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Abstract
Background/Aims: Renal principal cells maintain their intracellular water and electrolyte 
content despite significant fluctuations of the extracellular water and salt concentrations. Their 
water permeability decreases rapidly (within a few seconds) after successive hypo-osmotic 
shocks. Our aim was to investigate the contribution of the apical and basolateral surface to 
this effect and the potential influence of fast reduction in AQP-2, -3 or -4 plasma membrane 
content. Methods: Rat principal cells of kidney collecting duct fragments underwent hypo-
osmotic challenge applied apically or basolaterally and the regulatory volume decrease (RVD) 
was measured by the calcein quenching method.  The AQP -2, -3 and -4 content of the 
plasma membrane fraction was quantified by Western blotting. Results: The hypo-osmotic 
shock applied apically causes rapid swelling with high apparent water permeability and fast 
RVD. An identical successive shock after 15-20 sec causes significantly lower swelling rate 
with 3-fold reduction in apparent water permeability. This reaction is accompanied by AQP2 
decrease in the plasma membrane while AQP3 and AQP4 are unaffected. The contribution of 
the basolateral cell surface to RVD is significantly lower than the apical. Conclusion: These 
results indicate that in principal cells the effective mechanism of RVD is mainly regulated by 
the apical cell plasma membrane. 

Introduction

In mammals the regulation of water and salt reabsorption in the kidney is a hallmark 
homoeostatic mechanism [1]. A key cell type in this process is the kidney collecting 
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duct principal cell that has the ability to maintain its intracellular water and electrolyte 
content despite being exposed to significant fluctuations of extracellular water and salt 
concentrations [2]. Given that principal cells maintain their water and salt balance in an 
environment of steep osmotic pressures while significant amounts of reabsorbing ions and 
water pass through them, they are imposed to significant perturbations of their cell volume 
[1-3]. These are counterbalanced by two different mechanisms, the regulatory volume 
increase (RVI; when faced with hypertonic medium) and the regulatory volume decrease 
(RVD; when faced with hypotonic medium) [3].

In cases of exposure to hypotonic medium, as is the case in the Outer Medullary Collecting 
Duct (OMCD) epithelial cells that are in contact with tubular liquid at the beginning of the 
kidney counter current concentrating mechanism that has low osmotic concentration (<200 
mOsm/kg), the driving force moving water inside the cell is the trans-membrane osmotic 
gradient [4-6]. In such a case the resulting cell swelling activates the mechanism of RVD. In 
RVD the cells return to their original volume through a complex mechanism that includes 
many-fold increases of the membrane permeability for K+, Cl- and organic anions [4, 6]. In 
line with this, it has been demonstrated that compensatory reaction of RVD in hypotonic 
conditions is carried out via significant osmolytes release and subsequently accompanied 
by a decrease in the plasma membrane water permeability [7]. Therefore, in order for 
principal cells to produce an effective RVD response they have to adjust their ion and water 
permeability of the plasma membrane to the intensity of trans-cellular transport of water 
and osmolytes, which is a rapid effect [7]. 

Water permeability in the collecting duct (CD) is under hormonal control of vasopressin, 
the principal regulator of water reabsorption in kidney [8]. Vasopressin regulates the 
expression of the apically located AQP2 and may control the function of the basolaterally 
located AQP3 and AQP4 water channels [9-13]. The apical membrane that contains AQP2 is 
considered the main barrier for water permeability in principal cells [14]. Indeed, defective 
or de-regulated AQP2 production and recycling in principal cells is the source of serious 
clinical conditions such as nephrogenic diabetes insipidus, leading to excess loss of body 
water [15]. However, there is not enough evidence regarding the role of basolaterally located 
aquaporins, AQP3 and AQP4, in the principal cell water permeability as well as regarding 
their contribution to the water barrier effect. Lessons learned from transgenic mice show that 
AQP3 (which functions also as a glycerol transporter) knockouts have a threefold decrease in 
the basolateral osmotic water permeability resulting in severe polyuria and tenfold higher 
water intake while AQP4 knockouts exhibit a milder polyuria [16]. Finally double knockouts 
have more severe polyuria than AQP3 knockouts [16]. 

