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ABSTRACT
Transepithelial water flow across the renal proximal tubule is mediated predominantly by aquaporin-1
(AQP1). Along this nephron segment, luminal delivery and transepithelial reabsorption are directly
coupled, a phenomenon called glomerulotubular balance.We hypothesized that the surface expression of
AQP1 is regulated by fluid shear stress, contributing to this effect. Consistent with this finding, we found
that the abundance of AQP1 in brush border apical and basolateral membranes was augmented .2-fold
by increasing luminal perfusion rates in isolated, microperfused proximal tubules for 15 minutes. Mouse
kidneys with diminished endocytosis caused by a conditional deletion of megalin or the chloride channel
ClC-5 had constitutively enhanced AQP1 abundance in the proximal tubule brush border membrane. In
AQP1-transfected, cultured proximal tubule cells, fluid shear stress or the addition of cyclic nucleotides
enhanced AQP1 surface expression and concomitantly diminished its ubiquitination. These effects were
also associated with an elevated osmotic water permeability. In sum, we have shown that luminal surface
expressionofAQP1 in theproximal tubule brushbordermembrane is regulated in response toflow.Cellular
trafficking, endocytosis, an intact endosomal compartment, and controlled protein stability are the likely
prerequisites for AQP1 activation by enhanced tubular fluid shear stress, serving to maintain glomerulo-
tubular balance.

Aquaporins are small integralmembrane proteins that
function as molecular water channels in plasma
membranes.1 Their permeability depends on the
properties of the pore formed by the different channel
isoforms and their abundance within the cell mem-
brane. Aquaporin-1 (AQP1) is expressed in various
cell types, including renal epithelial cells.2,3 In the
proximal nephron, fluid reabsorption is primarily
driven by transcellular transport of solutes, basolateral
cycling of Na+, and secondary movement of water
through transcellular and paracellular pathways.4–6

High proximal tubular water permeability is, thus,
tightly coupled to solute fluxes, which make up ap-
proximately 60% of the reabsorption along the neph-
ron.7 AQP1 is themajor water channel of the proximal
tubule. It is densely expressed in the brush border

membrane (BBM) and also lines the basolateralmem-
brane.8 Its exclusive role for transcellular osmotic wa-
ter permeability has been shown in AQP1-deficient
mice.9–11 The high abundance of AQP1 in the BBM
and especially, its insensitivity to vasopressin
indicated a constitutive expression mode.12 It has,
however, been established that the proximal tubule
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adapts rapidly to changes in electrolyte and fluid reabsorption to
either prevent loss or retain sodium and water during variations
of GFR. The direct positive effect of tubular flow rate on tubular
reabsorption in the short term has been referred to as the glo-
merulotubular balance (GTB). On the basis of studies using
micropuncture and microperfused proximal tubules, GTB has
been defined as part of a feedback system that maintains a con-
stant fractional reabsorption.13–15 GTB is, in part, related to the
major luminal sodium transporter of the proximal tubule,
Na+/H+-exchanger-3 (NHE3). Tubular fluid shear stress (FSS),
caused by increased flow, was shown to augment transport ac-
tivity of NHE3 in the short term.16,17 Less is known about the
regulation of AQP1. Assuming that FSS regulates AQP1 traffick-
ing in the short term in the context of GTB, we studied the dis-
tribution of the channel using isolated, microperfused proximal
segments as well as opossum kidney cells (OKCs) stably trans-
fectedwithAQP1. To gainmechanistic insight, the effects of cyclic
nucleotides were studied in parallel to FSS. The ubiquitination
of AQP1 was determined as a parameter for protein stability,
and changes in transmembrane water permeability were estab-
lished. The role of endocytosis in trafficking of AQP1 between
BBM and apical cell pole was studied in mouse models with
impaired endocytosis. Our observations suggest that, in the
proximal tubule, AQP1 surface expression and stability rapidly
adapt to changes in FSS as part of the functioning of the GTB.

RESULTS

Modulation of AQP1 Distribution by Flow Rate in
Isolated–Perfused Proximal Tubule
Toassess theeffectof tubularflowontheabundanceofAQP1inthe
BBM and the underlying apical cell membrane, we performed
immunocytochemistry in freshly prepared, isolated–perfused
proximal tubular S2 segments. Flow was controlled by perfusion
pressure and categorized by the inner diameter of the tubule; it
was set at approximately 10mm for low flow and 20mm for high
flow. These diameters correspond to flow rates of,5 and.25
nl/min.17,18 Duration of the perfusionwas 15minutes through-
out. Morphologic analysis revealed an intact structure of the
tubules in both conditions (Figure 1, A and B). Ultrastructural
evaluation of AQP1 immunogold signal showed significant in-
creases under high-flow compared with low-flow rates (2.1-fold
in the BBM, 3.4-fold in the subcellular compartment, and 2-fold
in the basolateral cellmembrane;P,0.05) (Figure 1, C–E). Con-
trol immunofluorescence staining displayed regular distribution
of AQP1 in the BBM and the basolateral membrane after perfu-
sion (low-flow condition) (Figure 1F).

