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Chapter 1 
General introduction 





General introduction 

The recent discovery of molecular water channels, Aquaporins, in tissues with a 
high water transport capacity solved the long-lasting search of physiologists on 
how high-capacity water transport occurs in various tissues besides low-capacity 
simple diffusion. The functional characterization of the first Aquaporin by Preston 
et al (1) initiated a booming field in clinical and basic science, which all started 
with the co-purification of a 28-lcD protein together with a 32-kD Rhesus antigen 
from human red blood cells by Denker et al. (2). The 28-kD membrane protein was 
characterized as a molecular water channel, named CHIP28 (Channelforming Inte
gral membrane Protein of 28 kD). CHIP28, later assigned to as Aquaporin-1 
(AQPl), appeared to be a member of the Major Intrinsic membrane Protein (MIP, 
AQPO) family, named after the first cloned protein of this family, the major intrin
sic protein of lens fiber cells (3). 
The molecular structure of MIP family members consists, among other things, of 
two homologous repeats, which are presumably the result of an ancient gene dupli
cation (4). Each repeat is characterized by a very conserved region in which the 
NPA box (asparagine-proline-alanine) is highly conserved. Due to this attribution, 
new family members were rapidly identified by homology cloning using reverse 
transcription-polymerase chain reaction (RT-PCR), which resulted in the discovery 
of 10 Aquaporins in mammals until this date and many more in plants and pro-
karyotes (5). 
Below an organ-specific distribution of Aquaponns is given with emphasis on pre
sent knowledge on normal physiology and pathophysiology. 

Erythrocytes 
Red blood cells were the source for the initial identification and purification of 
AQPl, linked to the Colton blood-group antigen (6, 7). It was thought that water 
channels would facilitate erythrocyte survival during the transit through the hyper
tonic renal medulla. Surprisingly, however, AQPl-deficient humans (Colton-null) 
are not anaemic and have evidence of only low-grade hemolysis (7). 

Kidneys 
In the kidney approximately 180 liters of pro-urine is formed in 24 hours, while 
usually 1 to 1.5 liters of urine is voided daily. In order to control water balance, the 
kidney must therefore have a tremendous capacity to reabsorb water from the pro-
urine. AQPl has been demonstrated to be essential for water reinsertion in the 
proximal tubule and descending limb of Henle's loop and is constitutively ex
pressed at the apical side of these cells with reduced amounts on the basolateral 
side (8). In addition, Nielsen et al. recently demonstrated the presence of AQPl in 
endothelial cells of the vasa recta suggesting that AQPl also mediates water trans
port in the vasa recta (9). The iso-osmotic water transport in the proximal tubules is 
responsible for 67% of bulk water reabsorption in the kidney and this is mediated 
by AQPl. Targeted gene disruption of the AQPl gene in mice resulted in a marked 
urinary concentration defect (10, 11). Surprisingly, however, humans who lack the 
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Colton blood-group antigen, which is linked to AQP1, show no renal symptoms 
(7). These rare individuals presumably rely on compensating mechanisms for the 
absence of AQP1. 
The reabsorption of the remaining 10% of pro-urine occurs in principal cells of the 
collecting duct and is regulated by the antidiuretic hormone arginine vasopressin 
(AVP), also known as the anti-diuretic hormone (ADH), which is released from the 
posterior pituitary gland in response to a rise in serum osmolality or a significant 
decrease in the effective circulating volume. Binding of AVP to the basolaterally 
located V-2 receptor of principal cells leads to formation of 3',5'-cyclic adenosine 
monophosphate (cAMP), which results in phosphorylation of, among other pro
teins, Aquaporin-2 (AQP2) by Protein Kinase A (PKA) (12). This phosphorylation 
is essential for translocation and fusion of intracellular vesicles containing AQP2 
with the apical plasma membrane, rendering the cell water permeable (13). Upon 
removal of AVP, AQP2 is internalized by endocytosis, which restores the water 
impermeable state of the cell (14). Concurrent with AQP2-action, the built up of an 
osmotic gradient in the renal medulla is warranted for AQP2-mediated water reab-
sorption. Due to this AVP-mediated water reabsorption process humans are able to 
concentrate pro-urine to a maximal attainable osmolality of 1200 mosmol/kg, while 
without the consorted action of AVP and AQP2 the maximal achievable urine os
molality is below 200 mosmol/kg. It can easily be appreciated, that a defect in 
AQP2-function can lead to a severe clinical condition characterized by the inability 
of the kidney to concentrate urine in response to AVP, also known as Nephrogenic 
Diabetes Insipidus (NDI). Both inherited and acquired forms of NDI have been de
scribed. Patients with inactivating mutations in either the V-2 receptor or the AQP2 
gene present with severe congenital NDI (15-17). On the other hand, NDI is more 
often seen in an acquired form. Ureteral obstruction and hypokalemia, for example, 
are well described causes of acquired NDI and linked to downregulation of AQP2 
(18, 19). In addition several drugs, for instance lithium, can cause NDI after pro
longed use (20). In contrast, increased AQP2 expression has been found in clinical 
conditions related to augmented AVP levels, for instance congestive heart failure, 
liver cirrhosis and the syndrome of inappropriate AVP secretion (SiADH) (21-23). 
The role of AQP2 in the latter group of disorders has drawn the special attention of 
pharmaceutical companies who are in the process of developing V-2 antagonists in 
order to restore the disrupted water balance. 
Other Aquaporins are also present in the nephron. Aquaporin-3 (AQP3) and -4 
(AQP4) are expressed at the basolateral membrane of the collecting ducts and 
probably function as an exit pathway for water influx into collecting duct cells via 
AQP2 (24, 25). It has been demonstrated that AQP3 also transports glycerol be
sides water, but the physiological function of this property is yet to be defined (26). 
Knockout of the AQP4 gene in mice resulted in a mild unnary concentration defect 
(27). 
Aquaporin-6 (AQP6) is another Aquaporin identified the kidney. It is expressed in 
vesicles in intercalated cells of the collecting duct, where it probably has a role in 
the regulation of acid-base balance (28). 
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Salivary glands and gastrointestinal tract. 
In a recent paper by Koyama et al. detailed expression levels and immunohisto-
chemical localisation of AQP1, -3, -4, and -8 along the GI tract are described (29). 
AQP1 was found in intrahepatic cholangiocytes, gall bladder epithelium and capil
lary endothelium, AQP4 in the basolateral membrane of parietal cells and colon 
surface epithelium, and AQP8 in jejunal villi and hepatocytes. 

