mesonephros, and metanephros) evolved that can
serve as developmental models [39]. At embryonic day 5
(ES) of Japanese quail, mesonephric kidneys with larger
glomeruli are seen; at E10, both meso- and metanephric
kidneys are present. In E15 embryos, mesonephric kidneys
are scarce; and after hatch, only metanephric kidneys are
seen. In metanephros, glomeruli are larger in deeper regions
than in superficial regions and the number of glomeruli per
kidney increases exponentially during the later embryonic
stage and early postnatal days (~10 days) [60]. Elongation
of medullary cones continues ~4 weeks. Throughout the
surface area of developing metanephric kidneys, condensed
areas similar to nephrogenic zone of mammalian kidneys
are seen that contain mesenchymal cells; nephrogenic zones
decrease with kidney maturation.

gAQP2 mRNA hybridization signals were not detectable
in mesonephric kidneys at ES from Japanese quail, while
positive hybridization signals were seen in the CDs/ureteric
bud-like structures in the deeper area of metanephric
kidneys on E10 [60] (Fig. 4). Expression continued to
increase during the rest of the embryonic and postnatal
period in quail kidneys until ~3 weeks of age [60]. During
development, rat kidneys express AQP mRNAs 1, 2, 3, and
4 [76]. The mRNA levels of rat AQPs 1, 3, and 4 reached
maximum at the time of birth, whereas the level of rat
AQP2 mRNA continued to increase postnatally for 10 days
[6] and 4 weeks [76]. AQP1 homologue is also expressed at
ectodermal and endodermal epithelia and chorioallantoic
membrane blood vessels (endothelium and smooth muscle)
of chick embryos [65].

Increasing evidence suggests that the onset of diseases in
adulthood may originate in adverse events in fetal life [19,
30]. Reduced nutritional supply and hypoxia in the
perinatal period result in smaller birth size and may
predispose humans and experimental animals to various
health problems after maturation, including hypertension,
type 2 diabetes, and cardiovascular disorders [25]. The
kidney is a primary organ for regulating blood pressure and
blood volume homeostasis and may have an essential role
in fetal programming of adult diseases [47]. We investigat-
ed whether under-nutrition during the embryonic period (5—
10% egg white withdrawn) or 48 h food deprivation in
newborn Japanese quail retards kidney and AQP2 devel-
opment and programs impaired volume regulation in adults
[60]. In egg white-withdrawn embryos, qAQP2 mRNA
expression is initially delayed, then restored; birth weight
and hatching rate are lower than in controls. Adults from
egg white-withdrawn embryos and food-deprived chicks
have significantly fewer glomeruli (Fig. 5) [60]. Water



Pflugers Arch - Eur J Physiol (2008) 456:755-768

763

Fig. 4 gAQP2 mRNA

expression detected by in situ a —
hybridization (ISH) of a digox- EE10 (Baes 2\
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(qAQP2 cDNA fragment ribo-
probes of 515 bp). a Kidneys
from intact embryonic day 10
(E10) embryos exhibit both me-
sonephric and metanephric
regions. QAQP mRNA signals 157 o b
were detected in some epithelial :
cells of the collecting ducts
(CDs)/ureteric bud branch of

deeper regions (arrows) of £
metanephric kidney. b Medul-
lary cones from E15 embryo
(metanephric kidney). ISH sig-
nals are more clearly detectable
and are mainly localized in the
large medullary CD stem and
major branches of the CDs.
Reproduced from Nishimura et
al. [60]
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deprivation reduces body weight more in egg white-
withdrawn birds than in controls. The results suggest that
gAQP2 evolved in metanephric kidneys and that under-
nutrition may retard nephrogenesis, leading to impaired
adult water homeostasis.

Diabetes insipidus strain of quail

It has been shown that mutation in the AQP2 water channel
gene causes autosomal recessive nephrogenic diabetes
insipidus (nephrogenic DI) [48]. A Coturnix japonica strain
with clinical signs of DI has been developed after screening
for polydipsia and polyuria and has revealed homozygous
autosomal recessive mutation with an unaffected vasotocin
system [45]. To determine the mechanism behind DI
manifestation, we examined kidney morphology, molecular
expression of AQP2 water channels, and responses to water
restriction [80 and an unpublished manuscript]. DI quail
kidneys have poorly developed medullary cones with a
significantly smaller medullary area per kidney (longitudi-
nal section); the number of glomeruli is similar in intact
controls and DI quail. The AQP2 genes and amino acid
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ephros

A

500um -

£ -

Collecting Duct
& ecting Dus

“~ ] . :
2 =3 o NN
£ B ' %‘f *
s o \“'-"‘-‘ o 3 g :
-y-" [} r - . A
o - o Q’ i

Embryonic Day 10

gAQP2 mRNA (In Situ Hybridization)
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sequences are nearly identical in the DI and control quail,
including two NPA motifs, a mercury-sensitive structure,
and a putative phosphorylation site. AQP2 mRNA levels
measured by in situ riboprobe hybridization and real-time
PCR are low in DI quail. Hematocrit and plasma osmolality
are also lower in DI than in control quail; both increased
after 24 h water restriction in DI and control groups, but DI
quail lost more body weight [80]. These findings suggest
that the renal medulla plays a major role in causing DI
manifestation. The mechanism of possible blood volume
expansion remains to be elucidated.