Effect of Impaired Endocytosis on AQP1 Distribution in
Mouse Proximal Tubule
Apical membrane distribution of AQP1 was studied in mice with
impaired endocytosis caused by the conditional knockout of
megalin (Lrp2fl/fl;apoECre). Owing to mosaic expression, these
mice permit a cell-autonomous analysis of the defectwithnormal,

megalin-positive proximal tubule cells performing fluid-phase
endocytosis located next to megalin-deficient cells incapable of
endocytosis.19 Triple-labeling immunohistochemistry showed
complementary AQP1 staining patterns betweenhorseradish per-
oxidase (HRP)/megalin-positive andHRP/megalin-deficient cells
with a clear-cut, strong increase in signal intensity in the BBM of
megalin-deficient cells (Figure 2A). Basolateral AQP1 distribution
was not affected by HRP/megalin deficiency (Figure 2A). Ultra-
structurally, AQP1 immunogold staining was found in the BBM
and the subapical endomembrane compartment containing en-
dosomal vesicles and dense apical tubules (also termed recycling
endosomes)19 as well as along the basolateral membrane of
megalin-positive cells (Figures 1 and 2B). Compared with the
latter, the megalin-deficient cells, identified by the absence of
dense apical tubules, displayed a 107%617%higher AQP1 signal
in the BBM (P,0.001) alongwith reduced signal in the subapical
compartment (248%67%; P,0.001) (Figure 2C). To confirm
the immunohistochemical data, Western blots from cortical
BBM preparations of LRP2fl/fl and Lrp2fl/fl;apoECre mice were
performed (Figure 2D). Megalin abundance in the BBM was
decreased (270%617%; P,0.005), and AQP1 abundance,
with signals of the two different bands pooled, was 92%632%
higher in Lrp2fl/fl;apoECre than control Lrp2fl/flmice (P,0.005).

To further validate the role of endocytosis in AQP1 distribu-
tion,micewith conditional knockoutofClC-5 (Clcn5fl/y; villinCre),
resulting in mosaic expression of the channel, were used. ClC-
5–negative proximal tubule cells reveal intact endocytic ma-
chinery but decelerated endocytic uptake.20 These cells showed
reduced HRP uptake (Figure 2E). Here again, ClC-5–deficient
cells showed higher AQP1 signal intensity in the BBM than
ClC-5–positive cells, with basolateral signal remaining unaf-
fected. Corresponding AQP1 immunogold signal was increased
by 103%645% in the BBM and decreased by 51%622% in the
subapical compartment of ClC-5–negative cells (P,0.001)
(Figure 2, F and G). Western blots showed decreased ClC-5
signal (260%65%) and 93%636% higher AQP1 signals in
the BBM fractions of Clcn5fl/y;villinCre compared with control
Clcn5fl/y mice (P,0.01) (Figure 2H). Full knockout mice
(Clcn52/y) showed complete loss of ClC-5 and 150%650%
higher AQP1 signals compared with wild-type mice (Clcn5+/y)
(P,0.001). Generally, AQP1 mRNA levels were not different
among the compared groups (Supplemental Table 1). Together,
these results show that the amount of surface-expressed AQP1
in the proximal tubule depends on the integrity of endocytotic
pathways determined by megalin and ClC-5.

Experimentally Induced Redistribution of AQP1 in
Cultured Proximal Tubule Cells
OKCs were stably transfected with rat AQP1 cDNA (AQP1-
OKC). The cells were polarized, and they displayed focal areas
of apical microvilli and a central cilium (Figure 3, Supplemen-
tal Figure 1). They expressed immunoreactive AQP1 at several
molecular mass levels, with a minor 28-kDa band and major
35- to 45-kDa bands likely representing differences in glyco-
sylation. To study trafficking of AQP1 in these cells, orbital FSS
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(induced by an orbital shaker adjusted to 1-Hz movements)
condition was administered to the monolayers, and the estab-
lished second messengers, guanosine 39,59-cyclic monophos-
phate (cGMP; 100 mmol 8-bromo-cGMP) and cAMP (100
mmol 8-bromo-cAMP), were added for 1 hour. Cell surface
biotinylation, streptavidin-based immunoprecipitation, and
Western blot analysis revealed significant increases in AQP1
signals in all three experimental settings compared with the
control condition; there were no significant differences between
the experimental values (Figure 3, A and C). The intracellular
pool of AQP1 of the nonbiotinylated fractions remained un-
changed under the above-mentioned conditions (Figure 3B).
Confocal imaging was in good agreement with these data,
showing increased AQP1 abundance in the apical microvilli
on administration of FSS, cGMP, or cAMP (Figure 3D). In-
creased AQP1 abundance in the BBM, provoked by these stim-
uli, may, therefore, reflect redistribution and apical trafficking
of AQP1 to the surface of AQP1-OKCs, although additional
effects, potentially induced by altered protein turnover rate,
have to be considered as well.

