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Unexpected localization of AQP3
and AQP4 induced by migration
of primary cultured IMCD cells

Ralph Rose?, Bjérn Kemper?, Albrecht Schwab?, Eberhard Schlatter' & Bayram Edemirl+*

Aquaporin-2-4 (AQP) are expressed in the principal cells of the renal collecting duct (CD). Beside

their role in water transport across membranes, several studies showed that AQPs can influence

the migration of cells. It is unknown whether this also applies for renal CD cells. Another fact is that
the expression of these AQPs is highly modulated by the external osmolality. Here we analyzed the
localization of AQP2-4 in primary cultured renal inner medullary CD (IMCD) cells and how osmolality
influences the migration behavior of these cells. The primary IMCD cells showed a collective migration
behavior and there were no differences in the migration speed between cells cultivated either at 300
or 600 mosmol/kg. Acute increase from 300 to 600 mosmol/kg led to a marked reduction and vice versa
an acute decrease from 600 to 300 mosmol/kg to a marked increase in migration speed. Interestingly,
none of the analyzed AQPs were localized at the leading edge. While AQP3 disappeared within the
first 2-3 rows of cells, AQP4 was enriched at the rear end. Further analysis indicated that migration
induced lysosomal degradation of AQP3. This could be prevented by activation of the protein kinase A,
inducing localization of AQP3 and AQP2 at the leading edge and increasing the migration speed.

Cell migration is a physiological part of body function that is relevant for every species from unicellular organ-
isms to mammalians. It occurs in diverse physiological and pathophysiological processes including embryogen-
esis, immune response, wound healing and cancer metastasis?. There are several modes of cell migration such as
amoeboid, mesenchymal and collective cell migration which share common basic underlying mechanisms®. At
the beginning of the migration process, the cell must establish a polarity for defining the front and the rear of the
cell. The lamellipodium at the front of the cell consists of a dense network of actin filaments. These actin filaments
undergo a treadmilling mechanism of polymerization and depolymerization to push the cell body forward?®.
Moreover, the cell forms connections to the extracellular matrix (ECM). This interaction of the cytoskeleton
with the ECM is mediated by specific actin-interacting proteins like integrin, paxillin, talin or vinculin that
especially accounts for mesenchymal migration®. Cells encounter morphological changes during migration that
are linked to changes in the cell volume. There is a continuous flow of ions and water across the cell membrane
that is mediated by several ion channels and transporters®.

The transport of water requires the expression of members of the aquaporin (AQP) water channel family.
So far 13 different members of the AQP family have been described; those function primarily as a water and
solute channel and can be found ubiquitously in many cell types. They are involved in various functions i.e. brain
swelling, neural functions and cell migration®. For example, the role of AQP1 in cell migration has been shown
in AQP1 deficient endothelial cells. In these cells the migratory capability was significantly reduced’. These
observations were also made in proximal tubule cells, where AQP1-deficiency caused impaired migration and
decreased regeneration after acute ischemia®. In addition AQP2?, AQP3!°, AQP4!!, AQP5" and AQP9" were
also found to play a significant role in cell migration. AQP2-4 are expressed in the collecting duct. They are
specific markers of principal cells. AQP3 and AQP4 are constitutively expressed in the basolateral membrane
of the principal cells'*'>. AQP2 is localized in intracellular vesicles and its apical expression is induced by the
action of the antidiuretic hormone vasopressin (AVP)'®!”. Additionally it has been discovered that AQP3 is
vasopressin responsive as well's. The binding of AVP to the AVP type-2 receptor (AVP-R) induces the activation
of the adenylate cyclase, leading to increased cyclic adenosine monophosphate (cAMP), activation of the protein
kinase A (PKA) and phosphorylation and translocation of AQP2 to the apical plasma membrane'®. The cells
in the inner medullary collecting duct (IMCD) are faced with a hyperosmotic environment which represents a
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stress component but is also of major importance for the urine concentration capacity. In this segment the fine
tuning of the water reabsorption takes place in the IMCD and is facilitated by AQP2-4 with the hyperosmotic
environment being the driving force!'%. The adaptation of the cells to the hyperosmotic environment is not only
associated with the induction of so called osmoprotective genes, but also the expression of AQP2-4 is potently
induced by hyper osmolality’>*. The tubular cells of the inner medullary collecting duct (IMCD) are at an
increased risk of ischemic injury. This is due to a low pO2 milieu in the medulla, which renders these cells more
prone to hypoxia?'. Hypoxia and ischemia are well known causes of pre—and intrarenal acute kidney injury
(AKT), which is accompanied with a high mortality, especially if it progresses to end stage renal disease (ESRD)*.
The renal tubular cells possess the ability though to restore the damaged epithelium by collective cell migration®.
This process is well studied in proximal tubule cells, but there are not many studies in the collecting duct.

Migrating cells develop a front to rear cell polarization axis. The front of the cells is oriented to direction of
movement**. Water transport during cell migration was proposed as a major mechanism already 25 years ago with
local cell swelling and shrinkage occurring at the cell front and rear end, respectively?. Recently, this mechanism
was confirmed using microfluidic devices and called “Osmotic Engine” model*. Several studies have shown that
AQPs are concentrated at the leading edge of the migrating cells®. A local osmotic gradient at the cell front leads
to local water flow supporting the formation of protrusions and is enhanced upon expression of AQPs’. Water
flow across the plasma membrane of the leading edge also provides an additional protrusive force”.

Hyper osmolality is a stress factor for cells and migration of cells in a hyperosmotic environment should
represent a further challenge for the cells to develop the osmotic gradient that is necessary for migration and
reduce the cell migration capability. On the other hand it induces the expression of AQP2-4, proteins that have
been shown to promote cell migration.

Cell migration studies using primary IMCD cells, endogenously expressing AQP2-4, together with differences
in osmolality of the cell culture conditions are missing.

We aimed to further elucidate the role of AQP 2-4 and the effect of hyper osmotic stress on cell migration in
IMCD-cells for the first time. For this purpose, we have performed cell migration studies using primary IMCD
cells. We further analyzed the effect of differences in osmolality on cell migration. We expected that osmotic
stress would affect cell migration capability. Since the cells endogenously express AQP2-4 we expected enrich-
ment of AQPs at the leading edge.