Indeed, AQP1 gene knockout in mice led to dietary fat malabsorption, which sug
gests a role of AQP1 in intrahepatic bile production and possibly pancreatic secre
tion (30). AQP4-knockput mice were used to test the hypothesis that AQP4 is in
volved in colonic fluid transport. Analysis of stool water content showed no differ
ences in caecal stool from wildtype versus AQP4-knockout mice, but revealed 
greater water content in defecated stool in AQP4-knockout mice when compared to 
wild type mice (30). Although the presence of AQP4 in parietal cells suggests a 
role of this Aquaporin in gastric acid secretion, its gastric function remains to be 
established (29). 
So far, AQP1, -5 and -8 have been localized to exocrine glands in the GI tract (30). 
In addition, AQP5 is abundantly expressed in the apical membrane of secretory 
cells in the salivary and lacrimal glands, but is not found in the basolateral mem
brane or duct cells (31). Pilocarpine-induced saliva secretion was reduced by more 
than 60 percent in AQP5 knockouts, whereas the saliva was more hypertonic and 
more viscous in AQP5-knockout mice when compared to wildtype mice. However, 
there was no influence of AQP5-targeted gene disruption on protein and amylase 
secretion (32). The distribution of AQP5 coincides almost exactly with the organ 
involvement of Sicca's syndrome, a pathognomonic characteristic of Sjogren's 
auto-immune disease. It is intriguing to consider whether AQP5 is involved in this 
disorder. 
The peritoneal cavity can be used for dialysis in end-stage renal disease. Kinetic 
models of fluid and solute movement postulated small water-only selective pores 
responsible for osmotic water transport in peritoneal dialysis. Immunocytochemical 
analysis showed the presence of AQP1 in endothelial cells, while several other Aq-
uaponns were detected by RT-PCR. AQP1 deletion resulted in a significant reduc
tion in the peritoneal osmotic water permeability (33). It remains to be established 
whether AQP1 expression can be modulated to improve the efficiency of peritoneal 
dialysis. 

Respiratory tract 
Four water channels (AQP1, -3, -4 and -5) have been identified in the lung. AQP1 
is abundantly expressed in the apical and basolateral membrane of the vascular en
dothelium and visceral pleura. AQP3 and -4 are found in the basolateral membrane 
of vanous epithelial cells of the airway and nasopharynx. AQP5 is expressed in the 
apical membrane of type I pneumocytes and in submucosal glands of the airway 
(31). 
The complex and non-overlapping distribution of Aquaporins along the respiratory 
tract suggests involvement in a vanety of clinical conditions. In the context of peri-
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natal water-clearance the ontogeny of AQPl in the lung is of considerable interest. 
AQPl is expressed late in fetal gestation, increases dramatically at birth and re
mains high (34). Corticosteroids induce AQPl expression in fetal lung, consistent 
with known acceleration of fetal lung maturation by these hormones (34). Although 
the osmotic water permeability between airspace and capillaries was remarkably 
reduced by AQPl deletion and little by AQP4 deletion, active alveolar fluid ab
sorption was not affected in AQPl- or AQP4-knockout mice (35). Surprisingly, 
survival rates of AQPl- and AQP4-knockout mice is normal, which indicates that 
pennatal lung fluid clearance is undisturbed in these mice. If altered expression or 
function of AQPl or AQP4 might play a role in the pathogenesis of pulmonary 
edema or plaural effusions in humans remains to be established. 