Therefore, the aim of this work was to investigate the effects of hypotonic shock in 
principal cells in terms of apical and basolateral surface contribution to RVD as well as to 
evaluate the role of aquaporin availability in the plasma membrane in this context. 

Materials and Methods 

Animals 
All experimental procedures were approved by the Ethical Committee of the Institute of Cytology 

and Genetics of the Siberian Branch of the Russian Academy of Sciences. Wistar rats weighting 150–200 
g (Breeding Laboratory of Experimental Animals, Institute of Cytology and Genetics, Novosibirsk, Russia) 
were kept in individual cages and received standard diet. For standardization of animals’ state and increase 
of the osmotic water permeability of the OMCD epithelial cells prior to beginning of the experiments, rats 
were subjected to anti-diuresis by water deprivation and receiving only dry food for 36 h (hypo-hydrated 
animals). These animals had urine osmolality values in interval 2500 – 3000 mOsm/kg. 

Solutions 
The solutions used were based on PBS (137 mM NaCl, 4.7 mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 

0.5 mM MgCl2, 1 mM CaCl2; 300 mOsm/kg H2O; pH = 7.4) containing 1.0 mg/mL glucose. This solution was 
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chosen in order to be able to degas it without affecting its pH. To create hypotonic challenges, bath solutions 
were changed from normal to PBS diluted with distilled water (1:1). Two successive hypotonic challenges 
were performed with a lag-time of around 20 sec. For medullary substance dispersion calcium-free PBS was 
used (137 mM NaCl, 4.7 mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 0.5 mM MgCl2, 0.05 mM CaCl2).

Preparation of collecting duct fragments 
Rats were anesthetized by pentobarbital (50 mg/kg intraperitoneally) and decapitated. Extracted 

kidneys were placed in ice-cold PBS, then de-capsulated and de-corticated. A suspension of collecting duct 
fragments was prepared. Tissue from the outer medulla zone was squeezed through a needle (0.45 mm 
i.d.) in the ice-cold calcium-free PBS. The resulting suspension was filtered through a nylon mesh, diluted 
10 times with Eagle MEM culture medium and centrifuged (100 g, 10 min, 4 °C). The sediment containing 
the tubules was diluted with culture medium to an appropriate concentration of about 10 fragments per 
μL. This suspension was used in experiments as a preparation of OMCD fragments. In the experiments with 
hypotonic shock, the suspension of the OMCD fragments was incubated in 0.5 x PBS at 37 °C during 3 min. 
In the experiments where either the apical or the basolateral cell surface was studied, an OMCD fragment 
was chosen according to morphological criteria, and an oil droplet with typical volume range 5.0-10.0 nL 
was injected into the lumen using a glass micropipette [9]. Two experimental preparations were used for 
our studies (Fig. 1A): a) Fragments that were cut open with a glass needle and subsequently unfolded, 

A

Fig. 1. Sample preparation. (A) Schematic of the orientation of the OMCD fragments used for the biophysi-
cal measurements of cell volume regulation. (B) OMCD fragments with the open apical surface in order to 
perform apical surface measurements of cell volume regulation. (C) Confocal image with 3D projections of 
OMCD fragments with the open apical surface in order to perform apical surface measurements of cell volu-
me regulation. The arrows show the glass surface. Scale bar: 20 µm. (D) Confocal image with 3D projections 
of OMCD fragment loaded with oil droplet (volume around 10 nL) in order to perform basolateral surface 
measurements of cell volume regulation. Scale bar: 20 µm.
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whose principal cells contacted with the bathing medium only by their apical surface, b) Fragments whose 
cells contacted with the bathing medium only by their basolateral surface while their apical surface was 
covered with oil. The OMCD fragments with the open apical surface were imaged by a scanning confocal 
microscope as shown in Fig. 1B and Fig. 1C (Zeiss LSM-780, oil immersion objective lens 63x, Numerical 
aperture 1.4, Zeiss, Germany). The OMCD fragments with the oil droplet were imaged by a scanning confocal 
microscope as shown in Fig. 1D (Zeiss LSM-780, oil immersion objective lens 63x, Numerical aperture 1.4, 
Zeiss, Germany).

