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The old water channels are aquaporin proteins through which single
files of water molecules cross cell membranes.

Antonio M Gutiérrez®, Miriam Echevarria® and Guillermo Whittembury®
Instituto Venezolano de Investigaciones Cientificas (IVIC), PO Box 21827, Caracas;
1020-A Venezuela
® Laboratorio de Investigaciones Biomédicas, Departamento de Fisiologia and
Hospital Universitario Virgen del Rocio, Universidad de Sevilla, E-41013 Seville,
Spain.

(aqutierr@ivic.ve)

Running Title: Aquaporin-Water Channels.

We overview the critical steps leading to the demonstration that each ~28 kD protein
monomer of the water channel (or pore)' pierce the lipid bilayer part of the cell membrane
allowing the passage of ~ 10" water molecules per second. The biophysical approach
gives a functional and physical image of the water pore close to what has recently been
obtained from the amino acid sequence, crystallography and other advances from the
cloning era of trans-membrane water transport. Paracellular “wide” water channels of
some leaky epithelia are not covered here [cf. Whittembury and Reuss, 1992; Whittembury
and Hill, 2000].

Biophysical age.

A. Introduction.

Many of the basic hypotheses concerning the plasma membrane structure were
developed in the early 1900s. Overton and Collander established that cell membrane
permeability to a given substance was proportional to its lipid solubility [cf. Kleinzeller in
Deamer et al. 1999, pp. 1-22]. Then evolved the lipoid-sieve theory. From 1945 to date,
experimental studies extended our knowledge of the role of membrane lipids and proteins
that are inserted in the membrane; as in Davson and Daniell’'s model with trans-
membrane proteins as polar pores [cf. Davson, 1989; Finkelstein, 1987].

The biophysical era produced remarkable advances concerning the water pathways;
remarkable since the only signal water gives are the volume changes produced by net
water movement and the signals obtained from isotopes to mark water are easily used in
flat epithelia but not in small cells.

Water can cross cell membranes either by solubility-diffusion across the lipid bilayer
part of the membrane, or through special channels or through both pathways. In the early
1950s, Pappenheimer, Renkin and Borrero, in Boston, and Koefoed-Johnsen and Ussing
in Copenhagen, independently, found ways to differentiate between these possibilities [cf.
Finkelstein, 1987; Tosteson,1989 2 ]. Their ideas were applied to the red blood cell (RBC)
membrane by Solomon and coworkers in Boston, from 1956 on. Following a dictum

! The terms channel or pore will be used indistinctly.

2 Tosteson, 1989, has interesting personal account-reviews by Davson (pp 15-49);
Pappenheimer, (pp 363-389); Solomon, (pp 125-153); and Ussing (pp 337-362).
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attributed to Galileo Galilei ® , Solomon developed original stop flow methods and
equipment with the millisecond time resolution needed to measure the exceedingly hi%h
water osmotic and diffusive permeabilities of RBC [cf. Solomon 1989, in Tosteson, 1989 ©]
Briefly, these authors realized that:

(1) In Pouiseuille’s flow equation, the water osmotic permeability, i.e. the trans-
membrane net flow of water secondary to application of either a hydrostatic (Ps) or
an osmotic (Pos) trans-membrane pressure difference is proportional to the fourth
power of the pathway diameter (d%), taken as an “equivalent cylinder” with
diameter d.

(2) In Fick’s diffusion equation, the water diffusive permeability (Pq4), as measured
with water markers (isotope permeability, P*) is proportional to the second power
of the pathway diameter (d?).

(3) Taking the permeability ratio (§1)/(42), Pos / P4, or Ps / Pg , Of pos / pa * several
unknowns cancel yielding equation 1

Pos/ Pa=[2— (1 —a)’ ] Kd? + 1, (Eqn. 1),

where the permeability ratio is proportional to d? , and can be solved ford; a =5/
d ; K = RT/8n D,V ; R is the gas constant; T the absolute temperature; n the
water viscosity, Dy the water diffusion coefficient, & the water molecule diameter
which equals 2.8 A, Vy, the water partial molar volume, and d the pore diameter
[Solomon, 1989]. A Pos / P4 = 1.0 would indicate absence of water pores. Solomon
et al., found Pos / Pg ratios ~3 concluding that equivalent water pores were present
in RBC membranes®.