Phylogeny of aquaporins

Figure 2 shows an unrooted tree for AQP phylogeny
prepared with the Clustal X program based on similarity
scores [72, 77]; the resulting multiple alignments were
refined by visual inspection. Neighbor-joining analysis [68]
of the amino acid alignment for reconstructing phylogenetic
trees was based on mean character distance matrices. AQPs
from plants and bacteria were not included in the analysis.
The dendrogram shows that members of the AQP family
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Fig. 5 Effect of under-nutrition
on kidney and water balance in

quail. a The effects of under- a
nutrition treatments (5-10% egg

white withdrawn, EwW, food ~
deprivation, FD) on the number IS
of glomeruli in superficial E
(cortical) and deeper (juxtame- =
dullary) regions of 4.5-week-old ~
quail. Food was removed during OE')
postnatal days 4-6 for 48 h. o
2P<0.01 from superficial region; o
°P<0.01 (one-way ANOVA) S
and °P<0.05 (Student’s # test) °
from control. b The effects of -g
under-nutrition treatments on 2

body fluid balance. Birds were
exposed to 72 h water depriva-
tion or remained on normal
hydration. The loss of body
weight was expressed as %
decrease from pretreatment body
weight. P<0.01 by Student’s

t test. Reproduced from
Nishimura et al. [60]

o

Body Weight (% change)

appear to be divided into two major groups: subcellular
AQPs (top part), and membrane-bound AQPs. AQP11 and
AQP12 from the first group are localized inside the cell
[31], but the functions and biological roles of these cellular
AQPs are not well understood. The rest of the dendrogram
contains three major clades. The first clade (Fig. 2a, upper
area, rose color) includes AQPs 0, 2, 5, and 6 and their
isoforms. Within the first clade, the branch leading to
AQP2 and AQPS appears to have evolved later than the
branch leading to AQPO isoforms. The second clade
(Fig. 2a, middle area, aquamarine color) shows two
clusters, AQP1 and AQP4, although the homology of these
AQPs is only 48%. The third clade (Fig. 2a, lower area,
blue color) includes aquaglyceroporins that are permeable
to both water and glycerol (AQPs 3, 7, 9, and 10).
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Judging from the current dendrogram, the evolutionary
lines leading to AQP1 and AQP4 appear to have diverged
phylogenetically earlier than those leading to AQP2. This
agrees with the ontogenic appearance of AQPs, in which
AQPI1, AQP3, and AQP4 appear to mature earlier than
AQP2 [76]. The expression of AQP2 mRNA continues to
increase after birth both in rats [76] and quail [60]. AQP
water channels are evolutionarily old and are present in
plants, invertebrates, and vertebrates [2, 73, 84]. We
speculate that AQP1, AQP3, and AQP4 may be fundamen-
tal in water handling in the kidney and other water-transport
epithelia, whereas AQP2 may have co-evolved with vaso-
tocin’s effect on the collecting ducts. Evolution of AQPs in
amphibians and mammals has been reviewed recently in
detail by Krane and Goldstein [37]. The phylogenetic tree
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Fig. 6 Comparison of transport
properties in avian kidney and
neonatal rat kidney. Looped
nephron of quail (/eff), long-
looped nephron of neonatal rat
kidney (middle), and long-
looped nephron of mature rat
kidney (right) are shown; the
first two show many similarities.
See text (“Evolutionary per-
spective” section) for details.
AQP aquaporin; AVT arginine

NaCl NaCl
vasotocin; AVP arginine vaso- \ Hz0
pressin. Slightly modified and \ L

reproduced with permission !

from Liu et al. [43]
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Medulla
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of the aquaporin superfamily, drawn by the same program,
is shown in Fig. 2b.

