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ABSTRACT
Aquaporin-1 (AQP1) facilitates the osmotic transport of water across the capillary
endothelium, among other cell types, and thereby has a substantial role in
ultrafiltration during peritoneal dialysis. At present, pharmacologic agents that
enhance AQP1-mediated water transport, which would be expected to increase the
efficiency of peritoneal dialysis, are not available. Here, we describe AqF026, an
aquaporin agonist that is a chemical derivative of the arylsulfonamide compound
furosemide. In the Xenopus laevis oocyte system, extracellular AqF026 potentiated
the channel activity of human AQP1 by.20% but had no effect on channel activity of
AQP4.We found that the intracellular binding site for AQP1 involves loopD, a region
associated with channel gating. In a mouse model of peritoneal dialysis, AqF026
enhanced the osmotic transport of water across the peritoneal membrane but did
not affect the osmotic gradient, the transport of small solutes, or the localization and
expression of AQP1 on the plasma membrane. Furthermore, AqF026 did not poten-
tiate water transport in Aqp1-null mice, suggesting that indirect mechanisms involv-
ing other channels or transporters were unlikely. Last, in a mouse gastric antrum
preparation, AqF026 did not affect the Na-K-Cl cotransporter NKCC1. In summary,
AqF026 directly and specifically potentiates AQP1-mediated water transport, sug-
gesting that it deserves additional investigation for applications such as peritoneal
dialysis or clinical situations associated with defective water handling.
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Aquaporin-1 (AQP1) is the archetypal
member of a family of membrane water
channels that is conserved in mammals,
microorganisms, and plants.1 Mamma-
lian aquaporins (AQPs) are distributed
in specific cell types in numerous tissues
and organs, where they facilitate the os-
motic transport of water and regulate
body fluid homeostasis. Most AQPs
are constitutively expressed in plasma
membranes, where they exist as homo-
tetramers. Each monomer has six
membrane-spanning domains and two

short hydrophobic loops containing
conserved motifs and residues that are
critical for the water selectivity of the
pore.2 AQP1 is abundantly expressed in
the endothelium-lining nonfenestrated
capillaries located in the kidney, the
airways, and the pleural and peritoneal
membranes.3,4 In the kidney, AQP1
mediates the water transport across
the vasa recta, which influences the
medullary blood flow and urinary con-
centrating ability. A significant urinary-
concentrating defect is observed in both

Aqp1-null mice and humans deficient
in AQP1.5,6

The development of pharmacologic
agents able to modulate AQPs has been a
highly anticipated goal, stimulated by
insights in aquaporin structure and func-
tional regulation.7 As a proof of concept,
induction of AQP1 transcription in
endothelial cells by corticosteroids is as-
sociated with an increase in water trans-
port in vivo.8 Antagonists for AQP1 and
AQP4 have been developed, with a focus
on arylsulfonamide compounds, in-
cluding acetazolamide,9 antiepileptic
agents,10 and derivatives of the loop
diuretic bumetanide.11 However, the
effectiveness of acetazolamide and anti-
epileptics as AQP blockers has been dis-
puted.12 The bumetanide derivative
AqB013 (Aq, aquaporin ligand; B,
bumetanide scaffold) at 20 mM blocks
AQP1 and AQP4 by a mechanism
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thought to involve physical occlusion of
the intracellular water channel pore.11

No direct pharmacologic agonist of
AQPs has previously been described.

The functional relevance of AQP1 is
particularly evident when osmotic water
transport during peritoneal dialysis is
considered.13 Peritoneal dialysis is based
on diffusive and convective transport of
solutes and water between peritoneal
capillaries and a dialysis solution present
in the peritoneal cavity. The capacity to
remove water in excess across the peri-
toneal membrane (ultrafiltration) is a
major predictor of outcome and mortal-
ity for patients treated by this modal-
ity.14 Detailed studies in Aqp1-null
mice have demonstrated that AQP1
water channels correspond to water-
specific pores located in peritoneal capil-
laries,15,16 which represent the major
transport barrier of the membrane.17

An agonist of AQP1 would be expected
to enhance water transport and ultrafil-
tration, thereby increasing the efficiency
of dialysis.8,13 Furthermore, because
peritoneal dialysis allows the specific as-
sessment of AQP1-mediated water
transport, as opposed to effects on small
solute transport and osmotic gradient, it
is an advantageous model for assessing
potential modulators of AQP1 in vivo.