Materials and methods

Primary inner medullary collecting duct cells.  The primary cultures of the IMCD- cells have been pre-
pared as previously described!”?%. For the cell culture medium, Dulbecco’s modified Eagle’s medium (DMEM)
containing 100 IU/mL penicillin and 100 pg/mL streptomycin, 0.2% glutamine, 1% non-essential amino acids,
and 1% ultroser (BioSepra Inc., Marlborough, MA, USA) was used. The medium osmolality was increased to
600 mOsmol/kg by the addition of 100 mM NaCl and 100 mM urea. Osmolality was checked using an osmom-
eter (Knauer, Berlin, Germany)®. For each experiment a new primary culture was prepared. One day before the
extraction of the kidneys the cell culture dishes were coated with 2 mL collagen type IV and stored overnight at
4 °C. The next day the collagen was removed, and the slides were washed two times with sterile PBS. The surface
of the dishes should be dry to ensure sufficient attachment of the cells. The kidneys of female Wistar rats were
used for the extraction of the IMCD-cells. Two kidneys were used to cover an area of 18 cm? with cells. The
rats were sacrificed, and the kidneys removed, followed by isolation of the papilla, including the inner medulla,
which can be distinguished from the rest of the kidney through its white color. The medullas were chopped into
pieces with a scissor and transferred into the enzyme solution for digestion. The cell suspension was placed into
the water bath and incubated for approximately two hours at 37 °C and continuous shaking at 240 rpm. After
incubation the cell suspension was homogenized by pipetting 50 times and centrifuged at 300x g for 5 min.
The supernatant was removed, and the cell pellet was washed with 30 mL sterile PBS at room temperature and
centrifuged a second time. Afterwards the cells were suspended in 600 mosmol/kg medium and allocated to the
coated dishes. The cells were cultivated in 600 mosmol/kg medium for the initial 24 h. After 24 h the medium
was replaced by the same medium or switched to 300 mosmol/kg medium. In further experiments only cells
were used that were at least cultivated for 5 days at 300 or 600 mosmol/kg. Experiments were approved by
the governmental-committee on animal welfare (Landesamt fiir Natur, Umwelt und Verbraucherschutz NRW
(LANUYV), Miinster; 84-02.05.20.11.256) and were performed in accordance with national animal protection
and in compliance with the ARRIVE guidelines®.

Wound healing assays. Prior to the migration experiments the MEM medium was prepared as indicated
above, but without Ultroser. The serum deprivation was necessary for stimulation experiments to avoid prior
activation of cell receptors. HEPES-buffer was used to maintain a physiological pH at 7.4. The experiments were
performed in collagen type IV coated 35 mm dishes. A scratch wound was made using a 20 uL pipette tip. After
the scratch was induced, the cells were washed with PBS and the medium was replaced by HEPES buffered
MEM. Four different medium conditions were used. The medium of cells initially cultivated at 300 mosmol/
kg was replaced by 300 mosmol/kg and of cells initial cultivated at 600 mosmol/kg by 600 mosmol/kg medium,
respectively. During condition 3 and 4 we acutely challenged the cells initially cultivated at 300 mosmol/kg with
600 mosmol/kg medium and cells initially cultivated at 600 mosmol/kg with 300 mosmol/kg medium during
the migration period.

Cell migration was monitored as previously described?®!. The dishes were placed immediately into the pre-
heated chambers of the microscopes and the scratch was oriented parallel to the upper and lower image border.

The migration was recorded in 5 min intervals for 15 h. Images were taken with a Zeiss Axiovert 40c micro-
scope. Cell migration was quantified as the movement of both wound borders into the wounded area within
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15 h. The wound border was defined as the leading first cell row at the beginning and the end of the migration.
Measuring the distance between the wound edges at t=0 h and t=15 h allowed to calculate the net distance
covered by both wound edges and derived thereof the speed (um/h) of the wound closure. We used Fiji image
analysis software to display the wound healing assay and for their quantitative analysis®*>. Movies were also pre-
pared using the Image] software.

Immunofluorescence. Proteins that are involved in migration were analyzed after performing a scratch
assay as described above. The IMCD cells were seeded onto collagen type IV coated glass cover slips in a 24 well
plate. The cells were fixed in PBS containing 4% paraformaldehyde (PFA) for 20 min after a scratch wound has
been induced. The cells were washed with PBS (3x 15 min) and then permeabilized in 0.1% Triton X 100 for
5 min and washed a second time with PBS (3 x 15 min). The cells were incubated with a blocking solution, con-
taining 0.3% fish skin gelatin in PBS for 20 min at 37 °C. Then the cells were incubated overnight at 4 °C with the
primary antibodies. The next day the cells were washed three times with PBS and incubated with an Alexa-488
or Alexa-594 labeled anti-rabbit or anti-mouse IgG antibody (Thermo Fischer Scientific, Waltham, MA, USA),
depending on the species of the first antibody. In order to label the actin filaments, the cells were incubated with
Alexa 488 or 594 labeled phalloidin (Thermo Fischer Scientific). The nucleus was stained by DAPI. Cells were
washed one last time with PBS and mounted with Immu-Mount (Thermo Fischer Scientific). Images were taken
with a Zeiss Axio Observer Z1 microscope (Zeiss, Oberkochern, Germany). The Antibodies for AQP2-4 were
obtained from Alamone Labs (Jerusalem, Israel). The NHE1 antibody from BD Biosciences Pharmingen (San
Jose, CA, USA). All other antibodies were obtained from Cell Signaling Technology (Boston, MA, USA). Signal
intensities of cell profiles were generated using Fiji image analysis software®%. Also the cell areas were analyzed
with the Fiji image analysis software.

Western Blot analysis. Western blots were performed as described before®. Briefly, the cells were lysed
using a modified Laemmli-buffer for 24 h under constant shaking. A 4-20% polyacrylamide-gel was loaded with
the samples and a size marker Pageruler Prestained (Thermo Fischer Scientific) and the proteins were separated
by gel electrophoresis. The proteins were transferred from the gel to a polydivinyldifluoride-membrane (PVDEF-
Membrane, Merck Darmstadt, Germany). The membrane was cut prior to hybridization with the antibodies to
simultaneously incubate different antibodies of similar molecular weight. Unspecific binding of the primary
antibody was blocked before by incubation with 5% BSA in TBST for 30 min. Membranes were subsequently
incubated with primary antibodies in a 1:1.000 dilution. Antibodies raised against AQP2-4 were obtained from
Alomone Labs (Jerusalem, Israel)**. Antibodies against NHE-1 were obtained from BD Biosciences Pharmingen
(San Jose, USA)*® The reagent Lumilight was added to the membrane for 10 min and the signal was detected with
the Lumi Imager F1 (Roche Diagnostics, Basel, Switzerland). In order to ensure equal loading, the membrane
was stripped (30 min/60 °C) using stripping buffer (15 g/L glycine, 1 g/L sodium dodecyl sulfate, 10 mL/L Tween
20, pH to 2.2) and incubated with an antibody directed against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Lumianalyst software (Roche, Basel, Switzerland) was used for quantification of specific bands.

