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Abstract The water channels, aquaporins (AQPs) are key
mediators of transcellular fluid transport. However, their ex-
pression and role in cardiac tissue is poorly characterized.
Particularly, AQP1was suggested to transport other molecules
(nitric oxide (NO), hydrogen peroxide (H2O2)) with potential
major bearing on cardiovascular physiology. We therefore
examined the expression of all AQPs and the phenotype of
AQP1 knockout mice (vs. wild-type littermates) under im-
planted telemetry in vivo, as well as endothelium-dependent
relaxation in isolated aortas and resistance vessels ex vivo.
Four aquaporins were expressed in wild-type heart tissue
(AQP1, AQP7, AQP4, AQP8) and two aquaporins in aortic
and mesenteric vessels (AQP1–AQP7). AQP1 was expressed
in endothelial as well as cardiac and vascular muscle cells and
co-segregated with caveolin-1. AQP1 knockout (KO) mice
exhibited a prominent microcardia and decreased myocyte

transverse dimensions despite no change in capillary density.
Both male and female AQP1 KO mice had lower mean BP,
which was not attributable to altered water balance or autonom-
ic dysfunction (from baroreflex and frequency analysis of BP
and HR variability). NO-dependent BP variability was
unperturbed. Accordingly, endothelium-derived hyperpolariz-
ing factor (EDH(F)) or NO-dependent relaxation were
unchanged in aorta or resistance vessels ex vivo. However,
AQP1 KOmesenteric vessels exhibited an increase in endothe-
lial prostanoids-dependent relaxation, together with increased
expression of COX-2. This enhanced relaxation was abrogated
by COX inhibition. We conclude that AQP1 does not regulate
the endothelial EDH or NO-dependent relaxation ex vivo or
in vivo, but its deletion decreases baseline BP together with
increased prostanoids-dependent relaxation in resistance ves-
sels. Strikingly, this was associated with microcardia, unrelated
to perturbed angiogenesis. This may raise interest for new
inhibitors of AQP1 and their use to treat hypertrophic cardiac
remodeling.
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Introduction

Aquaporins are transmembrane protein water channels in-
volved in diverse physiologic functions in mammalians, includ-
ing transepithelial fluid transport, brain water balance, cell
migration with rapid changes in cell volume, cell proliferation,
neuroexcitation, fat metabolism, or epidermal hydration [42].
Thirteen aquaporins are currently known (AQP0–AQP12) and
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the first to be discovered by Agre and colleague in 1991 was
AQP1 [34]—formerly called CHIP28. AQP1 protein is consti-
tutively organized as a homotetramer where each monomeric
subunit contains 269 amino acid residues and forms two
tandem repeats of three-membrane-spanning α-helices,
forming each six transmembrane domains (M1–M6)
connected by five loops (loop A–loop E). Due to their repeated
Asn-Pro-Ala consensus motif (also called NPA box), loop B
(cytoplasmic) and loop E (extracellular) domains dip into the
membrane and contribute to the central constriction site within
the pore; the second aromatic/arginine, outer constriction site
was later identified as a major contributor to selectivity in
solute permeation throughmutational analysis [3]. Eachmono-
mer works as an independent water pore but needs the tetra-
meric organization for proper functioning [50]. The intracellu-
lar loop D domain currently appears as a main gating domain
for modulation of AQP1 activity via drugs interactions [48].
Some authors would attribute to AQP1 an additional role as a
cGMP-gated cation channel and propose a five-pore model for
the AQP1 homotetramere where cations would permeate
AQP1 via a putative central pore with relative permeability
of K+, Cs+, and Na+ [5, 49]. However, this hypothetical cation
permeability of AQP1 remains controversial [1, 43].

Some aquaporins, like AQP3, AQP7, AQP9, and AQP10
are also called “aquaglyceroporins” due to their capacity to
transport small molecules like urea and glycerol [35]. Others
are called unorthodox aquaporins, like AQP6, AQP8, AQP11,
and AQP12, because of a highly conserved cysteine residue
downstream of the second NPA box [21] whose function is
currently being examined [35]. Finally, some authors have
proposed that some aquaporins, including AQP1, would also
transport other molecules besides water like CO2, NH3, and
particularly nitric oxide (NO) [17, 18], although this remains
debated. Some others authors have reported that AQP1 would
also transport H2O2 [2].

The capacity to mediate transmembrane water transport jus-
tifies a particular interest for AQP1 in the heart, where myocar-
dial edema is generated in many pathophysiologic conditions
involving ischemia–reperfusion such as after an acute coronary
occlusion or coronary artery bypass grafting. In basal situation,
the passage of water is mainly done by diffusion and via
aquaporins for only 28 %, but during osmotic stress (resulting,
e.g., from metabolites accumulation in ischemic regions), water
flow increases up to 800× mainly through AQP-mediated trans-
port [22]. The impairment of myocardial function has been
correlated with the presence of myocardial edema which could
not only decrease systolic and diastolic function but also
increase the diffusion distance of oxygen through thickened
myocardial interstitium [10]. However, the specific implica-
tion of cardiac AQP1 in these phenomena is unknown.

Before examining the role of AQP1 in stressed conditions,
one needs a full characterization of its function in cardiovascu-
lar homeostasis, as can be deduced from the phenotype of

AQP1 knockout (KO) mice. In this study, we used mice with
systemic deletion of AQP1 [24] and compared their phenotype
to wild-type (WT) littermates of the same age. We focused on
cardiac and vessel morphometry, histology, and blood pressure
regulation by implanted telemetry. Moreover, we characterized
the expression, cellular, and subcellular localization of AQP1
as well as other isoforms potentially upregulated in heart and
vessels of AQP1 KO mice. We identified unexpected morpho-
metric changes and abnormal endothelium- and prostanoids-
dependent relaxation in AQP1 KOmice, which identify poten-
tial new roles of AQP1 in cardiovascular homeostasis. As new
agonists and antagonists of this AQP are being developed [8],
our observations raise interest for their use in cardiovascular
diseases associated with heart and vessel remodeling.

