Impaired water/glycerol transport and antigen uptake
in AQP7-deficient DCs

Previous studies using Xenopus oocytes expressing
AQP7 found that AQP7 facilitates water and glycerol
uptake (27, 28). We determined the osmotic water and
glycerol permeability in isolated LCs from WT and
AQP7~/" mice. The kinetics of the change in scattered
light intensity in response to an osmotic challenge were
measmcd as described previously (24, 25). Walter trans-
port in response to a 150 mM inwardly directed man-
nitol gradient was significantly higher in WT than in
AQP7-dcﬁucm cells (Fig. 2A) Glycerol permeability,
measured by the stopped-flow technique, as described

previously (26), was also decreased in the absence of

AQP7 as compared to WT cells (Fig. 285).

We next tested the hypothesis that AQP7 is involved
in macropinocytosis and/or phagocytosis in DCs. First,
we utilized FITC-labeled dextran, which is a commonly
used model substance for pinocytosis and phagocytosis
(6, 29). Epidermal or dermal cell suspensions were
incubated with FITC-dextran, and the mean fluores-
cence intensity (MEFI) of ingested FITC gated on MHC
class II* cells was analy/,c.d. Figure 9(, shows that

AQP7-deficient LCs had a reduced cellular uptake of

FITC-dextran, which has components with molecular
masses ranging from 4 to 250 kDa. In dDCs, AQP7 had

an cffect on the uptake of 4- to 40-kDa FITC-dextran
molecules (Fig. 20).

The FITC-dextran assay tests receptor-mediated en-
docytosis in the internalization of dextran because DCs
express pattern recognition receptors that bind to
carbohydrate moieties such as dextran (6, 29). We next
utilized FITC and LY to more precisely examine mac-
ropinocytosis. Both FITC and LY uptake were signifi-
cantly decreased in AQP7-deficient DCs compared to
WT cells (Fig. 2L, Iv. These results indicate that AQP7
is involved in macropinocytosis in DCs.

Impaired chemotaxis in AQP7-deficient DCs

Immune responses are initiated when antigen-bearing
DCs migrate from skin to LNs and activate T cells (3-5).
Therefore, we examined the chemotaxis of skin DCs
toward the ligands CXCLI2 and CCL21 (30). Che-
motaxis was significantly impaired in AQP7-deficient
LCs and dDCs compared to WT cells (Fig. 34). The
expression levels of the maturation markers CD80 and
CD86 and of the chemokine receptors for migration,
CCR7 and CXCR4, were comparable between WT and
AQP7-deficient DCs (Fig. 3B, C). These findings sug-
gested that AQP7 is involved not only in antigen uptake
but also in the migration of DCs.

Because AQP7 was detected in CD4" T cells (Fig.
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Figure 2. Impaired water/glycerol transport and macropinocytosis in AQP7-deficient DCs. A) Osmotic water permeability of LCs
from WT and AQP7™/~ mice was measured by scattered light intensity over the time course in response to a 150 mM inwardly
directed mannitol gradient by stopped flow at 22°C. Reciprocal exponential time constant 7' was calculated (n=4). *P< 0.01.
B) Glycerol permeability was measured in response to a 150 mM inward glycerol gradient by stopped flow at 22°C (n=4). *P <
0.01. C, D) Cellular uptake of FITC-dextran. Epidermal (C) or dermal (D) cell suspensions were incubated with FITC-dextran
(4, 40, or 250 kDa, 0.5 mg/ml) for 45 min at 37°C. Mean fluorescence intensity (MFI) of internalized FITC in MHC class i
cells was monitored (n=5). *P < 0.05, #P < 0.01. E, F) FITC (£) and LY (F) uptake by LCs and dDCs from WT and AQP7“/"
mice. FITC or LY (0.1-1 mg/ml) was incubated in the cell suspension from the epidermis or dermis (45 min, 37°C). FITC or
LY uptake was monitored by measuring the MFI of internalized FITC or LY in MHC class II" cells (n=4). #*P < 0.01. Data are
presented as means * SE.
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Figure 3. Impaired chemotaxis in AQP7-deficient DCs. A) Chemotaxis assay. Migration of DCs (epidermal or dermal cell
suspensions) to the ligands CXCL12 (100 ng/ml) or CCL21 (100 ng/ml) was examined using a transwell chamber with
5-um pores. Graphs show percentages of cells that migrated (n=5). *P < 0.01. B, C) Expression levels of maturation
markers (B) and chemokine receptors involved in migration (C). Epidermal (for LCs) and dermal (for dDCs) cell
suspensions were incubated in ¢cRPMI for 2 d. MFI of CD80-APC™, CD86-FITC*Y, CCR7-PC7Y, and CXCR4-FITC" cells
within the MHC class II" cell gate was determined (n=4). D) Osmotic water permeability in isolated CD4™" T cells from
WT and AQP7™/~ mice (n=4). E) Chemotaxis assay of T cells. Migration of CD4™ T cells to the ligands CCL19 (100
ng/ml) and CCL17 (100 ng/ml) was examined using a transwell chamber with 5-um pores. Graphs show percentages of
cells that migrated (n=>5). Data are presented as means * SE.

1A), we conducted a phenotypic analysis of T cells in  ciency on the response to the application of OVA on
the spleen, LNs, and thymus. CD4" and CD8" lympho-  skin lesions, such as atopic dermatitis, the skin perme-
cyte numbers (Supplemental Fig. S2) and the cell  ability barrier was disrupted by tape stripping (3 or 10
populations of CD3, CD25, CD44, and CD62L (not times) to remove the stratum corneum, and FITC-OVA
shown) in the LNs and thymus were similar between  was applied. The TEWL values of WT and AQP7 /"
WT and AQP7-deficient mice. The water permeability ~ skin were comparable after tape stripping, indicating
of CD4" T cells (Fig. 3D) and chemotaxis toward CD4"  that barrier disruption occurred equally (Fig. 4B, left
T-cell ligands (Fig. 3E) were also comparable between  panel). The numbers of FITC* LCs and dDCs that
WT and AQP7-deficient T cells, indicating that the  migrated into the LNs were significantly impaired in
expression of AQP7 likely has little effect on T-cell ~ AQP7~/~ mice compared to WT mice (Fig. 4B, right

development or function. panel). We next examined sensitization to OVA. We

isolated a similar number of lymphocytes from the
Impaired OVA-induced sensitization in AQP7~/~ draining LNs of WT and AQP7™/" mice at 48 h after
mice applying FITC-OVA, and the lymphocytes were incu-

bated with OVA for 2 d. As shown in Fig. 4C, OVA-
We next investigated the effect of AQP7-mediated  specific cell proliferation, as measured by [*H]-thymi-
antigen uptake and cell migration on antigen-induced  dine incorporation, was impaired in AQP7-deficient
sensitization. Here we utilized FITClabeled OVA. OVA  cells compared to WT cells. These findings suggest that
is the main protein in egg whites and is an established ~ AQP7 is essential for antigen entry into the LNs follow-
model allergen. Fluorescence microscopy showed the  ing antigen-induced sensitization.
cellular uptake of FITC-OVA in LCs after a 1-h incuba- To investigate the involvement of AQP7 in antigen
tion (Fig. 44, left panel). Flow cytometry analysis dem-  entry into the LNs using a different system, we utilized
onstrated that AQP7-deficient LCs and dDCs had im-  a FITC sensitization model wherein a FITC solution
paired incorporation of FITC-OVA (Fig. 44, right  is applied to the skin, and cutaneous DCs take up FITC
panel). and migrate to the LNs for antigen presentation.
We next sought to determine whether AQP7 has a  Analysis of the skin-draining regional LNs at 24 h after
role in antigen entry into the body, a process required  FITC application showed a decrease in the accumula-
for sensitization. To examine the effect of AQP7 defi-  tion of FITC* LCs and dDCs in AQP7 /™ mice com-
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Figure 4. Impaired OVA-induced sulsiti/atian in AQP7777 mice. A) Left panel: immunofluorescence microscopy of LCs

incubated with FITC-OVA for 1 h at 37°C. Nuclei were stained with DAPI (blue). Right panel: cellular uptake of FITC-OVA.
Epidermal or dermal cell suspensions were incubated with FITC-OVA (0.25 mg/ml) for 45 min at 37°C. MIT of internalized
FITC was monitored (n=4). B) FITC-OVA migration in vive. Skin permeability barrier was disrupted bs tape strip )ing to remove
the stratum corneum (3 or 10 times), and FITC-OVA was applied (100 wl of 2 mg/ml, 2X2 c¢m®). Left pane TEWL was
measured as an index of barricn function after tape stripping. (Right panel: numbers of migrated LCs (CD1 le™ MHC class T
EpCAM ) and dDCs (CDllc" MHC class 11" EpCAM ") 48 h after applying FITC- OX A (n=4). C) Amigen-speciﬁc cell
“proliferation was measured by [*H]-thymidine incorporation. Lymphocytes (1X 10° cells) isolated from the 1ez§1orn LNs of mice
onto which FITC-OVA had been apphgd were incubated with vehicle or OVA (10 pg or 1 mg/ml) for 2 d (n=6). D) Skin DC
migration into the draining LNs after FITC pamtmg WT and AQP777" mice were pamtcd with 1% FITG solution (acetone and

dibutylphthalate, 1:1) on the flank skin. At 24 1
EpCAM™) or dDCs (CD1lec™ MHG class II" E
means * SE. *P < 0.01.

pared to WT mice (Fig. 4D). These data suggest the
involvement of AQP7 in the induction of the primary
immune response.