(4) The temperature dependence of P,s and of P4 was measured to calculate E,, the
apparent Energy of Activation of the RBC water permeabilities. E, was ~4
kcal/mole for both permeabilities, the value for water molecules moving in free
solution. This indicated a low degree of membrane-water interactions, confirming
that water pores pierce the cell membrane. A high value of E, (~ 10 kcal/mole)
would indicate a high degree of membrane-water interaction suggesting that water
crossed the cell membrane by solution-diffusion in the bilayer part of the membrane
fabric, i.e. absence of water pores [Solomon, 1989].

(5) Macey found that the mercurial sulfhydryl reagent pCMBS (para chloro-mercuri-
benzene-sulphonic acid) inhibited RBC Pos and P4 , bringing Pos / Pgq from ~3
towards 1; while E, increased from ~4 to ~ 10 kcal/mole [Macey and Farmer, 1970;
Solomon, 1989]. Thus, (a) the RBC water pores were proteins; (b) pCMBS
“closed” them; and (c) the ~10 % water permeabilities remaining with pCMBS
reflected, water movement through the lipid bilayer part of the membrane.

* “When experimenting, measure what can be measured and make measurable which as
yet cannot be measured”.

*In Eqn 1 permeabilities per channel (p), rather than trans-membrane permeabilities (P) are
used, since P = p x n. Where n, the number of channels per unit membrane area; and n
cancels when the permeability ratios are taken [cf. fig 1]

® These concepts from macroscopic hydrodynamic theories surprisingly hold down to
“pores” with d only slightly larger than the water molecule & [cf. Solomon, 1989, Finkelstein,
1987].
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(6) The limited interaction between water and urea, as both crossed the RBC
membranes, indicated urea (molecular diameter ~5.4 A) did not move freely
through the water pore [Macey and Farmer, 1970; Finkelstein, 1987, 1993; Parisi,
1983]; therefore, since d had to be smaller than 5.4 A , there was not enough room
for two water molecules (with a width2 & = 2 x 2.8 or 5 6 A) to fit side by side; i.e.
there was space for only one line of water molecules to move in single file through
the water pore.

It has been shown that for single file pores, Pos / Pq gives the number of water
molecules single-filing within the channel rather than the pore diameter (fig. 1)
[Finkelstein, 1987, 1993]. Therefore, it is important to explain here why when d diminishes
below 5.6 A, pos/Pa does not lead to the pore diameter value, but rather to considerations
related to a single file water channel. This may be done with the aid of the blue line in fig.
1, which is the theoretical fit of pos/Pa Or Pos/P™ as a function of d. o is pos / pa for
amphotericin B (Ampho B in fig. 1, with d = 8 A) and nystatin channels [cf. Finkelstein,
1987]. The permeability ratios for nystatin and amphotericin B fall on the theoretical line.
Therefore, for pores of this d, pgq values (obtained with markers) truly represent the
diffusive permeability coefficient within the pore (pg) and d is obtained from pos / pPa by
means of equation 1, as was used to obtain the blue theoretical curves of this fig. When
the pore diameter faIIs below d = 5.6A (twice &), water molecules cannot overtake each
other within the pore. Then, p* underestimates pqg , because the specific activity of the
water isotope within the pore does not represent the specific activity of the free solution.
Therefore, at d < 5.6 A, (Pos / Pa ) < (Pos / P*). In other words, if one were to calculate d
from (pos / p*), one would obtain the falsely large figure for d of ~ 12 A . This is illustrated
as ¥ in fig. 1. V represents pos/ p* for the well studied gramicidin A pore (Grami A in fig