Brain 
In brain, AQPl is expressed in the choroid plexus and AQP4 in the ependyma and 
astroglial cells (36), where it might function as an exit port for excess brain water. 
Based on its location, it was postulated that AQPl plays a role in CSF production. 
AQPl deletion, however, in mice and humans did not reveal such a function. The 
role of AQP4 in cerebral edema formation was convincingly demonstrated by 
Manly et al., who demonstrated superior survival in AQP4 deficient mice com
pared to wiltype mice in a model of brain edema caused by acute water intoxication 
(37). Additionally, AQP4 is abundant in the lamellae adjacent to magnocellular 
cells in the supraoptic and paraventricular nuclei, the site of AVP secretion (36, 
38). Based on these findings, a role of AQP4 in osmoperception was anticipated. 
However, no evidence for such a role could be derived from AQP4 knockout mice. 

Eye 
Five Aquaporins have been identified in the eye (39). MIP (AQPO), a low capacity 
water channel, which constitutes over 60% of the membrane proteins of lens-fiber 
cells (3), was anticipated to maintain lens transparency. Indeed, MIP-gene muta
tions in mice lead to congenital cataracts, but if MIP is responsible for cataract in 
humans remains unknown (40). The expression of AQPl and -5 in the corneal epi
thelium, and of AQPl in the epithelium anterior to the lens, suggests an important 
role for these Aquaporins in maintaining transparency of the comea and lens. 
AQPl is also found in the anterior ciliary epithelium and canals of Schlemm. Sur
prisingly, however, AQPl-null humans did not suffer from cataract or glaucoma. 
AQP3 is found in the bulbar conjunctiva where it might play a role in the hydration 
of the eye. AQP4 is present in the retina and suggested to influence the light-
dependent hydration of the space around the photoreceptors. 

AIM AND OUTLINE OF THIS THESIS 

Surprisingly, AQP2 can be detected in urine and several studies have demonstrated 
that the urinary excretion of AQP2 (UAQP2) increases upon stimulation of the 
kidney with AVP (41, 42). It was therefore suggested, that measurement of UAQP2 
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could provide a clinically important diagnostic tool for diagnosis and follow-up of 
patients with urinary concentration defects 
This thesis focuses on the usefulness of determining the amount of AQP2 excreted 
in unne in patients with unnary concentration disabilities In addition, a significant 
amount of the work presented in this thesis concerns various cell biological aspects 
of AQP2-trafficking, which might, indirectly, contribute to more insight and better 
treatments of AQP2-involved or other health-related problems 
In chapter 2 it is described, what relation exists between unne osmolality and uri
nary excretion of AQP2 (UAQP2) in healthy volunteers subjected to different tests 
Furthermore, it is studied whether UAQP2 is influenced by hyperosmolality of 
unne or tubular flow rates Based on results in chapter 2, we determined if UAQP2 
could be used to specifically study the integrity and function of the collecting duct 
in patients with unnary concentration defects In chapter 3 we therefore present 
UAQP2 excretion patterns in lithium-treated patients and patients with homozy
gous sickle cell anemia 
In a rat model, lithium causes NDI through downregulation of AQP2 expression 
(20) Although it has been postulated that this effect is caused by decreased genera
tion of cAMP, it is still unclear which cellular mechanisms are effected by lithium 
In order to determine the step in the signal cascade affected by lithium, we at
tempted to simulate the NDI-causing effect in a Madin-Darby Canine Kidney 
(MDCK) cell-line, stably expressing AQP2 (clone WT10). This cell-line has been 
shown to translocate AQP2 from intracellular vesicles to the apical membrane upon 
stimulation with the AVP analogue l-desamino-8-D-Arginine-Vasopressin 
(dDAVP) (43) Surpnsingly, AQP2-mediated water transport in WT10 cells was 
found to increase upon lithium treatment In order to clanfy these unexpected ef
fects of lithium on AQP2-transfected cells, we determined the reason why AQP2-
mediated osmotic water transport in WT10 cells is increased by lithium An outline 
of this study is given in chapter 4 
In mammalian kidney and in unne two forms of AQP2 are delected, a non-
glycosylated form of 29 kD and a glycosylated form of 40 to 45 kD (41, 42) The 
role of glycosylation of AQP2 is unclear In general, carbohydrates have been pro
posed to be involved in protein folding or might act as recognition sites for specific 
ligands, such as selectins (44) In addition, glycosylation has been shown to be im
portant for the routing of proteins towards a specific side of the cell (45) In order 
to study the role of glycosylation of AQP2, we first determined the ratio of glyco
sylated versus non-glycosylated AQP2 in human kidney and unne using semi
quantitative immunoblotting Next the role of glycosylation in AQP2 trafficking in 
WT10 cells was studied by measuring the dDAVP/ cAMP-mduced AQP2-
mediated transcellular osmotic water permeability and the expression of AQP2 in 
the apical plasma membrane after deglycosylation Results of this study are de
scribed in chapter 5 
It has previously been demonstrated that activation of Protein Kinases C (PKCs) 
inhibit AVP-induced osmotic water transport (46, 47) In order to further delineate 
the action of PKCs on AQP2-mediated water transport, we studied, as described in 
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Chapter 6, effects of PKC modulation on AQP2-mediated water transport in WTIO 
cells. 
Chapter 7 contains a general discussion and a summary of the results ob
tained dunng this penod. 
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Fig. 1 Model of the Aquaporin-2 protein showing the amino-acid se
quence and the six transmembrane domains. Indicated are the glycosy-
lation site, Protein Kinase A site and Protein Kinase C site. 