Perfusion chamber and microscopy 
A superfusion chamber was constructed as an acrylic block with a T-shape design for perfusion 

medium. This design enables the fast exchange of perfusion medium in the proximal area around the 
fragment and prevents the disturbance of the specimen. The flow rate of the perfusate was 20 mL/min, 
which resulted in complete solution exchange in the area of interest in less than 100 ms. The chamber 
was mounted on the stage of an inverted microscope (Axiovert 40, Zeiss, Germany; objective lens with 40x 
magnification; numerical aperture 0.65; thermal stabilization at 36.8 ± 0.2 °C). The temperature was chosen 
so as to provide adequate functional conditions for all transporters and to prevent inhibition of transporters 
with high energy of activation that could occur at low temperatures. Fluorescence measurements of cell 
volume were performed by the calcein quenching method as it was previously described [7, 17]. The 
changes of the cell volume in the hypertonic medium were expressed as relative cell volume changes (V/
V0). Relative values of calcein fluorescence (F/F0) corresponded to V/V0, serving as a surrogate of the cell 
volume fluctuations [7]. Fragments of the OMCD were placed on a glass plate and were loaded with Calcein-
AM (Invitrogen, CA, USA; 5 μM, 15-min 37°C). The fluorescence of calcein was continuously measured with 
a halogen light source, through a filter set #09 (BP 450 - 490 nm excitation, FT 510 nm dichroic mirror, LP 
515 nm emission), a photomultiplier detector with a pinhole diaphragm in order to be able to select the cells 
of interest and with a 14-bit analog-to-digital converter PCL-818HG (Advantech). Data acquisition rate was 
set to 10 msec. The experimental procedure is summarized in Fig. 2.

Preparation of plasma membrane enriched fraction and western blot analysis 
Specimens of Outer Medulla were cut to slices 100-150 μm thick. The control slices (normotonic) 

were incubated in PBS with osmotic concentration of 300 mOsm/kg H2O. The test sample slices (hypotonic) 
were placed initially in PBS with osmotic concentration of 300 mOsm/kg H2O and subsequently subjected 
to hypotonic challenge in 0.5X PBS (150 mOsm/kg H2O). The incubation was performed at 37 oC for 3 min. 
Immediately after the tissue was homogenized in a glass homogenizer, in ice cold homogenizing buffer 
(HB) (10 mM Тris-Cl pH 7.4, 0.25 M sucrose, 1 mM EDTA, 10 mM β–mercaptoethanol) containing a mixture 
of protease inhibitors (Complete protease inhibitor tablete, Santa Cruz). Cell debris was removed after 
centrifugation (2000 rpm for 15 min at 4°C). Percoll (Pharmacia, Sweden) was added to the supernatant 
to 30% (final concentration) and the mixture was centrifuged for 45 min at 84000g at 4°С [9, 18]. The 

Fig. 2. Experimental instrumentati-
on. Schematic depicting the experi-
mental instrumentation used for the 
biophysical measurements of the re-
lative cell volume changes after suc-
cessive hypo-osmotic shocks. Insert: 
(1) Poly-D-lysine coated coverglass 
with immobilized OMCD fragment. 
(2) Acrylic block with silicone O-
ring sealing. (3) Input of medium 
current in the OMCD fragment area. 
(4) Output of medium current from 
the OMCD fragment area. (5) Micro-
scope lens. 
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membrane-rich fraction was collected and diluted with ice-cold HB buffer up to 5 times and centrifuged 
at 10000 g for 2h at 4ºС. Pellet was resuspended in 100 μl of homogenate buffer and stored at -20ºС. 
The degree of enrichment was established by the evaluation of Na,K-ATPase expression by Western-blot 
(data not shown; antibodies from Santa Cruz, USA). The degree of enrichment was 1.8-2.0-fold compared 
to homogenate and 1.3-1.4-fold compared to the crude membrane fraction. Protein concentrations were 
determined by the Bradford assay (Bio-Rad, USA).