7). Inside Grami A, with a well known, d = 4 A, water permeation is known to be single-file
[Finkelstein, 1987, 1993], V¥ is well above the theoretical prediction. As the dashed line
emphasizes, pos / p* overestimates pos / Pa , because p* is an underestimate of pqg [cf.
Finkelstein, 1987, 1993].
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Figure 1. Permeabilities per channel (p) (l.h.side ordinate, red) vs pore diameter (d). The red
continuous line is single pore pos (or ps ) vs d in the range of 2.8 to 20 A for a straight cylinder. The red
dashed line is single pore diffusive permeability (pa) equal to the isotope permeability (p*). It stops at d = 5.6
A (vertical line). The right hand blue ordinate is pos/Pa Or Pos/P™ , Which is plotted vs d as the blue continuous
line. The shaded area indicates that at d < 5.6 A, pos/Pa and pos/p* differ. ois pos/pa for amphotericin B
(Ampho B) and nystatin channels (d = 8 A), whose permeability ratio falls on the theoretical line. V is Pos/Pa
for the gramicidin A (Grami A) channel, through which water single-files [Finkelstein, 1987]. The difference
between the blue dashed line joining ¥ and the blue continuous line illustrates that pos/P* > Pos/Pa »
because p* is an underestimate of py . EQn 1 was used in the calculations [modified from Whittembury and
Reuss, 1992].

B. Peritubular cell membrane Osmotic Permeability, P°°.s . of the rabbit kidney
PST: control experiments; effects of pCMBS: effect of Temperature; values of
E..

We extended these observations to epithelial cells, since only RBC had been used
in the above observations. We used rabbit kidney proximal straight tubule (PST). Methods
precise enough to measure Pos and Pgq4 in PST were developed with 50-60 ms time, and
30 nm space resolution. One PST dissected out of rabbit kidneys was held, in a chamber
with micro pipettes. The outside bath was changed (within 80 ms) to a 30 mOsm/I
anisosmotic solution. The ensuing cell and lumen diameter (i.e. volume) changes were
recorded on line with an original image processor [Whittembury et al., 1986]. In the
control experiments P®,s was found to be ~ 50-90 x 10 cm®s. per cm? of basal
membrane area per Osmolar transmembrane osmotic pressure difference, which
decreased to ~15 to 20 % of this value with pCMBS. E, (kcal/mol) was ~3.2 (controls)
and ~9.2 (pCMBS-treated tubules). Therefore, proteinic aqueous pores pierce PST
basolateral cell membranes which are reversibly “closed” by pCMBS °®, since these
actions of pPCMBS (and Mersalyl) reverted with 5 mM Dithiothreitol (DTT) [cf. Whittembury
et al., 1984]

C. PST cell membrane diffusive permeability, P4 . Ratios of P,s/ Py .

To calculate Pgq , proton nuclear magnetic resonance of suspended cells and
diffusion coefficient of ®H.0 in packed isolated PST cells were measured. Both methods
coincided: 197 and 193 um/s in the controls, respectively. This value decreased to 14
um/s with pCMBS and was reverted with DTT. E, was ~2.9 (controls) and 9.0 (pCMBS).
The calculated control Pos / P4 ratio was ~15, and was reduced to ~2.5 with pCMBS,
indicating that this mercurial “closes” the water pores [Echevarria et al., 1994, Whittembury
and Reuss, 1992]. A pore diameter d calculated from a Pos/ Pg ratio of 15 would be ~ 24
A, an unreal value incompatible with the fact that PST cell membranes are known to
exclude solutes like raffinose, sucrose and mannitol, with molecular diameters by far
smaller than 24 A. As reasoned above, the PST water pore could be a single file channel.
This could be firmly concluded from the sieving properties of the water pore; therefore, we
studied interaction between water and solutes.

® Mersalyl also decreased P in vitro and in vivo, at therapeutic doses. It is possible that
part of the action of the “old mercurial diuretics” could be due to their action on P®°
[Whittembury et al., 1984].
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D. Water Solute Interactions: Graded size non-electrolytes reflection
coefficients (o) indicated water moves in single file through the Water Pore.