Materials and methods

Animals

Breeding pairs of heterozygous aquaporin-1 KO mice in the
Sv129 background were kindly provided by Dr. O. Devuyst
(Division of Nephrology, Université catholique de Louvain,
Belgium). Heterozygous mice were cross-bred to obtain ho-
mozygous AQP1 KO mice and their WT littermate controls.
All studied mice were at least 16 weeks old and age-matched
between genotypes. On the day of surgery, each mouse was
anesthetized with ketamine hydrochloride (84 mg/kg; intra-
peritoneally (ip)) and xylazine hydrochloride (10 mg/kg, ip),
and received analgesia after surgery (Buprenorphine 0.1-
mg/kg, ip). All protocols were carried out in accord to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health.

Reverse transcriptase–quantitative polymerase chain reaction

All tissue extracts (fresh or directly preserved in RNA later
(Ambion) at −80° C after sacrifice) were homogenized with
tissue grinder using Trizol (Molecular Research Center) on
ice. Purity and concentration of the RNA obtained was con-
trolled by spectrophotometer (ND-1000V3.7.1). The integrity
of heart RNAwas confirmed on agarose gels by the presence
of 18S and 28S ribosomal RNA. After reverse transcription,
real-time quantitative PCR (SYBR Green) was performed
using an IQ5 multicolor Real-Time PCR detection system
(Bio-Rad). Specific primer pairs for each aquaporin isoforms
were used.1 All reactions were run in triplicate, including
negative controls without reverse transcriptase [28]. Results
were expressed either as Ct (number of cycles needed to
generate a fluorescent signal above a predefined threshold),
ΔCt (corresponding to the difference between the Ct of the

1 cf. Table 1
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gene of interest and the Ct of the gene used to normalize the
results), ΔΔCt (corresponding to the difference between the
mean ΔCt of the gene of interest in the AQP1 KO genotype
and the mean ofΔCt of this same gene in the WTcontrol), or
2−ΔΔCt (logarithmic value of ΔΔCt).

Antibodies

For western blot analysis, we used the following primary
antibodies at the indicated dilutions: polyclonal rabbit anti-
AQP1 (AB2219, Millipore, 1/5000), polyclonal goat anti-
AQP4 (sc-9888, Santa Cruz Biotechnology, 1/500), polyclonal
rabbit anti-AQP7 (ab32826, Abcam, 1/500), purified monoclo-
nal mouse anti-AQP8 (AT1173a, Abgent, 1/1,000), polyclonal
goat anti-COX-2 (sc-174, Santa Cruz Biotechnology, 1/250),
polyclonal rabbit anti-caveolin-1 (610060, BD Biosciences,
1/10,000), and monoclonal mouse anti-β-actin (A5441, Sigma-
Aldrich, 1/10,000). Secondary antibodies were all from Jack-
son ImmunoResearch (1:5,000). For immunohistochemistry,
rabbit anti-AQP1 (Millipore, 1/1,000) and rat anti-CD31 (BD
Biosciences, 1/50) were used and revealed with Alexa Fluor-
conjugated secondary antibodies (Invitrogen, 1/500).

Ultracentrifugation protocol

Cardiac fresh tissues extracts were homogenized with tissue
grinder, incubated in 1 ml of buffer solution containing Tris–
HCl 20 mM (pH 7,4), dithiothreitol 0.1mM, saccharose
250 mM, and a mix of protease inhibitors (Sigma-Aldrich)
1/1,000 and fractionated by ultracentrifugation (105,000×g
for 20 min at +4 °C). The supernatant (corresponding to
soluble cytosolic extracts) was recovered and the pellet was
suspended in 0.5 ml of buffer solution containing beta-
glycerophosphate 80 mM, EGTA 20 mM, MgCl2 15 mM,
Triton X-100 0.5 %, glycerol 10 %, and the same mix of
protease inhibitors as mentioned above. After sonication and
further centrifugation to remove cellular debris, the final
supernatant (enriched in membrane fragments, including
nuclei and cytoplasmic organelles) was recovered.

Western blot analysis

Denaturated proteins were loaded and separated on 15 % SDS-
polyacrylamide gels (Mini-protean III, Bio-Rad) and transferred
to a polyvinylidene difluoridemembrane (PerkinElmer). After
blocking with 5 % nonfat dry milk in Tris-buffered saline with
0.1 % Tween 20 (TBST, Sigma), membranes were incubated
and hybridized with the antibodies cited above (overnight for
all the primary antibodies except 1 h for β-actin), in TBST
containing 1 % nonfat dry milk. After four washes (15 min
each), membranes were incubated for 1 h with the respective
secondary antibody in TBST containing 1 % nonfat dry milk.
After four additional washes in TBST, membranes were

incubated with a chemiluminescent reagent (ECL, Amersham
for AQP1, AQP4, AQP8, caveolin-1, and β-actin, and
Immobilon Western, Millipore for AQP7 and COX-2) and
exposed to X-ray film.

Blood pressure and heart rate telemetry recording in vivo

Implants were surgically inserted as previously reported [7].
The use of miniaturized chronically implanted instruments with
a recovery period of 10 days reduced the confounding effects of
stress on the animals. Recordings were done during periods of
24 h to monitor circadian variations. The dose–response studies
were performed via a chronically inserted intraperitoneal soft
catheter connected to a syringe outside of the cage to avoid any
stress to the animal. This catheter was gently removed from the
animal after completion of the dose–response experiments.

Spectral analysis of systolic blood pressure and heart rate
variability

Spectral analysis using a fast Fourier transformation algo-
rithm on sequences of 512 points was performed using the
HEM 3.4 software (Notocord Systems, France) on systolic
blood pressure recordings in order to analyze the systolic
blood pressure (and heart rate deduced from the tracings)
variability (SBPVand HRV, respectively). The total spectral
area of this variability can be subdivided into three specific
known domains: the very low frequency (“VLF,” between
0.05 and 0.4 Hz) of SBPV which is modulated by the NO-
dependent endothelial function, the low frequency (“LF,”
between 0.4 and 1.5 Hz) of SBPV which reflects the sympa-
thetic, and the high frequency (“HF,” between 1.5 and 5 Hz)
of HRV which is the parasympathetic regulation [33]. All
values were normalized to the total spectral area from the
same recordings in each mouse.