Experimentally Induced Changes in AQP1 Protein
Turnover and Ubiquitination in Cultured Proximal
Tubule Cells
To estimate changes in AQP1 protein turnover rate under
experimental conditions, AQP1-OKCs were metabolically
labeled using the [35S]methionine labeling technique followed
by anti-AQP1 immunoprecipitation. After labeling (pulse),
cells were then subjected to control or FSS conditions. Cells
were lysed at a baseline time point (0) and after 1, 2, and 4
hours (time points of chase). Subsequently, protein was ob-
tained by immunoprecipitation and separated by SDS-PAGE,

and the dried gels were examined by autoradiography (Figure
4A). Significant increases were recorded in the FSS group at 2
and 4 hours. The ubiquitination status of AQP1 was estimated
in AQP1-OKCs, in which FSS (1 hour; ,2 dynes/cm2) was
induced or cGMP or cAMP (8-bromo-cGMP and 8-bromo-
cAMP, respectively; each 100 mmol for 1 hour) was added;
samples were compared with untreated controls. Cells were
then lysed, and AQP1 immunoprecipitates were obtained and
probed for AQP1 and ubiquitin by Western blot (Figure 4,
B and C). No AQP1 was detected after immunoprecipitation
with rabbit IgG. AQP1 signals were increased throughout
(Figure 4B). Immunoblotting for ubiquitin revealed discrete
bands representing ubiquitinated AQP1. To estimate the
quantities of ubiquitinated AQP1, signals were referred to to-
tal AQP1 abundances; values revealed massive decreases
throughout the experimental conditions (Figure 4C). These
results suggest that, in addition to AQP1 trafficking to the
apical membrane, FSS, or second messengers, cGMP and
cAMP may reduce AQP1 protein turnover and enhance
AQP1 stability by reducing its ubiquitination.

Experimentally Induced Changes in Water Permeability
of Cultured Proximal Tubule Cells
To estimate osmotic water permeability in AQP1-OKC in
relation to the amount of surface-expressed AQP1, we applied
the calcein fluorescence quenching method. Here, the mag-
nitude of change in cellular calceinfluorescence correlates with
the relative change in cell volume in response to reduced
solution osmolality.21 A significant increase in the magnitude
of change in calcein fluorescence, revealed by determining the
reciprocal exponential time constant (1/t), was found in
AQP1-OKC in which FSS (1 hour; ,2 dynes/cm2) was

Figure 1. Effects of low and high luminal flow on AQP1 expression in isolated–perfused proximal tubules. (A and B) Freshly isolated
tubules perfused at (A) low (,5 nl/min) or (B) high (.25 nl/min) perfusion rate for 15 minutes. Note the difference in tubule inner
diameter (arrows). (C–E) Immunogold labeling of AQP1 and signal quantification in the BBM, subapical compartment (SC), and ba-
solateral membrane (BM) of tubules after low- or high-flow perfusion. Insets are presented in greater detail in C9 and C0 for C or D9 and
D0 for D. Gold particles are marked by arrowheads. Values are means6SDs; n=5–7 tubules for each condition. *P,0.01 by ANOVA.
(F) Overview of AQP1 immunofluorescence staining in an isolated–perfused proximal tubule after low-flow perfusion, showing regular
distribution of AQP1.
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Figure 2. Renal AQP1 distribution in mice with partial deficiency of megalin or Clcn5. (A) Triple-labeling immunohistochemistry showing
complementary patterns of AQP1 BBM signal and endocytosis in the S2 proximal tubule with mosaic deficiency of megalin (Lrp2fl/fl;
apoECre conditional megalin knockout), with HRP marking intact endocytosis (dark brown signal; 5 minutes after injection), megalin (red
immunofluorescence), AQP1 (green immunofluorescence), and the respective merge image. Boundaries between megalin-positive and
megalin-deficient cells are indicated by black and white bars. (B) AQP1 immunogold staining shows balanced expression in the
BBM and subapical compartment of megalin-expressing cells identified by an intact endosomal apparatus. (C) AQP1 signal is absent
from the subapical compartment but enhanced in the BBM of megalin-deficient cells, displaying a reduced endosomal apparatus.
(D) Representative Western blots of megalin, AQP1, and b-actin as loading controls in BBM preparations from control versus condi-
tional megalin knockout mouse kidneys. (E) Complementary signals for AQP1 in the BBM and endocytosis in the S2 proximal tubule
with mosaic deficiency of ClC-5 (Clcn5fl/y;villinCre conditional knockout), with HRP marking intact endocytosis (dark brown signal; 5
minutes after injection), ClC-5 (red), and AQP1 (green). Boundaries between ClC-5–positive and ClC-5–deficient cells are indicated by
black and white bars. (F) Compared with ClC-5–positive cells, (G) immunogold labeling of AQP1 shows increased expression in the BBM
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induced or cGMP or cAMP (8-bromo-cGMP and 8-bromo-
cAMP, respectively; each 100 mmol for 1 hour) was added (Figure
5A). There were significant increases in all three conditions com-
paredwith the control level; differences between thedistinct stimuli
were not statistically significant. We further assessed how various
intensities of laminar FSS may alter osmotic water permeability;
1/t, reflecting osmotic water permeability, reached itsmaximum
at 1 dyne/cm2 anddecreased to near control levels at 4 dynes/cm2,
revealing a biphasic course (Figure 5B).Original data are depicted
in Supplemental Figure 2. Our findings suggest an increase in
proximal tubule water permeability after dynamic redistribu-
tion of functional AQP1 toward the BBM. The application of
laminar FSS may have the same effect.