With the method outlined in B, tubules were challenged for 20 s. with an bath made
35 mOsm/kg hyper-osmolar by addition of either NaCl, KCI, raffinose (R), sucrose (S),
mannitol (M), glycerol (G), ethyleneglycol (E), urea (U), acetamide (A) or formamide (F).
With all solutes (except F) tubules shrunk osmometrically within 500 ms of the osmotic
challenge and remained shrunk, without recovering their original volume. The reflection
coefficients o equaled 1.00 for all molecules (except for F). With F, tubules barely shrunk
and quickly recovered their original volume. Thus o << 1.00 (~ 0.62) for F. As mentioned
in section A (§6) these results indicated that within the water pore water must move in a
single file, because G, E, U and A do not permeate the pore. Therefore, also for the PST
membrane water pore, d would be too narrow for water molecules (& = 2.8 A) to be able
to overtake each other within it [cf. Parisi and Bourguet, 1983].

In retrospect in the case of F, with o ~ 0.62, we used correction factors that misled
us to conclude that F also permeated the water pore, and we wrongly assigned a d value
of 4.2-4.7 A for the water channel [Gutiérrez et al., 1995]. Recent studies of Aquaporin-1
indicate that d in the narrow part of the selectivity filter is only slightly wider than the water
molecule diameter & of 2.8 A [Agre, 2004].

E. Length of the Selectivity Filter of the Water Pore.

Solution to this problem was approximated in two forms: (a) Using single file
equations where Pos/ Py ratios lead to N the number of water molecules in line within the
narrow part of the pore (the pore selectivity filter) [cf. Finkelstein, 1987]. A first
approximation leads to N = 15-18 from our Pos / P4 ratios. (b) Bimodal theory equations
indicate the selectivity filter would hold 4 - 6 water molecules over a length of perhaps 16-
20 A [Whittembury et al., 1997]. These theoretical predictions agree with recent electron
diffraction and model building [Agre, 2004]. (c) Clearly a wider region must link the single
file selectivity filter with the outside and inside solutions bathing the membrane
[Whittembury et al., 1997]. This picture is remarkably close to the “Hour glass “ model
[Jung et al., 1994, Ref. 12 in Agre, 2004].

The aqge of cloning and molecular biology.

A. Aquaporins revolution came by serendipity

After many years of biophysical evidences for the presence of specific proteins
responsible for water movement across cell membranes, which are reviewed above, the
molecular identification of the first water channel came in 1992 with the discovery of
CHIP28 [Preston et al, 1992-Ref. 7, in Agre 2004], a protein known today as Aquaporin-1
(AQP1). Peter Agre and his group, studying membrane proteins related to the Rh group in
red blood cells, isolated a smaller protein (28kDa) that always co purified with the 32 kDa
Rh-protein of their interest. The amino acids identification of some regions of this protein
was followed by the cDNA cloning of the gene from a human bone marrow library.
Therefore, they had good knowledge of this protein --including their multisubunit structure
(Smith, 1991, Ref 5, in Agre, 2004), when in vitro transcription and injection of its cRNA on
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Xenopus oocytes led them to discover, after hypoosmotic challenging of the oocyte, that
CHIP28 was indeed a cell membrane water channel [Agre, 2004]. Aquaporins are
members of the major intrinsic protein (MIP) superfamily of integral membrane proteins
that function as specialized water channels to facilitate transport of water in cell
membranes of animals, plants, bacteria and fungi.

Today, thirteen aquaporins have been identified in man. From their genome structure
they can be divided into four groups: i) AQPO, 1, 2, 4, 5, 6; ii) AQP3, 7, 9, 10; iii)) AQPS;
and iv) AQP11, 12. From their selectivity they are grouped into (a) strictly water-selective
(AQPO, 1, 2, 4, 5, 8), or (b) also permeable to glycerol (AQP3, 7, 9, 10) called
aquaglyceroporins.

B. Structure of aguaporins.

AQPs are small proteins with molecular weights that vary from 26 to 35 kDa. The
primary sequence (Fig. 2a) forms two tandem repeats of three membrane-spanning o-
helices domains (1-6), connected by loops (A-E), with the amino and carboxy termini
oriented toward the cytoplasm. Loops B (cytoplasmic) and E (extracellular) contain an
Asp-Pro-Ala (NPA) motif that is connected to each other by the folding back inside the
membrane of both loops, forming a single transmembrane water pore through each
aquaporin subunit (Fig. 2b). The resulting structure, of a central narrow constriction that
opens wider toward both sides of the membrane is known as the hourglass model. In the
membrane, AQPs form tetramers in which each subunit contains a water channel (Fig.
2c). A tetrameric arrangement confers to the monomer a most stable conformation inside
the membrane. The three-dimensional structure of AQP1, determined by cryo-electron
microscopy of two-dimensional crystals of the protein [Walz et al, 1997], confirmed the
basic structural organization proposed for each subunit of AQP1 and the formation of the
tetrameric complex in the membrane.