Impaired hapten-induced contact hypersensitivity and
sensitization in AQP7 ™/~ mice

To further determine the role of AQP7 in cutaneous
immune reactions, we utilized a well-established hap-
ten-induced contact hypersensitivity (CHS) model (31,
82). The WT and AQP7 /™ mice were sensitized by
applying DNIB to the abdomen, and the mice were
challenged on the ear 5 d later. Ear swelling in response
to the challenoe evidence of CHS, was significantly
decreased in AQP/ /~ mice compared to WT mice
(Fig. 5A). Histological examination confirmed that
edema and the mhluauon of lymphocytes into the
dermis were attenuated in AQP7 ~ mice, whereas
these measures of inflammation were pronounced in
WT skin (Fig. 5A, bottom panel).

To examine sensitization during the CHS response,
antigen-specific cell proliferation and IFN-y production
were assayed. The lymphocytes from the draining LNs
of WT and AQP7 /" mice were isolated at 5 d after
DNEFB sensitization, and the lymphocyte responses to
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MHC class IT"

cells by flow cytometry (n=5). Data are presented as

TNCB, a watersoluble compound with the same anti-
genicity as DNFB, were compared in vitro. We observed
a significant repression of antigen-induced cell prolif-
eration and IFN-=y production in cells from AQP7™/~
mice, indicating that T-cell activation during the sensi-
tization period is impaired in the AQP7 "/~ mice.

Finally, we verified the impaired sensitization in AQP7 /'~
mice using subcutaneous adoptive transfer experiments. LN
cells from sensitized WT and AQP7 /" mice were injected
subcutaneously into the ears of naive recipient WT mice,
which were challenged immediately with DNFB. As shown in
Fig. 5C, the injected AQP7 /™ cells suppressed ear swelling,
and WT cells induced a strong CHS response. Collectively,
these findings provide evidence that AQP7 expression is
required for antigen-induced sensitization during the CHS
response and that AQP7 might be responsible for antigen
entry into the body.

DISCUSSION

Here we found that AQP7 is functdonally expressed in
skin DCs and is required for initiating cutaneous im-
mune responses, such as CHS. An assay of macropi-
nocytosis and/or phagocytosis showed that AQP7 defi-
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Figure 5. Impaired CHS and sensitization
’ DNBS +/+ in AQP77/" mice. A) Top panel: mice
++ - * were sensitized with DNFB and challenged
5 d later on the ear. Ear thickness (pum)
Control ** was measured at 24 h after challenge
A (n=Db). Bottom panel: hematoxylin and
L . L ,  eosin staining of the ears of sensitized WT
0 1 2 3  (+/+)and AQP7™/" mice (—/—) at24h
IFN-y (ng/ml) after challenge with DNFB. Scale bar =

100 pm (X10); 20 pm (X400). B) Anti-

gen-specific cell proliferation (top panel) and IFN-y production (bottom panel) during CHS. [*H]-thymidine incorpora-
tion and IFN-y production were determined in lymphocytes (1X10” cells) isolated from the regional LNs of DNFB-
sensitized WT and AQP7 7~ mice (n=5). C) Adoptive transfer experiments by subcutaneous injection. LN cells from
sensitized donor WT and AQP7™/ ™ mice (donor) were injected subcutaneously (2X 10° cells) into the ear of naive recipient
WT mice. Graph quantifies ear swelling at 24 h after challenge (n=4). Data are presented as means * st. *P < 0.01.

ciency decreased the cellular uptake of LY, FITC,
FITC-OVA, and FITC-dextran into the skin DCs, includ-
ing LCs and dDCs, suggesting the involvement of AQP7
in the capture of antigen. We also observed reduced
cell migration toward ligands in AQP7-deficient DCs. In
addition, AQP7'/ ~ mice exhibited impaired antigen-
induced sensitization after OVA or hapten application,
and this impaired response was accompanied by sup-
pressed lymphocyte proliferation. After application of a
fluorescent antigen (FITC or FITC-OVA), the accumu-
lation of antigen-retaining DCs in the LNs was de-
creased in AQP7~/ " mice, which could be attributed to
both the reduced captured of antigen and the reduced
cell migration from skin to the LNs. Our findings
provide the first evidence of the requirement for AQP7
in antigen-induced sensitization during an immune
response.

DCs are antigen-presenting cells and are critical for
the induction of primary immune responses. A previ-
ous study using human DGCs derived from PBMCs
showed that a mercury drug, one of the AQP inhibitors,
blocked the macropinocytosis of LY but did not affect
receptor-mediated endocytosis of FITC-dextran via the
mannose receptor, suggesting that AQPs have a selec-
tive effect on macropinocytosis (20). In the study
presented here, we demonstrated that AQP7 is involved
in the cellular uptake of LY (MW 521), FITC (MW 389),
FITC-conjugated dextran (MW ranging from 4 to 40
kDa), and FITC-OVA (MW ~45 kDa) into both LCs
and dDGCs, although it remains to be determined
whether macropinocytosis, phagocytosis, or endocytosis
was responsible for the uptake of these molecules. DCs
express pattern-recognition receptors and bind to gly-
coproteins and other carbohydrate regions that are
commonly expressed by pathogens (6, 33). Although
the internalization of a soluble carbohydrate such as
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dextran into DCs occurs largely through receptor-
mediated internalization, the assay using LY or FITC is
thought to accurately examine macropinocytosis (6,
29). Therefore, our findings demonstrate that AQP7 is
involved at least in macropinocytosis by skin DCs. After
the intake of extracellular fluids by macropinocytosis,
macrosolutes are concentrated and accumulate in a
lysosomal compartment, which might depend on the
selective transport of ions and water. We also demon-
strated that AQP7 is required for water transport in
DCs. AQP7-mediated water efflux might be responsible
for regulating cell volume during macropinocytosis.
Although further experiments are necessary to investi-
gate the mechanism of AQP7-mediated antigen uptake,
our data support the involvement of AQP7 in macropi-
NoCytosis.

In our studies, AQP7 was required for the chemotaxis
of DCs, which might be important for antigen presen-
tation and the subsequent initiation of the immune
response. Previous studies have shown the involvement
of some AQPs (AQP1, 3, and 4) in cell migration, for
example, in angiogenesis or wound healing, in several
endothelial and epithelial cell types (34, 35). The
researchers of these studies proposed that AQP-medi-
ated water transport was connected to actin dynamics
during cell migration, although the cellular and molec-
ular mechanisms that underlie this process are unclear.
Again, macropinocytosis was found to be an actin-depen-
dent process that requires the Rho-family GTPases, in-
cluding Racl and Cdc42, for actin cytoskeletal rearrange-
ments (33, 36). AQP7 might regulate the dynamics of
actin reorganization, which regulates cell migration and
macropinocytosis, and future studies will define the mech-
anism of AQP7-mediated DC migration.

In summary, our data provide the first evidence that
AQP7 is required for the induction of primary cutane-
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ous immune responses. Owr findings suggest that AQP7
is primarily involved in antigen uptake and subse-
quently in the migration of epidermal LCs and dDCs,
which are responsible for antigen processing and pre-
sentation and promote immune responses. Because
DCs are localized not only in the skin but in most
tissues of the body, AQP7 might have a causal role in
allergy or unwanted immune reactions. Our findings
suggest that blocking AQP7 by the use of topical drugs
might be useful for the suppression of undesirable
immune responses.
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ABSTRACT

Na-Cl cotransporter (NCC) is phosphorylated in its amino terminus based on salt intake under the regu-
lation of the WNK-OSR1/SPAK kinase cascade. We have observed that total protein abundance of NCC and
its apical membrane expression varies in the kidney based on the phosphorylation status. To clarify the
mechanism, we examined NCC ubiquitination status in mice fed low, normal and high salt diets, as well
as in a model mouse of pseudohypoaldosteronism type Il (PHAII) where NCC phosphorylation is consti-
tutively elevated. Low-salt diet decreased NCC ubiquitination, while high-salt diet increased NCC ubiqui-
tination in the kidney, and this was inversely correlated with total and phosphorylated NCC abundance.
In the PHAII model, the ubiquitination of NCC in kidney was also lower when compared to that in wild-
type littermates. To evaluate the relationship between phosphorylation and ubiquitination of NCC, we
expressed wild-type, phospho-deficient and -mimicking NCC in COS7 cells, and the ubiquitination of
immunoprecipitated total and biotinylated surface NCC was evaluated. NCC ubiquitination was increased
in the phospho-deficient NCC and decreased in phospho-mimicking NCC in both total and surface NCC.
Thus, we demonstrated that NCC phosphorylation decreased NCC ubiquitination, which may contribute

to the increase of NCC abundance mostly on plasma membranes.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The thiazide-sensitive NaCl cotransporter (NCC) is essential for
sodium reabsorption at the distal convoluted tubules (DCT) in the
kidney. A loss-of-function NCC mutation causes Gitelman’'s syn-
drome, an inherited disease that exhibits salt-losing phenotypes
[1]. In contrast, a gain-of-function mutation in NCC causes pseudo-
hypoaldosteronism type 1l (PHAIl), a disease of salt-sensitive
hypertension. PHAIl was shown to be caused by mutations in the
with-no-lysine kinases 1 and 4 (WNK1 and WNK4) [2], and we
clarified using a PHAIl model mouse (Wnk4P>6A™*) that the patho-
genesis of PHAII was the constitutive activation of a phosphoryla-
tion signal cascade consisting of WNK kinase, oxidative stress-
responsive kinase-1 (OSR1), STE20/SPS1-related proline/alanine-
rich kinase (SPAK), and NCC [3].