Quantitative phase imaging-based cell analysis with digital holographic microscopy. Time
resolved quantitative phase imaging (QPI) analysis of cellular volume and the covered area of IMCD cells was
performed by label-free digital holographic microscopy (DHM). Experimental investigations were conducted
either with an inverted iMIC microscope (Till Photonics, Grafelfing, Germany) with an attached DHM module,
and an incubator (Solent Scientific Ltd., Segensworth?®, or with a Zeiss Axio Observer microscope modified for
DHM, where temperature stabilization was achieved by an ibidi HT200 heating chamber (ibidi GmbH, Munich,
Germany)*. In both DHM setups the coherent light source for hologram recording was a frequency doubled
solid state laser (emission wavelength of A=532 nm). The reconstruction of quantitative DHM phase contrast
images from the digitally captured holograms was performed by spatial phase shifting-based algorithms as
reported earlier’* with custom build software. For QPI-based analysis, IMCD cells were cultivated confluently
in collagen coated p-dishes (ibidi GmbH, Munich, Germany). Cell free wound areas were created by scratches
with a pipette. For DHM observation standard polymer Petri dish caps were replaced by glass lids (ibidi GmbH,
Munich, Germany). Digital holograms of the wound areas at 300 mOsmol and 600 mOsmol were recorded
every, 2 min (iMIC microscope, Zeiss EC Plan-Neofluar 10x/0.3) or 3 min (Zeiss LD Acroplan 20x/0.4 Korr) for
a period of 3 h. Two independent DHM analyses were performed for each experiment.

Statistics. The statistical analysis of the data was carried out using the program Graph Pad Prism 5.3 (Graph
Pad Software Inc., San Diego, CA, USA). Statistical significance was analyzed by one-way ANOVA with Tukey’s
post-test and two-tailed t-test for data following normal distribution. A significant result was set at *p <0.05 and
**p<0.001. All values are presented as mean + SEM.

Results

The expression of AQP3 and AQP4 is induced by the extracellular hyper osmolality. The pri-
mary cultured IMCD cells have been extensively used to study the vasopressin mediated translocation of AQP2
to the plasma membrane®**#*#!. The major advantage of this model is the endogenous expression of AQP2. The
expression of AQP2 in this model was increased by the hyperosmolar medium?®. We have recently shown that
hyper osmolality not only induces the expression of AQP2 but also the expression of other major principal cell
markers like AQP3-4, the urea transporter Slc14al or vasopressin type 2 receptor mRNAs'’.
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Figure 1. Protein expression of AQP2, AQP3 and AQP4 increases at higher osmolality. IMCD-cells have been
cultivated in medium of 300 and 600 mosmol/kg. Proteins have been isolated and Western Blot was performed
with antibodies directed against AQP2, AQP3, AQP4 and Glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
B: Densitometric analysis of AQP2, AQP3 and AQP4 protein level expression in cells cultivated at 600 mosmol/
kg (relative to 300 mosmol/kg). The membranes were cut before hybridization with the first antibody. After
stripping of the first antibody the membranes were probed with an anti GAPGH antibody. All values are
means+SEM (n>2). Uncropped images are provided as Supplementary Fig. 1.
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Figure 2. AQP3 and AQP4 are localized at plasma membrane. IMCD-cells were cultivated at 300 (right panel)
and 600 mosmol/kg (left panel). AQP3 and AQP4 were detected using specific primary antibodies. Signals were
detected using secondary Alexa-Fluor-488 labeled antibodies. The cell nucleus was stained with DAPI (blue).
Images are representative for up to ten independent experiments. Scale bar, 20 um.

We performed Western blot analysis to confirm the effects also on protein expression of AQP3 and AQP4 in
this cell model. We used cells that have been cultivated either at 300 or 600 mosmol/kg and analyzed the expres-
sion by Western blotting (Fig. 1).

The results showed that the protein expression of AQP3 and AQP4 was increased 26- and 5-fold, respectively,
in IMCD cells cultivated at 600 mosmol/kg compared with those cultivated at 300 mosmol/kg. Thus, the increased
mRNA expression of AQP3 and AQP4 is associated with an increased protein expression'®. Immunofluorescence
experiments further confirmed the differences in expression. As mentioned before, AQP3 and AQP4 are consti-
tutively expressed in the plasma membrane of the principal cells of the collecting duct. While AQP3 and AQP4
were not detectable at 300 mosmol/kg, they are, as expected, enriched at the plasma membrane at 600 mosmol/
kg (Fig. 2). Profile plots showing the signal distribution are provided as Supplementary Fig. 2.
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Figure 3. Osmolality has an impact on cell morphology. IMCD-cells were cultivated at 300 (upper panel)

and 600 mosmol/kg (lower panel) and staining for -catenin, Zo-1 and actin was performed using specific
antibodies or phalloidin (for actin) respectively. Secondary Alexa-488 or Alexa-568 labeled antibodies or Alexa-
568 labeled phalloidin were used for visualization. Scale bar =20 pm.

These results showed that the primary cultured IMCD cells are enriched for principal cells. Therefore, they
were a suitable model to analyze the role of AQP2-4 in cell migration but differences in osmolality have to be
considered within the experimental setup.

Osmolality has a major impact on cell morphology. We have recently shown that osmolality induces
and suppresses the expression of thousands of genes'. Consequently, we tested how osmolality affects the mor-
phology of the IMCD cells and stained IMCD cells that were cultivated at 300 or 600 mosmol/kg with different
cellular markers. We used antibodies against zona occludens 1 (ZO1; for tight junctions), beta catenin (adherens
junctions) and phalloidin (actin cytoskeleton; Fig. 3).

The staining for beta catenin in cells cultivated at 300 mosmol/kg demonstrated a diffuse staining pattern and
the cell borders were hard to be distinguished. This is also evident for the phalloidin staining. At 300 mosmol/
kg the actin cytoskeleton exhibits a dense network of stress fibers. The staining pattern completely changed in
cells cultivated at 600 mosmol/kg. Beta catenin is localized in the nucleus and is also enriched at the cell-cell
contacts. The ZO1 staining is uneven in cells cultivated at 300 mosmol/kg and in cells cultivated at 600 mosmol/
kg the ZO1 staining shows the cobblestone like distribution that is typical for epithelial cells. Also the actin
staining shows massive changes since and we observed an accumulation of actin at the cell-cell contacts. This
is also evident in migrating cells (Supplementary Fig. 3). The ZO1staining was used to calculate the area that is
covered by a cell. The analysis showed no significant differences between cells cultivated at 300 and 600 mosmol/
kg (Supplementary Fig. 4).