DISCUSSION

The proximal tubule reabsorbs the bulk of filtered water and
solutes, playing a key role in body fluid andBPhomeostasis. It also
adapts to changing glomerular flow rates by increasing or
decreasing its salt and water reabsorption through the GTB,
and a near-linear relationship between the filtered volume and
tubular reabsorption has been established.22 Absence of the main

proximal tubular sodium transporter, NHE3, or the principal
water channel, AQP1, did not entirely abolish GTB but signifi-
cantly reduced the slope of flow-dependent volume absorp-
tion.16,18,23,24We aimed to resolve whether the surface expression
of AQP1 may be altered in the short term by inducing changes in
luminal flow rate and FSS. The selected flow rates for the isolated,
microperfused tubules reflected the end proximal physiologic
range of 5–30 nl/min.25 Our data support the concept that the
cell may adjust AQP1membrane density within the short term to
augment its transepithelial watermovement, because at high-flow
rate, AQP1 surface expression, as established by immunogold
labeling, was increased apically at the BBM as well as basolaterally
after 15minutes. This conceptwas indirectly supported bymodels
in which a downregulated AQP1 surface expression coincided
with reduced GFR.26,27 It is not clear at all how the apical side
of the cell as the likely site of perception of altered flow condi-
tions transmits its signal to the basolateral side to increase the
membrane density of AQP1. Therefore, our study was focused
primarily on the BBM and subapical compartment of the prox-
imal tubule. The rapid flow-induced increase in apical AQP1
BBM expression implies that trafficking mechanisms or changes
in protein stability have to be considered. Trafficking of AQP1
from an intracellular compartment to the apical plasma

and a reduced number of gold granules in the subapical compartment of ClC-5–deficient cells. (H) RepresentativeWestern blots of ClC-5,
AQP1, and b-actin of the BBM preparations from kidney extracts of (upper panel) control versus conditional ClC-5 knockout as well as
(lower panel) control and ClC-5 full knockout mouse kidneys.

Figure 3. Experimentally induced redistribution of AQP1 in cultured proximal tubule cells. OKC cells stably transfected with rat AQP1
cDNA (AQP1-OKC) were evaluated. (A–C) To show cell luminal expression of AQP1 by surface biotinylation and streptavidin-based
immunoprecipitation techniques, immunoblotting of (A) biotinylated and (B) nonbiotinylated fractions is shown in controls (con), on
induction of FSS (1 hour; ,2 dynes/cm2), and after addition of cGMP or cAMP (8-bromo-cGMP and 8-bromo-cAMP, respectively; each
100 mmol for 1 hour); b-actin bands serve as loading controls. Representative duplicates are shown. (C) Densitometric evaluation of the
biotinylated fractions shows increases of cell surface-expressed AQP1 in the experimental conditions; the nonbiotinylated intracellular
fractions reveal no changes. (D) Immunohistochemical analysis of AQP1-OKC showing AQP1 (red signal) and actin (green signal)
immunofluorescence; apical microvilli, typically occurring as clusters, display merged signals with a red shift in the experimental
conditions. Values are means6SDs from n=12 independent experiments. *P,0.001.
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membrane has earlier been shown using heterologous green fluo-
rescent protein-tagged AQP1 in HEK293 cells as well as murine
cholangiocytes on hormonal stimuli.28Mosaic cellular deletion in
the conditional mouse models for megalin and ClC-5 deficiency
permitted us to analyze AQP1 trafficking pathways inmore detail,
showing intact cells located side by side with cells with impaired
endocytic function in the proximal tubule. Megalin-deficient cells
lack much of the apical endosomal apparatus, whereas ClC-5–
deficient cells have decelerated endocytosis caused by reduced
acidification of endosomes.19,29,30 Both defects clearly showed
that AQP1 was accumulated in the BBM when endocytosis was
impaired. This result was probably on the basis of the defect of
retrieval functions, which was shown earlier for the phosphate
transporter NaPi-IIa.19 However, AQP1 immunogold signal was
not only found in absorptive but also, recycling endosomes. Al-
tered retrieval may, therefore, be directly affected by malfunction
of the absorptive apparatus, but indirectly, it may also depend on
protein recycling vesicles. They determine the BBM presence of
megalin, and in case of a functionally relevant interaction of
megalin and AQP1, the scavenger receptor itself may as well de-
termine AQP1 surface expression.19,20 The presence of AQP1 in

recycling endosomes of intact cells further suggests that a pool of
inactive AQP1 may be ready for apical shuttling after stimulus,
which was shown before for NHE3, with the likely involvement
of the cytoskeletal proteins actin and tubulin and the motor pro-
teins kinesin and dynein.31 This scenario may well apply for our
observations.