Myograph recording

Nineteen- to 20-week-old mice were euthanized and thoracic
aortas were rapidly removed and immersed in ice cold phys-
iological Tyrode solution (NaCl 128.3 mM, KCl 4.5 mM,
NaHCO3 20.23 mM, NaH2PO4 0.35 mM, glucose 1 mM,
CaCl2 1.35 mM, MgSO4 1.05 mM) gassed with a mixture of
95 % O2–5 % CO2. Vessel segments (<2 mm), cleaned of all
fat and connective tissue, were mounted in a wire myograph
M610 (DMT, Aarhus, Denmark). After normalization of the
internal diameter, arterial rings were left to recover for 45–
60 min. NO-mediated relaxation was evaluated in vessels
precontracted with high KCl solution in presence of indo-
methacin 100 μM (NaCl 37.2 mM, KCl 95.6 mM, NaHCO3

20.23 mM, NaH2PO4·2H2O 0.0546 mM, glucose 1.98 mM,
CaCl2 1.35 mM, MgSO4 1.05 mM) and exposed to a dose–
response of acetylcholine (10−8 to 3×10−5 M). In order to
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analyze the participation of prostanoids in the endothelial
relaxation, another set of experiments were performed follow-
ing the same protocol but in the absence of indomethacin.

Myocytes and vessels immunohistochemistry

The hearts and vessels were dissected, embedded in Neg-50
frozen section compound (Microm), and subsequently frozen in
liquid nitrogen vapors. Vessel cryosections (5 μm) were stained
with hematoxylin and eosin. To quantify the cardiomyocyte
area and the number of vessels, heart cryosections were labeled
with rhodamine–wheat germ agglutinin (WGA), as a
membrane marker, and with biotinylated-Isolectine B4,
revealed with fluorescein–avidin, as an endothelial mark-
er (all reagents from Vector). For AQP1 detection, vessel and
heart cryosections were incubated with anti-AQP1 together
with anti-CD31 antibodies or with fluorescein–WGA
(Vector), respectively. Primary antibodies were revealed with
AlexaFluor-conjugated antibodies as mentioned above. Nuclei
were then stainedwith DAPI and labeled sections were imaged
by structured illumination microscopy (Zeiss AxioImager
equipped with an ApoTome module). Cardiomyocyte area
was determined with Axiovision software.

Statistical analyses

All results are expressed as mean ± SEM. Raw data were first
analyzed with a Kolmogorov–Smirnov test to confirm their
normal distribution and then analyzed by Student's t test or
two-way ANOVAwhere appropriate. The only exception was
the analysis of vessels thickness where a nonparametric test
(Mann–Whitney) was used.P<0.05was considered statistically
significant. Graph Pad Prism 4.0 was used to create the artwork.

Results

Identification and subcellular localization of aquaporin
isoforms in cardiac and vascular tissues

Specific primers cited in Table 1 for all currently known
aquaporins were used for reverse transcriptase–quantitative po-
lymerase chain reaction (RTqPCR) in total extracts of the heart
and aorta of WT mice from both genders. RTqPCR analysis of
aquaporin transcripts, normalized to the best housekeeping gene
tested of each organ (heart—HPRT, aorta—RPL13a), reveals
the presence of a limited number of isoforms in the heart and in
the aorta. Five aquaporin transcripts appeared to be expressed in
the heart, namely, by order of abundance, AQP1, AQP7, AQP4,
AQP8 and AQP11 (Fig. 1a, b). In the aorta, two aquaporins are
expressed, namely, by order of abundance, AQP1 and AQP7
(Fig. 2a, b). Females had higher AQP1 expression in the heart
than males (P<0.05; data not shown).

We next compared the abundance of these transcripts in
AQP1 KO and their WT littermates using the 2−ΔΔCt analysis
to verify if AQP1 genetic deletion was accompanied with
compensatory upregulation of the other aquaporin isoforms.
We found that AQP4, AQP7, and AQP11 were significantly
increased in the heart of male mice (Fig. 1c) but not in females,
which exhibited a downregulation of AQP8 (Fig. 1d). In the
aorta, no significant increases were observed (Fig. 2c, d).

We then used specific antibodies for these most abundant
aquaporins to confirm their expression at the protein level in
extracts of male heart, aorta, and mesenteric vessel from both
genotypes (except for AQP11 for which specific antibodies
are lacking). In WT mice, western blot analysis confirmed
the presence of AQP1, AQP4, AQP7, and AQP8 in the heart
(Figs. 1e and 3a) and AQP1 and AQP7 in the aorta (Figs. 2e
and 3b) and in mesenteric artery (Fig. 2f). In AQP1 KOmice,
we observed a significant upregulation of AQP4, AQP7, and
AQP8 in the heart (Fig. 1f–h) and AQP7 in the aorta (Fig. 2g),
but not in the mesenteric vessel (Fig. 2h).

We also resolved the subcellular localization of AQPs in
heart tissue by ultracentrifugation and observed that AQP1
protein was located preferentially in the membrane compart-
ments (Fig. 3a). For the remaining AQPs, subcellular local-
ization varied among isoforms, with AQP7 showing the
same subcellular distribution as AQP1 (Fig. 4b), but AQP4
being distributed both in the membrane and cytosolic frac-
tions (Fig. 4a) and AQP8 preferentially in the cytosolic
fraction (Fig. 4c). The comparison between genders also
confirmed higher AQP1 expression in WT females (Fig. 3a)
and lower AQP8 in AQP1 KO females consistent with our
RTqPCR analysis.

Notably, we observed several bands for the AQP1 protein
in total extracts of the heart (Fig. 3a), aorta (Fig. 3b), and
mesenteric artery (Fig. 3c) which was attributed to differential
migration of glycosylated proteins, as these disappeared after
deglycosylation of both cardiac and aortic extracts (Fig. 3d).

AQP1 gene deletion results in abnormal heart and vessels
morphometry

We analyzed the total heart as well as left ventricular (LV)
weight/tibia length ratio in the two genders and genotypes. As
illustrated in Fig. 5a–c, we observed microcardia in the AQP1
KOmice of both genders, as confirmed by lower values of LV
weight/tibia length (4.8±0.13 vs. 5.8±0.15 in the WT, n=16
per genotype and gender; P<0.001). Histomorphometric anal-
ysis of cardiac myocytes transverse area confirmed signifi-
cantly smaller myocytes in AQP1KO (317.2 vs. 366.2 μm2 in
the WT, n=6 mice per genotype, 15 randomly chosen fields
for each histologic section, and 9 histologic sections per heart,
analyzed in blinded fashion, P<0.001; Fig. 5e), whereas
capillary density was unchanged (n=6 mice per genotype,
15 randomly chosen fields for each histologic section, and 9
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Table 1 Specifics primers used for each aquaporin isoform