Extracellular

Lipid
Bilayer

Intracellular
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Figure 2a._Membrane orientation of one AQP1 subunit predicted from primary amino acid
sequence (Schema). Two tandem repeat units of the protein; each with three bilayer-spanning domains (1,
2, 3, for repeat 1; and 4, 5, 6, for repeat 2) are oriented 180° with respect to each other. They are joined by
five loops (A to E). Loops B and E contain the conserved motif Asparragine, Proline, Alanine [Asn-Pro-Ala,
NPA]. Cysteine 189 (C), controls pore permeability when blocked by pCMBS and HgCl, [cf. Agre, 2004, Ref.
11]. Loop A has a glycosilation site (green).

Extracellular

Lipid
Bilayer

Intracellular

HOOC

Figure 2b. Hourglass model for the membrane topology of one AQP1 subunit (Schema). Co
The region related to Rh blood group system, Colton antigens is Co [Smith et al., 1994, Ref. 23 in Agre,
2004]. Blue circles are highly conserved amino acids among AQPs. C is cysteine 189. Folding of loops B
and E overlap within the lipid bilayer to form a single aqueous pore.

Intracellular

Figure 2c. Four AQP1 subunits (I, I, lll, 1V), each being a water pore, keep together as a tetramer.
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Finally, the atomic structure of AQP1 was determined at 3.8 A resolution (Murata et
al, 2000, ref. 14 in Agre, 2004) and enabled a precise correlation between specific amino
acids and three-dimensional structure of the protein. Crystallographic images confirmed
that the six a-helices transmembrane domains form a right-handed bundle in which the
stability is maintained due to the large crossing angles of the helices, local fits between
helix ridges and grooves, and interactions between highly conserved glycines at the
crossing sites. Also, confirmed that loops B and E, are short a-helices that project to the
center of the bundle in a 90° angle to form the narrow water pathway of the channel
(Fig.3). Both loops interact by the two NPA triplets and are held together by van der Waals
forces established between prolines (Pro). The two asparagines (Asp) converge to partially
delimit the narrowest path of the channel (~3 A). The hydrophobic surface lining the inside
of the pore adjacent to the two Asp (76 of loop B, and 192 of loop E) of the NPA motifs, is
formed by lle 60 (helix 2), Phe 24 (helix 1), Leu149 (helix4) and Val 176 (helix 5).
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Figure 3. Schema of a sagittal cross section of one AQP1 subunit illustrating how water molecules
flow through. The wide extra- and intra-cellular parts of the pore are separated by a ~16-20 A long narrow
region through which water dipoles single file [Whittembury et al., 1997]. In the wide regions water dipoles
keep among themselves their usual H-bonds (not shown). In the single file region water dipoles interact with
pore-lining residues that prevent H-bond formation between water molecules. Electrostatic repulsion is
believed to be created by a fixed positive charge from the pore-lining arginine (R195). Note that water
dipoles reorient themselves because their oxygens H-bond with the asparagines N192 and N76 from the
NPA triplets. Other amino acids contribute to physical restriction. All this prevents Grotthus-type proton
translocation along a chain. Modified from Agre, 2004.

C. Molecular bases for AQP1’s selectivity.

In general, AQPs are impermeable to charged solutes and ions, including protons.
Physical narrowness of the aqueous pore is not the only explanation for the selectivity of
these proteins. According to the atomic model of AQP1, the selectivity of the pore
constriction is critically determined by the two Asn residues (Asn 76 and Asn 192)
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protruding with their amido groups toward the lumen of the pore, and by the positive
electrostatic field generated toward the center of the pore by the orientation of helix B and
E with its C-termini facing out of the pore. Hence, when a water molecule comes close to
the membrane center the oxygen atom orients itself to form hydrogen bonds with those
amido groups, breaking for that the Hydrogen bonds to its neighbor water molecules and
instead establishing H-bonds, first one, and then two, with the Asp residues (Fig 3). In the
pore constriction, the water molecule can form hydrogen bonds only via the oxygen but
neither trough its hydrogen atoms, nor to the hydrophobic walls of the pore. As a
consequence, water molecules can permeate the pore, but breaking the continuity of the
string of hydrogen bonds abolishes transfer of protons that would occur in bulk water
[Murata, et al, 2000, ref. 14 in Agre, 2004, Tajkhorshid et al, 2002, Ref. 18 in Agre, 2004].