NCC is phosphorylated at several amino-terminal serine and
threonine residues (T53, T58 and S71 in mouse NCC) by OSR1/SPAK
[4], which is highly elevated in Wnk4">$**"* knock-in mice [3]. SPAK
knockout mice showed decreased phosphorylation of NCC at these
sites and exhibit Gitelman's syndrome-like phenotypes [5], thus
confirming the importance of NCC phosphorylation in the in vivo

* Corresponding author. Fax: +81 3 5803 5215.
E-mail address: esohara.kid@tmd.ac.jp (E. Sohara).
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function of NCC. Pacheco-Arevarez et al. showed that the phosphor-
ylation of NCC is important for its transport function when ex-
pressed in Xenopus oocytes [6]. In addition to this mechanism, it
was observed that phosphorylated NCC was concentrated on the
plasma membranes of DCT, thus suggesting that phosphorylation
is involved in the accumulation of NCC in plasma membranes [7,8].

We recently reported several physiological regulators of NCC
phosphorylation. NCC phosphorylation is increased by a low-salt
diet through aldosterone [9]. Angiotensin II and insulin were found
to increase NCC phosphorylation [10-13]. Interestingly, total pro-
tein abundance of NCC appeared to vary according to NCC phos-
phorylation in these cases. Similar phenomena were also
observed in Wnk4P%5'™* knock-in, SPAK knockout, SPAK and
OSR1 knock-in mice [3,5,14], thus suggesting that NCC phosphory-
lation is able to regulate its total protein abundance mostly on
plasma membranes. However, the underlying mechanisms of
how phosphorylation of NCC increases surface expression have
yet to be clarified.

Numerous membranous proteins, including various ion trans-
porters of the kidney, have been shown to be degraded in a regu-
lated manner that involves ubiquitination. For example, epithelial
sodium channel (ENaC) is ubiquitinated by Nedd4-2, and ubiquiti-
nated ENaC is sorted to a degradation pathway [15]. Impaired ENaC
ubiquitination at the cell surface by the mutation of ENaC in Liddle
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syndrome results in increased ENaC protein levels at the cell sur-
face, leading to increased sodium reabsorption and hypertension
[16,17]. In the case of NCC, it has been reported that NCC is poly-
ubiquitinated in its secretory pathway (ER) and undergoes prote-
asomal degradation [18]. It has also been reported that ubiquitin
ligase Nedd4-2 ubiquitinates NCC [19]. These observations suggest
that NCC phosphorylation and ubiquitination are coordinated and
involved in the regulation of NCC under various pathophysiological
conditions.

In this study, we found that dietary salt intake regulates NCC
ubiquitination and phosphorylation in vivo. Similarly, NCC ubiquiti-
nation was decreased in a PHAIl mouse model. In addition, we clar-
ified that NCC phosphorylation regulates NCC ubiquitination. Thus,
ubiquitination of NCC may be an important determinant of NCC
protein abundance and plasma membrane localization within cells.

2. Materials and methods
2.1. Animal study

C57BL/6 mice (age, 12 weeks) were fed normal diet, low-NaCl
diet (0.01% NaCl (w/w)) or high-NaCl diet (4% NaCl (w/w)) for
14 days. Wnk4** and Wnk4”>'%* mice were fed normal diet. All
animal procedures were approved by the Institutional Animal Care
and Use Committee of the Tokyo Medical and Dental University.

2.2. Immunoprecipitation of NCC from mouse kidney

Mice were sacrificed after 14 days on the diet. Whole kidneys
were homogenized in homogenization buffer (250 mM sucrose,
10 mM triethanolamine, 1 mM EGTA, 1 mM EDTA, 20 mM N-ethyl-
maleimide (NEM), 50 mM sodium fluoride, 1 mM sodium ortho-
vanadate and complete protease inhibitor). Isolated crude
membrane fraction (17,000g) was solubilized in buffer SB (0.5% so-
dium-deoxycholate, 20 mM Tris HCl, 5 mM EDTA, 10% glycerol and
complete protease inhibitor). Samples were precleared by incubat-
ing with immobilized protein G, and were then subjected to NCC
immunoprecipitation by rabbit anti-NCC antibody (Chemicon,
Temecula, CA, USA). As a negative control, samples were incubated
with rabbit IgG.

2.3. Plasmids

Full-length wild-type T7-tagged NCC and T7-tagged phospho-
deficient NCC expression plasmid (pRK5-T7-tagged NCC and
pRK5-T7-tagged NCC) was kindly provided by Dr. T. Moriguchi
[20]. T7-tagged phospho-mimicking NCC (pRK5-T7-tagged NCC)
was generated by site-directed mutagenesis with using the Quik-
Change Mutagenesis system (Stratagene, La Jolla, CA, USA).

2.4. Cell culture and transient transfection

COS7 cells were grown in low bicarbonate Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal calf serum.
Cells were transfected with 8 pg of each plasmid using Lipofect-
amine 2000 (Invitrogen, CA, USA).

2.5. Immunoprecipitation of transiently expressed NCC in COS7 cell

Empty vector (PRK-5), T7-tagged phospho-deficient, wild-type
or phospho-mimicking NCC was transfected into COS7 cells. At
48 h after transfection, cells were lysed with buffer M-PER (Thermo
Scientific, Massachusetts, USA) containing 20 mM NEM and com-
plete protease inhibitor. Lysates were centrifuged at 17,000g for
30 min. Supernatant was precleared with immobilized protein G,

and was then subjected to NCC immunoprecipitation by rabbit
anti-NCC antibody bound to protein A-Sepharose beads.

2.6. Cell surface biotinylation assay

COS7 cells were transfected with empty vector (PRK-5), T7-
tagged phospho-deficient, wild-type or phospho-mimicking NCC.
Cell surface proteins were labeled with sulfo-NHS (N-hydroxysucc-
inimido)-SS-biotin (Thermo Scientific) at 48 h after transfection as
follows: cells were washed three times with PBS-CM (PBS with
1 mM MgCl, and CaCly). Cells were incubated for 30 min on ice
with 0.5 mg/ml sulfo-NHS-SS-biotin in PBS-CM, and were then
quenched with 100 mM glycine in PBS-CM. After washing three
times with PBS-CM, cells were lysed in buffer M-PER (Thermo Sci-
entific) containing 20 mM NEM and complete protease inhibitor.
Lysates were centrifuged at 17,000g for 30 min. For pull down of
total surface protein, lysates were incubated with immobilized
NeutrAvidin beads (Pierce) at 4 °C for 2 h. For pull down of cell sur-
face NCC, lysates were precleared with immobilized protein G, and
were then subjected to the NCC immunoprecipitation by rabbit
anti-NCC antibody (Chemicon, Temecula, CA, USA). NCC immune
complexes bound to the protein A-Sepharose beads were eluted
by boiling for 15 min in 100 pl of 1% SDS in PBS (pH 7.2) and di-
luted with 900 pl of PBS (pH 7.2). The solution was then incubated
for 1 h at 4 °C with immobilized NeutrAvidin beads (Thermo Scien-
tific) to isolate the biotinylated NCC surface fraction.

2.7. Immunoblotting

Semi-quantitative immunoblotting was performed, as de-
scribed previously [21,22]. To assess relative expression levels of
proteins in whole kidney, homogenates without the nuclear frac-
tion (600g) or the crude membrane fraction (17,000g) were used.
Band intensity was analyzed using Image ] (NIH, Betheda, MD,
USA). To quantify ubiquitinated protein signals from immunoblots,
we calculated the amount of protein (in arbitrary units) from a 6-
fold dilution series of the same protein that was also immunoblot-
ted. The following primary antibodies were used in this study: rab-
bit total anti-NCC [23]; guinea pig total anti-NCC [23]; rabbit anti-
pNCC (T53, T58 and S71) [9]; anti-T7 (from Invitrogen); and mouse
anti-ubiquitin (Santa Cruz Biotechnology, CA, USA). Alkaline-phos-
phatase-conjugated anti-IgG antibodies (Promega, Madison, WI,
USA) were used as secondary antibodies for immunoblotting.

2.8. Statistical analysis

Statistical significance was evaluated by unpaired t-test. All
data are expressed as mean = SEM. When more than three groups
were compared, one-way ANOVA with Fischer’'s post hoc test
was used. P < 0.05 was considered to be statistically significant.

3. Results
3.1. Dietary salt regulates ubiquitination of NCC in mouse kidney

In order to investigate whether ubiquitination of NCC is in-
volved in the regulation of its abundance in the kidney, we exam-
ined NCC ubiquitination in the kidney from mice under various
dietary salt intake conditions. As shown in Fig. 1A, NCC protein
abundance and phosphorylation were increased under a low-salt
diet and decreased under a high-salt diet, as reported previously
[9]. NCC ubiquitination was then evaluated under the same condi-
tions. As shown in Fig. 1A and B, ubiquitination of NCC was signif-
icantly elevated and reduced in kidneys from mice fed high-salt
and low-salt diets, respectively.
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Fig. 1. Ubiquitination of NCC is regulated by dietary salt intake. (A) Immunoblots of
total and phosphorylated NCC in the kidneys of wild-type mice fed diets with
different amounts of salt. NCC Phosphorylation at S71 was regulated by different
amounts of salt in the diet; phosphorylation and abundance of NCC decreased
under a high-salt diet and increased under a low-salt diet (upper panels). NCC was
immunoprecipitated from kidney homogenates of mice fed diets containing
different amounts of salt. Immunoprecipitated NCC was adjusted to have nearly
equal amounts of immunoprecipitated NCC in each lane in order to more clearly
demonstrate the differences in ubiquitination in each lane (lower panel). Immu-
noprecipitated NCC was blotted with ubiquitin antibody. NCC ubiquitination was
lower in mice fed low-salt diet and higher in mice fed high-salt diet, as compared to
mice fed normal diet. (B) Densitometry analysis of ubiquitination of immunopre-
cipitated NCC in mice fed different amounts of salt. For densitometry analysis,
values are expressed as ratios of ubiquitinated and total NCC against mean signals
in the normal diet group. **P < 0.01, *P < 0.05.