Forward oligonucleotide Reverse oligonucleotide Amplicon size (bp)

AQP0 5′-TTCAGCAACCACTGGGTGTA-3′ 5′-CCATTGGAGTCACTGGGTCT-3′ 140

AQP1 5′-GCTGTCATGTACATCATCGCCCAG-3′ 5′-AGGTCATTGCGGCCAAGTGAAT-3′ 107

AQP2 5′-GCCACCTCCTTGGGATCTAT-3′ 5′-TGTAGAGGAGGGAACCGATG-3′ 147

AQP3 5′-GGGGACCCTCATCCTTGT-3′ 5′-AAGCCAAGTTGATGGTGAGG-3′ 85

AQP4 5′-ATCCAGCTCGATCTTTTGGA-3′ 5′-CTTCCTTAAGGCGACGTTTG-3′ 156

AQP5 5′-TGGAGCAGGCATCCTGTACT-3′ 5′-CGTGGAGGAGAAGATGCAGA-3′ 151

AQP6 5′-CGGCCATGATTGGAACCTCT-3′ 5′-AGCGGTCCTACCCAGAAGAT-3′ 145

AQP7 5′-AGGCATGAACTCCGGATATG-3′ 5′-CGGCTCTGAACACTTGTTTG-3′ 98

AQP8 5′-TTGGGGCTCATCATTGCTAC-3′ 5′-CCCTCCAAATAGCTGGGAGA-3′ 138

AQP9 5′-TGGGGATTTGAGGTCCAC-3′ 5′-GCTGGTTCTGCCTTCACTTC-3′ 152

AQP10 5′-GGGGTTGCTTCCTAAGTGCT-3′ 5′-GACAAAGGGAGGGGTCAGA-3′ 151

AQP11 5′-AGCGCTCTACTGCACTTCCA-3′ 5′-TTCGTCAAAGCACGGAAAGT-3′ 156

AQP12 5′-AGCTCAACCCTGCGTACATC-3′ 5′-TGCTGTGTAGGCCATGAGAG-3′ 156
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histologic sections per heart, analyzed in blinded fashion,
P=0.79; Fig. 5f). Figure 5d also illustrates the preferential
localization of AQP1 in the cardiac myocyte membrane, con-
sistent with our subcellular fractionation data (Fig. 3a).

Histomorphometric analysis of the vessels showed a sig-
nificant decrease in the thickness of the arterial walls both in
the aorta (Fig. 6a) and mesenteric artery (Fig. 6b) of the AQP1
KO mice from both genders (P<0.05 vs. WT for each vessel
type; Mann–Whitney test). Figure 6c, d also shows the distri-
bution of AQP1 staining both in the endothelium (co-staining
with CD31) and medial smoothmuscle cells of theWT vessel.

AQP1 KO mice exhibit lower blood pressure
with preservation of circadian variation

We next measured the systolic, diastolic, and mean blood
pressure of AQP1 KOmice and their WT littermate (from both
genders) during 24 consecutive hours in non-anesthetized,

awake mice under chronically implanted telemetry. We ob-
served that AQP1 KO mice had a significantly lower systolic
but no diastolic blood pressure with preservation of the circa-
dian variation, in both genders (male, Fig. 7a; female, Fig. 7b).
We also separately analyzed the recordings between nights and
daylight hours (resting period for mice) in both genders and
genotypes2 which showed that the lower systolic and mean
blood pressure in the AQP1 KO mice (of both genders) mainly
occurs during the night (activity period for mice, Fig. 7c, d).

The hemodynamic profile of the AQP1 KO mice is not
explained by dehydration

As systemic deletion of AQP1 is known to be associated
with defective urinary concentrating ability and polyuria
[24], we collected venous blood of AQP1 KO mice and their

2 cf. Table 2
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WT littermate (both genders) at the time of sacrifice and
analyzed biological markers. The results confirmed the similar
water balance in these mice.3 Nevertheless, we observed a
statistical difference in the daily water intake between the two
genotypes (AQP1 KO mice, 10.9±0.9 vs. 5.6±0.6 ml in the
WT group, P<0.001), suggesting that AQP1 KO mice may
have compensated urinary water loss by increased drinking.

Spectral analysis of systolic blood pressure variability shows
preserved control by the autonomic nervous system
and the NO pathway in AQP1 KO mice

We first compared the spectrum of the SBPV or HRV of
AQP1 KO mice and their WT littermate (both genders) in
the three frequency domains (VFL, LF, and HF) and did not
observe any difference between the two genotypes,4 partic-
ularly in the VLF domain reflective of NO-dependent

regulation (Fig. 8b). To refine the analysis of the NO path-
way, similar measurements were repeated after treatment
with the NOS inhibitor, L-NAME. NOS inhibition raised
mean blood pressure (MBP) to a similar value in both geno-
types (Fig. 8a). Similarly, L-NAME increased SBPV in the
VLF in both genotypes (Fig. 8c), suggesting preserved func-
tion of the endogenous NO pathway in both genotypes.

To test the sensitivity of downstream NO targets,
graded doses of an exogenous NO donor (sodium
nitroprusside) were infused through chronically im-
planted intraperitoneal catheters in telemetered mice.
Sodium nitroprusside dose-dependently and identically
reduced the SBPV in both genotypes (Fig. 9a). To avoid
any interference from endogenous NO, measurements
were repeated after NOS inhibition with L-NAME.
The initial administration of L-NAME (30 min) identi-
cally increased the variability, as expected, after which
increasing doses of sodium nitroprusside again reduced
SBPV identically in both groups (Fig. 9b). This sug-
gested preserved sensitivity to both endogenous and
exogenous NO in the vasculature of both genotypes.

Consistent with an intact autonomic control, we also ob-
served a preserved baroreflex response in the AQP1 KOmice,
i.e., a decrease of heart rate proportional to blood pressure
increases following administration of the vasoconstrictor,
phenylephrine, which was comparable to WT (P=ns; two-
way ANOVA for paired data; WT, Fig. 9c; AQP1 KO,
Fig. 9d).