Effect of osmolality on migration of IMCD cells. In the next step we tested whether the IMCD cells
were able to migrate. To this end we performed scratch/wound healing assays. To our knowledge this is the
first time that this has been done in primary cultured IMCD cells. Figure 4 shows that the IMCD cells are able
to migrate and that they show a collective cell migration behavior. We have shown that AQP2-4 expression is
induced by hyper osmolality and also that the cell morphology including actin cytoskeleton is affected by the
cell culture conditions. The actin cytoskeleton plays a major role in the migration process and the contribution
of AQPs to cell migration has also been shown. Thus, we expected differences in the migration speed. In the
next step we analyzed how the migration behavior of the primary IMCD cells is affected by the environmental
osmolality. For this reason we used IMCD cells cultivated at 300 or 600 mosmol/kg and performed wound heal-
ing assays. Using a second approach cells initially cultivated at 300 mosmol/kg were acutely challenged during
the migration period with 600 mosmol/kg medium and cells initially cultivated at 600 with 300 mosmol/kg
medium. Movies of the migrating cells are provided as supplement.

The results showed that the hyper osmolality per se did not affect the migration speed of cells cultivated at 300
or 600 mosmol/kg (Fig. 4). An acute change of osmolality however, changed the cell speed remarkably. When we
switched the osmolality from 300 to 600 mosmol/kg, thus inducing an acute hyperosmotic shock, the cell speed
decreased significantly by about 70%. On the other side inducing an acute hypoosmotic shock, by changing
the osmolality from 600 to 300 mosmol/kg increased the cell speed by approximately 40%. The results indicate
that beside the hyper osmotic stress those cells are capable to generate an osmotic gradient at the leading edge
that is necessary for cell migration. The Na+/H+ exchanger 1 (NHE1) mediates Na+ uptake in the leading edge
supporting water flux thereby facilitating leading edge protrusion®. In the next step we have analyzed NHE1
expression in the cells (Fig. 5).

In contrast to cells cultivated at 300 mosmol/kg, NHE] is enriched at the leading edge of the migrating
cells cultivated at 600 mosmol/kg. Profile plots showing signal intensities are provide as Supplementary Fig. 6.
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Figure 4. Primary cultured IMCD cells show a collective cell migration behavior. (A) Wound healing assays
were performed with IMCD-cells that were cultivated at 300 or 600 mosmol/kg and in cells where the osmolality
was acutely increased from 300 to 600 mosmol/kg (300-600) or decreased from 600 to 300 mosmol/kg (600
300). A scratch was induced using a pipette tip. The migration was observed for 15 h. During migration the cells
were cultivated in DMEM without serum. (B) The sum of the migration speed from both migration fronts was
calculated and is presented as mean pm/h + SEM. Statistically significant differences are marked by *. ANOVA,
p<0.05, n>14 (for 300 and 600) and n =3 for 300-600 and n=4 for 600-300. Scale bar 150 pum.
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Figure 5. Localization of NHEI in migrating IMCD-cells at different osmolality. IMCD-cells were cultured at
300- and 600 mosmol/kg. A scratch was induced and the cells were further cultivated for four hours. After that
the cells were incubated with NHE1- antibody and Alexa-594 labeled secondary antibody. Images were taken
from the leading edge of migrating cells and from the inside of the cell monolayer. Profile plots are provided as
Supplementary Fig. 5. Scale bar, 20 pm.

Increased NHE] activity could support cell migration even under hyperosmotic stress. The expression of NHE1
on the protein level is also induced by hyper osmolality (Supplementary Fig. 6).

The primary cultured IMCD cells were fully differentiated and did not proliferate. We have used 5'-bromo-
2'-deoxyuridine (BrdU) incorporation assay to analyze whether the migration was mediated by increased pro-
liferation. The results showed no BrdU staining in cells cultivated at 300 mosmol/kg and BrdU positive cells at
600 mosmol/kg (Supplementary Fig. 7).

Since the hyperosmotic environment induces DNA damages, the positive BrdU staining might be due to DNA
repair mechanisms. No enrichment of BrdU staining is evident at the leading edge. Also the movies showed that
coverage of the wound is not mediated by proliferating cells.
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Figure 6. Migration influences the localization of AQPs. Wound healing assays were performed with IMCD-
cells cultivated at 600 mosmol/kg. A scratch was induced and after 4 h the cells were stained for AQP2-4
using specific antibodies. For the AQP2 staining the cells were incubated with dbcAMP to induce membrane
localization. Alexa-488 labeled secondary antibodies were used for visualization. The nuclei were stained with
DAPI. The upper row show cells away from the wound. The lower rows show cells at the leading edge. Scale
bar =20 um, representative image chosen from 6 to 9 independent experiments.

Cells were observed with quantitative DHM phase contrast as described in “Quantitative phase imaging-
based cell analysis with digital holographic microscopy” and we have measured the covered area of the first row
of cells (the results are shown in Supplementary Fig. 8). The covered area per cell increases. Interestingly this
effect was much bigger in cells cultivated at 600 mosmol/kg. Furthermore, we the cellular volume increased in
cells cultivated at 600 mosmol/kg (Supplementary Fig. 8).

Migration alters the localization of AQP3 and AQP4. In the next step we analyzed whether the
migration of the cells leads to the accumulation of the AQPs at their leading edges. Since AQP2-4 were only
expressed under hyperosmotic conditions we have only used cells that were cultivated at 600 mosmol/kg. A
scratch was induced and the cells were cultivated for additional 4 h and then used for immunofluorescence stain-
ing. The localization of AQP2 in the plasma membrane was induced by the addition of dibutyryl cyclic adeno-
sine monophosphate (dbcAMP) during the 4 h period. The immunofluorescence analysis showed that AQP2-4
were, as expected, localized at the plasma membrane in areas away from the scratch (Fig. 6).

There was a slight staining for AQP2 at the leading edges of the cells in dbcAMP stimulated cells. This was
not the case in unstimulated cells. Interestingly AQP3 staining disappeared in the first 2-3 rows of the migrat-
ing cells. The staining for AQP4 also showed no accumulation at the leading edges of the cells but AQP4 is
accumulated at the rear edges of the migrating cells. The profile plots showing signal distribution are provided
as Supplementary Fig. 9.

Migration leads to lysosomal degradation of AQP3.  To analyze why AQP3 disappears at the leading
edge we treated the cells with inhibitors that block the degradation of proteins. We used bafilomycin to block
the activity of the vacuolar H*-ATPase and thereby lysosomal degradation and MG132 to block proteasomal
degradation (Fig. 7).