AQP1 had been also reported be permeable to CO.. Cells expressing AQP1 [Cooper
et al, 2002] show a rate of pHi-lowering, after bubbling the extracellular solution with COx,
that is significantly faster than in conditions of lack of CO, or mercurial blocking of the
protein. These experiments indicate that CO, transport across the plasma membrane is
facilitated by AQP1, although more physiological approximations are desirable to clarify
contradictory data and even to broaden the possible role of AQP1 as a channel permeable
to other volatile molecules.

D. Tissue distribution and requlation of Aquaporins.

Aquaporins are widely distributed, and with few exceptions, they are present in
practically all cell types in the human body [Takata et al., 2004]. Table 1, summarizes the
tissue distribution for each AQP. In organs typically involved in large transit of water as the
kidney, often more than one AQP is present. Distribution of each AQP is very particular,
some are ubiquitous (AQP1, 3, 8 and 9), while others are expressed in unique tissues
(AQPO and AQP2). Three AQPs are present in brain (AQP1, 4 and 9) [Amiry-Moghaddam
and Ottersen, 2003, Ref. 45 in Agre, 2004]. AQP1 is expressed in apical membrane of
choroid plexus epithelial cells, while AQP4 expressed in basolateral membrane of
ependymal cells, end-feet domains of astrocytes surrounding brain capillaries and on glial
lamella of osmosensitive regions. Brain distribution of AQP9 is less known but recently its
expression on neurons have been described.

AQPs are integral proteins of the cell membrane, except for AQP6, 11 and 12 that
are permanently located in intracellular vesicles. Water permeability through AQPs is
variable. Some are highly permeable as AQP1 (3x10° water molecules/sec, per
monomer), and in others, water permeability is low (as AQPO0), or regulated by hormones
and/or extracellular factors as pH. Some AQPs have conserved phosphorilation
sequences for protein kinase A (AQP2, 5 and 9) or protein kinase C (AQP4, 5 and 7) that
probably regulate the gating or subcellular distribution of these proteins. For instances,
vasopressin-induced water permeability strictly depend on the direct Ser-256
phosphorilation of AQP2. By other hand, protons concentration gated the water and
glycerol permeability of AQP3 [Zeuthen and Klerke, 1999, Ref. 61 in Agre, 2004] and,
AQP6 becomes permeable to water and chloride by conformational changes occuring at
pH < 5.5 [Yasui et al, 1999]. AQPs, like AQP1, 2, 5, and 8, can exhibit a dual location, and
under action of specific hormones translocate between intracellular AQP-bearing vesicles
and the apical cell membrane. AQP2, in the principal cells of renal collecting ducts,
remains after synthesis in cytosolic-vesicles. The vasopressin-induced rise of CAMP, via
V2 receptors, triggers a complex mechanism that guides the fusion of AQP2-bearing
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vesicles to the apical plasma membrane, thus rendering the membrane permeable to
water [Nielsen et al, 1993, Ref 21 in Agre, 2004; Ford et al., 2005].

Mercurial reagents, like HgCl, or pCMBS inhibit the water permeability of most
known AQPs [Whittembury et al, 1984, Echevarria et al, 1993] by interaction with a
cysteine residue located close to either the first or second NPA repeat of the aqueous pore
(Fig. 2a). However, AQP4 permeability is not affected by mercurials and exposure to
HgCl. of AQP6 significantly increase its water permeability. Transcriptional regulation of
AQPs expression has also been described. In kidney, water deprivation increased the
mRNAs for AQP2, 3 and 4 [Murillo et al, 1999]. Chronic rise of vasopressin upregulates
the AQP2 mRNA expression due to direct interaction of cAMP with specific responsive
elements on its promoter. In lung, treatments with corticoids induce expression of AQP1.