3.2. Decreased ubiquitination of NCC due to increased phosphorylation
is involved in pathogenesis of PHAIl

Previously, we generated Wnk42°5'#* knock-in mice, a mouse
model of PHAII, and found that the pathogenesis of PHAII involves
the constitutive activation of the WNK-OSR1/SPAK kinases-NCC
phosphorylation cascade, resulting in the gain of NCC function. In
this PHAIl mouse model, both total and phosphorylated NCC was
elevated in the kidney [3]. As observed in the mice fed low-salt
diet, NCC was less ubiquitinated in the PHAIl model mouse kidney,
as compared with wild-type littermates (Fig. 2). These results
clearly indicate that increased phosphorylation of NCC by activated
WNK-OSR1/SPAK-NCC phosphorylation cascade results in de-
creased ubiquitination of NCC.

3.3. Phosphorylation of NCC decreased its ubiquitination

In mice, the major sites of NCC phosphorylation by OSR1 and
SPAK are Thr 53, Thr 58 and Ser 71 [4]. To clarify the relationship
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Fig. 2. Ubiquitination of NCC was reduced in Wnk4®*¢™¥* mouse kidney. (A)
Representing immunoblots of NCC ubiquitination in Wnk4”*"* mouse kidney.
NCC was immunoprecipitated from kidney homogenates of Wnk4°°"4* mice and
their wild-type littermates. Immunoprecipitated NCC was adjusted to have nearly
equal amounts of immunoprecipitated NCC in each lane in order to more clearly
demonstrate the differences in ubiquitination in each lane. NCC ubiquitination was
lower in Wnk4P5%'%* mice, as compared to their wild-type littermates. (B)
Densitometry analysis of NCC ubiqutination in Wnk4P%6™%* mice. Ubiquitination
of NCC in Wnk4P>*'4* mice was significantly lower, as compared to their wild-type
littermates. Values (n=5) are normalized by immunoprecipitated total NCC.
*P<0.01.

between the phosphorylation of NCC at these sites and NCC ubiq-
uitination, we transfected T7-tagged phospho-deficient and -mim-
icking mutant NCC along with wild-type NCC into COS7 cells
(Fig. 3A), and evaluated the ubiquitination of these mutants.
Immunoblots of whole cell lysates revealed that total protein
abundance of the phospho-mimicking NCC was significantly high-
er than wild-type and phospho-deficient NCC, thus suggesting that
degradation of the phospho-mimicking NCC is decreased (Fig. 3B
and C). Ubiquitination of the phospho-mimicking NCC is less than
that of wild-type and the phospho-deficient NCC, and is inversely
correlated with total NCC abundance (Fig. 3D). These results clearly
indicate that phosphorylation of NCC at Thr 53, Thr 58 and Ser 71
decreases NCC ubiquitination, and as a result, increases NCC pro-
tein abundance. It has been reported that NCC exhibits distinctive
bands on immunoblots that correspond to molecular masses of 95,
110, 130 to 140 and more than 250 kDa [24,25]. Nonglycosylated
95 kDa NCC is the core NCC while the 110-kDa band is sensitive
to Endo H digestion, corresponding to the endoplasmic reticulum-
and/or pre-Golgi complex-retained NCC protein [24]. The glycosyl-
ated protein of 130-140 kDa is not sensitive to Endo H digestion
and is present in the plasma membrane [24], forming functional
homodimer complexes of 250-350 kDa [25]. In Fig. 3, the bands
at 110, 130 and 250 kDa were all increased in the phospho-mim-
icking NCC, indicating that both NCC in the plasma membranes
and in intracellular organelles is increased. We detected the
smear-like ubiquitinated NCC band extending from about 120 to
more than 250 kDa, thus suggesting that NCC ubiquitination in
both ER/pre-Golgi and plasma membranes was decreased in the
phospho-mimicking NCC.
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Fig. 3. NCC Phosphorylation increases total expression and decreases ubiquitina-
tion in COS7 cells. (A) Three consensus amino-terminal residues (T53, T58 and S71)
are critical for the phosphorylation of NCC. In phospho-deficient NCC (PD), these
residues are mutated to alanine. In phospho-mimicking NCC (PM), these residues
are mutated to aspartic acid. (B) Representative immunoblots of expression and
ubiquitination of phospho-deficient, wild-type or phospho-mimicking NCC. Empty
vector (Vector), phospho-deficient, wild-type or phospho-mimicking T7-tagged
NCC were transfected into COS7 cells. In total cell lysates, expression levels of
phospho-mimicking NCC were higher than those of phospho-deficient and wild-
type NCC (upper panel). NCC was immunoprecipitated from whole cell lysates, and
immunoprecipitated NCC was adjusted to have nearly equal amounts of immuno-
precipitated NCC in each lane in order to more clearly demonstrate the differences
in ubiquitination in each lane (lower panels). Phospho-mimicking NCC is less
ubiquitinated, as compared to phospho-deficient NCC. (C) Densitometry analysis of
expression levels of phospho-deficient, wild-type and phospho-mimicking NCC in
COS7 cells. Expression levels of phospho-mimicking NCC were significantly higher
than those of phospho-deficient and wild-type NCC. For densitometry analysis,
values (n=4) are expressed as ratios against mean signals in wild-type NCC.
**P<0.01, *P < 0.05. (D) Densitometry analysis of ubiquitination of immunoprecip-
itated NCC from COS7 cells. NCC ubiquitination was corrected against NCC
abundance. Phospho-mimicking NCC was significantly less ubiquitinated, as
compared to wild-type and phospho-deficient NCC. Wild-type NCC was also less
ubiquitinated than phospho-deficient NCC. For densitometry analysis, values (n = 4)
are expressed as ratios against the mean signals in wild-type NCC. **P<0.01,
*P<0.05.

3.4. Phosphorylation of NCC regulates its ubiquitination at the cell
surface and increases membrane abundance

Ubiquitination is known to regulate cell surface abundance of
ion channels and transporters [26]. Therefore, we examined the ef-
fects of NCC phosphorylation on the plasma membrane abundance
of NCC, and also evaluated whether phosphorylation decreased
NCC ubiquitination within the plasma membranes using the bio-
tin-neutravidin system. Immunoblots of biotinylated cell surface
protein with NCC antibody revealed that the cell surface expres-
sion of the phospho-mimicking NCC was much higher when com-

pared with wild-type and phospho-deficient NCC (Fig. 4A and B).
Biotinylated NCC exhibited bands at more than 250 kDa, indicating
that our biotin assay detected NCC only in the plasma membranes.
To evaluate the inhibitory effects of NCC phosphorylation on ubig-
uitination in plasma membranes, we isolated biotinylated surface
NCC from COS7 cells by immunoprecipitation with NCC antibody,
followed by NeutrAvidin pull down. As shown in Fig. 4C and D,
the phospho-mimicking NCC in the plasma membranes showed
less ubiquitination than wild-type and phospho-deficient NCC,
indicating that the NCC phosphorylation decreases its ubiquitina-
tion within plasma membranes.

4. Discussion

The kidney plays an important role in linking salt intake with
blood pressure. This vital function is regulated by sodium reab-
sorption through several ion-transporters expressed along the
nephron. NCC plays a major role in renal electrolyte balance. Many
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Fig. 4. NCC phosphorylation decreases its ubiquitination within plasma mem-
branes. (A) Representative immunoblot of cell surface expression of phospho-
deficient (PD), wild-type (WT) or phospho-mimicking (PM) NCC. COS7 cells were
transfected with empty vector, PD, WT or PM T7-tagged NCC. Cell surface proteins
were pulled down with biotinylation-neutravidin assay and blotted with anti-T7
antibody. (B) Densitometry analysis of surface NCC expression. Surface expression
of phospho-mimicking NCC was also significantly higher than that of phospho-
deficient and wild-type NCC. Surface expression of wild-type NCC was significantly
higher than that of phospho-deficient NCC. For densitometry analysis, values are
expressed as ratios against mean signals in wild-type NCC. **P < 0.01, *P < 0.05. (C)
Representative blots of ubiquitination of biotinylated NCC. COS7 cells were
transfected with empty vector, phospho-deficient (PD), wild-type (WT) or
phospho-mimicking (PM) T7-tagged NCC. After cell surface biotinylation, NCC
was immunoprecipitated by rabbit anti-NCC antibody. Immunoprecipitated and
biotinylated NCC were pulled down with NeutrAvidin and blotted with ubiquitin
and T7 antibody. In this experiment, immunoprecipitated-biotinylated NCC was not
adjusted, as available samples in this assay were insufficient to be re-loaded. (D)
Densitometry analysis of ubiquitination of immunoprecipitated NCC at the cell
surface. Ubiquitination of phospho-mimicking NCC at the cell surface was much
less than that of phospho-deficient and wild-type NCC. Ubiquitination of wild-type
NCC was also less than that of phospho-deficient NCC, indicating that phosphor-
ylation of NCC decreases its ubiquitination at the cell surface. For densitometry
analysis, values (n=3) are normalized against immunoprecipitated surface total
NCC and are expressed as ratios against mean signals in wild-type NCC. **P < 0.001
*P<0.01.
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reports have shown that phosphorylation of NCC plays an essential
role in NCC function [3-6,27,28]. In addition, total NCC abundance
in the kidney appears to vary according to NCC phosphorylation
status. However, it remains to be determined how the phosphory-
lation of NCC regulates its total protein abundance in the kidney. In
this study, we clarified the role of phosphorylation on NCC abun-
dance by focusing on NCC ubiquitination. We found that total pro-
tein abundance of the phospho-mimicking NCC in COS7 cells was
significantly increased, as compared to phospho-deficient and
wild-type NCC. Moreover, ubiquitination of phospho-mimicking
NCC is lower than that of wild-type and phospho-deficient NCC,
and inversely correlated with abundance (Fig. 3). These results
clearly indicate that either phosphorylation of NCC inhibits or
dephosphorylation of NCC promotes NCC ubiquitination, thereby
regulating NCC abundance within cells.