The treatment with bafilomycin induced the accumulation of AQP3 in intracellular compartments. The treat-
ment with MG132 had no influence on the localization and AQP3 still disappeared within the first 2-3 rows
of cells (Fig. 7). Profile plots showing signal intensities are provided as Supplementary Fig. 10. Treatment with
bafilomycin also induced accumulation of AQP3 in intracellular structures in cell layer without introduction of
a scratch (Supplementary Fig. 11).

dbcAMP prevents migration associated disappearance of AQP3.  Several studies have shown that
the phosphorylation state of AQP2 influences not only the targeting to the apical plasma membrane but also the
stability and degradation of the AQP2*2. We have recently shown that dbcAMP treatment prevents lysosomal
degradation of AQP2%. Subsequently, we raised the question if the disappearance of AQP3 can be prevented by
the activation of PKA signaling. To test this we performed the same setting as shown in Fig. 6 and treated the
cells with dbcAMP during migration and checked if this had an influence on AQP3 localization. We observed, as
shown in Fig. 8 that the treatment with dbcAMP prevented the disappearance of AQP3 in the leading cells with
AQP3 still being localized at the plasma membrane even at the leading edge.
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Figure 7. Intracellular accumulation of AQP3 after bafilomycin treatment. Wound healing assays were
performed with IMCD-cells cultivated at 600 mosmol/kg. A wound was induced and the cells were treated with
V-ATPase activity inhibitor bafilomycin (100 nM) or the proteasomal activity inhibitor MG132 (2 pM). After

4 h the cells were stained for AQP3 using specific antibodies. Alexa-488 labeled secondary antibodies were used
for visualization. The nuclei were stained with DAPI. Scale bar =20 um, representative image chosen from 2
independent experiments.

AQP3 B-tubulin Merge

Figure 8. The treatment with dbcAMP prevented the degradation of AQP3. Wound healing assays were
performed with IMCD-cells cultivated at 600 mosmol/kg. A wound was induced and after 4 h the cells were
stained for AQP3 and beta tubulin using specific antibodies. During this period of time the cells were treated
with dbcAMP (250 uM). Alexa-488 (green) and Alexa-568 (red) labeled secondary antibodies were used

for visualization. The nuclei were stained with DAPI. Scale bar =20 um, representative image chosen from 2
independent experiments.

dbcAMP increases migration in cells cultivated at 600 mosmol/kg. Since dbcAMP forced the
expression of AQP3 at the leading cells we tested if this has an influence on the migration speed of the cells.
We repeated the wound healing assay and incubated the cells with dbcAMP during the migration process. The
treatment with dbcAMP had no effect on cells which were cultivated at 300 mosmol/kg. In contrast, dbcAMP
induced a significant increase of the migration speed in cells cultivated at 600 mosmol/kg (Fig. 9).

Discussion

In our study we investigated the possible role of collecting duct aquaporins in cell migration using primary
cultures of rat inner medullary CD. This is particularly interesting for its implication in the field of epithelial
regeneration after kidney injury. The roles of aquaporins have been identified in several studies using different
cell types*. At least 3 different AQPs are expressed in the principal cells of renal collecting duct. This unique
expression pattern qualifies them as an ideal tool to analyze AQPs role on cell migration. So far a study using
primary cultivated IMCD cells was missing. Therefore, this is the first study that used primary cultured IMCD
cells to analyze the role of AQP on cell migration. Since the IMCD is faced with a unique osmotic environment,
which is associated with extensive changes in gene expression'®, we analyzed how hyper- and hypoosmolality
affects cell migration. Although the used primary IMCD cell express endogenously AQP2-4, our experimental
setting can only provide a simplified version of the situation in the collecting duct, where the cells are constantly
challenged by osmotic differences on the apical and the basolateral membrane.
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Figure 9. The treatment with dbcAMP induced the migration speed of the cells. Wound healing assays were
performed with IMCD-cells cultivated at 300 or 600 mosmol/kg. A wound was induced migration of the cells
were observed for 15 h. During this period of time one part of the cells were treated with dbcAMP (250 uM).
The migration speed of the cells were calculated and significantly differences were calculated by ANOVA
(p<0.05,n<6).

We found that the primary cultured IMCD cells are a suitable model due to the fact that they show a collective
migration capability and due to the fact that they endogenously express AQP2-4. Moreover, the expression of
AQP2-4 was induced under hyperosmotic conditions not only on the mRNA level but also on the protein level.
Hyper osmolality induced massive changes in cell morphology including actin cytoskeleton rearrangement and
beta catenin redistribution. Based on the postulated roles of AQPs in cell migration and the immense morpho-
logical changes, we expected differences in the migration behavior of cells cultivated at 300 vs. 600 mosmol/kg.

Chronic hyper osmolality has no effect on migration speed. To our surprise, we did not observe
significant differences in the migration speed between cells cultivated at 300 and 600 mosmol/kg. Hyper osmo-
lality has many effects on cellular physiology. It can induce DNA damage, apoptosis, inhibit translation and tran-
scription or induce oxidative stress*. It also induces changes in the organization of the actin cytoskeleton**. The
type of reorganization depends on the analyzed cell type. All of the mentioned factors have a tremendous impact
on the state of the cells. We also saw extensive differences on the cell morphology and the organization of the
actin cytoskeleton. But all these changes had no effect on the migration capability of cells that were adapted to a
given osmolality. On the other hand several factors that have been described to be associated with cell migration
like AQP2-4 and NHE] expression are induced by hyper osmolality*>*’. We postulated that the pro-migratory
factors (AQP2-4 or NHEL1) and the anti-migratory factors (hyper osmolality induced stress) in adapted cells are
in balance. A recent study showed that AQP2 modulates the activity of NHEI and induces mechanical stability
by inducing actin polymerization®. Since the expression of AQP2 is massively induced under hyperosmotic con-
ditions this kind of interaction may be evident for cells cultivated at 600 mosmol/kg. We measured significant
differences in migration speed when the cells were challenged by an acute change in osmolality. Consistent with
previous observations, cell migration was impaired upon an acute increase by 300 mosmol/kg*. Probably in this
case many of the mentioned processes were activated and the cells first had to get adapted to the hyper osmolal-
ity. Vice versa an acute drop of the osmolality by 300 mosmol/kg, which would be quite challenging for other cell
types, was associated with a significant increase in the migration speed. In this case the pro-migratory factors
mentioned above were still present but the anti-migratory factor hyperosmotic stress not, leading balance to the
pro-migratory direction. We hypothesize that the hypoosmotic stimulus that promotes cell migration could be
the low osmolality occurring during diuresis. It has been shown in the kidney that constant changes in cellular
structure occur due to mechanical and chemical stimuli. When IMCD-cells were subjected to flow like it occurs
during diuresis they showed altered actin cytoskeleton organization, which resulted in better viability*.
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Contribution of AQPs. It has been shown for AQP2-4 by many other studies that they can contribute to
cell migration. The postulated role of AQPs in cell migration is that their expression at the leading edge facilitates
the entry of water thereby pushing the lamellipodia forward*’. For AQP2 it has been shown that it promotes
cell migration by interacting with integrin p-1°. In primary cultured IMCD cells, as expected, AQP3 and AQP4
were expressed at the plasma membrane of the IMCD cells. The membrane expression of AQP2 was induced
by dbcAMP as described by several other studies*!. At the leading edge of migrating cells AQP3 expression was
lost in the first 2-3 rows of cells and we did not observe any kind of accumulation in the lamellipodia of the
cells. Several studies showed that AQP3 expression facilitates cell migration. The mentioned studies used either
cells derived from AQP3 knockout mice, si- or stRNA mediated knockdown of AQP3 in or AQP3 overexpres-
sion cell lines. The localization of AQP3 was not studied in the majority of the studies. One study showed that
in the MDA-MB-231 breast cancer cell line CXCL12 stimulation leads to an increased localization of AQP3
at the leading edge of the cell®'. The loss of AQP3 expression within the first 2-3 rows of cells indicates that at
least under physiological conditions AQP3 did not actively contribute to the migration. Intriguingly, a recent
study reported that AQP3 expressing MDCK cells have a reduced collective migration capacity and that the
contribution of AQP3 depends on the cell type®. AQP 3 is among the aquaglyceroporins that transport water
and glycerol. Verkman et al. postulated that glycerol transport might be involved in ATP production mandatory
for cell proliferation and wound healing®. We did not test the permeability of the IMCD-cells for glycerol and
its role in cell migration. Since cell migration and cell proliferation are both very ATP-demanding processes in
the cell, we cannot exclude that glycerol transport plays a role in the migration of IMCD-cells, especially because
the enzyme glycerol kinase is strongly expressed in kidneys. Cell migration represents a wound healing process
as a response to an injury. Hypoxic injury after ischemia-reperfusion in AQP3 deficient mice led to collecting
duct abnormalities and significantly greater cell injury compared to AQP3 expressing mice®*. This emphasizes
the importance of AQP3 on recovery of the collecting duct after renal injury.