E. AQPs and pathologies.

Today many pathologies are associated with alterations in some AQP. A large
variety of conditions in which water handling is abnormal are associated with renal
dysfunction, and in many of them participation of AQPs is being demonstrated. Among the
different forms of inherited nephrogenic diabetes insipidus (NDI), one is associated with
mutations on AQP2 that make the protein either non-functional or unable to travel to the
membrane (de Mattia et al, 2005). Therefore responsiveness to vasopressin is critically
impeded in these patients and abundant polyuria is observed. Moreover, conditions in
which acquired NDI is observed, as in lithium treatment in psychiatric patients, bilateral
uretheral obstruction, chronic hypercalcemia or hypokalemia, compulsive water drinking,
chronic renal failure, or age-induced-NDI, a reduced expression of AQP2 in collecting duct
cells of animal models is always observed. On the contrary increase expression of AQP2
is observed on the syndrome of inappropriate secretion of antidiuretic hormone (SIADH),
congestive heart failure, and during pregnancy (Nielsen et al, 2002). In the eye, fluid
transport is important and requires expression of several AQPs. In processes such as
maintenance of intraocular pressure (AQP1 and 4), corneal and lens transparency (AQPO,
1, and 5), visual signal transduction (AQP4), tear formation and conjuntival barrier function
(AQP3 and 5), the appropriate expression and functioning of these proteins is needed. For
instances, mutations in AQPO are associated with cataracts formation. An important role
on glycerol metabolism for AQP3 and AQP7 had been reported. A remarkable fat mass
accumulation and larger adipocites size was observed in AQP7 null mice when compared
to wild type mice. These experiments provide basis to investigate whether upregulation of
AQP7 might be utilized as a therapy for some forms of obesity. Brain edema is a major
cause of mortality in pathologies as stroke, brain tumour, trauma, viral infections, and
some diseases that show brain-inflammation, as liver failure. Studies in AQP4-knockout
mice (Verkman, 2005) provide strong evidences for the involvement of AQP4 in either the
entry or the exit of water into and from the brain. Therefore, regulation of AQP4 function or
expression may be targets to control brain edema. Additionally, AQP4 in end-feet
membrane of astrocytes have been demonstrated to participate on K* clearance from
synaptic space after neuronal activity. Animals models with altered astrocytes AQP4
distribution showed an increase of epileptic seizure severity that strongly suggest a role for
this protein on pathological conditions associated with altered brain ion homeostasis.
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Table 1. Tissue distribution of AQPs.

Aquaporin Distribution
AQPO Eye (crystalline)
Erythrocytes, Brain, Kidney, Trachea, Heart, Placenta,
AQP1 Uterus, Urinary Bladder and Urethra, Gall-bladder, Testis,
Lung, Bronchus, Bile Duct, Skin, Vascular endothelium, Eye
AQP2 Kidney (Collecting duct)
Kidney, Gastrointestinal tract, Liver, Pancreas, Spleen,
AQP3 Prostate,
Eye, Sweat and Lachrymal glands, Lung, Erythrocytes,
Uterus, Urinary Bladder and Urethra
AQP4 Brain, Gastrointestinal tract, Kidney, Bone marrow, Lung,
Skeletal muscle, Eye, Lachrymal gland, Ear
Salivary gland, Lachrymal gland, Lung, Gastrointestinal
AQP5
tract, Eye
AQP6 Kidney
AQP7 Spermatozoids, Testis, Adipose tissue, Kidney, Heart,
Skeletal muscle, Gastrointestinal tract
AQP8 Liver, Pancreas, Testis, Placenta, Uterus, Salivary gland,
Small intestine, Colon, Gall-bladder, Heart
AQP9 Adipose tissue, Heart, Colon, Leucocytes, Liver, Brain,
Kidney, Small intestine, Lung, Spleen, Testis, Bone marrow
AQP10 Small intestine
AQP11 Kidney
AQP12 Pancreas, Eye
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