In the present study, we tested the
capacity of the novel agent AqF026 (Aq,
aquaporin ligand;F, furosemide scaffold)
to potentiate thewater channel activity of
AQP1 in vitro and in vivo. Rates of net
water flux were measured in control and
AQP1-expressing Xenopus laevis oocytes
preincubated with and without exter-
nally applied AqF026 (Figure 1). Increa-
ses in relative volume as a function of
time in hypotonic saline (Figure 1A)
yielded slope values (relative swelling
rates, Figure 1B) that showed a maximal
potentiation at 5 mM for AQP1, and loss
of the agonist effect at AqF026 doses
$100 mM. Dose-response curves (Fig-
ure 1C) indicated an estimated half max-
imal effective concentration (EC50)
value of 3.3 mM for AQP1. AqF026 also
potentiated the closely related AQP4,
but with substantially reduced efficacy.
AQP4-mediated water transport in-
creased significantly only at $50 mM

AqF026 (Figure 1, B and C). These re-
sults suggest a relatively high specificity
for the potentiating effect, in that
AqF026 distinguished between two
aquaporins, AQP1 and AQP4, with
.40% identity and 60% homology in
amino acid sequence (based on Gen-
Bank Clustal analysis).

Using available crystal structure data,
theoretical docking supported a direct
interaction of AqF026 at a site located at
the intracellular side of AQP1 (Figure
2A). The chemically distinguishing fea-
ture of AqF026 compared with the parent
compound furosemide is an aromatic
ring linked to the sulfonamide moiety
(Figure 2B). In silico modeling suggested
the binding of AqF026 involved residues
in the loop D domain as well as other
intracellular domain residues in the vi-
cinity (Figure 2C). Theoretical ligand
docking suggested that the distinctive
sulfhydryl-linked aromatic ring of
AqF026 interacted with arginine 159 in
human AQP1 (Arg 161 in bovine AQP1).
Of note (Supplemental Table 1), the
equivalently positioned residue in
AQP4 loop D is serine 180, the proposed
site of water channel regulation by phos-
phorylation.18 A second residue impli-
cated in the putative AqF026-binding
site in human AQP1 is threonine 157
(bovine Thr 159). The equivalent cyste-
ine residue at position 178 in AQP4 loop
D confers sensitivity to block by intracel-
lularly applied mercurial compounds.19

The functional roles of AQP4 loop D res-
idues support the proposal that the loop
D region is an important regulatory do-
main, and the observed differences be-
tween AQP1 and AQP4 at key amino
acid positions could contribute to the
difference in efficacy of AqF026 (Figure
1). Site-directed mutagenesis of intracel-
lular residues in the AQP1 loopD domain
that were modeled as being involved in
ligand docking (Figure 2, D and E)
showed that the agonist effect of
AqF026 could be reversed by mutations
of threonine 157 or arginine 159 and 160.
Conversely, mutation of glycine 165, a
loop D residue not implicated in the can-
didate binding site, did not prevent the
agonist activity of AqF026. The magni-
tude of agonist potentiation with

Gly165Pro was not significantly different
from that seen with AqF026-treated wild
type AQP1. A significant increase in os-
motic water permeability over control
levels demonstrated the functional ex-
pression of the AQP1 wild type and mu-
tant constructs in the oocyte plasma
membrane, a finding that was confirmed
by immunocytochemical labeling and
confocal imaging of whole oocytes (Fig-
ure 2E). Taken together, these data
demonstrate that AqF026 causes a dose-
dependent potentiation of human AQP1
water channel activity and that the effect
is likely to be mediated by ligand binding
at an intracellular site involving specific
amino acid residues in the loop D and
possibly other adjacent intracellular do-
mains.