This notion was supported by the in vivo evidence, i.e., the de-
creased NCC ubiquitination in Wnk4P%6A™ knock-in PHAII model
mice, where increased NCC phosphorylation and total protein
abundance were observed in the kidney. As the mRNA of NCC
was not increased in this PHAIl mouse model (data not shown),
it was clear that the degradation pathway of NCC played a key role
in increased protein abundance. In addition to the PHAIl mouse
model, we also confirmed in wild-type mice that the increased
and decreased phosphorylation of NCC by different salt diets de-
creased and increased NCC ubiquitination, respectively. Based on
these data, we concluded that the ubiquitination of NCC is a major
mechanism for regulating NCC protein abundance in kidney fol-
lowing changes in NCC phosphorylation.

In addition to total NCC protein abundance within cells, plasma
membrane localization is important for NCC function in vivo [3].
Ubiquitination regulates a number of cell surface proteins by stim-
ulating their internalization from the cell surface [26]. [t was previ-
ously shown that NCC phosphorylated at Thr 53, Thr 58 and Ser 71
accumulated in the apical membranes of DCT, thus suggesting that
phosphorylation of NCC is important for plasma membrane locali-
zation [7,8]. However, the underlying mechanism(s) remain to be
determined. In our biotinylation assay, we demonstrated that phos-
phorylation of NCC regulates surface expression as observed in the
in vivo kidney. Furthermore, we found that the phospho-mimicking
NCC showed less ubiquitination within the plasma membranes
(Fig. 4), thus suggesting that the phosphorylated NCC in the plasma
membranes is less ubiquitinated, thereby increasing NCC abun-
dance in plasma membranes. Although there have been several re-
ports on the ubiquitination of NCC [18,19], further investigations
will be required to clarify the detailed mechanism(s) of how phos-
phorylation of NCC affects the ubiquitination of NCC.

In summary, we demonstrated that NCC phosphorylation in-
creased plasma membrane localization of NCC and decreased
NCC ubiquitination. Decreased ubiquitination may be a major
mechanism for accumulation of phosphorylated NCC in the plasma
membranes.
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Abstract

Bacgrouns/Aims: Several insulinotropic agents were
recently reported to cause B-cell swelling. The
possible participation of AQP7 to water transport was
investigated in AQP7** or AQP7- mice. Methods:
Aquaporin expression, insulin secretion, cell swelling
and electrical activity were investigated in pancreatic
islets. Results: RT-PCR revealed the expression of
AQPS5 and AQP8 mRNA. Double immunofluorescent
labeling indicated their presence in p-cells. Whilst
basal insulin release from isolated pancreatic islets
incubated at 2.8 mM D-glucose did not differ between
AQP7** or AQP7- mice, the secretion of insulin
evoked by the omission of 50 mM NaCl, the
substitution of 50 mM NaCl by 100 mM glycerol or a
rise in D-glucose concentration to 8.3 mM and 16.7
mM was severely impaired in the islets from AQP7-
mice. Yet, exposure of B-cells to either the hypotonic
medium or a rise in D-glucose concentration caused
a similar degree of swelling and comparable pattern
of electrical activity in cells from AQP7** and AQP7-"

mice. Both the cell swelling and change in membrane
potential were only impaired in AQP7" cells when
exposed to 50 mM glycerol. Conclusion: It is proposed,
therefore, that AQP7 may, directly or indirectly, play
a role at a distal site in the exocytotic pathway.

Copyright © 2012 S. Karger AG, Basel

Introduction

Aquaporins are channel-forming membrane proteins
which allow water movement through the plasma
membrane [1]. Aquaglyceroporins represent a subfamily
of aquaporins permeable not only to water but also to
small solutes like glycerol and urea [1, 2]. Aqua-
glyceroporin 7 (AQP7) is expressed in rat and mouse
pancreatic islet B-cells and tumoral insulin-producing
BRIN-BD11 cells [3-5]. Matsumura et al. [5] first
reported that islets isolated from AQP7” mice secrete
more insulin than islets obtained from AQP7** mice, when
incubated at either low (5.6 mM) or high (25.0 mM) D-
glucose concentration, despite a lower islet insulin content
in the former AQP77 mice than in the latter AQP7%*
mice. Incidentally and quite surprisingly, assuming an islet
protein content close to 1.0 pg/islet [6], the secretion of
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insulin by islets from AQP7"" mice recorded in the
presence of 25.0 mM D-glucose was about two orders
of magnitude lower (ca. 23.8 + 1.5 pg/ug protein per hour;
n = 3) in the study by Matsumura et al. [5] than that
found either by Li et al. [7] in islets from wild-type mice
incubated in the presence of 20.0 mM D-glucose (about
2.0 £ 0.1 ng/pg protein per hour; n=9-23) or by Bulur et
al. [8] in islets from NMRI mice incubated at 16.7 mM
D-glucose (3.8 + 0.5 ng/pg protein per hour). An even
more pronounced relative difference (about 400-fold)
prevails when comparing the insulin content from wild-
type mice in the report by Matsumura et al. (113.4+7.2
pg/ug protein; n = 8§) and either Li et al. (47 = 3 ng/ug
protein; n = 6-8) or Bulur et al. (46 = 1 ng/pg protein;
n = 88). Matsumura et al. [5] also observed increased
intraislet glycerol and triglyceride contents in the
AQP7” mice compared to those in the AQP7"* mice.
They concluded that AQP7 appears to be a key regulator
of intracellular glycerol content as well as insulin
production and secretion.

Another possible role for aquaporins in the process
of nutrient-stimulated insulin secretion is currently
considered in the framework of the so-called volume-
regulated anion channel hypothesis [9, 10]. It postulates
that, in addition to metabolically-regulated K, , channels,
B-cells are equipped with volume-regulated anion
channels (VRAC) that are activated by D-glucose
concentrations within the range effective in modulating
electrical activity and insulin release. More precisely, it is
proposed that the intracellular accumulation of lactate and
bicarbonate anions generated in insulin-producing cells
by the catabolism of D-glucose leads to cell swelling and,
hence, gating of the volume-sensitive anion channels,
eventually leading to plasma membrane depolarization and
subsequent gating of voltage-dependent calcium channels
[11]. Such a hypothesis motivated recent investigations
in the perspective of the possible participation of AQP7
to the regulation of insulin secretion in pancreatic 3-cells.
For instance, it was recently demonstrated that glycerol
depolarizes pancreatic B-cells, resulting in electrical and
secretory activity [3]. Similar effects were observed using
anon-metabolizable glycerol analogue, 1,3-propanediol,
and with urea. In common with glycerol, these osmolytes
permeate the (-cell plasma membrane, probably via
AQP7. In fair agreement with the latter proposal, the net
uptake of [2-*H]glycerol by BRIN-BD11 cells increased
to 143 £4% of its control value within 2 min incubation in
a hypotonic extracellular medium and progressively
declined thereafter, both the relative magnitude and time
course of such changes being similar to those observed

Gene Seqqence of primers Amplicons
, (bp)
AQP5  Forward: TGGAGCAGGCATCCTGTACT 111
Reverse: CGTGGAGGAGAAGATGCAGA
AQP7  Forward: CGTGGCTCACATGGTTTTAG 106
Reverse: AGAGATGCCGCCTGCTAC
AQP8  Forward: ATGGCTGGCTACTGGGACTT 105

Reverse: CGCCAGCAGTTCTTCTTCAC

Table 1. Sequences of forward and reverse primers used for
RT-PCR amplification.

under the same experimental conditions for the initial
increase in cell volume and later regulatory volume
decrease [4,12].

Based on a comparison between AQP7** wild-type
mice and AQP77 knockout mice, this study further
investigates the role of AQP7 in pancreatic 3-cell function.
Taking also into account novel information on the
expression of AQP5 and AQP8 in insulin-producing cells,
the present report proposes a new role for AQP7 in insulin
secretion.