3 cf. Table 3
4 cf. Table 4

Fig. 4 Distribution of AQP4 (a), AQP7 (b), and AQP8 (c) in the adult
male and female heart. Representative western blot (of two experiments
with similar results) of AQP4 (a), AQP7 (b), and AQP8 (c) in total,
membrane, and cytosolic extracts of left ventricle of adult WT and
AQP1 KO mice (male, m; female, f) separated by ultracentrifugation.
The same filter as in Fig. 3 was stripped and reprobed thereby showing
the same signals for caveolin-1 and beta-actin for comparison

Fig. 3 AQP1 distribution in heart and vessels. a Subcellular compart-
mentation of AQP1 proteins in heart extracts. Representative western
blot (of two experiments with similar results) of AQP1, caveolin-1 and
beta-actin in total, membrane and cytosolic extracts of left ventricle of
adult WT and AQP1 KO mice (male, m; and female, f) separated by
ultracentrifugation. b, c AQP1 protein in aorta and mesenteric extracts.
Representative western blot of AQP1 proteins in aorta (b) and mesen-
teric artery extracts (c) in adult WT mice and AQP1 KO mice (male, m;
female, f). Beta-actin signal is shown as loading control. d AQP1
glycosylation in heart and aortic extracts from male mice. Representa-
tive western blot of AQP1 showing disappearance of additional upper
bands after incubation with N-glucosidase F, indicative of AQP1
glycosylation
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Ex vivo analysis of vascular reactivity shows unchanged
NO-dependent relaxation in aortic and mesenteric rings
from AQP1 KO mice, but a potentiation of the prostanoids-
dependent relaxation

We further analyzed the endothelial NO-dependent relaxa-
tion in aortic and mesenteric rings of male AQP1 KO and
their littermate WT.

First, aortic and mesenteric rings were precontracted with
KCl (50 mM) in presence of indomethacin (100 μM) and a
dose–response curve to acetylcholine (Ach) (10−8 to
3×10−5 M) was performed to analyze the NO-dependent
relaxation. The results do not show any statistical difference
between genotypes (Fig. 10a, c). To evaluate dual effects

of NO and endothelium-derived hyperpolarizing factor
(EDH(F)) in endothelial-dependent relaxation to Ach, aortic
and mesenteric rings were preconstricted with phenylephrine
(3 μM) (in the presence of indomethacin). Again, no differ-
ence in relaxation was observed (Fig. 10b, d).

We next analyzed similar dose–response curves to Ach in
aortic and mesenteric rings precontracted with KCl (50 mM)
but in the absence of indomethacin to preserve the
prostanoids-dependent relaxation in addition to NO. In the
aorta of AQP1 KO mice, this resulted in a potentiation of the
Ach relaxant effect at low concentrations (up to 3×10−7 M),
which was reversed at higher concentrations (Fig. 11a). In
mesenteric vessels, however, the relaxant response was

Fig. 5 Comparative cardiac morphometry shows microcardia in AQP1
KO mice compared with WT littermates. a, b Left ventricular (LV)
weight normalized to tibia length in adult male (a) and female (b) WT
(open bars) and AQP1 KO (black bars) of the same age (n=16 per
genotype and gender); c representative gross morphology of a heart
from a WT (left) and an AQP1 KO mouse (right) (scale bar in milli-
meter); d WGA staining (green, membrane), AQP1 immunofluores-
cence (red), DAPI staining (blue), and merged image in a WT heart
cryosections and merged image in a KO heart cryosections (scale,
20 μm). e, f Myocyte transverse area (e) and capillary density (f) in
cardiac sections from WT and AQP1 KO mice (n=6 in each genotype).
Mean values (±SEM) were calculated from measurements in 15 ran-
domly chosen fields for each histologic section (nine histologic sections
per heart, analyzed in blinded fashion). ***p<0.001, **p<0.01, and ns =
not significant compared to WT mice

Fig. 6 Vessels morphometry in AQP1 KO mice compared with WT
littermates. a, b Comparative vessels morphometry shows thinner ves-
sel walls in AQP1 KO mice compared with WT littermates. Vessel
thickness of aorta (a) and mesenteric artery (b) in WT and AQP1 KO
mice (n=3 for each genotype and gender). Mean values (±SEM) of
thickness were measured on four different points for each vessel (four
histologic sections per vessel, analyzed in blinded fashion). *p<0.05
compared with WT mice (Mann–Whitney test). c, d Hematoxylin and
eosin staining of aortic rings in WT (c) and AQP1 KO mice (d),
showing co-staining (in WT) for AQP1 in red and CD31 in white (scale
bar, 10 μm)
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significantly potentiated up to 3×10−6 M, with maximal
relaxation identical to WT (Fig. 11b).

To examine the potential source of such enhanced
prostanoids response, we first measured the abundance of
transcripts for the two cycloxygenase isoforms (COX-1 and
COX-2) in extracts of aortic and mesenteric arteries. Only
COX-2 could be amplified from these vessels (data not
shown). We then performed a western blot analysis of total
extracts of the same vessels using a specific antibody against
COX-2. In the aorta, we did not find any difference in terms of
protein expression between the two genotypes (Fig. 11c, e).
However, in mesenteric vessels, COX-2 expression was sig-
nificantly higher in the AQP1 KO compared to the littermate
WT (Fig. 11d, f).

Discussion

The expression of the water channels, aquaporins, has been
demonstrated in hearts from humans, rats, and mice and

AQP1 appears as the most abundant aquaporin in all these
species [4].

Indeed, our expression analysis in WT mice shows AQP1
to be highest, followed in order of abundance by AQP7,
AQP4, AQP8, and AQP11. In cardiac extracts, we found
AQP1 to be predominantly expressed in membrane fractions
and to be glycosylated, as in other tissues [6, 27]. Our
immunohistochemical analysis reveals AQP1 expression
both in cardiac endothelial cells and myocytes, consistent
with previous observations (including by electron microsco-
py [32]). Likewise, AQP1 was not only clearly identified in
endothelial cells of aortic vessels but also in vascular smooth
muscle cells of the aortae and first- and second-order mes-
enteric arteries. Likewise, AQP1 expression had been shown
in rat pulmonary artery [23] and in human coronary artery
where it mediated rapid water transport in response to
changes in external osmolarity [39].