To determine whether AqF026 re-
tained any Na-K-Cl cotransporter
(NKCC) blocking activity that is a hall-
mark feature of the parent compound
furosemide, we took advantage of a
mouse gastrointestinal smooth muscle
preparation as sensitive bioassay for
NKCC activity (Figure 2F). The mam-
malian gastrointestinal tract has pace-
maker-driven slow-wave electrical
activity, thought to be mediated by Ca2+-
activated chloride channels.20 The
maintenance of a negative baseline
membrane potential is critically depen-
dent on the function of NKCC1. Block of
NKCC1 in mouse intestine with bumeta-
nide (4 mM) produced a reversible 10-mV
depolarization of the baseline membrane
potential that was not seen in NKCC1
knockout mice.21 Similar, reversible de-
polarizations were induced by bumeta-
nide or by furosemide in the guinea pig
gastric antrum.22 We found that the clas-
sic slow-wave pattern in mouse gastric
antrum similarly was altered within 10
minutes after application of a methylated
furosemide agent (10 mM AqF022). The
effect was reversed by washout, and
AqF026 at the same dose had no discern-
able effect on membrane potential or
slow wave signaling over 30 minutes
(Figure 2F), indicating that the addition
of the sulfonamide aryl group abolished
any appreciable effect on NKCC1 while
endowing AQP1 agonist activity. These
results are consistent with structural
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modeling data indicating that the intro-
duced aromatic ring appears to be key in
the ligand interaction with loop D. Fur-
thermore, the lack of effect of AqF026 on
any properties of slow-wave signaling
further supports the idea that this agent
is unlikely to have indirect effects on

general membrane properties or the
broad array of channels and transporters
also present in this preparation.

We used an established mouse model
of peritoneal dialysis16,23 to test the rel-
evance of the agonist activity of AqF026
on water transport and ultrafiltration in

vivo (Figure 3). Treatment of wild-type
mice with AqF026 resulted in a approx-
imately 15% increase in fluid transport
across the peritoneal membrane (Figure
3A and Table 1), similar to the potentia-
tion of AQP1 seen at 5–20 mM in vitro.
The effect of AqF026 was dose depen-
dent, with a maximal response observed
for a concentration of 15 mM (Figure
3A) and an EC50 value of 4.2 mM (Figure
3A, inset). The effect of AqF026 on net
ultrafiltration and initial ultrafiltration
rate was maximal at about 120 minutes
after injection (Figure 3B), in agreement
with in vitro studies. The ultrafiltration
in AQP1-null mice was 60% lower than
in their wild-type littermates, and this
measure was not affected by AqF026 ad-
ministration (Figure 3A). The agonist ef-
fect ofAqF026 onosmoticwater transport
was further demonstrated by increased in-
traperitoneal volume curve over time
(Figure 3C) and an approximately 50%
increase in the initial ultrafiltration
rate across the peritoneal membrane
(Figure 3D; 32.261.3 ml/min versus
21.960.8 ml/min, in AqF026 versus vehicle-
treatedAqp1+/+mice, respectively;P,0.001).
In contrast, treatment with AqF026 had
no effect on the initial ultrafiltration rate
in the Aqp1-null mice (Figure 3D).

The decrease in dialysate sodium
concentration during the initial phase
of a hypertonic dwell (“sodium sieving”)
is a reliable index of AQP1-mediated wa-
ter transport in PD.16,17 Administration
of AqF026 was also reflected by a signif-
icant increase in that variable (dip in
sodium dialysate within the first 30
minutes of the dwell: 11.260.3 mEq/l
versus 8.960.9 mEq/l in AqF026-treated
versus vehicle-treated mice, n=10 pairs,
P=0.03) (Figure 3E). Administration of
AqF026 had no detectable effects on the
osmotic gradient (Figure 3F and Table
1), small solute transport as measured
for urea and glucose (Figure 3, G and
H, and Table 1), and rate of albumin
leakage in the dialysate (dialysis to
plasma ratio albumin: 0.0960.005 ver-
sus 0.1060.003 in AqF026-treated ver-
sus vehicle-treated mice, n=6 pairs).