Fig. 2 Cascade of vasopressin-induced insertion of Aquaporin-2 into the 
apical membrane. Binding of vasopressin (AVP) to the basolaterally lo
cated vasopressin type-2 receptors (V2R) results in a rise in 3',5'-cyclic 
adenosine monophosphate (cAMP) through activation of adenylyl cy
clase. The subsequent activated Protein Kinase A (PKA) phosphorylates 
several proteins, including AQP2, which triggers the fusion of intracellu
lar vesicles containing AQP2 with the apical membrane, thus facilitating 
watertransport through the cell. Water leaves the cell at the basolateral 
side via Aquaporin-3 and -4. 
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Dissociation between urine osmolality and 
urinary excretion of Aquaporin-2 in healthy 
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Jack F.M. Wetzels*" 

Departments of Internal Medicine, 
Cell Physiology and 
Nephrology, University of Nijmegen, 
The Netherlands. 

Nephrol Dial Transpl 15, 1155-1161 (2000) 



Background 
It has been suggested that unnary excretion of the vaso-

pressin-dependent water channel of the kidney collecting 

duct, Aquaponn-2 (AQP2), reflects renal vasopressin-

action and might be used clinically It is unclear, however, 

what relation exists between unne osmolality and unnary 

excretion of AQP2 (UAQP2) and it is unknown whether 

UAQP2 is influenced by hyperosmolality of unne or tubu

lar flow rates 

Methods 
We measured unne osmolality and UAQP2 in healthy 

volunteers at various conditions ι e overnight dehydration 

continued during the day, after infusion of 700 ml hyper

tonic saline (NaCl 2 5%), after intranasal administration of 

40 μg dDAVP The last two tests were performed after 

waterloading In addition, a dDAVP test was performed, 

preceded by administration of furosemide 

Results 
After overnight dehydration, the Uosm increased from 

888±18 to 1004±17 mosmol/kg dunng additional hours of 

thirsting, whereas UAQP2 doubled from 140±45 to 

285±63 fmol Α0Ρ2/μπιοΙ creatinine Infusion of hyper

tonic saline increased Uosm from 70±3 to 451 ±68 mos

mol/kg, while UAQP2 remained almost zero Uosm in

creased from 101±17 to 860±30 mosmol/kg after admini

stration of dDAVP, with a parallel increase in UAQP2 

from 32±14 to 394±81 fmol AQP2/|imol creatinine Pre-

treatment with furosemide attenuated the increase in unne 

osmolality, but had no effect on UAQP2 after dDAVP 

Conclusions 
Our data demonstrate that a simple relationship between 

Uosm and UAQP2 does not exist Therefore, random or 

once-only measurements of UAQP2 as an index of renal 

vasopressin-action are not useful In contrast, intranasal 

application of dDAVP resulted in a parallel nse in Uosm 

and UAQP2 Therefore, this test might be useful in study

ing patients with unne concentration defects The dDAVP-

furosemide test revealed that the release of AQP2 into 

unne is not caused by hypertomcity of tubular fluid 
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Introduction 