In the kidney, many physiologic processes are mediated by
cellular signal cascades involving cyclic nucleotides and specific
protein kinases to provide or control the phosphorylation of
membrane proteins. This finding has been well established for the
regulation and function of AQP2 in the collecting duct.32 Phos-
phorylation of AQP1 was shown in the context of its trafficking
and insertion into themembrane,33 andpotential phosphorylation
sites for protein kinase A , protein kinase C, and casein kinase II
have been identified for AQP1.33 Recent data have shown that a
hypotonicity-induced translocation of AQP1 occurs within 30 sec-
onds using an isolated cell system; mutation of known protein
kinase C phosphorylation sites completely abolished this shift.34

In this setting, transient receptor potential channels, Ca++, and
calmodulin were shown to be crucially involved.34 In line with
this context, the use of established pharmacologic stimuli and

Figure 4. AQP1 protein turnover and ubiquitination in cultured proximal tubule cells. (A) Estimation of AQP1 protein turnover rate.
AQP1-OKCs were FCS and methionine depleted overnight and then incubated with [35S]methionine for 2 hours. Chase was performed
at baseline and after 1, 2, and 4 hours under control and FSS conditions. The SDS-PAGE gel shows the immunoprecipitated AQP1
bands differing in glycosylation and an IgG control band. The densitometric values, as determined by autoradiography using
a phosphoimager, are plotted along the time axis. Values are expressed as the percentage of the baseline time point (0 hours) and are
means6SDs with n=4 independent experiments. *P,0.005. (B) Abundance and (C) ubiquitination of AQP1 obtained by immuno-
precipitation from AQP1-OKCs after control (con), FSS (1 hour; ,2 dynes/cm2) conditions, or addition of cGMP or cAMP (8-bromo-
cGMP and 8-bromo-cAMP, respectively; each 100 mmol for 1 hour). No AQP1 was obtained after immunoprecipitation with IgG.
Densitometric analysis confirms increases of signals in the AQP1 blots, including distinct glycosylation patterns in all of the experi-
mental conditions; bands were pooled to evaluate. To estimate ubiquitination, the same immunoprecipitates used in B were probed in
C. Arrowheads mark the positions of discrete bands approximately ranging between 50 and 60 kD; they are consistent with the addition
of two ubiquitin moieties. Densitometric evaluation of the blots shows reduced ubiquitination of AQP1. Values for ubiquitinylated AQP1 are
referred to the respective levels of immunoprecipitated AQP1, and they are means6SDs from n=4–5 independent experiments in each
condition. IP, immunoprecipitation; WB, Western blot. *P,0.01.
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experimentalmodels, including aXenopus laevis oocyte expression
system, has provided some evidence that both cyclic nucleotides,
cAMP and cGMP, activate AQP1.35,36 Other data have indicated a
stimulatory role of cGMPon AQP1-dependent water transport in
the eye.37

Our findings suggest that the signaling molecules cAMP and
cGMP promote trafficking of AQP1 into the BBM of proximal
tubular cells, and among the stimulated groups, no significant
differences between the effects of the two nucleotides were
evident. Because highly divergent findings of cAMP- and cGMP-
triggered pathways have been reported with respect to other
proximal tubular membrane proteins, such as NHE3, which
among other characteristics, revealed a dose-dependent biphasic
(i.e., partly inhibited and partly stimulated) response on protein
kinase A activation,38 it is currently impossible to adequately
assign our data to the detail of defined signaling cascades stimu-
lating AQP1, and more work needs to be done in this respect.
Orbital FSS produced similar changes as the cyclic nucleotides,
and along same line, it may only be speculated whether a luminal
stimulusmay triggeroneorbothof thecyclicnucleotidepathways to
promoteAQP1 trafficking.Whether the primary stimulus ismicro-
villous torque, which was discussed in the context of an NHE3
knockout mouse,18 or whether bending of the primary cilium is
the cause cannot be concluded from our data. In this context, the
actin cytoskeleton has been identified as the transmitter for hy-
drodynamic torquemediating GTB39; onemay speculate that the
biphasic course of the response to laminar FSS shown in Figure
5B may indicate inadequate stress on the cytoskeleton and con-
sequently, reduction of transmembrane water movement.