No differences in urine output, he-
molysis (lactate dehydrogenase), or liver
toxicity (aspartate aminotransferase and

Figure 1. Potentiating effect of AqF026 on water channel activity of AQP1 and AQP4
expressed in Xenopus laevis oocytes. (A) Change in volume (V) due to osmotic swelling,
standardized to the initial volume (V0) and plotted as a function of time in 50% hypotonic
saline, for AQP1-expressing and -nonexpressing control (cont) oocytes. Oocytes were
preincubated in 10 mM AqF026 or with DMSO alone (untr) as a vehicle control. Data are
mean 6 SEM for all oocytes tested in a single experimental day; n values are indicated in
italics. (B) Histogram of compiled data showing maximal potentiation of AQP1 near 5 mM
AqF026 and no potentiation of AQP4 at doses ,50 mM. (C) Dose-response relationships
for AqF026-mediated potentiation of AQP1 and AQP4 water channel activities, with an
estimated EC50 value of 3.3 mM and a Hill coefficient of 1.8 for the stimulatory component
for AQP1 (fit as the sum of two dose-response curves, one stimulatory and one inhibitory,
using GraphPad Prism).
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alanine aminotransferase) variables were
observed in mice exposed to AqF026
versus vehicle during the PD exchange

(data not shown). Treatment with
AqF026 did not appreciably change the
levels of protein or mRNA expression of

AQP1 in the peritoneum (Supplemental
Figure 1, A–C). Immunogold electron
microscopy showed that the distribu-
tion and abundance of AQP1 were not
visibly different in wild-type mice treated
with vehicle and AqF026 (density of
AQP1-gold particles: 5.0861.06 versus
5.7860.63 particles/mm, respectively;
n=7 pairs) (Supplemental Figure 1D).

Results here are the first to define a
pharmacologic ligand that potentiates
AQP1 water channel activity, to show
that it is effective in vitro and in vivo, and
to identify a candidate molecular site of
action. The data are consistent with
direct binding of the novel arylsulfonamide
compound AqF026 at a site involving
the intracellular regulatory domain loop
D in AQP1. The specificity of the drug on
AQP1 is substantiated by several lines of
evidence, obtained both in vitro and in
vivo. First, AQP1 is much more sensitive
to AqF026 than the closely related AQP4.
Second, AqF026 has no effect on NKCC1
and no detectable diuretic effect during
the peritoneal dialysis dwell. Third,
AqF026 induces a strong increase in the
initial ultrafiltration rate, reflecting the
essential contribution of AQP1 to trans-
capillary ultrafiltration at this stage. The
effect is abolished when AqF026 is ad-
ministered to Aqp1-null mice. Fourth,
the administration of AqF026 is reflected
by an increase in the sodium sieving,
which typically reflects the movement
of free water through AQP1. Finally, the
lack of effect of AqF026 on other com-
partments can be inferred by the un-
changed transport of small solutes and
the lack of structural changes in the
membrane.

Modulators ofAQP1with translational
potential have been slow to emerge.
Blockers have only been described thus
far, limited by toxicity, low efficacy, and
lack of specificity.24 Arylsulfonamide
compounds, including carbonic anhy-
drase inhibitors, appeared as potentially
attractive candidates on the basis of ef-
ficacy and safety index.9,10 Of particular
interest, a 4-aminopyridine carboxamide
derivative of the loop diuretic bumetanide
(AqB013) was shown to inhibit AQP1 in
vitro (50% inhibitory concentration, ap-
proximately 20 mM, extracellularly) by