As the purpose of our study is to characterize the role of
AQP1 on the cardiovascular phenotype in AQP1 KO mice,

Fig. 7 Circadian variation of systolic blood pressure in WT and AQP1
KO mice. a, b Blood pressure was recorded by telemetry for 24 h in
male (a) and female (b) WT (open squares) and AQP1 KO mice (filled
triangles); (a, n=8 WT and 5 KO; b, n=8 WT and 6 KO). Mean values
(±SEM) of SBP were calculated for each 60-min sequence of recording.
A significant effect related to genotype was confirmed by two-way
ANOVA in each gender. c, d Mean blood pressure (MBP) in WT (open
bars) and KO mice (black bars) from both genders (c, male; d, female).
Blood pressure was recorded over 24 h, separated in two sequences of
12 h recording (night and day). Mean values (±SEM) of MBP were
calculated for each 12 h sequence of recording. *p<0.05 and ns = not
significant compared with WT mice

Fig. 8 Comparative effects of nitric oxide synthase (NOS) inhibition
on blood pressure in AQP1 KO and WT littermates. a MBP observed
under telemetry in WT (open bars) and AQP1 KO mice (black bars)
after L-NAME administration, n=6 per genotype. b, c Spectral analysis
of systolic blood pressure variability (SBPV) in the very low frequency
domain (VLF) reported to total spectral area (TS) in WT and AQP1 KO
mice (male, m; female, f) before (b) and after L-NAME administration
(c). Mean values (±SEM) of SBPV were calculated for each 60-min
sequence of recording, during 24 h in WT mice (without L-NAME:
n=15, 8 m and 7 f. with L-NAME: n=9, 5 m and 4 f. and AQP1 KO
mice (without L-NAME: n=15, 8 m and 7 f. with L-NAME: n=9, 5 m
and 4 f). L-NAME was given in the drinking water at the concentration
of 2 mg/ml during seven consecutive days. *p<0.05 and ns = not
significant compared to WT mice
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we first examined whether deletion of this isoform affects the
expression of other aquaporins. Indeed, we found
overexpression of AQP4, AQP7, and AQP8 in the hearts of
male AQP1KO mice (Fig. 1e–h), but only AQP7 in their
vessels (Fig. 2e–h). AQP4 protein expression was previously
shown in cardiac tissue of different species [4, 36], although
this isoform has been mainly implicated in development and
resolution of brain edema [37]. However, its role can prob-
ably be extended to the control of myocardial edema since it
was shown to be upregulated with cell swelling in a murine
model of myocardial infarction [46] and infarct size was
reduced in AQP4 KO mice after coronary artery ligation
[36]. This would be consistent with its partial localization
at cardiac membranes, as observed in our study (Fig. 4a).
AQP8 transcripts had previously been detected in the heart
(but the protein was not detected probably due poor

performance of antibodies [4, 25]). Although AQP8 expres-
sion is extensively described in the gastrointestinal tract
including in hepatocytes and Kupffer cells [20], its role in
the heart remains unclear. In primary cultures of hepatocytes,
AQP8 was present in intracellular vesicles, with increased
plasma membrane trafficking upon stimulation with cAMP
[14]. Likewise, our fractionation experiments show an ex-
clusive localization in cytosolic extracts (Fig. 4c), but
whether a similar redistribution can be induced upon stimu-
lation is unknown. AQP7 has the same subcellular distribu-
tion as AQP1 in our hands, i.e., it co-localizes with caveolin-
1 in membrane extracts (Fig. 4b). So far, only the AQP7
transcripts had been detected in cardiac tissue [19] and AQP7
protein had been shown by immunohistochemistry in capil-
laries [40] or in skeletal muscle cells [44]. This is of partic-
ular interest in light of its known implication in the transport
of glycerol from the bloodstream through the endothelial
(and probably myocyte) membranes. Recent evidence

Fig. 9 Deletion of AQP1 does not affect the BP variability or barore-
flex response to a NO donor in vivo. a, b Decrease of the systolic blood
pressure variability (SBPV) in the very low frequency domain (VLF)
reported to total spectral area (TS) under increasing doses of sodium
nitroprusside (NO donor), administered alone (a) and under L-NAME
(30 mg/kg; ip, b), in WT (open squares) and AQP1 KO mice (filled
triangles) under telemetry (n=6/mice per group). Mean values (±SEM)
of VLF of SBPV were calculated during each dose response sequence
of recording. c, d Baroreflex response in WT (c) and AQP1 KO mice
(d) under telemetry. Percent decrease from basal heart rate correlates
with graded administration of phenylephrine (from 25 to 100 μg/kg).
Each values of HR were calculated during each dose–response se-
quence of recording

Fig. 10 Deletion of AQP1 does not affect the NO and EDH relaxations
in aortic and mesenteric vessels. a, d Endothelium-dependent relaxation
in aortic rings (a, b) and mesenteric artery rings (c, d) from WT (open
squares) and AQP1 KO (filled triangles) male mice. Rings were
precontracted with 50 mM KCl in the presence of indomethacin
(100 μM) and a dose–response curve to acetylcholine (Ach) (10−8 to
3×10−5M) was performed to analyze the nitric oxide (NO)-dependent
relaxation in rings from WT and KO mice (a, c). To evaluate the dual
effect of NO and EDHF in acetylcholine-induced relaxation, rings were
preconstricted with phenylephrine 3 μM (b, d). Results are expressed as
means±SEM from measurements on four rings per mouse (n=4 WT
and 4 KO mice in a, b and n=5 WT and 5 KO in c, d). ns = not
significant compared to WT
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implicates glycerol not only as an energetic substrate but also
a key regulator of lipid metabolic pathway influencing the
balance of glucose/fatty acid utilization in the heart. Al-
though the cardiac muscle cell mainly utilizes fatty acids as
an energy source in physiologic conditions [29], increasing
glycerol availability shifts the balance towards to an increase
in glucose utilization resulting in a reduced oxygen consump-
tion and β-oxidation of lipids, a simultaneous increase of
phospholipid (instead of triglycerides) synthesis into the
myocyte membrane leading to cardiac cytoprotection [12].
Accordingly, AQP7 KO mice did not adapt well to pressure
overloadwith an increase inmortality rate after transverse aortic

constriction [19]. Whereas the contribution of glycerol as ener-
getic substrate is probably low in resting conditions (15 % of
glucose oxidation [12] but can sustain heart beating ex vivo as
sole substrate [19]), it could significantly increase under stress,
as modeled by catecholamine-induced tachycardia [13]. There-
fore, upregulation of AQP7 may be cardioprotective. However,
the functional significance of AQP7 expression in the aorta and
mesenteric vessels, as clearly shown in our study (Fig. 2a, b, e, f),
remains speculative, as glycerol is not used as energetic sub-
strate in these vessels, at least according to conventional
thinking. It may, however, impact on glycerol transport to or
from periadventitial fat, which may influence triglycerides