Finally, FSS, cAMP, and cGMP have all reduced the ubiquiti-
nation of AQP1 in our setting, suggesting that this effect increased

AQP1protein stability, because regulatedproteolysis is commonly
achieved through the ubiquitin–proteasome pathway; in this re-
spect, two potential ubiquitination sites (Lys-243 and Lys-267)
were indicated in the AQP1 amino acid sequence using compu-
tational prediction of protein ubiquitination.40 AQP1 availability
also has elsewhere been shown to increase on the inhibition of its
proteasomal degradation.41 However, in the same context, hyper-
tonic stress was shown to reduce ubiquitination of AQP1, leading
to increased half-life of AQP1; like in our results, ubiquitin bands
ranged between 50 and 60 kDa.41 The regulatory role of varying
protein stability has also been shown for AQP2.42 Altered ubiq-
uitination, as observed in our setting of stimulated AQP1-OKCs,
could have contributed as well to part of the changes seen in the
microperfused tubules.

In sum, we have shown that kidney proximal tubule cells have
the capacity to adapt AQP1 membrane density to changes in
luminalflow in the short term,which suggests thatAQP1 is tightly
regulated to achieve GTB in this segment. Endocytosis is an
effective determinant in the control of apical AQP1 expression.
Our study provides additional mechanistic information on FSS
increasing AQP1 surface expression, potentially involved cyclic
nucleotides and protein ubiquitination, and alterations in trans-
membrane fluid movement.

CONCISE METHODS

In Vitro Microperfusion of Proximal Tubule
Proximal tubules (S2 segments) were freshly isolated from C57/Bl6 mice

(either sex, 6–8 weeks old) and perfused in vitro by a pressure-controlled,

single-barreled concentric glass pipette perfusion system.43 Dissected tu-

bules were transferred onto the heated stage of an inverted microscope

(Axiovert 10; Carl Zeiss), monitored, and measured by video imaging

(Visitron Systems). Only tubules with an open solution outflow were

accepted for the study. The luminal perfusion rates were adjusted by an

automatic perfusion pressure control system (Department of Physiology,

Kiel University) connected to the perfusion pipette. The low-flow condi-

tion was defined as the perfusion rate that constantly opened the tubule

lumen to a diameter of approximately 10 mm. The perfusion rate that

doubled the inner diameter was referred to as high flow. After continuous

perfusion for 15 minutes, the tubules were fixed immediately within the

perfusion system using 3% paraformaldehyde/0.05% glutardialdehyde in

PBS for 5minutes. After washing, tubules were embedded in 1%agar and

then L.R. White hydrophilic resin (Polysciences). The use of mice was

approved by Kiel University.

Animals and Treatments
Experiments were performed on male conditional megalin (Lrp2fl/fl;

apoECre) and conditional ClC-5 (Clcn5fl/y;villinCre) knockout mice.29,44

The respective control littermateswere Lrp2fl/fl andClcn5fl/y, respectively.

Additionally, ClC-5 knockout (Clcn52/y)20 and wild-type (Clcn5+/y)

mice were used. The respective mice were divided into two groups

(n=12 each): one group for morphologic evaluation and one group for

biochemical evaluation. Mice were allowed free access to standard chow

and tap water. Mice were anesthetized by an intraperitoneal injection of

Figure 5. Osmotic water permeability in cultured proximal tubule
cells. Osmotic cell swelling rates of AQP1-OKCs are shown in re-
sponse to orbital FSS (1 hour; ,2 dynes/cm2) or addition of cGMP
or cAMP (8-bromo-cGMP and 8-bromo-cAMP, respectively; each
100 mmol for 1 hour) to show changes in osmotic water perme-
ability. The calcein fluorescence quenching method was applied;
the magnitude of change in calcein fluorescence is presented as
reciprocal exponential time constants (1/t) and corresponds to cell
expansion in response to reduced solution osmolality. (A) Calcein-
loaded cells show changes in calcein fluorescence on all three ex-
perimental conditions. (B) Cells grown in flow chambers were calcein
loaded, and increasing intensities of laminar FSS were applied for
1 hour. Controls: no treatment (con) or 0 dyne/cm2; values are
means6SDs from n=6 and n=5 independent experiments in each
condition, respectively. *P,0.05 versus #P,0.005.
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sodium pentobarbital (0.06 mg/g body wt) or 2.5% isoflurane inhala-

tion. To visualize fluid-phase endocytosis, mice received 2.5 mg HRP

(Sigma-Aldrich) 5 minutes before perfusion fixation (n=4 each). All

experiments were conducted in accordance with the German Law for

the Protection of Animals and approved by the Berlin Senate.

RNA Analyses by Real-Time PCR
Total RNA was isolated and reverse transcribed, and quantitative PCR

using Taqman assay Mm00431834_m1 was performed as described.45

Differences between values obtained for AQP1 and the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase (DCt) were calculated

and compared between groups.