Homeostasis of the body osmolality is partly governed by water reabsorption 
through Aquaporin-2 (AQP2), the vasopressin-dependent water channel, present in 
cells of the cortical and medullary collecting ducts (1,2). Binding of vasopressin 
(AVP) to the basolaterally located AVP-receptor (V-2) of these cells leads to for
mation of 3',5'-cyclic adenosine monophosphate (cAMP), which triggers the fu
sion of subapically located AQP2-containing vesicles with the apical membrane, 
resulting in water reabsorption through the cell (3) if a favourable osmotic gradient 
is present. Patients with inactivating mutations in either the V-2 receptor or the 
AQP2 gene present with severe nephrogenic diabetes insipidus (NDI), which re
flects the importance of the V-2 receptor and AQP2 in water balance of humans 
(4,5). In addition, acquired forms of NDI can be caused by various drugs. Lithium, 
for instance, a widely used treatment for bipolar affective disorders, often causes 
NDI after prolonged use. 
It has previously been demonstrated that AQP2 is detectable in urine and that its' 
excretion increases in response to AVP (6-8). Two possible explanations for the 
release of AQP2 into urine have been postulated: first, osmotic stress on collecting 
duct cells during anti-diuresis could cause lysis of these cells, thus releasing AQP2 
into unne; second, secretion or exocytosis of AQP2 molecules with or without api
cal membrane fragments upon AVP action could explain urinary excretion of 
AQP2. Although the mechanism of AQP2 excretion in urine remains to be identi
fied, it has been suggested that urinary excretion of AQP2 (UAQP2) can be used as 
a diagnostic tool in studying patients with urinary concentration defects (7,9). 
In order to ascertain that UAQP2 is a relevant parameter in the study of patients 
with urine concentration defects, it is warranted to study if UAQP2 indeed reflects 
urine concentration kinetics in humans. Therefore, we have measured UAQP2 in 
healthy volunteers during different conditions: an overnight dehydration test, infu
sion with hypertonic saline, and intranasal administration of the AVP analogue 1-
desamino-8-D-Arginine-Vasopressin (dDAVP). Prolonged dehydration clarifies 
the long-term effects of AVP stimulation on urine osmolality and UAQP2. The in
fusion of hypertonic saline allows the analysis of short-term effects of AVP stimu
lation, triggered by the rise in serum osmolality upon saline infusion. Data of su-
praphysiological stimulation are provided by the dDAVP-test. In addition, in a 
separate set of expenments, we have measured UAQP2 after administration of 
dDAVP, with and without pre-treatment with the loop-diuretic furosemide. Ad
ministration of furosemide will impair the urinary concentration process by reduc
ing the medullary osmotic gradient. In this setting, the influences of urine osmo
lality and urine flow on the release of AQP2 into urine are addressed. 

Material and methods 

• Volunteers 
Six healthy volunteers (age 21-25; 4 females (weight 55-70kg), 2 males (weight 70 
and 87 kg)), without a history of kidney disease or hypertension participated in the 
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dehydration, saline infusion and dDAVP tests Five other healthy volunteers (age 
21-27, 3 females (weight 53-66 kg), 2 males (weight 68 and 83 kg)) participated in 
the dDAVP-furosemide and control dDAVP tests During the tests, the volunteers 
were seated and only allowed to stand during voiding The minimal time interval 
between the tests was three days All volunteers were allowed to have a light, fluid-
restncted meal before and during the tests 
The protocols were approved by the Committee for Expenmental Research on 
Humans of the University of Nijmegen, The Netherlands All volunteers gave writ
ten informed consent 

• Dehydration test 
The participants refrained from dnnking up to 20 hours, starting with an overnight 
dehydration period Unne samples were taken at two-hour intervals, starting at ar
rival in the ward (t=0 h), approximately 12 hours after the start of the thirsting pe 
nod 

• Hypertonic saline infusion test 
The subjects were asked to dnnk water until a constant unne flow of 150-200 ml 
per 15 minutes was reached Subsequently, hypertonic saline (700 ml NaCl 2 5%) 
was infused in a penod of 45 minutes, while oral water intake was kept constant 
(approximately 150 ml/ 10 minutes) When unne flow returned to 150-200 ml per 
15 minutes, after the saline infusion, the test was considered complete Blood and 
unne samples were obtained at indicated time-intervals before and after the saline 
infusion 

• dDAVP test 
The participants were asked to refrain from dnnking starting 10 00 ρ m the night 
before the test After urination at 8 00 am, water was given until a constant unne 
flow was obtained of approximately 150 ml per 15 minutes Subsequently, 40 μg 
dDAVP was administered intrdnasally Unne samples were obtained at two-hour 
intervals until five hours after administration of the drug 

• dDAVP-Furosemide test 
The performed test was similar to the dDAVP-test, but during this test 40 mg fu-
rosemide was injected intravenously, 15 minutes prior to dDAVP administration 
Urine samples were collected every 15 to 20 minutes dunng the first hour after the 
furosemide injection, with subsequent collection at 2, 2 5 and 5 hours after admini
stration of dDAVP For control expenments, a dDAVP test was also performed 
without pretreatment with furosemide 

• Unne samples 
A small aliquot of unne was taken for measurement of osmolality and creatmine-
concentration by standard automated techniques Ahquots of unne obtained during 
the saline infusion test were also analyzed for vasopressin levels by a radio-
immuno sorbent assay adjusted from the method descnbed by Tausch et al (10) 