Materials and Methods

Animals

AQP77 mice were generated at Tokyo Medical and Dental
University by targeted deletion of exon 2 [13] and sent to
Belgium, where they were maintained in air-filtered cages and
fed normal mouse chow in the Division of Nephrology of the
Université Catholique de Louvain. Body weight, as well as
plasma D-glucose [14] and insulin [15] concentration were
measured in male and female AQP7"* and AQP7” mice by
methods described in the cited references.

Islet isolation
Pancreatic islets were isolated by the collagenase
procedure [16].

RT-PCR

Total RNA from mouse tissues was extracted using the
AURUM™ total RNA fatty acid and tissue kit (BioRad,
Hercules, CA, USA). The purified total RNA was quantified on
a Nanodrop spectrophotometer (NanoDrop Technologies, Inc,
Wilmington, DE, USA). Quality of the total RNA was verified
on an Experion Automated Electrophoresis System (BioRad,
Hercules, CA, USA). The total RNA was reverse transcribed
using the Revert Aid™ first strand cDNA synthesis kit
(Fermentas, St. Leon-Rot, Germany), starting from 1 pg total
RNA in a final 20 ul reaction volume. The sequences of forward
and reverse mouse AQPs and beta actin are shown in Table 1.
All PCR reactions were performed in a total volume of 20 ul
containing 1 pl of ¢cDNA, 0.5 U GoTaq DNA polymerase
(Promega, Madison, WI, USA), 0.2 mM dNTP, 0.5 uM of each
primer, and 4 ul GoTaq Green 5x buffer using My iCycler Thermal
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cycler (Bio-Rad Laboratories, Hercules, USA). Thermocycling
conditions were 94°C for 1.5 min followed by 35 cycles of 30
sec at 95°C, 30 sec at 60°C and 1 min at 72°C. The PCR
amplification products were submitted to electrophoresis on a
1.2% agarose gel in TAE buffer: 40 mM Tris, 40 mM Acetate, 1
mM EDTA in the presence of 0.5 pg/ml of ethidium bromide.
Gels were visualized by UV translumination using a GelDoc
apparatus (Bio-Rad Laboratories, Hercules, USA).

Double fluorescence immunolabelling

Several sections of mouse pancreas, embedded in paraffin
(4 pm thickness), were deparaffined, rehydrated and then
incubated overnight at 4°C with primary antibodies as follows:
rabbit polyclonal affinity purified anti-AQP5 (Millipore, Billerica,
MA, USA) or anti-AQP8 (Alpha Diagnostics, San Antonio,
TX, USA) at dilution 1:100 and mouse monoclonal affinity-
purified anti-insulin at dilution 1:100 (Abcam, Cambridge, United
Kingdom). Bound antibodies were revealed by incubating the
tissue slices with anti-rabbit biotin antibodies at a dilution of
1:200 in PBS containing 5% horse serum (GE Healthcare, Little
Chalfont, United Kingdom) for 120 min. This was followed by
incubation with streptavidin-Cyanin2 (dilution 1:300 in PBS
containing 5% horse serum (GE Healthcare, Little Chalfont,
United Kingdom)) and anti-mouse-Cyanin3 (dilution 1:300 in
PBS containing 5% horse serum (GE Healthcare, Little Chalfont,
United Kingdom) for 120 min. Slides were mounted using Pro-
Long Gold antifade reagent (Invitrogen, Eugene, USA). As
negative controls, tissue sections were incubated either with
secondary antibody alone, or with anti-AQP antibody pre-
adsorbed with a 100-fold excess of the immunizing peptide.
Images were taken using an Axiocam MRB fluorescent
microscope using a 40x objective.

Insulin secretion

Insulin secretion was measured in groups of 8 islets
incubated for two successive periods of 30 min each in 1.0 ml
of salt-balanced medium [16] containing 5.0 mg/ml bovine
albumin and equilibrated against a mixture of O,-CO, (95-5, v-

V).

Cell volume and electrical activity

Cell volume measurements and electrophysiological
recordings were carried out on isolated mouse p-cells. For this
purpose, islets were dispersed by brief exposure to Ca**-free
medium containing NaCl (130 mM), KCI (5 mM), MgCl, (1 mM),
D-glucose (5 mM) EGTA (1 mM) and HEPES-NaOH (20 mM,;
pH 7.4). Islet cells were centrifuged at 500g for 5 min, re-
suspended in HEPES-buffered Minimal Essential Medium
(Invitrogen, Paisley, UK) supplemented with 5% (v/v) foetal
calf serum and 50 pg/ml gentamicin and cultured in 30 mm
diameter polystyrene dishes for up to one week in humidified
air at 37°C. Relative cell volume (RCV) was measured using a
video-imaging technique as described previously [3, 17]. B-
cells were distinguished from other islet cells by size and
characteristic granular appearance. The mean volume (= SEM)
of the cells used in this study was 3.3 + 0.2 pl (n = 45; range 1.7
to 5.7 pl). Two series of experiments were performed. In the first
the effects of superfusing cells with a hypotonic solution were

examined. The isotonic solution (329 = 1 mOsmol Kg H,0",
n=6) contained NaCl (139 mM), KCI (5 mM), NaHCO, (25 mM),
D-glucose (2.8 mM), mannitol (13.9 mM), MgCl, (1.2 mM), CaCl,
(1 mM) with a pH 7.4 and was gassed with 95% O, and 5% CO,,.
The hypotonic solution (236 = 1 mOsmol.Kg H,0"', n = 5) had a
similar composition but contained only 89 mM NaCl and no
mannitol. The second series of experiments examined volume
changes in response to solutions containing either an increased
glucose concentration or glycerol. The solutions used in these
experiments were similar to those employed in previous studies
examining the effects of D-glucose [17] and glycerol [3] on cell
volume. Thus, in the D-glucose experiments the solutions (pH
7.4) contained NaCl (110 mM), KCI (5 mM), NaHCO, (25 mM),
MgCl, (1.2 mM), CaCl, (1 mM) and were gassed with 95%
0, and 5% CO,. The D-glucose concentrations were either 4 or
20 mM and osmolality was maintained at 290 = 2 mOsmol.Kg
H,0", n = 3) by the addition of 16 mM mannitol to the 4 mM
D-glucose solution. Hepes-buffered solutions were used in
the glycerol experiments, and these contained NaCl (120 mM),
KCI (5 mM), D-glucose (4 mM), MgCl, (1.2 mM), CaCl, (1 mM),
Hepes/NaOH (5 mM; pH 7.4) and either 50 mM mannitol (309 =
0 mOsmol.Kg H,0™',n=3) or 50 mM glycerol (307 + 1 mOsmol.Kg
H,O", n = 3). Cells were superfused with these solutions at a
rate of 5.5 ml.min! and at a temperature of 37°C. Images were
saved as JPEG files at a rate of 1 per minute, except in one series
of experiments in which the rate of cell swelling in the hypotonic
solution was recorded at one image every 15 seconds. Cell
volume was calculated from the area of each image assuming
the cells are spherical. Volumes were normalised to the volume
observed during the 2 min control period at the beginning of
each experiment (relative cell volume). Cells were equilibrated
with the experimental solution for 8 min before each experiment.
Rates of volume change were calculated by linear regression
analysis of the linear phase (a minimum of 4 data points were
employed in these calculations). Volume changes in response
to glucose and glycerol were calculated using the area under
the curve function of Graphpad 5 (Prism software).

B-cell electrical activity

The electrical activity of p-cells was recorded by means
of the perforated patch technique using a List EPC-7 amplifier
in current clamp mode as described previously [18]. Cells were
superfused with a bath solution consisting of NaCl (130 mM),
KCI (4 mM), MgCl, (1.2 mM), CaCl, (1 mM), D-glucose (2.8
mM) and HEPES-NaOH (20 mM; pH 7.4). For experiments
studying the effects of glycerol, the basal medium contained
50 mM mannitol substituted for 25 mM NaCl. The addition of
glycerol to the medium was then substituted for an eqivalent
amount of mannitol. The pipette solution contained KCI (130
mM), NaCl (4 mM), MgCl, (1 mM), HEPES-NaOH (10 mM; pH
7.2) and gramicidin D (50 pg/ml) as perforating agent. Activity
of the volume-regulated anion channel (VRAC) was measured
using the conventional whole-cell recording technique [19].
Cell swelling was induced by use of a hypertonic pipette solution
consisting of CsCI (60 mM), MgCl, (2 mM), ATP (1 mM), EGTA
(1 mM), mannitol (220 mM) and HEPES (10 mM, pH 7.2). CsClI (1
mM) was added to the bath solution to block inward K* currents.
Cells were held at 0 mV and subjected to 50 msec voltage pulses
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Mice Body weight ~ Plasma D-glucose  Plasma insulin
i (& _ (mM) (RU/ml)
Male AQP7™* 263+ 1.4(10) 5.91+£0.92(7) 9.4+1.9(6)
Female AQP7™"  22.9+0.6 (11) 5.74 £0.75 (7) 8.9+2.8(6)
Male AQP7" 26.1 +1.4(10) 6.38%=1.16 (7) 8.1+1.5(6)
Female AQP7™  23.1 £0.6(15) 5.53 £0.65 (10) 6.6£1.3(9)
Table 2. Body weight, plasma D-glucose and insulin concentrations.
of £ 100 mV at 2 sec intervals. Cell capacitance (7-11 pF) was 5 %
measured by nulling the capacitance transients, and current o = £
density expressed as pA/pF. 5 z i 8 8
g K 3 g &
= 2 2 o =z

Statistical analysis

All results are expressed as means + SEM. The statistical
significance of differences between mean values was assessed
by use of Student’s #-test.