Figure2. LiganddockingofAqF026onAQP1: involvement of loopDdomain residuesand
specificity of action using an NKCC1-sensitive bioassay. The identification of residues
associatedwith theproposed intracellular bindingpocket are basedon the crystal structure
of bovine AQP1. (A) Surface rendition of the tetramer with the docked pose of AqF026 in
a ribbon structure of one AQP1 subunit. (B) Chemical structure of AqF026 and the parent
compound furosemide. (C) A detailed view of the amino acid side chains relevant to the
docked pose. The highlighted residue (D165*) indicates an amino acid contribution from
aneighboring subunit. (D) Relative swelling rateswere standardized to the untreatedAQP1
wild-type or mutant channel responses within the same batches of oocytes, and data were
compiled from at least three different batches for each group. Data are mean 6 SEM; n
values are shown in italics above the x axis. Asterisks indicate a significantly different effect
for the comparison of 0 and 10 mMAqF026 for the same construct (*P,0.05; *** P,0.001).
There was no significant difference betweenwild type andG165P at 10mM (not indicated).
(E) Confocal images of permeabilized immunolabeled oocytes expressing AQP1 wild-type
or mutants, showing channel protein localization in plasma membranes (arrows). (F) In-
tracellular recording from a mouse gastric antrum preparation, continuously measured
from a single circular smooth muscle cell. Traces show representative segments from the
sequence: first confirming stable spontaneous slow-wave activity (initial); after treatment
with a methylated furosemide compound (AqF022, 10 mM), which caused depolarization
and a concomitant decline in slow-wave amplitude; after reversal of the effect by washout
(recovery); and during the subsequent lack of effect of AqF026 (10 mM) over an extended
period (30 minutes). Similar results were seen in three replicate cells.
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acting at an intracellular side that occludes
the water pore.11

In this study, we used another loop
diuretic, furosemide, as a scaffold for the
creation of the novel arylsulfonamide
derivative, AqF026. Furosemide is rela-
tively membrane impermeable, and it
lacks a discernable effect on AQP1 or
AQP4 water channel activity when ap-
plied extracellularly.11 For the agonist
AqF026, a furan-containing arylsulfona-
mide, the carboxylic acid of the furose-
mide scaffold was modified by conversion
of its carboxylic acid group to a methyl
ester and by addition of a benzyl group to
the sulfonamide nitrogen. These modifi-
cations increased the calculated logP
(logarithm of the oil:water partition co-
efficient, P) value to 2.97, a range that is
consistent with drug-like properties.25

An intracellular site of action of AqF026
on AQP1 channels was supported by the
.1-hour latency for the agonist effect in
the Xenopus system. Accumulating evi-
dence suggests that AQPs are subject to
complex mechanisms of regulation.26,27

According to results of in silicomodeling
and mutagenesis, the added benzyl moi-
ety appears to enable an interaction be-
tween the AqF026 ligand and residues
in the proximal region of the loop D do-
main, within a zone that is increasingly
investigated for AQP channel regula-
tion.28–30 In turn, such interaction could
open the pore to increase unitary flux
rates, remove a barrier or increase the
probability of the open state.

The molecular mechanism for the
biphasic action of AqF026 on AQP1 is
not known. A testable hypothesis is that,
at higher doses, the antagonistic effect
might involve occlusion of the AQP1
water pore at the intracellular face at a site
similar to that implicated for block by
AqB013,11 whereas the agonist effect at
lower doses appears to result from regu-
lation of channel activity at a separate
allosteric site involving loop D. Alterna-
tively, AqF026 could have different
effects at the same site depending on
concentration.

Studies on Aqp1 knockout mice have
demonstrated that AQP1 facilitates the os-
motic water transport across the perito-
neal membrane.15 The fact that AqF026