The sample was dissolved in homogenizing buffer containing 1% SDS and applied on Laemmle 
PAAGE (15% PAA separating gel). Proteins were transferred on PVDF membranes. The membranes 
were blocked with 5% milk and sequentially incubated with primary antibodies against AQP2 (1:2000, 
Abcam, UK), AQP3 (1:2000, Chemicon, USA), AQP4 (1:2000, Millipore, USA), β-tubulin (1:10000 Abcam, 
UK), and horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:10000, Santa Cruz 
Biotechnology, USA). Immunoreactive bands were visualized by chemiluminescence using Western Blotting 
Luminol Ragent (Santa Cruz Biotechnology, USA) and detection on UltraCruz™ Autoradiography Film (Santa 
Cruz Biotechnology, USA). 

Calculation of osmotic water permeability parameter (Pf) 
The water permeability was determined from the rate of cell volume changes under osmotic challenge 

on the base of the equation: 

   [7, 19] 

The plasma membrane osmotic water permeability coefficient (Pf) was calculated from the time 
course of the volume change in response to an osmotic gradient. Osmotic water movement is the net flow of 
volume across a membrane in response to a hydrostatic and/or osmotic pressure: 

J = -LpA∆Ф; or  dV/dt = -PfAVw∆C  
The permeability coefficient of the basolateral surface of the epithelium can be calculated from the 

slope (Kr) of the linear plot: 
 Pf= Kr[AVw(Cin – Cout)]-1   [9] 
Where: J is the rate of volume flow across the membrane (cm3 s-1), (dV/dt) is the rate of cell volume 

change, Lp is hydraulic conductivity (cm3 s-1 atm-1), Pf is the osmotic water permeability coefficient (cm s-1), 
A is the surface area (cm2) which is significant for water exchange, ∆Ф is the osmotic pressure difference 
(atm), ∆C is the osmotic concentration difference (osm kg-1), and Vw is the partial molar volume of water.

Statistics 
Averaged experimental measurements were presented as mean value and standard error of mean 

(M ± SEM). In Western blot analysis, n = blots (1 blot/animal); In biophysical experiments n = OMCD 
fragments (3 fragments/animal). Normality test was performed with the Kolmogorov–Smirnov test and 
statistical significance was evaluated with unpaired two-tailed t-test. Values that had a p<0.05 were deemed 
statistically significant.  

Results 

The water permeability of the apical surface of OMCD principal cells is significantly 
reduced after a hypo-osmotic shock 
Preparations of OMCD whose apical surface was exposed, underwent two successive 

hypo-osmotic shocks in order to assess the apical contribution of water permeability in the 
RVD reaction. To this end, OMCD principal cells whose apical surface was exposed underwent 
hypo-osmotic shock by a rapid switch from normo-osmotic (300 mOsm/kg H2O) to hypo-
osmotic medium (150 mOsm/kg H2O). Subsequently the medium was switched for another 
cycle in a similar manner resulting in two successive hypo-osmotic shocks. Linear regression 
analysis of the swelling kinetics provides the basis for the calculation of the total water flux 
into the cell and the evaluation of the apparent water permeability of the plasma membrane. 
As shown in Fig. 3A there was a significantly 3-fold decreased osmotic water permeability 
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coefficient (Pf) in the second shock [0.024±0.004 vs. 0.008±0.001 cm/s; **p=0.008; n=6 
in both cases]. A typical experimental curve is shown in Fig. 3B where fast swelling and 
subsequent RVD reaction is shown initially (rapid increase in the apical swelling rate after 
the first shock) and the significantly reduced RVD reaction (thus reduced swelling rate) after 
the second shock is shown.

The water permeability of the basolateral surface of OMCD principal cells is unaffected by 
successive hypo-osmotic shocks 
Preparations of fragments of OMCD whose lumen was loaded with a droplet of 

mineral oil so that only the basolateral surface would be exposed to the experimental 
medium, underwent two successive hypo-osmotic shocks in order to assess the basolateral 
contribution of water permeability in the RVD reaction. The experimental conditions were 
the same as in the case of apical hypo-osmotic shock. As shown in Fig. 3C there was no 
difference in the osmotic water permeability coefficient (Pf) between the first and second 
hypo-osmotic shocks [0.012±0.002 vs. 0.011±0.001 cm/s; p=n.s.; n=11 in both cases]. A 
typical experimental curve is shown in Fig. 3D where similar swelling and subsequent RVD 
reactions are shown in the first and second shock. 