Results

Body weight, plasma D-glucose and insulin

concentrations

As shown in Table 2, both the AQP7"" and
AQP7" female mice displayed a lower body weight
(p < 0.05 or less) than the corresponding male mice. No
significant difference was observed between the four
groups of mice listed in Table 2, in terms of either plasma
D-glucose or insulin concentration.

Aquaporin expression in rat pancreatic islet cells

Screening of AQP5 mRNA expression in mouse
pancreatic islet cells was performed by RT-PCR, using
B-actin primers or mouse AQPS5 specific primers on
c¢DNA obtained from purified total RNA isolated from
several mouse tissues (used as positive controls) and
mouse pancreatic islet cells. The amplification reaction
yielded single amplicon of the expected molecular weight
for B-actin, AQP5 and AQPS8 in pancreatic islet cells from
both AQP7** and AQP7”" mice (Fig. 1), whilst such was
only the case for AQP7 in islet cells from AQP7"* mice
as distinct from AQP7” mice.

Double immunofluorescence labeling of AQPs and
insulin in mouse pancreatic sections indicated that AQPS
and AQP8 were expressed by insulin-producing B-cells

(Fig. 2).

Insulin secretion

In a first series of experiments, the release of insulin
over 30 min preincubation in an isotonic medium containing
2.8 mM D-glucose did not differ significantly (p > 0.5)
from the islets of either AQP7** mice (12.0 + 1.1 pU/

AQP7 —»

AQP5 — |

AQP8 = |

p-actin =+

Fig. 1. RT-PCR detection of AQP7, AQP5 and AQP8 mRNA:
PCR amplicons using AQP7, AQP5 and AQP8 primers from
mouse WT and KO pancreatic islets. Kidney, lung and liver
served as positive control for AQP7, AQPS and AQP8 respec-
tively. Negative control: absence of target. Ladder: 1Kb mo-
lecular weight marker. B-actin: served to test the integrity of
extracted cDNA.

islet; n = 60) or AQP7” mice (13.0 = 1.3 pU/islet;
n = 60). When further incubated for 30 min under the
same experimental conditions, the release of insulin,
expressed relative to the paired value recorded during
preincubation, again failed to differ significantly (p =0.95)
in the WT animals (50.7 + 4.7%; n = 20) and knock-out
mice (50.1 £+ 8.3%; n = 20). When the final incubation
was conducted at the low D-glucose concentration (2.8
mM) in a medium of low osmolarity, as provoked by the
omission of 50 mM NaCl, the paired incubation/
preincubation ratio for insulin release averaged, in the
control animals, 204.8 + 54.2% (n = 20), a value 4-fold
higher (p < 0.008) than that recorded when both the
preincubation and incubation were conducted in an isotonic
medium (Fig. 3). In the knockout mice, however, the
paired incubation/preincubation ratio after exposure to the
hypotonic medium did not exceed (61.6 £ 6.6%; n=18),
a value no more significantly different (p > 0.29) from
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Fig. 2. Immolabelling of AQP5 and AQP8 proteins in mouse
pancreatic p-cells. A, B and C: double fluorescence labelling
for AQP8 and insulin; D, E and F: double fluorescence labelling
for AQPS and insulin. A and D: AQP labelling (in green); B and
E: insulin labelling (in red); C and F: overlapping of AQP and
insulin labelling (in orange). Scale bar represents 100 pm.

Fig. 4. Paired incubation/preincubation ratio for insulin output
by islets prepared from either AQP7** mice (open columns) or
AQP7/ mice (hatched columns), preincubated for 30 min in an
isotonic medium containing 2.8 mM D-glucose, and then
incubated either at the same hexose concentration in the same
isotonic medium (left), or in the same medium containing 8.3
mM (middle) or 16.7 mM (right) D-glucose. Mean values (+
SEM) refer to the number of individual observations indicated
below each column, and are shown together with the statistical
significance of differences between control animals and knock-
out mice.

that recorded, in the same mice, when both the
preincubation and incubation were conducted in an isotonic
medium. When the final incubation medium was
conducted in an isotonic medium, in which 50 mM NaCl
was substituted by 100 mM glycerol, the incubation/
preincubation ratio for insulin release averaged, in the
control animals, 91.6 £ 13.9% (n = 20) a value again
significantly higher (p < 0.009) from that recorded when
both the preincubation and incubation were conducted in
an isotonic medium. In the knock-out mice, the incubation/
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Fig. 3. Paired incubation/preincubation ratio for insulin output
by islets prepared from either AQP7** mice (open columns) or
AQP77 (hatched column), preincubated for 30 min in an isotonic
medium containing 2.8 mM D-glucose, and then incubated at
the same hexose concentration in either an isotonic salt-
balanced medium containing 115 mM NacCl (left), a hypotonic
medium only containing 65 mM NaCl (middle) or the same
medium enriched with 100 mM glycerol (right). Mean values (+
SEM) refer to the number of individual determinations indicated
below each column, and are shown together with the statistical
significance of differences between control animals and knock-
out mice.
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Fig. 5. (A) Effects of a 33% decrease in extracellular osmolarity
on the relative cell volume (RCV) of mouse pancreatic B-cells
from AQP7** (closed squares; n = 7) or AQP7 (open circles; n
= 4) mice. (B) The lower panel illustrates the early changes in
cell volume during the first 90 seconds of exposure to the
hypotonic medium in cells from AQP7** (closed squares; n =6)
or AQP7" (open circles; n = 6) mice. Data are mean values (%
SEM).

preincubation ratio for insulin output after exposure to
the isotonic medium with substitution of NaCl (50 mM)
by glycerol (100 mM) did not exceed 54.7 + 7.7% n =
17) and, as such, failed to differ significantly (p > 0.69)
from that recorded in the same mice when both the
preincubation and incubation were conducted in the control
isotonic medium.

In a second series of experiments, the islets from
control and knock-out mice were again preincubated for
30 min in a salt-balanced medium containing 2.8 mM D-
glucose and then incubated in the same medium containing
either 2.8, 8.3 or 16.7 mM D-glucose (Fig. 4). During the
preincubation, the release of insulin was not significantly

Fig. 6. (A) Effects of a rise in D-glucose concentration from 4
to 20 mM (associated with a decrease in mannitol concentration
from 16 to zero mM, in order to maintain isotonicity) on the
relative cell volume (RCV) of mouse pancreatic p-cells from
AQPT7* (closed squares) and AQP7 (open circles) mice. Mean
values (+ SEM) refer to 6 individual experiments. (B) Effects of
the substitution of 50 mM mannitol by 50 mM glycerol on the
relative cell volume of B-cells from AQP7** (closed squares)
and AQP7” (open circles) mice. Mean values (+ SEM) refer to 6
individual experiments.

different (p > 0.18) in the islets from control mice (24.0 +
2.9 uU/islet; n = 52) and knock-out mice (19.9 + 1.6 pU/
islet; n = 71). When the islets were further incubated at
2.8 mM D-glucose, the release of insulin expressed
relative to the paired value recorded during preincubation
also failed to differ significantly (p > 0.39) in the control
mice (44.8 + 5.7%; n = 17) and knock-out mice (38.3 +
5.1%; n=21). However, when the islets were eventually
incubated at 8.3 mM D-glucose, the paired incubation/
preincubation ratio for insulin output was lower (p <0.04)
in the knock-out mice (185.5 £29.6%; n=23) than in the
control mice (323.9 + 64.2%; n = 15). The latter two
percentages were both much higher (p <0.001) than those
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recorded in the same type of mice (control or knock-out
mice) when the islets were eventually exposed to only
2.8 mM. Likewise, when the islets were eventually
incubated at 16.7 mM D-glucose, the paired incubation/
preincubation ratio for insulin output was lower (p <0.001)
in the knock-out mice (253.9 + 48.4%; n = 23) than in the
control mice (676.2 + 89.8%; n = 16).

The unfavourable effect of the absence of AQP7
affected to the same relative extent the secretory response
to distinct secretagogues. Indeed, the incubation/
preincubation ratio for insulin release from the islets of
knock-out mice averaged, in the first series of
experiments, i.e. in islets eventually incubated at 2.8 mM
D-glucose in media deprived of 50 mM NaCl, whether in
the absence or presence of 100 mM glycerol, 51.7+6.2%
(n = 35) of the corresponding reference values found
within the same experiments and under the same

experimental conditions in the AQP7"* mice (100.0 +
12.2%; n = 40), the former value not being significantly
different (p> 0.45) from that recorded in the second series
of experiments, i.e. in islets eventually exposed to 8.3 or
16.7 mM D-glucose, in witch case the mean value found
in the AQP7-- mice averaged 46.3 £ 5.5% (n = 46) of the
corresponding reference values (100.0 = 9.8%; n =31).
In other terms, the relative magnitude of the decrease in
the secretory response of islets from AQP7-- mice was
virtually identical (p > 0.75) in the first (48.3 £ 14.2%; df
= 73) and second (53.6 = 10.5%; df = 75) set of
experiments.