Fig. 11 Deletion of AQP1 results in potentiation of prostanoids-depen-
dent relaxation, correlated with increased COX-2 in resistance vessels.
a, b NO- and prostanoids-dependent relaxation in aortic (a) and mes-
enteric rings (b). Rings were precontracted with 50 mMKCl in absence
of indomethacin and acetylcholine (Ach) dose–response curve (10−8 to
3×10−5 M) was performed to analyze the effect of nitric oxide (NO) and
the prostanoids pathway on the relaxation of rings from WT (open
squares) and AQP1 KO mice (filled triangles). Results are expressed
as means±SEM frommeasurements on four rings per mouse (n=8 mice
per genotype in a and n=6 mice per genotype in b). c, d Representative

western blot (of two experiments with similar results) of COX-2 pro-
teins in total extract of aorta (c) and of mesenteric vessels (d) in AQP1
KO and WT male mice. Beta-actin signal is shown as loading control.
The bands corresponding to COX-2 migrated at 70 kDa and beta-actin
at 43 kDa. e, f Quantification of COX-2 proteins in aorta (e) and
mesenteric extracts (f) in AQP1 KO mice (black bars) relative to
abundance in WT mice (open bars). Data were normalized to beta-actin
(n=8 mice/genotype for e and n=4 mice/genotype for f) ***p<0.001,
*p<0.05, and ns = not significant compared to WT mice
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accumulation in adipocytes and their ensuing production of
inflammatory cytokines. Whether these phenomena are impli-
cated in the development of neoadventitia and atherosclerosis
remains to be proven [15, 26].

Compared with age-matched WT littermate, we confirmed
that AQP1 KO mice had lower blood pressure, as previously
observed [30]. However, our use of chronically implanted
telemetry in unanesthetized mice allowed a more complete
analysis of short- and long-term variability as well as auto-
nomic control. Indeed, our analysis shows that the reduced
mean blood pressure in AQP1 KO is mainly due to a decrease
in systolic (not diastolic) BP during the night (i.e., activity
period for mice; Fig. 7a, b and Table 2). As AQP1 KO mice
are known to exhibit mild polyuria and could present defective
water balance, we measured biological parameters before
sacrifice; as shown in Table 3, the values (hematocrit, BUN,
creatinine, and plasma osmolality) do not confirm dehydra-
tion. This is probably explained by a compensatory increase in
water intake, as confirmed by our measurements. Together
with our observation of systolic (not diastolic) low BP only
during the night, these measurements reasonably exclude
dehydration as a likely cause for hypotension.

Given the uncertainty about the aetiology of this arterial
hypotension, we decided to study in more detail the neuro-
hormonal regulation of AQP1 KO mice by spectral analysis
of blood pressure variability (as previously done by us in
mice [7]). The total spectra area of BP and HR variability can
be subdivided into three specific known domains: the very
low frequency (VLF, between 0.05 and 0.4 Hz) of SBPV
which is influenced by the NO-dependent endothelial func-
tion, the low frequency (LF, between 0.4 and 1.5 Hz) of
SBPV which reflects the sympathetic modulation, and the
high frequency (HF, between 1.5 and 5 Hz) of HRV which is
the parasympathetic pathway [7] (Table 4). No difference

was observed in terms of sympathetic nervous system bal-
ance between the two genotypes5 which could therefore not
explain the difference in hemodynamic profile observed; in
particular, AQP1 KOmice exhibited a normal baroreflex arc,
with a reduction in HR proportional to vasoconstrictor-
induced increase in BP, and a slope identical to WT litter-
mates (Fig. 9c, d).

Since the endogenous NOS system is a key regulator of BP,
we studied the response of these mice to NOS inhibition
in vivo. L-NAME increased MBP to a similar value in both
genotypes (Fig. 8a). Specific analysis of the NO-sensitive VLF
revealed identical values in both genotypes (and genders) at
baseline and a similar increase after L-NAME (Fig. 8b, c).
These results are consistent with a preserved NO-dependent
endothelial function pathway in the AQP1 KO mice in vivo.
Furthermore, the preservation of the VLF response to exoge-
nous NO (before and after endogenous NOS inhibition) rules
out any alteration in downstream response of the NO pathway
(Fig. 9a, b). Finally, the integrity of endothelial and NO-
mediated relaxation was confirmed in isolated aortic and mes-
enteric rings ex vivo, after precontraction with KCl and indo-
methacin treatment to exclude EDH(F) and prostanoids in-
volvement, respectively.

This is in contrast [17] with previous reports of impair-
ment of the endothelial NO-dependent relaxation in aortic
rings of AQP1 KO mice. Several explanations may account
for this difference. Unlike in our study, true littermate control
mice were not used in this earlier report (CD1 mice were
used as control group) while endothelial NO-dependent re-
laxation is known to vary between different strains (as con-
firmed by an independent comparison between Sv129 and

Table 2 Hemodynamic profile of the two genotypes in both genders

WT mice KO mice P value

Male (n=7) Female (n=8) Male (n=6) Female (n=6) Male (WT vs. KO) Female (WT vs. KO)

SBP 24 h 125.6±3 119.3±2 117.1±2 109.2±2 ns *

DBP 24 h 104.4±4 98.4±3 95.6±3 92.9±3 ns ns

MBP 24 h 115.1±3 109.7±2 106.6±3 101.7±2 ns *

SBP 12 h (night) 128.8±2 123.8±2 120.2±2 111.8±2 * **

DBP 12 h (night) 107.4±3 101.9±2 98.15±4 95.51±3 ns ns

MBP 12 h (night) 118.3±3 113.4±3 109.5±3 104.3±3 * *

SBP 12 h (day) 121.3±3 113.8±3 113.7±3 106.2±3 ns ns

DBP 12 h (day) 100.3±3 93.2±3 92.6±5 89.6±3 ns ns

MBP 12 h (day) 111.5±3 104.2±3 103.4±4 98.5±4 ns ns

Blood pressures were expressed in millimeter of Hg and were obtained in chronically telemetered mice. Data are mean±SEM

SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood pressure, ns not significant compared to WT mice

*p<0.05; **p<0.01 (compared to WT mice)

5 cf. Table 4
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C57BL6/J in our lab; data not shown). Also, pretreatment
with indomethacin (known to inhibit COX-dependent pro-
duction of prostanoids [16]), was not included in the proto-
cols of this earlier study so that some of these observations
could have resulted from an endothelial prostanoids-
dependent response superimposed on NO.