Evolutionary perspectives

Water handling by the kidney is essential for both aquatic
and terrestrial life for maintaining body fluid osmolality and
volume homeostasis; but the role of the kidney differs,
depending on habitats and the phylogenetic stage of the
vertebrates. However, when we compare structures and
functions of renal corpuscles and renal tubules among
animals that belong to various stages of phylogeny, we find
a number of similarities in glomerular filtration and tubular
transport properties, such as cellular mechanisms of
filtration, active ion pumps, cotransporters, and exchangers.
During an early stage of vertebrate phylogeny, the
evolution of distal nephrons, particularly, the diluting
segment [56, 61, 71], enabled vertebrates to adapt to
hyposmotic environments by selectively absorbing ions
from tubular urine without the accompaniment of water,
and forming dilute urine. In contrast, the same diluting
segment plays a major role in countercurrent urine
concentration mechanisms, providing an energy source for
water conservation, because development of the loop
structure with CDs running in parallel provides the
structural basis for the countercurrent multiplier mecha-
nism. The factors that make kidney functions diverse are:
(1) architectural organization, such as increases in com-
plexity in nephron segments, development of the vasa recta,
and the interaction of vasa recta with tubules, such as those
in the countercurrent exchange mechanism, thereby in-
creasing the efficiency of ion and water circulation; and (2)
intrarenal and systemic regulatory systems involving

Neonatal Type

Adult Type

Ouler@
ﬁ m
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AQEZ {1 f
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\\ ~_ b=(avP)
Inner Medulla A\ | Urea
Inner Medulla

— Water impermeable
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hemodynamic, humoral, and neural mechanisms. (3) Fur-
thermore, communication between preglomerular/glomerular
structures and tubules, such as glomerulo-tubular balance or
tubuloglomerular feedback, and the integration of systemic
and intrarenal structures by autoregulation, make the entire
fluid-ion balance more complex. It is therefore very
important to investigate the role of the kidney in body fluid
homeostasis from both aspects: elucidation of cellular/
molecular mechanisms and integration at the in vivo level
as to how the various systems work in concert.

In this context, a comparison of phylogeny and ontogeny
may provide useful information. Liu, Kondo, and cow-
orkers [36, 43] compared medullary nephrons from the
kidneys of (1) quail (looped nephron) [46, 57-59], (2)
neonatal rats (long-looped nephron) [36, 43], and (3)
mature adult rats (long-looped nephron) [27-29, 36] and
found several structural and functional similarities between
the first two (Fig. 6). First, both lack the thin AL and the
entire AL shows characteristics of diluting segments.
During maturation of rat kidneys, apoptosis occurs in the
lower segment of the AL, where the Na'~K'-2CIl”
cotransporter is replaced by a thin AL-specific Cl channel.
Second, the DLs from quail and neonatal rats show low
water permeability; AQP1 expression is absent in DLs from
neonatal rat and quail kidneys. In contrast, both show high
Na and Cl permeability, suggesting that an increase in the
osmotic concentration of tubular urine in the DL of Henle is
likely to occur by addition of solute, but not subtraction of
water. Third, AQP2 is present in the CDs of both neonatal
rat and quail kidneys, but the AQP2 responses to
vasopressin (rat)/AVT (quail) are only modest [43, 78].
Fourth, the CDs of neonatal rat (and presumably quail)
kidneys lack urea permeability and urea transporters (UT),
whereas UTA1 mRNA is expressed in mature rat kidneys
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[35]. Thus, the contribution of urea to the urine-concen-
trating mechanism is unlikely in neonatal rats, supporting
the fact that urine-concentrating abilities are low in neonatal
mammals, including humans. AQP expression and cAMP
response to ADH are only modest in immature kidneys [7].
In mature mammalian kidneys, urea recirculation utilizing
exchange mechanisms between the vasa recta and tubule
segments contributes to the development of an osmotic
gradient, and this urea recirculation mechanism may not
have developed in immature kidneys.

Zardoya and Villalba [84] conducted comprehensive
phylogenetic analysis of AQPs (defined as a family of
major intrinsic proteins) that have a water channel function
to identify homologous groups (orthologues and
paralogues). Water channel proteins are classified into six
major paralogous groups in which vertebrate AQPs belong
to either group 1, glycerol-transporting proteins, or group 2,
AQPs that regulate water transport in specialized tissues.
The most basic orthologue in this group is AQP4; and the
next gene duplication gave rise to AQP1, which is a highly
ubiquitous water channel protein, and to the ancestor of a
group of tissue-specific AQPs that include AQPO, AQP6,
AQP2, and AQP5. The latter two appear to be the most
recent duplications within the AQP gene family [84]. This
evolutionary analysis agrees with the order of appearance
of AQPs within the phylogenetic advancement of verte-
brates and perhaps during ontogeny [6, 76].

Recent evidence indicates that AQPs show functions
other than water channel or glycerol transport, including
cell adhesion/migration [26, 63, 66]. Those issues are
discussed in detail in other sections of this book. Compar-
ative analysis of AQPs in primitive animals may provide
useful information as to the fundamental function. The
importance of AQP2 in developing kidneys to fluid
homeostasis needs to be pursued. Fetal programming of
adult disease is an important human health issue in which
multiple inducing factors and mechanisms are involved.
Utilizing avian eggs, we can study the direct effects of
environmental factors, such as temperature, oxygen levels,
humidity, and nutritional supplies, on embryonic growth.
Such studies will provide insight for understanding possible
mechanisms of developmental programming in adults.
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