Cell volume changes in response to extracellular

hypotonicity, D-glucose or glycerol

Fig. 5A shows volume changes in mouse [-cells
superfused with hypotonic solutions. When exposed to
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hypotonic solution the cells from AQP7** animals swelled
reaching a maximum relative cell volume of 1.23 £0.01
(n = 7) within 3 to 4 min (Fig. 5A, squares). The cells
then exhibited a regulatory volume decrease (RVD) to
1.12 £ 0.01 by the end of the hypotonic period. The
response of the B-cells from AQP7” mice (Fig. 5A,
circles) was almost identical to that of cells the AQP7*
animals. Thus cell volume increased to a maximum of
1.24 £ 0.01 (n=4; p > 0.1), and exhibited a RVD which
was similar to the -+/+ cells, i.e. the initial rate of
decrease was -0.016 = 0.001 RCV.min"' in both
populations (p > 0.1), and the final volume was 1.14 +
0.01 in the AQP7 cells which is not different to
AQP7** (p > 0.1). Fig. 5B shows the rate of the initial
volume changes in response to the hypotonic solution with
a resolution of 15 seconds. There is no difference in the
rate of volume change between six cells from AQP7+*
mice and six cells from -/- animals (0.092+0.011 versus
0.075+0.010,p>0.1).

In six AQP7"" cells exposed to an increase in
D-glucose concentration from 4 to 20 mM, the volume
increased to a maximum of 1.06 + 0.01 during a 10 min
exposure to 20 mM D-glucose (Fig. 6A, squares). Similar
increases in cell volume were observed in -cells
from -/- mice (n = 6). Thus the maximum volume was
1.06 £ 0.01 (not different to wild-type, p > 0.1).
Furthermore the volume changes (measured as the area
under the curve different to 1.0), were not different, being
0.35+0.10 RCV.min in +/+ and 0.32 + 0.09 RCV.min in
-/~ (p > 0.1). B-cell volume also increased when cells
were exposed to 50 mM glycerol (Fig. 6B). However,
the volume change in AQP7"cells (0.49+ 0.11 RCV.min,
n = 6) was significantly lower than that observed in
AQP7%* cells (volume change =1.02 + 0.16 RCV.min; p
< 0.02). Incidentally, at variance with the response to
hypotonicity (Fig. 5), that to either a rise in D-glucose
concentration or the substitution of mannitol by glycerol
(Fig. 6) failed to display a regulatory volume decrease.

Electrophysiological data

Electrical responses of B-cells to various stimuli
are shown in Fig. 7 and 8. In the AQP7** B-cells, a rise
in D-glucose concentration from 2.8 mM to 8.3, 11.1 or
16.7 mM provoked a depolarization of the plasma
membrane leading to the generation of action potentials
(Fig. 7). Exposure of the B-cells from AQP7** mice to a
33% hypotonic medium, to 50 pM tolbutamide or to 50
mM glycerol (substituted for an equal concentration of
mannitol) also caused plasma membrane depolarization
and electrical activity (Fig. 8). Essentially comparable

g
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1 min

Fig. 9. Conventional whole-cell recordings of VRAC activity
in AQP7* (A) and AQP7”- (B) mouse pancreatic 3-cells induced
by an increase in the osmolarity of the intracellular pipette
solution. Recordings are representative of 9-10 cells.

results were recorded in B-cells from AQP77- mice when
exposed to a rise in D-glucose concentration up to 8.3,
11.1 or 16.7 mM (Fig. 7), to the 33% hypotonic medium
orto 50 uM tolbutamide (Fig. 8, upper traces). However,
in sharp contrast to the B-cells from AQP7** mice, cells
from AQP7"- mice failed to display any significant change
in plasma membrane potential when exposed to 50 mM
glycerol (Fig. 8, lower traces). Thus, in the experiments
concerning the response to glycerol, the resting membrane
potential in the presence of 2.8 mM D-glucose was
virtually identical in B-cells from AQP7** (- 65.5 £2.3
mV; n=6)and AQP7” (- 67.0+ 1.2 mV; n=4). In cells
from AQP7* mice, addition of glycerol caused a
significant (p < 0.05) change in membrane potential to
—53.8+3.7mV (n = 6). However, in AQP7" cells, the
corresponding value during exposure to glycerol was
—66.8£0.8mV (n=4, p>0.05).

The last series of experiments investigated activity
of the volume-regulated anion channel (VRAC) in B-cells
from AQP7** and -AQP7” mice (Fig. 9). In both cases,
channel activation was induced by swelling the cells using
a hypertonic intracellular solution under conventional
whole-cell recording conditions. In AQP7** B-cells,
maximal outward (I ) and inward (I)) currents averaged,
respectively, +99.5 £ 6.8 and -26.0 + 3.2 pA/pF (n= 10).
Comparable values were recorded from AQP7™ cells,
i.e. respectively +112.2 + 13.9 and - 32.2 £ 4.3 pA/pF (n
= 9). The rate of activation of the VRAC current was
also comparable in the AQP7"* and AQP7"- cells, half-
maximal activation (T ) being achieved, respectively, 120
+ 25 (n=9) and 173 + 43 (n = 9) seconds following
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rupture of the membrane patch. The reversal potential of
the VRAC current (V) was -13.0+ 0.4 mV (n=5) and
-10.3+£0.8 mV (n=5) in the +/+ and -/~ cells respectively.
Thus, no significant differences in VRAC kinetics were
apparent between AQP7"* and AQP7" B-cells.

Discussion

The present study reveals that the release of insulin
evoked by a rise in D-glucose concentration, by
extracellular hypotonicity or by the isosmotic addition of
glycerol in isolated pancreatic islets was always lower in
AQP7 than in AQP7** mice. These findings contrast
with those reported by Matsumura et al. [5] who
observed, at both low (5.6 mM) and high (25.0 mM)
D-glucose concentrations, a higher insulin output from
islets isolated from AQP7”, as distinct from AQP7*,
mice, despite a lower islet insulin content in the former
AQP77 mice than in the latter AQP7** mice. In
considering such conflicting findings, it should be
emphasized that all secretory data in the present study
were analyzed by paired comparison with the basal insulin
output recorded over 30 min preincubation in an isotonic
medium containing 2.8 mM D-glucose. Pooling together
all available data, the basal insulin output averaged 17.6
+ 1.6 (n = 112) and 16.7 = 1.1 pU/islet (n = 131) in
AQP7"* and AQP77 mice respectively, leaving little
doubt as to the lack of any statistically significant
difference (p > 0.66) between these two mean values.

In terms of volume regulation, isolated [3-cells from
AQP" and AQP7”- mice both showed comparable rates
and degrees of cell swelling when exposed to a hypotonic
solution. This finding implies the existence of at least one
water transport pathway in mouse $-cells in addition to
AQP7. In this regard, Matsumura and colleagues [5] noted
the expression of AQP8 in mouse pB-cells, whilst the Na/
K/2Cl transporter NKCCl1, also expressed in (3-cells [20],
has been reported to act as a water co-transporter [21].
The present study confirms the expression of AQP8 and
reveals that of AQPS in mouse B-cells. B-cells from
AQP*"* and AQP7" cells also showed similar increases
in volume in response to a rise in D-glucose concentration,
an effect previously attributed to the intracellular
accumulation of D-glucose metabolites [ 17]. This finding
suggests that D-glucose metabolism is not significantly
impaired in AQP7" B-cells. In contrast, a significant
difference was observed in the volume responses of
AQP** and AQP7 cells to glycerol. Thus, the isosmotic
addition of glycerol (substituting for mannitol) caused a

significantly smaller increase in cell volume in the
AQP7" cells compared to those from wild type mice,
presumably reflecting the activity of AQP7 as a glycerol
transport pathway. This finding is consistent with the
previous suggestion that AQP7 mediates both the influx
[4] and efflux [5] of glycerol from insulin-producing cells.
It should, however, be noted that the residual degree of
swelling in AQP7" cells in response to glycerol implies
the existence of an additional, as yet unidentified, pathway
of glycerol transport.

The recordings of B-cell electrical activity in the
present study were consistent with cell volume changes.
Thus, arise in glucose to stimulatory concentrations was
routinely found to cause depolarization and generate
electrical activity in cells from both AQP** and AQP7-
mice. Similarly, exposure to hypotonic solutions was found
to cause depolarization in wild type and knockout 3-cells,
presumably reflecting swelling-induced VRAC activation
generating an inward current. Virtually identical responses
were also seen in these cells to the application of the
hypoglycemic sulfonylurea tolbutamide. Whilst
sulfonylureas are known to inhibit K(ATP) channel activity
[22], there is evidence that these drugs can also cause
(beta)-cell swelling and increase VRAC activity [23].
However, whilst the isotonic addition of glycerol caused
a marked depolarization and electrical activity in
AQPT7* cells, little or no response was observed in
B-cells from AQP77- mice. Again, this finding underlines
the proposed role of AQP7 as a glycerol transport
pathway.

In view of the apparently normal volume and
electrical responses of AQP7” B-cells to various stimuli
(with the notable exception of glycerol), it is interesting
to note that secretory activity in these cells was impaired
compared with those from wild type mice. In this regard,
we should emphasise that the secretory data were obtained
using intact islets, whereas cell volume and
electrophysiological experiments required the use of
isolated B-cells. Nevertheless, it is conceivable that, whilst
‘proximal’ events in B-cell function (including glucose
metabolism, cell volume changes and the regulation of
electrical activity) are unaffected by the absence of AQP7,
this glyceroaquaporin could play arole at a “distal’ site of
the exocytotic pathway. Such a proposal is compatible
with the finding that the release of insulin by B-cells from
AQP7" mice was affected to a comparable relative extent
in response to either nutrient or non-nutrient
secretagogues. For example, it might imply the perturbed
participation of some cytosolic protein otherwise tightly
coupled in functional terms to AQP7. Alternatively, the
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