Figure 3. AqF026 specifically enhances AQP1-mediated osmotic water transport in vivo.
(A) Wild-type Aqp1+/+ mice treated with AqF026 have a significant, dose-dependent in-
crease in net ultrafiltration (UF) across the peritoneal membrane. The maximal response is
observed for a concentration of 15 mM, with an estimated EC50 value of 4.2 mM (inset).
Aqp12/2 mice, characterized by a 60% reduction in ultrafiltration at baseline, show no
potentiation of the ultrafiltration after treatment with 15 mM AqF026. Data are mean 6
SEM; n=6 for each AqF026 concentration except for 0.75mM (n=4). Net ultrafiltration rates
were standardized to body weight and compared with rates in vehicle-treated mice (open
bar). (B) Time course performed in wild-type mice shows that the effect of AqF026 (15 mM)
on net ultrafiltration (bars) and initial ultrafiltration rate (triangles) is maximal 120–150 mi-
nutes after intravenous injection. Data aremean6 SEM; n=4 for each time point. Open bar
corresponds to vehicle-treated mice. (C) Treatment of Aqp1+/+ mice with 15 mM AqF026
results in increased intraperitoneal (IP) volume over time (P=0.02 between the AqF026 and
vehicle curves), with significant differences at 30, 60, and 90 minutes in AqF026-treated
(black triangles) compared with vehicle-treated (open squares) animals (P,0.01, P,0.05,
and P,0.05 respectively; n=10 in each group). (D) Initial ultrafiltration rates, taken as an
index of AQP1-mediated water transport during the first part of the dwell, are significantly
increased in Aqp1+/+ mice treated with 15 mM AqF026 versus vehicle (P,0.001, n=10 in
each group). In contrast, AqF026 has no effect on the initial ultrafiltration rates in Aqp12/2

mice (AqF026, n=4 and vehicle-treated, n=5). (E) Treatment of wild-typemice with AqF026
(15mM) induces a significant increase in sodium sieving (D/D0 sodium at 30min) compared
with vehicle-treated animals (P,0.05; n=10 in each group). (F–H) The dialysate-to-plasma
ratio of osmolality at 30 minutes (D/P osm) (F), the dialysate-to-plasma ratio of urea (D/P
urea) (G), and the progressive removal of glucose from the dialysate (D/D0 glucose) (H)
were similar in mice treated with 15mM AqF026 versus vehicle (n=12 pairs of Aqp1+/+

mice).
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increased water transport and ultrafiltra-
tion in vivo in this model, without detect-
able changes in small solute transport or
modifications of the expression of AQP1,
suggests this agent has translational po-
tential for patients treated with peritoneal
dialysis. As expected, the maximal poten-
tiation of AQP1-mediated free-water
transport occurs during the first part of
the dwell, when the osmotic gradient is
maximal. In agreement with previous
studies addressing free-water transport
in rat and mouse models8,16 and simula-
tions based on the three-pore model
(B. Rippe, unpublished data), the effect
of AqF026 on free-water transport was
observed in the absence of any detectable
change in small solute transport.

ESRD is a major global concern, and
improved methods for delivering re-
placement therapy via peritoneal dialysis
would be of substantial significance. The
use of AQP1 agonists in patients under-
going peritoneal dialysis would be of
prime interest in patients developing ul-
trafiltration failure, whomay showwater
channel dysfunction alone or combined
with enlarged vascular surface area and/
or increased lymphatic absorption
rate.31 By extension, a pharmacologic
agonist of AQP1 might be useful in con-
ditions associated with defective local
water handling, including subretinal
edema, neurodegenerative conditions
and hydrocephaly, acute renal failure,
and diabetes insipidus.

BecauseAqF026 is an agonist of AQP1
channels that are expressed in multiple
organs, additional work on drug metab-
olism and potential toxicity will be im-
portant to evaluate potentially harmful
effects. Loop diuretics are among the

most widely used drugs worldwide,
with a well established safety index
during acute or chronic administra-
tion.32 Our cumulative observations
with arylsulfonamide compounds
AqB013 and AqF026 in rodents suggest
these derivatives are well tolerated and
cause no appreciable overt tissue or or-
gan toxicity under the specific condi-
tions tested thus far.

The identification of the first phar-
macologic agonist for AQP1 opens new
avenues for analyses of AQP1-mediated
water transport and has potential ther-
apeutic value for clinical situations based
on osmotic water transport, including
peritoneal dialysis.