20 CHAPTER TWO 



Since pilot expenments had shown that AQP2 is stable at -80oC for several 
months, we stored the remaining unne samples at -80oC until analysis for AQP2 
content was performed Unne samples were centnfugated at 200g to remove cellu
lar debns The supernatant was initially concentrated by ultrafiltration using Ami-
con stirred cells with YMIO membranes (Amicon Ine , Beverly, U S A ) according 
to the protocol provided by the manufacturer Subsequently, further concentration 
of the samples was achieved by using a Centnprep 10 (Amicon Ine, Beverly, 
U S A ) , according to the manufacturer's instructions, until the final volume was 
0 5-1 0 ml Concentrated unne samples were stored at -80°C in the presence of a 
protease inhibitor mix containing 1 mM phenylmethylsulfonyl fluoride, 5 μ^ιτιΐ 
leupeptin and 5 μξ/π\\ pepstatm Pilot expenments showed, that the recovery rate 
of total AQP2 was approximately 90 % 

• Quantification ofAQP2 
Unne equivalents of 4 μτηοΐ creatinine were dissolved in Laemmli sample buffer 
containing 100 mM dithiothreitol (DTT) and denatured for 30 minutes at 37°C Af
ter SDS-PAGE the gel was immunoblotted onto immobilon polyvinyl membranes 
(Millipore, Bedford, U S A ) as descnbed (11) The efficiency of protein transfer 
was checked by staining the membranes with ponceau red 
Subsequently, the blots were blocked for one hour with 5% non-fat dned milk in 
Tns-buffered saline (TBS 20 mM Tns, 73 mM NaCl, pH=7 6), containing 0 2 % 
Tween (v/v) and incubated with a 1 3000 or a 1 500 (Saline infusion tests) dilu
tion of affimty-punfied rabbit anti-AQP2 immunoglobulins, which have been 
raised against the 15 C-terminal amino-acids of rat AQP2 (12) As secondary anti
bodies we used a 1 5000 dilution of affimty-punfied goat anti-rabbit antibodies 
(whole molecule, Sigma, St Louis, U S A ) , coupled to horseradish peroxidase 
Sites of antigen-antibody reactions were visualized with enhanced chemilummes-
cence (ECL, Boehnnger Mannheim, Mannheim, Germany), according to the proto
col provided by the manufacturer 
In order to quantitate the amounts of AQP2 in a unne sample, a synthetic peptide 
corresponding to the last 15 amino-acids of rat AQP2 and an additional nor-
leucine, was conjugated to bovine serum albumin (BSA) as descnbed (13) The 
nor-leucine was used to determine the number of AQP2 peptides per BSA mole
cule Amino-acid analysis of the obtained conjugate revealed that 17 7 molecules 
of AQP2 were coupled to 1 molecule of BSA, from which it could be calculated 
that 1 ng BSA-AQP2 corresponds to 180 fmol AQP2 A twofold dilution senes of 
this conjugate was used during every immunoblot analysis to standardize for the 
amount of AQP2 in the samples The bands of the standards and the unglycosylated 
(29 kD) form of the samples on X-ray film were scanned with a densitometer and 
quantified using software provided by the manufacturer (Biorad, München, Ger
many) A curve was constructed of known conjugate amounts versus densitometnc 
units Subsequently, the densities of the samples were converted to numerical val
ues calculated from the linear part of the standard curve (figure 1) No correction 
for the amount of glycosylated AQP2 was performed in the present study, but we 
have shown previously, that 35-45% of AQP2 in unne is glycosylated (13) 
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In addition, it has previously been demonstrated that 40% of AQP2 in urine is 
membrane-bound and 60% free (11), but it can be assumed that both fractions are 
determined in our assay, since samples are prepared in the presence of the detergent 
sodium dodecyl sulphate (SDS). 
In order to correct for incomplete or variable unne sampling UAQP2 is expressed 
per /imol creatinine, because it can be expected that in periods of low urine flow 
errors in sampling can easily occur. 

• Blood samples 
Blood samples drawn by venapuncture were collected at the same time-points indi
cated for the urine specimens. Plasma osmolality and sodium concentration were 
determined using standard laboratory techniques. 

• Statistical analysis 
Pearson correlation was determined by regression analysis. Significance of correla
tion was determined by Z-transformation. Comparisons between groups were done 
by ANOVA. Statistical comparison between mean urine osmolality or UAQP2 val
ues within a test was performed by the Wilcoxon test. A value of p<0.05 is consid
ered significant. Unless otherwise mentioned, values are given as means ±S.E.M. 