In contrast to AQP3, AQP4 was localized at the rear end of migrating cells. One potential explanation would
be in concordance with the study by Stroka et al. that promoted the osmotic engine model®®. According to their
study water enters at the leading edge and exits the cell at the trailing edge. Thus, water could exit the cell at
the trailing edge through AQP4. Although their study design included confined micro channels, it offers a pos-
sible explanation for the observed result. Other studies using kidney derived cells to analyze the contribution
of AQP4 are missing. And even studies using endogenously AQP4 expressing cells are rare. The majority of the
studies showed that AQP4 deficiency was associated with reduced migration capacity for example in astroglial
cells or glioma cells and that high AQP4 expression was associated with tumor progression®. Also in glioma
AQP4 was enriched in the plasma membrane®. At least seven isoforms of AQP4 have been identified so far*’.
The M1-AQP4, a long isoform with translation at first methionine and the M23-AQP4, a shorter isoform with
translation methionine 23 are described as the two major isoforms®>°. The analyses of the M1 and M23 AQP4
isoform in astrocytes showed marked differences in the localization pattern; M1-AQP4 was enriched at the
leading edge, while M23-AQP4 was localized at the rear end of the cells®.

Effect of PKA signaling on cell migration. We observed that the stimulation of the protein kinase A
(PKA) signaling accelerated the migration. But this was only the case when the cells were cultivated at 600 mos-
mol/kg. This indicates that the dbcAMP stimulation affects factors that are not present or active when cells
were cultivated at 300 mosmol/kg. The trafficking of AQP2 to the apical plasma membrane is induced by the
activation of PKA*. The expression of AQP2-4 was induced or elevated under hyperosmotic conditions'®. We
observed that dbcAMP led to accumulation of AQP2 at the leading edge of the cells. Moreover it prevented the
degradation of AQP3 in the first rows of cells and promotes its localization at the leading edge. Therefore, the
observed increase in migration upon dbcAMP might at least partially be promoted by AQP2 and AQP3. Argi-
nine vasopressin (AVP) also increases the protein expression of AQP3". As mentioned before AVP acts via the
cAMP/PKA signaling pathway and its release from the posterior pituitary gland is stimulated by hyper osmolal-
ity, hypotension, and hypovolemia. The serum concentrations of AVP increase rapidly during acute hemorrhage,
a situation during which the kidneys are prone to hypoxic cell injury®!. Accordingly, our findings of increased
cell migration upon dbcAMP stimulation offer a potential mechanism how wound healing in the collecting duct
is augmented during acute shock states and that AQP 2 or AQP 3 could promote this process. Unfortunately,
the primary cultured IMCD cells are not capable for genetic manipulation to induce a knockdown or knockout
suing siRNA or CRISPR/Cas9 that would allow analyzing the contribution of AQP2-4 on cell migration. We are
also fully aware that dbcAMP treatment influences other factors besides AQP2 and AQP4 such as the exchange
protein directly activated by cAMP (EPAC) or the cytoskeleton just to mention two examples. While EPAC1
overexpression induced a reduction of bladder cancer cell migration®, the cAMP signaling induced migration
in mouse embryonic stem cells®.

Conclusions

Taken together, we showed that primary cultured IMCD cells display a collective cell migration behavior, which
most likely takes place in response to kidney injury. Recent in vivo studies are consistent with our findings, show-
ing that collective cell migration occurs after kidney epithelial injury?’. Hyperosmotic stress had a major impact
on cell morphology but not on migration speed. An acute change to a lower osmolality, which physiologically
occurs in the kidney during diuresis, increased the cell migration speed markedly. Hyperosmolality played a
role upon dbcAMP stimulation though, where it led to an increase in cell migration and restored AQP3 at the
leading edge. AVP release, which acts via the cAMP/PKA pathway, is stimulated during hyperosmolality and
acute hemorrhage. In these situations the principal cells are prone to possible injury. Thus, we hypothesize that
AQP mediated cell migration in the CD occurs primarily under pathophysiological conditions. During an acute
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decrease of osmolality in diuresis the CD cells show an increased ability to adapt to possible cell injury by mecha-
nism that are not primarily influenced by AQPs. Further studies, for example use of AQP2-4 deficient mice/cells,
are needed to strengthen our findings of AQP contribution during migration in primary cultured IMCD cells.

Received: 29 October 2020; Accepted: 13 May 2021
Published online: 07 June 2021

References

=N

. Ridley, A. . et al. Cell migration: Integrating signals from front to back. Science 302(5651), 1704-1709 (2003).

. Vicente-Manzanares, M., Webb, D. J. & Horwitz, A. R. Cell migration at a glance. J. Cell Sci. 118(21), 4917-4919 (2005).