CONCISE METHODS

In Vitro Assays
Expression ofhumanAQP1 and ratAQP4 inX.

laevis oocytes was done as described previ-

ously.30 Site-directed mutations in AQP1

were generated by PCR using the QuikChange

kit (Agilent Technologies, Australia). Non–

AQP1-expressing control oocytes without

cRNA injection were prepared from the same

batches of oocytes. Responses were standard-

ized to the mean swelling rate of the wild-type

AQP1 untreated oocytes in the same batch of

oocytes and compiled for multiple batches. All

animal procedures were approved by the Uni-

versity of Adelaide Animal Ethics committee

and performed in accord with the Australian

Code of Practice for the Care and Use of Ani-

mals for Scientific Purposes.

In Silico Modeling
The coordinates for the tetrameric model

based on the crystal structure of bovine AQP1

were obtained from the Protein Data Bank

(MMDB ID: 18789; PDB ID: 1J4N). The pdb

file coordinates were prepared for docking by

removing water molecules and adding

charges using autodocktools-1.5.4. The co-

ordinate files for the ligand molecules were

obtained using Corina accessed via the Na-

tional Cancer Institute’s on-line SMILES

translation tool and prepared for docking us-

ing autodocktools. The docking was per-

formed using Autodock Vina33 with a grid

size of (80Å 3 80 Å 3 42Å) covering the

entire cytoplasmic face of the tetramer.

The highest ranked pose was used in the

analysis.

AqF026 Synthesis and Application
AqF026 was prepared by following a two-step

process, in which furosemide was first con-

verted to itsmethyl ester derivative (AqF022);

then, alkylation of the sulfonamide ester

yielded AqF026 (Supplemental Figure 2).

Agents were purified by column chromatog-

raphy. For in vitro assays of swelling, oocytes

were incubated in isotonic Na+ bath saline

with AqF026 or DMSO vehicle before swell-

ing assays. For in vivo studies, AqF026 or

DMSO (vehicle control) diluted in sterile

0.9% NaCl was injected in the tail veins of

mice at 30 minutes before the start of the

experimental transport measurements.

Mouse Gastric Antrum
Electrophysiology
By following published methods,34 adult

Balb/C mice were anesthetized with isoflur-

ane inhalation and euthanized by cervical

dislocation. The stomach antral region (ap-

proximately 40 mm2) with the mucosa re-

moved was pinned into a recording chamber

lined with Sylgard elastomer (Dow Corning),

and maintained in 37°C Krebs solution (in

mM: NaCl 118, KCl 4.75, MgSO4 1.2,

NaHCO3 25, NaH2PO4 1, glucose 11 and

CaCl2 2.5; pH 7.3) continuously bubbled

with O2 (95%) and CO2 (5%). A Ca2+ chan-

nel antagonist nifedipine (dissolved at 10

mM in ethanol and used at a final concentra-

tion of 3 mM in control Krebs) minimized

muscle contraction events. Circular smooth

muscle cells were impaled with glass micro-

electrodes filled with 3 M KCl (70–100

MOhm). The furosemide derivative AqF022

and the AQP agonist AqF026 were applied at

Table 1. Effect of AqF026 on water and small solute transport in vivo

Group Net UF/BW (ml/g) D/Posm at 30 min MTAC urea (ml/min)

Aqp1+/+ DMSO 37.261.3 1.1460.03 35.062.3
Aqp1+/+ AqF026 42.861.4a 1.1560.03 34.261.7
Aqp12/2 DMSO 15.761.9b 1.2860.02 35.563.6
Aqp12/2 AqF026 15.661.6b 1.2760.03 36.467.0

Ultrafiltration and small solutes transport were measured in 16 pairs of Aqp1+/+ mice and 6 pairs of Aqp12/2

mice. Osmolality was assessed in 12 pairs of Aqp1+/+mice and 6 pairs of Aqp12/2mice. UF, ultrafiltration;
BW, body weight; D/Posm, dialysate-over-plasma osmolality; MTAC, mass transfer area coefficient (calcu-
lated from Waniewski equation, f=0.33).
aP,0.05 AqF026 versus DMSO.
bP,0.001 versus Aqp1+/+.
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final concentration (10 mM) with 0.01%

DMSO in perfused Krebs; effects were re-

versed by washout with control Krebs. Trans-

membrane potential was measured using a

high impedance amplifier (Axoclamp-2B;

Axon Instruments). Electrical signals were

recorded with Axoscope 9.0 data acquisition

software (Axon Instuments/Molecular Devi-

ces, Union City, CA).