Since the NOS-dependent response is unperturbed in
AQP1 KO compared with WT littermate, we examined
NOS-independent endothelial responses. We found no differ-
ence in ex vivo relaxation with superimposed EDH(F) re-
sponse (Fig. 10b, d), but a phenotype was clearly apparent
when EDH(F) was excluded (with KCl precontraction) but
prostanoids were preserved (in absence of indomethacin;
Fig. 11a, b); this resulted in a bimodal relaxation in the aorta
with early potentiation that was reversed at higher agonist
concentration (Fig. 11a); this was probably due to
concentration-dependent release of relaxant and contracting
prostanoids in response to Ach in the aorta. In resistance
(mesenteric) vessels of AQP1 KO, however, a unimodal po-
tentiation of the relaxation was observed (Fig. 11b). As we did
not find COX-1 transcripts (by RTqPCR) in aortic as well as
in mesenteric artery extracts in either mouse strain, we postu-
lated that COX-2 was the major cyclooxygenase involved in
prostanoids production in these vessels. Consistent with en-
hanced prostanoids-dependent relaxation, we found increased
COX-2 proteins in mesenteric (but not aortic) extracts of
AQP1 KO mice. Together with unperturbed NO and EDH(F)

relaxations, the fact that indomethacin (a COX inhibitor)
abrogates the potentiated relaxation in AQP1 KO vessels
(Fig. 10b, d) strongly supports causality for this enhanced
COX-2 expression in the AQP1 KO vascular phenotype.

Interestingly, the vessels of AQP1KO mice also exhibited
characteristic morphometric differences, i.e., reduced wall
thickness both in aorta and resistance (mesenteric) vessels.
Whether this is a consequence or participates to the low
systolic BP is unresolved. It is unlikely to simply be the
consequence of low BP, since mice with endothelial-
specific transgenic overexpression of eNOS, which exhibit
20 % lower systolic BP than their WT littermate (i.e., a more
severe decrease in BP than our AQP1 KOmice), do not show
any change in organ size or vessels morphology [31]. Rather,
the morphometric changes observed here may in part be
related to COX-2 overexpression, at least in resistance ves-
sels. Indeed, genetic deletion of COX-2 resulted in severe
pulmonary vascular smooth muscle cells (VSMC) hypertro-
phy (but no proliferation) and pulmonary hypertension in
response to hypoxia, which could be reversed by exogenous
PG(I2) or PG(E2), indicating a role for COX-2-derived
prostanoids in the control of medial hypertrophy [11]. This
does not exclude a direct implication of AQP1 as regulator of
VSMC hypertrophy, as recently proposed [2] which would
be in line with its expression across the vessel media.

Strikingly, AQP1 KO mice also exhibited a marked
microcardia, as well as smaller cardiac myocytes cross-
sectional area compared with WT littermates. Again, this is
unlikely to merely be the consequence of the lower BP, since
mice with even lower chronic hypotension do not exhibit a
similar phenotype [31]. As we observed that these mice do
not present permanent tachycardia compared to their litter-
mate controls, lower stroke volume due to microcardia could
at least in part contribute to their lower blood pressure. This
microcardia is noteworthy in the context of the role of
endothelial AQP1 in the process of cell migration involved,
e.g., in angiogenesis [38], and previous demonstrations that
physiologic cardiac development and hypertrophy are de-
pendent on matching myocardial angiogenesis [41, 45].
However, we did not observe any decrease in capillary
density (normalized per cardiac myocyte) that would support
this hypothesis. Again, paracrine effects of COX-2-derived
prostanoids from cardiac endothelium or a direct control of
cardiac myocyte hypertrophy by AQP1 may be at play; for
example, due to its strategic localization in cardiac cells
within the T-tubules close to the Z line structure and in the
associated vascular endothelium [10] and its osmolarity-
dependent reversible internalization via caveolae [32],
AQP1 could also modulate excitation contraction coupling
requiring rapid osmotic equilibration. Failure to do so may
perturb intracellular ion (e.g., calcium) homeostasis, with
potential consequences on hypertrophic signaling although
this needs to be tested in future experiments.

Table 3 Biological values of WT and AQP1 KO mice

WT mice (n=22) KO mice (n=16) P value

Hematocrit (%) 40±0.7 41±0.7 ns

Osmolality (mOsm/kg) 340.6±6.1 340.7±4.8 ns

Urea (mg/dl) 53.7±2.32 46.9±2.64 ns

Creatinine (mg/dl) 0.22±0.05 0.13±0.01 ns

Water intake (ml/day) 5.6±0.5 10.9±0.6 ***

Hematocrit, osmolality, urea, and creatinine values were taken from
venous blood samples. Data are mean±SEM

ns not significant compared to WT mice

***p<0.001 (compared to WT mice)

Table 4 Spectral analysis of systolic blood pressure (SBPV) or heart
rate variability (HRV) in the very low frequency (VLF), the low fre-
quency (LF), and the high frequency (HF) domains normalized to total
spectral area (TS) in WT and AQP1 KO mice

WT mice (n=16) KO mice (n=13) P value

VLF of SBPV/TS 0.235±0.005 0.237±0.004 ns

LF of SBPV/TS 0.281±0.012 0.29±0.018 ns

HF of HRV/TS 0.383±0.011 0.393±0.014 ns

Data are mean ± SEM

ns not significant compared to WT mice

Pflugers Arch - Eur J Physiol (2014) 466:237–251 249



In conclusion, we found low systolic blood pressure with
vessel and cardiac hypotrophy in AQP1 KO mice, together
with upregulation of AQP7 in both tissues and AQP4 and
AQP8 in the heart. Because of the proposed role of cardiac
AQP1 (and AQP4) controlling the clearance of interstitial
edema [9, 46, 47] and perhaps myocardial hypertrophic
remodeling (this study), future studies will need to verify
the specific effect of AQP1 deletion in pathological situa-
tions such as ischemia/reperfusion and pressure overload.
Should an impact be observed, it may raise the interest for
new modulators of AQP1 function derived from loop di-
uretics [8, 48] and their use to treat common situations, such
as high blood pressure usually associated with hypertrophic
cardiomyopathies.
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