Results 

• Dehydration test 
It has previously been found, that the urinary excretion of AQP2 is high after over
night dehydration (6), but it is unknown whether it remains constant during pro
longed dehydration in humans. We therefore determined urine osmolality and 
UAQP2 in six individuals during 8 hours after overnight dehydration. Urine flow 
decreased from 1.0 ± 0.2 ml/min. after overnight dehydration to 0.6 ± 0.1 ml/min. 
at the end of the dehydration period. In this period urine osmolality increased from 
888 ±18 to 1004 ±17 mosmol/kg, while UAQP2 doubled from 140±45 fmol AQP2/ 
μιηοΐ creatinine to 285±63 fmol AQP2/ μτηοΐ creatinine, which is a statistical sig
nificant rise in both parameters. (p<0.05) (figure 2). 

• Sa//ne infusion test 
To study subtle effects of AVP-modulation on UAQP2, water-loaded healthy vol
unteers were subjected to a hypertonic saline infusion test, which augmented 
plasma osmolality from 282±2.0 before to 290±1.5 mosmol/kg H2O, directly after 
saline infusion. Urinary vasopressin excretion increased from 2.6±1.8 pmol/min at 
baseline to 34±7.0 pmol/min directly after saline infusion (p<0.05) and the calcu
lated free water clearance decreased from 1.7±0.6 ml/min. directly before infusion 
to -1.9±0.8 ml/min.(p<0.05), indicating free water reabsorption after saline infu
sion. Urineflow levels were 12.8 ± 2.9 ml/min. directly before infusion and mini
mized to 2.5 ±0.6 ml/min. after infusion.Mean urine osmolality rose from 70±3 to 
451 ±68 mosmol/kg after saline infusion (p<0.05). However, during the test no ma-
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jor change in UAQP2 was observed, with maximum excretion of 8 ±2 fmol 
AQP2/(jjnol creatinine (figure 3) 

• dDAVPtest 
To investigate whether a relation between unne osmolality and UAQP2 exists after 
a supraphysiological stimulus, 40 μg of dDAVP was administered to water-loaded 
healthy volunteers Within 4 hours after intranasal administration of dDAVP, unne 
osmolality increased more than 8-fold from 101±17 to 860±30 mosmol/kg 
(p<0 05) A parallel increase in UAQP2 was found from 32±14 to 394±81 fmol 
AQPl/jimol creatinine (figure 4) Unneflow decreased from 9 0 ± 1 9 ml/min just 
before application of dDAVP to 0 6 ±0 2 ml/min at the end of the test 

• Combined data 
When plotting the data from the three above mentioned tests together, it is clear, 
that no statistically significant correlation between UAQP2 and unne osmolality 
exists for the dehydration or saline infusion tests (figure 5) However, the data of 
the dDAVP test reveal a significant correlation between UAQP2 and unne osmo
lality (R=0 57, p<0 05) 

• dDAVP-furosemide test 
Additional dDAVP tests, performed with and without pre-treatment with 40 mg 
furosemide 15 minutes pnor to dDAVP administration, were done to study whether 
hyperosmolahty of unne is a cause for release of AQP2 into unne Furosemide pre
treatment attenuated the increase in unne osmolality after administration of 
dDAVP (figure 6a) In contrast, furosemide pretreatment did not inhibit the nse in 
UAQP2 excretion after dDAVP administration (figure 6b) Similar UAQP2 excre
tion were found at t=l and t=5 hours after administration of dDAVP, while unne 
flow rates were 4 2±1 1 and 0 7±0 2 ml/min respectively Although both unne os
molality and UAQP2 increased significantly during the test (p<0 05), no statisti
cally significant correlation between unne osmolality and UAQP2 could be found 
during the dDAVP-furosemide test 
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Discussion 

It was previously proposed, also in a recent editorial in this journal, that measure

ments of UAQP2 could provide a clinically important diagnostic tool for diagnosis 

and follow-up of patients with urinary concentration defects (6-9,14). However, a 

critical review of the published data on this subject suggests that such conclusions 

are not justified. Most data are derived from once-only measurements under uncon

trolled conditions and at relatively high levels of vasopressin. Detailed information 

about the relation between UAQP2 and urinary concentrating ability under various 

conditions is missing, limiting its introduction in a clinical setting. Furthermore, it 

is unclear whether hypertonicity of the urine is an important determinant for release 

of AQP2 into urine of humans and if this release is influenced by urine flow. We 

have therefore measured UAQP2 in healthy volunteers subjected to different stim

uli for urinary concentration, i.e. an 18-hour dehydration test, the infusion of hyper

tonic saline and the administration of dDAVP. In addition, a dDAVP-furosemide 

test was performed to study if hypertonicity of tubular fluid or unnary flow rate 

determine the release of AQP2 into urine. 