Fig. 3. Osmotic water permeability of apical and basolateral surface of renal OMCD principal cells in the 
course of two consecutive hypo-osmotic shocks. (A) Osmotic water permeability (Pf; cm/s) after apical hypo-
osmotic challenges (M±SEM; n=6). (B) Typical experiment of the relative cell volume (V/V0) after apical hy-
po-osmotic challenges. (C) Osmotic water permeability (Pf; cm/s) after basolateral hypo-osmotic challenges 
(M±SEM; n=11). (D) Typical experiment of the relative cell volume (V/V0) after basolateral hypo-osmotic 
challenges. The top scales in B and D represent the changes of the osmolarity of the extracellular medium in 
mOsm/kg. *p<0.05 considered significant.
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The water permeability of the apical surface of OMCD principal cells is significantly higher 
than that of the basolateral 
A comparison of the Pf of the apical and basolateral surfaces of the OMCD 

principal cells with respect to the first and second hypo-osmotic shock reveals that 
the apical Pf is significantly higher than the basolateral in the first shock [0.024 
0.004 vs. 0.012±0.002 cm/s; **p=0.004; n=11 and 6 respectively; Fig. 4A] and there is no 
significant difference in the second shock [0.011±0.001 vs. 0.008±0.001 cm/s; p=n.s.; n=11 
and 6 respectively; Fig. 4C]. In Fig. 4B and 4D, representative slopes of the relative volume 
increase in the first and second hypo-osmotic shocks in the apical and basolateral surface 
are shown respectively. 

The significant apical reduction in Pf is associated with a reduction in the AQP2 plasma 
membrane availability after the first hypo-osmotic shock
Fractions of the plasma membrane of preparations that underwent hypo-osmotic shock 

were probed for AQP2 (located mainly in the apical surface of OMCD principal cells) and 
AQP3 and AQP4 (located mainly in the basolateral surface of OMCD principal cells) in order 
to reveal whether a change in the plasma membrane content may be responsible for the 
reduction in Pf. In Fig. 5 it is evident that there is a significant reduction in the content of 
AQP2 (Fig. 5A and D) in the plasma membrane while AQP3 (Fig. 5B and D) and AQP4 (Fig. 

Fig. 4. Comparisons of the osmotic water permeability during the first and seconds shocks in the apical and 
basolateral surfaces of renal OMCD principal cells. (A) Osmotic water permeability (Pf; cm/s) after the first 
hypo-osmotic challenge (M±SEM; n=6 apical and n=11 basolateral). (B) Comparison of typical experimental 
curves of the relative cell volume (V/V0) after the first hypo-osmotic challenges. (C) Osmotic water perme-
ability (Pf; cm/s) after the second hypo-osmotic challenge (M±SEM; n=6 apical and n=11 basolateral).  (D) 
Comparison of typical experimental curves of the relative cell volume (V/V0) after the second hypo-osmotic 
challenges. *p<0.05 considered significant.
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5C and D) remain unaffected. Indeed there was a statistically significant difference between 
the AQP2/beta-Tubulin ratio (0.78±0.03 vs. 0.65±0.04; *p= 0.011; n=9 in both cases; Fig. 5D). 

Discussion

We have previously shown in our ex-vivo model of successive hypo-osmotic shocks 
in OMCD principal cells that after the first shock where the RVD mechanism is rapid, their 
water permeability decreases significantly [7]. We postulated that our finding reflected the 
cell adaptation after the first hypotonic shock leading to cell integrity protection. Moreover, 
our finding was in agreement with in vitro published data regarding the reduction of AQP2 
translocation to the apical cell surface under hypotonic challenge as a means of protection 
form excess swelling [20]. 