. Fried], P. & Wolf, K. Plasticity of cell migration: A multiscale tuning model. J. Cell Biol. 188(1), 11 (2010).

. Webb, D. ], Parsons, J. T. & Horwitz, A. F. Adhesion assembly, disassembly and turnover in migrating cells—Over and over and

over again. Nat. Cell Biol. 4, E97 (2002).

5. Schwab, A. et al. Role of ion channels and transporters in cell migration. Physiol. Rev. 92(4), 1865-1913 (2012).
6. Verkman, A. S. Aquaporins at a glance. J. Cell Sci. 124(13), 2107-2112 (2011).
7. Saadoun, S. et al. Impairment of angiogenesis and cell migration by targeted aquaporin-1 gene disruption. Nature 434, 786 (2005).
8. Hara-Chikuma, M. & Verkman, A. S. Aquaporin-1 facilitates epithelial cell migration in kidney proximal tubule. J. Am. Soc. Nephrol.
17(1), 39-45 (2006).
9. Chen, Y. et al. Aquaporin 2 promotes cell migration and epithelial morphogenesis. J. Am. Soc. Nephrol. 23(9), 1506-1517 (2012).
10. Hara-Chikuma, M. & Verkman, A. S. Aquaporin-3 facilitates epidermal cell migration and proliferation during wound healing.
J. Mol. Med. 86(2), 221-231 (2008).
11. Saadoun, S. et al. Involvement of aquaporin-4 in astroglial cell migration and glial scar formation. J. Cell Sci. 118(24), 5691 (2005).
12. Kumari, S. S. et al. Aquaporin 5 promotes corneal wound healing. Exp. Eye Res. 172, 152-158 (2018).
13. Karlsson, T. et al. Fluxes of water through aquaporin 9 weaken membrane-cytoskeleton anchorage and promote formation of
membrane protrusions. PLoS One 8(4), €59901-e59901 (2013).
14. Edemir, B. et al. Mechanisms of cell polarity and aquaporin sorting in the nephron. Pflugers Arch. 461(6), 607-621 (2011).
15. Ecelbarger, C. A. et al. Aquaporin-3 water channel localization and regulation in rat kidney. Am. J. Physiol 269(5 Pt 2), F663-F672
(1995).
16. Nielsen, S. et al. Vasopressin increases water permeability of kidney collecting duct by inducing translocation of aquaporin-CD
water channels to plasma membrane. Proc. Natl. Acad. Sci. U.S.A. 92(4), 1013-1017 (1995).
17. Marples, D. et al. Redistribution of aquaporin-2 water channels induced by vasopressin in rat kidney inner medullary collecting
duct. Am. J. Physiol. 269(3 Pt 1), C655-C664 (1995).
18. Knepper, M. A. Molecular physiology of urinary concentrating mechanism: Regulation of aquaporin water channels by vasopres-
sin. Am. J. Physiol. 272(1 Pt 2), F3-12 (1997).
19. Schulze Blasum, B. et al. The kidney-specific expression of genes can be modulated by the extracellular osmolality. FASEB J. 30(10),
35883597 (2016).
20. Storm, R. et al. Osmolality and solute composition are strong regulators of AQP2 expression in renal principal cells. Am. J. Physiol.
Renal Physiol. 284(1), F189-F198 (2003).
21. Zou, A. P. & Cowley, A. W. Jr. Reactive oxygen species and molecular regulation of renal oxygenation. Acta Physiol. Scand. 179(3),
233-241 (2003).
22. Basile, D. P, Anderson, M. D. & Sutton, T. A. Pathophysiology of acute kidney injury. Compr. Physiol. 2(2), 1303-1353 (2012).
23. Palmyre, A. et al. Collective epithelial migration drives kidney repair after acute injury. PLoS ONE 9(7), 101304 (2014).
24. Mayor, R. & Etienne-Manneville, S. The front and rear of collective cell migration. Nat. Rev. Mol. Cell Biol. 17(2), 97-109 (2016).
25. Schwab, A. et al. Oscillating activity of a Ca(2+)-sensitive K+ channel. A prerequisite for migration of transformed Madin-Darby
canine kidney focus cells. J. Clin. Investig. 93(4), 1631-1636 (1994).
26. Stroka, K. M. et al. Water permeation drives tumor cell migration in confined microenvironments. Cell 157(3), 611-623 (2014).
27. Mitchison, T. J., Charras, G. T. & Mahadevan, L. Implications of a poroelastic cytoplasm for the dynamics of animal cell shape.
Semin. Cell Dev. Biol. 19(3), 215-223 (2008).
28. Rinschen, M. M. et al. Different effects of CsA and FK506 on aquaporin-2 abundance in rat primary cultured collecting duct cells.
Pflugers Arch. 462(4), 611-622 (2011).
29. Klokkers, J. et al. Atrial natriuretic peptide and nitric oxide signaling antagonizes vasopressin-mediated water permeability in
inner medullary collecting duct cells. Am. J. Physiol. Renal Physiol. 297(3), F693-703 (2009).
30. Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 18(7),
€3000411 (2020).
31. Storck, H. et al. Ion channels in control of pancreatic stellate cell migration. Oncotarget 8(1), 769-784 (2017).
32. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9(7), 676-682 (2012).
33. Klokkers, J. et al. Atrial natriuretic peptide and nitric oxide signaling antagonizes vasopressin-mediated water permeability in
inner medullary collecting duct cells. AJP Renal Physiol. 297(3), F693-F703 (2009).
34. Kaiser, M. & Edemir, B. Lithium chloride and GSK3 inhibition reduce aquaporin-2 expression in primary cultured inner medullary
collecting duct cells due to independent mechanisms. Cells 9(4), 1060 (2020).
35. Kurata, T. et al. NHES5 regulates growth factor signaling, integrin trafficking, and degradation in glioma cells. Clin. Exp. Metastasis
36(6), 527-538 (2019).
36. Lenz, P. et al. Multimodal quantitative phase imaging with digital holographic microscopy accurately assesses intestinal inflam-
mation and epithelial wound healing. J. Vis. Exp. 2016(115) (2016).
37. Schubert, R. et al. Enhanced quantitative phase imaging in self-interference digital holographic microscopy using an electrically
focus tunable lens. Biomed. Opt. Express 5(12), 4213-4222 (2014).
38. Carl, D. et al. Parameter-optimized digital holographic microscope for high-resolution living-cell analysis. Appl. Opt. 43(36),
6536-6544 (2004).
39. Kemper, B. et al. Investigation of living pancreas tumor cells by digital holographic microscopy. J. Biomed. Opt. 11(3), 34005 (2006).
40. Maric, K., Oksche, A. & Rosenthal, W. Aquaporin-2 expression in primary cultured rat inner medullary collecting duct cells. Am.
J. Physiol. 275(5 Pt 2), F796-F801 (1998).
41. Henn, V. et al. Identification of a novel A-kinase anchoring protein 18 isoform and evidence for its role in the vasopressin-induced
aquaporin-2 shuttle in renal principal cells. J. Biol. Chem. 279(25), 2665426665 (2004).
42. Hoffert, J. D. et al. Vasopressin-stimulated increase in phosphorylation at Ser269 potentiates plasma membrane retention of
aquaporin-2. J. Biol. Chem. 283(36), 24617-24627 (2008).
43. Verkman, A. S., Anderson, M. O. & Papadopoulos, M. C. Aquaporins: Important but elusive drug targets. Nat. Rev. Drug Discovery
13,259 (2014).
44. Burg, M. B,, Ferraris, J. D. & Dmitrieva, N. I. Cellular response to hyperosmotic stresses. Physiol. Rev. 87(4), 1441-1474 (2007).
Scientific Reports|  (2021) 11:11930 | https://doi.org/10.1038/s41598-021-91369-y nature portfolio