Cell Culture, Constructs, Stable Transfection, and
Treatments
OK cells were provided by Heini Murer. Cells were cultured at 37°C in

95% air/5% CO2 in high-glucose (450 mg/dl) DMEM supplemented

with 10%FBS, penicillin (100 units/ml), and streptomycin (100mg/ml).

OK cells were seeded on PET filters (0.4-mm pore size; Falcon) pre-

treated with Matrigel (BD Biosciences). Confluence was assessed by

transepithelial resistance measurements and considered optimal for

transport polarity studies when the resistance exceeded 160 Ohmzcm2.

For stable transfection and expression of AQP1, full-length rat AQP1

cDNA (RZPD) was subcloned into the mammalian expression plasmid

by directional cloning of full-length rat AQP1 cDNA into the BamHI and

HindIII restriction sites of the eukaryotic vector pCDNA3.1 (Invitrogen).

OK cells were stably transfected with rat AQP1 pcDNA3.1 and selected

by incubationwith 0.4–2mg/ml geneticin (G418; Sigma-Aldrich). After

selection, AQP1-OKCs were cultured with standard medium supple-

mented with 0.4 mg/ml geneticin. AQP1-OKCs were stimulated with

orbital FSS (1 hour), 100mmol 8-bromo-cAMPand 500mM3-isobutyl-

1-methylxanthine (IBMX), or 100 mmol 8-bromo-cGMP and IBMX

(1 hour). FSS was applied to confluent cultures with the use of an orbital

shaker in the incubator, which produces a nonuniform laminar shear,

with the majority of cells being exposed to near-maximal (peak) shear

stress (tmax). Orbital FSS can be calculated as shown in ref. 46, where a is

the radius of orbital rotation (1.5 cm), Rho is the density of the culture

medium (1.0 g/cm3), h is the viscosity of the medium (0.0075 dyne/s per

centimeter2), and f is the frequency of rotation (1Hz). In our experimental

setting, we calculated tmax=2.0 dynes/cm2. However, measurements of

shear stress in the center and periphery revealed lower values than cal-

culated.46 Therefore, we can assume that the orbital FSS applied in our

experimental setting was lower than 2 dynes/cm2.

Fixation and Tissue Processing for
Immunohistochemistry and Immunoblotting
Kidneys were shock-frozen for biochemical evaluation or perfused

retrogradely using 3% paraformaldehyde for morphology or immuno-

histochemistry as described.47 For electron microscopy, tissues were

embedded in L. R. White resin. For isolation of cortical BBMs, kidney

cortex was homogenized in isolation buffer and processed as de-

scribed.19 Total protein concentration was measured using the Pierce

BCA Protein Assay Reagent Kit (Pierce) and controlled by Coomassie

staining.

SDS-PAGE and Immunoblotting
Proteins were solubilized, and SDS-PAGE was performed on 8%–10%

polyacrylamide gels. After electrophoretic transfer of the proteins to

nitrocellulose membranes, equity in protein loading and blotting was

verifiedbymembrane stainingusing 0.1%Ponceau red.Membraneswere

probed with primary antibodies and then exposed to HRP-conjugated

secondary antibodies (DAKO). Immunoreactive bands were detected by

chemiluminescence (Amersham Pharmacia). Densitometric evaluation

was performed by BIO-PROFIL Bio-1D image software (Vilber Lourmat).

All parameters were normalized to b-actin abundance.

Antibodies
We used previously well characterized antibodies: rabbit anti-AQP1

(Alpha Diagnostics),mousemonoclonal anti–b-actin (Sigma-Aldrich),

guinea pig anti-megalin,48 and rabbit anti–ClC-5.44

Immunoprecipitation
AQP1-OKCswereresuspendedincoimmunoprecipitationbuffer(25mM

Tris-HCl, pH7.6, 150mMNaCl, 1%NP-40) supplementedwithprotease

inhibitor cocktail (Roche Diagnostics), 1 mg/ml ubiquitin aldehyde, and

5 mM N-ethylmaleimide to limit protein degradation and deubiqui-

tination as well as phosphatase inhibitors (100 mM NaF, 10 mM di-

Na-pyrophosphate, and 1 mM Na-orthovanadate). Insoluble material

was removed, and 500 mg protein per sample was incubated with 4 mg

rabbit IgG (The Jackson Laboratory) or polyclonal AQP1 at 4°C added

with protein G Dynabeads (Invitrogen) for 4 hours. The immunoprecipi-

tated samples were washed two times with coimmunoprecipitation buffer

andone timewithRIPAbuffer of 25mMTris-HCl, pH7.6, 150mMNaCl,

1% NP-40, 1% sodium deoxycholate, and 0.1% SDS supplemented with

protease inhibitor cocktail, 5mMN-ethylmaleimide, 100mMNaF, 10mM

di-Na-pyrophosphate, and 1 mM Na-orthovanadate. Elution of proteins

was carried out for 30 minutes at 37°C, and 1/10th of the eluate was sub-

jected to SDS-PAGE and Western blot analysis for AQP1; the rest were

subjected to SDS-PAGE and Western blot using mouse monoclonal anti-

ubiquitin (FK2; EMDMillipore) to determine ubiquitinylation of AQP1.