In this study we aimed at elucidating the physiological characteristics of this cell 
response at the tissue level in more depth by assessing the contribution of the apical and 
basolateral cell surfaces. We demonstrate that the rapid cell swelling occurring in OMCD 
principal cells that undergo hypo-osmotic shock is mainly mediated by the high osmotic 
water permeability of the apical cell surface while the basolateral surface has significantly 
lower osmotic water permeability. On the other hand, when an identical hypo-osmotic shock 

Fig. 5. Comparison of plasma membrane fractions of aquaporins. (A) Western Blot analysis of plasma mem-
brane fraction of AQP2, glycosylated AQP2 and β-tubulin in OMCD fragments after hypo-osmotic shock for 3 
min. Normo: 300 mOsm/kg H2O; Hypo: 150 mOsm/kg H2O. 50 μg of protein were loaded per lane. Β-tubulin 
was examined as a loading control. (B) Western Blot analysis of plasma membrane fraction of AQP3, glyco-
sylated AQP3 and β-tubulin in OMCD fragments after hypo-osmotic shock for 3 min. Normo: 300 mOsm/kg 
H2O; Hypo: 150 mOsm/kg H2O. 50 μg of protein were loaded per lane. Β-tubulin was examined as a loading 
control. (C) Western Blot analysis of plasma membrane fraction of AQP4 and β-tubulin in OMCD fragments 
after hypo-osmotic shock for 3 min. Normo: 300 mOsm/kg H2O; Hypo: 150 mOsm/kg H2O. 50 μg of protein 
were loaded per lane. Β-tubulin was examined as a loading control. (D) Densitometric analysis between 
Normo and Hypo for every AQP tested. White columns: Normotonic medium, Black columns: Hypotonic 
medium. Image analysis was performed with ImageJ software. *p<0.05 considered significant. 
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is applied after 10-15 seconds the osmotic water permeability of both surfaces is equally 
low. In order to address the mechanism responsible for these observations we assessed the 
content of AQP-2, AQP-3 and AQP-4 in the fraction of the plasma membrane. Our finding was 
that although the levels of AQP3 and AQP4 remain unaffected by the hypo-osmotic shock, the 
levels of AQP2 are significantly reduced. Given that renal principal cells express three types 
of AQP’s, AQP2 apically and AQP3/AQP4 basolaterally [21], our finding partially explains 
how the high apical osmotic water permeability is significantly reduced after the first hypo-
osmotic shock. Indeed, in our previous work we had concluded from our modeling data that 
after the first shock the intracellular amounts of Na+, K+ and organic anions are reduced by 
50% indicating that the main body of osmolyte loss occurs predominantly under the first 
osmotic challenge [7]. 

To our knowledge, this is the first experimental proof that provides the basis to consider 
the RVD as a mechanism bound to the apical surface of the renal principal cell investigating 
repeated shocks [7, 22]. Due to the sub-second resolution of our method we cannot compare 
our findings directly with the available literature since both experimental and theoretical 
approaches involve slow exchange processes or steady state modeling [23-26]. However, as 
far as the trafficking of AQP2 is concerned it has already been reported in CD8 cells (in vitro 
system as opposed to our ex vivo system) that hypotonic challenge induces internalization of 
AQP2 [20]. Our results verify that this is the case even in a more complex system such as the 
fragments of OMCD’s and furthermore pose the need for a mechanistic understanding of this 
fast AQP2 internalization phenomenon. It has already been described that the activation of 
PKC induces the mono-ubiquitination of AQP2 at the K270 in vitro and ex vivo leading to the 
endocytosis of AQP2 [27]. However, the fact that this PKC activation was observed at a time 
point much later than the one we observe our effect, cannot explain the rapid decrease in the 
osmotic water permeability observed in our preparation. Therefore, more in depth studies 
of the fast endocytosis of AQP2 are needed to explain the effect reported here because it may 
be that the mechanism controlling the function of AQP2 includes both internalization as well 
as gating regulation. The finding that AQP2 phosphorylation by PKA in an artificial system 
(reconstituted liposomes) has been shown to enhance its water permeability is supportive 
of the notion involving gating of AQP2 [28]. Finally, the role of cytoskeletal involvement in 
these rapid functions has to be also considered since caveolin-1 is associated with AQP2 
internalization procedure [29]. Actin filaments take part in the trafficking of AQP2 while 
increasing the cell water permeability in response to vasopressin [30]. On this basis, it can 
be postulated that the cytoskeleton may play a role in the down regulation of these channels 
during cell swelling in hypotonic medium. 
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