www.nature.com/scientificreports/

45. Stock, C. & Schwab, A. Role of the Na+/H+ exchanger NHEL in cell migration. Acta Physiol. 187(1-2), 149-157 (2006).

46. Jensen, H. H. et al. The Na+/H+ exchanger NHEI localizes as clusters to cryptic lamellipodia and accelerates collective epithelial
cell migration. J. Physiol. 597(3), 849-867 (2019).

47. Di Giusto, G. et al. Aquaporin-2 and Na+/H+ exchanger isoform 1 modulate the efficiency of renal cell migration. J. Cell. Physiol.
235(5), 44434454 (2020).

48. Schwab, A. et al. Migration of transformed renal epithelial cells is regulated by K+ channel modulation of actin cytoskeleton and
cell volume. Pflugers Arch. 438(3), 330-337 (1999).

49. Assmus, A. M. et al. Cellular plasticity: A mechanism for homeostasis in the kidney. Acta Physiol. (Oxf.) 229(1), e13447 (2020).

50. De Ieso, M. L. & Yool, A. J. Mechanisms of aquaporin-facilitated cancer invasion and metastasis. Front. Chem. 6, 135 (2018).

51. Satooka, H. & Hara-Chikuma, M. Aquaporin-3 controls breast cancer cell migration by regulating hydrogen peroxide transport
and its downstream cell signaling. Mol. Cell. Biol. 36(7), 1206 (2016).

52. Login, E. H. et al. Aquaporins differentially regulate cell-cell adhesion in MDCK cells. FASEB J. 33(6), 6980-6994 (2019).

53. Hara-Chikuma, M. & Verkman, A. S. Prevention of skin tumorigenesis and impairment of epidermal cell proliferation by targeted
aquaporin-3 gene disruption. Mol. Cell Biol. 28(1), 326-332 (2008).

54. Lei, L. et al. Aquaporin-3 deletion in mice results in renal collecting duct abnormalities and worsens ischemia-reperfusion injury.
Biochim. Biophys. Acta 1863(6), 1231-1241 (2017).

55. Ding, T. et al. Role of aquaporin-4 in the regulation of migration and invasion of human glioma cells. Int. J. Oncol. 38(6), 1521-1531
(2011).

56. McCoy, E. S., Haas, B. R. & Sontheimer, H. Water permeability through aquaporin-4 is regulated by protein kinase C and becomes
rate-limiting for glioma invasion. Neuroscience 168(4), 971-981 (2010).

57. De Bellis, M. et al. A novel human aquaporin-4 splice variant exhibits a dominant-negative activity: A new mechanism to regulate
water permeability. Mol. Biol. Cell 25(4), 470-480 (2014).

58. Jung, J. S. et al. Molecular characterization of an aquaporin cDNA from brain: Candidate osmoreceptor and regulator of water
balance. Proc. Natl. Acad. Sci. 91(26), 13052 (1994).

59. Lu, M. et al. The human AQP4 gene: Definition of the locus encoding two water channel polypeptides in brain. Proc. Natl. Acad.
Sci. 93(20), 10908 (1996).

60. Smith, A. J. et al. Aggregation state determines the localization and function of M1- and M23-aquaporin-4 in astrocytes. J. Cell
Biol. 204(4), 559 (2014).

61. den Ouden, D. T. & Meinders, A. E. Vasopressin: Physiology and clinical use in patients with vasodilatory shock: A review. Neth.
J. Med. 63(1), 4-13 (2005).

62. Ichikawa, H. et al. Overexpression of exchange protein directly activated by cAMP-1 (EPACI1) attenuates bladder cancer cell
migration. Biochem. Biophys. Res. Commun. 495(1), 64-70 (2018).

63. Kim, M. O. et al. cAMP promotes cell migration through cell junctional complex dynamics and actin cytoskeleton remodeling:
Implications in skin wound healing. Stem Cells Dev. 24(21), 2513-2524 (2015).

Acknowledgements
Our special thanks go to Ute Neugebauer, Stefti Ketelhut und Angelika Vollmer for technical assistance.

Author contributions

R.R. performed experiments, designed research, prepared manuscript, B.K. performed research, A.S. and E.S.
designed research, and revised the manuscript; B.E. designed overall research, analyzed data, performed research
and wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was supported by the Else Kroner-
Fresenius Stiftung to BE.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-91369-y.

Correspondence and requests for materials should be addressed to B.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11930 | https://doi.org/10.1038/s41598-021-91369-y nature portfolio


https://doi.org/10.1038/s41598-021-91369-y
https://doi.org/10.1038/s41598-021-91369-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unexpected localization of AQP3 and AQP4 induced by migration of primary cultured IMCD cells
	Materials and methods
	Primary inner medullary collecting duct cells. 
	Wound healing assays. 
	Immunofluorescence. 
	Western Blot analysis. 
	Quantitative phase imaging-based cell analysis with digital holographic microscopy. 
	Statistics. 

	Results
	The expression of AQP3 and AQP4 is induced by the extracellular hyper osmolality. 
	Osmolality has a major impact on cell morphology. 
	Effect of osmolality on migration of IMCD cells. 
	Migration alters the localization of AQP3 and AQP4. 
	Migration leads to lysosomal degradation of AQP3. 
	dbcAMP prevents migration associated disappearance of AQP3. 
	dbcAMP increases migration in cells cultivated at 600 mosmolkg. 

	Discussion
	Chronic hyper osmolality has no effect on migration speed. 
	Contribution of AQPs. 
	Effect of PKA signaling on cell migration. 

	Conclusions
	References
	Acknowledgements