Immunohistochemistry
Cryosectionswere blockedwith 5%skimmilk/PBS and incubatedwith the

respectiveprimaryantibody followedby the suitable cy-2–orcy-3–coupled

secondary antibody (Dianova). Double-antibody staining procedure was

controlled by parallel incubation of consecutive sections, each probed

only with one single antibody. Sections were analyzed using a multilayer

confocal scanning microscope (LSM5 Exciter; Carl Zeiss). For immune

electron microscopy, ultrathin sections of L.R. White-embedded tissue

were blocked with 5% skim milk/PBS and incubated with anti-AQP1

followed by incubation with 10 nm gold particle-coupled anti-rabbit

antibody. Sections were visualized using a Carl Zeiss EM 906 and mor-

phometrically analyzed using theMetaVue (Molecular Devices) software.

Gold particles were counted (1) per area of BBM, (2) in the subapical

membrane region ranging between the base of the microvilli and the

basal onset of the endosomal compartment, and (3) in the basolateral

membrane region ranging from its apical end to thebasementmembrane.

Cell Surface Biotinylation
Surface biotinylation was carried out to obtain luminally expressed

protein in confluent AQP1-OKCs; 24 hours before experimental
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stimulation, cells were FCS depleted and stimulated for 1 hour with

orbital FSS, 8-bromo-cAMP and IBMX, or 8-bromo-cGMP and IBMX

(see above fordetails).Cellswere subsequentlywashedwith ice-coldPBS

and surface biotinylated (Cell Surface Protein Isolation Kit; Pierce). The

isolation and separation of cell surface and intracellular proteins were

carried out according to themanufacturer’s instruction. Eluted proteins

were analyzed by immunoblotting using anti-AQP1 and anti–b-actin

antibodies.

Metabolic Labeling
AQP1 protein turnover rate was estimated in confluent AQP1-OKCs.

Cells were serum, methionine, and cysteine starved overnight and then

incubated with 10 mCi/ml [35S]methionine (Hartmann Analytics) for

2 hours (pulse). Cells were thoroughly washed and analyzed at baseline

and on orbital FSS or control conditions for 1, 2, and 4 hours (Chase).

After harvesting the cells for immunoprecipitation, cellswere lysedusing

coimmunoprecipitation buffer, and 200 mg protein was incubated with

2 mg rabbit IgG (The Jackson Laboratory) or polyclonal anti-AQP1

at 4°C added with protein G Dynabeads overnight. Precipitates were

washed one time with coimmunoprecipitation buffer and two times

with RIPA buffer followed by elution for 30 minutes at 37°C and sep-

aration by SDS-PAGE. Gels were dried, and radioactivity was deter-

mined by using a phosphoimager (Amersham Pharmacia).

Water Permeability Measurements
Water permeability assays were performed as described previously with

some modifications.21 Confluent AQP1-OKCs grown on glass Petri

dishes or for flow chamber experiments, m-Slide I 0.8 Luer (IBIDI)

were FCS depleted overnight and loadedwith calcein by incubating cells

for 30minuteswith 2mMcalcein-acetoxymethylester (Invitrogen). After

washing, cells were stimulated for 1 hour with orbital FSS, 8-bromo-

cAMP and IBMX, 8-bromo-cGMP and IBMX, or various rates of lam-

inar FSS profile applied by moving a cell medium with defined viscosity

through a pressure-driven flow chamber (IBIDI). Laminar FSS profiles

applied were control at 0 dyne/cm2 and FSS of 0.5, 1, 2, and 4 dynes/cm2.

FSS of 0.2 dynes/cm2 corresponded to the reference state of 5 nl/min in

mouse proximal tubule in vivo.23 The rate of change of calcein fluores-

cence intensity inside the cells was monitored using confocal micros-

copy (SP5; LEICA or Live510Duo; Carl Zeiss) after exposing cells to

hypertonic PBS (500 mosM, solution supplemented with sucrose) fol-

lowed by switching to hypotonic PBS (150 mosM). Osmolality was

controlled by a freezing-point depression osmometer (FISKE). The

rate of change of cell volume is presented as the reciprocal exponential

time constant (1/t), which is proportional to osmotic water permeabil-

ity, where t is the time needed from the beginning of osmotic water

switch to the point when the cytoplasmic calcein fluorescence reached

its maximum.

Presentation of Data and Statistical Analyses
Quantitative data are presented as means6SDs. For statistical compar-

ison, the Mann–WhitneyU test, t test, and where appropriate, ANOVA

were used. When ANOVA was significant, a Tukey test for multiple

comparisons was applied. P values,0.05 were considered statistically

significant.
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