Aqp1 Mice
Wild-type (Aqp1+/+) and knockout (Aqp12/2)

mice5 were obtained from A.S. Verkman

(University of California, San Francisco,

CA). Studies were performed on sex-

matched littermates aged 8–12 weeks. All

animals had access to standard diet and tap

water ad libitum. The experiments were con-

ducted in accordance with the National Re-

search Council Guide for the Care and Use of

Laboratory Animals and approved by the

ethics committee of the Université catholi-

que de Louvain.

Peritoneal Transport Studies and
Tissue Sampling
Transport of water and solutes across the

peritoneal membrane was investigated in a

well established mouse model of peritoneal

dialysis.16,23 Changes in intraperitoneal vol-

ume over time and initial ultrafiltration rates

were obtained using a fluorescent bovine se-

rum albumin conjugate (Alexafluor555-BSA,

Molecular Probe, Eugene, OR) as an indica-

tor-dilution technique, as previously de-

scribed.16,35 At the end of the dwell, mice

were euthanized by exsanguination and sam-

ples were processed for mRNA and protein

studies.

Real-time RT-PCR
Total RNA was extracted from peritoneum,

treated with DNAse I and reverse-tran-

scribed into cDNA with iScript TM cDNA

Synthesis Kit (Bio-Rad Laboratories, Hercu-

les, CA). Changes in target genes mRNA

levels were determined by relative real-time

quantitative PCR with a CFX96TM Real-

Time PCR Detection System using iQ TM

SYBR Green Supermix (Bio-Rad). Specific

primers (Supplemental Table 2) were de-

signed using Primer3 software. The normal-

ization factor was based on the stability of

four reference genes using the program geN-

orm version 3.4.

Immunoblotting
SDS-PAGE and immunoblotting were per-

formed as described.16 The membranes were

blocked, incubated overnight with polyclonal

rabbit anti-AQP1 antibodies (Chemicon In-

ternational, Temecula, CA), washed, incu-

bated with secondary antibodies (Dako,

Glostrup, Denmark), and visualized with en-

hanced chemiluminescence (Amersham, Lit-

tle Chalfont, UK). Membranes were stripped

and reprobed with a monoclonal antibody

against b-actin (Sigma, St. Louis, MO). Den-

sitometry analyses were performed using

NIH-Image V1–57 software.

Tissue Staining and
Immunohistochemistry
Tissue samples were fixed in 4% paraformal-

dehyde and embedded in paraffin. Staining

(hemalun-eosine and Sirius red) and immu-

nostaining were performed as previously de-

scribed.16 Oocytes were fixed on day 2 or 3

after cRNA injection in 4% paraformalde-

hyde, permeabilized for 1 hour with 0.1%

Triton X-100, and incubated with rabbit

polyclonal antibody against the carboxyl ter-

minal domain of hAQP1 (kindly provided by

WD Stamer, University of Arizona). Labeling

was visualized with FITC-conjugated goat

antirabbit antibody and imaged with a Leica

TCS-4D laser scanning confocal microscope

(Nussloch, Germany).

Transmission Electron Microscopy
Mouse peritoneum was processed for ultra-

structural studies and immunogold labeling

as previously reported.16 Sections were incu-

bated with rabbit anti-AQP1antibodies, fol-

lowed by protein-A gold antirabbit antibody,

and viewed using a Tecnai-12 microscope

(FEI, Eindhoven). The number of particles

per unit length of capillary was measured us-

ing the IMOD software.

Statistical Analyses
Data are given as mean 6 SEM. Statistical

significance was evaluated by one- or two-

way ANOVA followed by post hoc Bonferroni

tests, unless otherwise indicated.

Additional methods for in vitro assays,

AqF026 synthesis, peritoneal transport,

volume curves, and calculation of initial ul-

trafiltration rates, and immunoelectron mi-

croscopy are provided in the Supplemental

Information.
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