In order to quantify AQP2 a quantitative immunoblot-assay was set up, according 

to the method described by Elliot et al. (7). The minimal detectable amount of 

AQP2 using this method was 7 fmol AQP2, while previous studies using a RIA 

revealed a minimal detectable amount of 0.86 pmol AQP2 (9), illustrating a more 

than 100-fold gain in sensitivity for minimal amounts of AQP2 to the benefit of the 

immunoblot technique. Excretion of UAQP2 by the volunteers in the present study 

is approximately 1.5 times the excretion of UAQP2 reported by other investigators 

using a RIA (8). This must be explained by variation in methodologies and stan

dards, but might also be explained by inability of a RIA to detect membrane-

associated AQP2, which constitutes 40% of total urinary AQP2 (11). We would 

like to emphasize that no data are currently available to indicate that the separate 

fractions respond differently to AVP. Because UAQP2-excretion was measured in 

volume equivalents of 4/imol creatinine, our results could have been biased by 

changes in creatinine excretion. However, throughout all the tests, overall creati

nine excretion was quite stable and the conclusions remain similar when UAQP2 is 

expressed per μιηοΐ creatinine or time. Data of the present dehydration test show 

high UAQP2 excretion after overnight dehydration, followed by a doubling in 

UAQP2 excretion during prolonged dehydration with only a modest increase in 

urine osmolality. This clearly demonstrates a dissociation between UAQP2 and 

urine osmolality during prolonged AVP-action. High excretion of UAQP2 meas

ured once-only directly after overnight dehydration has been reported by several 

investigators (6,8,9), and a weak correlation between urine osmolality and UAQP2 

was reported in a study by Rai et al. (8). In another study by Saito et al., a correla

tion between urine osmolality and UAQP2 (9) was not found, which is in accor

dance with the data provided by our prolonged dehydration test. 

During our hypertonic saline infusion test, subtle effects of rapid AVP-modulation 

on UAQP2 were studied. UAQP2 excretion remained low and almost zero during 

the test, despite a significant rise in AVP-excretion upon saline infusion. An in-
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crease in AVP-action is also indicated by the fact that urine osmolality was higher 
than serum osmolality due to proven free water reabsorption. Careful observation 
of the data of the saline infusion test in figure 5 furthermore illustrates, that a sub
stantial number of urine specimens has osmolality levels far above serum osmo
lality, while UAQP2 remains zero. Two other investigators have previously studied 
the effects of hypertonic saline infusion on UAQP2 (7,9). First, Elliot et al. infused 
NaCl 3% at a rate of 0.1 ml/kg/min. during 90 minutes in healthy volunteers after 
overnight dehydration. Consequently, baseline urine osmolality values were rather 
high (on average 645 mosmol/kg). After infusion, UAQP2 increased sevenfold, 
while urine osmolality augmented slightly in their study (7), further illustrating a 
dissociation between urine osmolality and UAQP2. Next, Saito et al. infused NaCl 
5% at a rate of 0.03 ml/kg/min. during 120 minutes in healthy waterloaded volun
teers. Urine osmolality rose from around 100 mosmol/ kg to 700 mosmol/kg during 
the saline infusion period. However, the 12-fold rise in UAQP2 upon saline infu
sion occurred 60 minutes after the rise in urine osmolality and was not apparent 
until 120 minutes after the start of the saline infusion (9), further illustrating the 
dissociation between urine osmolality and UAQP2 at a given point of time. The 
data of the previous and our study indicate, that prolonged and sustained AVP-
action is essential for a significant detectable rise of UAQP2. 
In our study, intranasal administration of dDAVP to healthy volunteers resulted in 
a rapid and sustained increase in urine osmolality coinciding with a rise in UAQP2, 
already apparent at urine osmolality values below 300 mosmol/kg. This effect is in 
sharp contrast to the data of our hypertonic saline infusion test, in which UAQP2 
excretion was zero at urine osmolality levels of approximately 300 mosmol/kg. 
Apparently, there are clear differences in the response of UAQP2 to endogenous 
AVP and the specific V-2 agonist dDAVP. 
A significant correlation between urine osmolality and UAQP2 after administration 
of dDAVP was found in the present study. However, it is likely, that this relation is 
dependent on the mode of AVP administration, because intravenous bolus injection 
of dDAVP was previously shown to give a rapid increase in UAQP2 with peak ex
cretion within one hour, while urine osmolality increased more slowly, reaching 
maximum levels three hours after the drug was given (6,9). Variations in pharma
cokinetics between intravenous and intranasal administration of dDAVP are there
fore likely to explain the difference between previous published data and our find
ings (15). 
It is still unknown what mechanisms are responsible for the release of AQP2 into 
urine of humans. It is thought, for instance, that increased shuttling of AQP2 to
wards the apical membrane upon stimulation with AVP results in subsequent loss 
of AQP2 with or without apical membrane fragments, thus making detection of 
AQP2 protein in urine possible. It could furthermore be thought that hypertonicity 
of tubular fluid upon AVP stimulation could result in lysis of collecting duct cells, 
through which AQP2 could be released into the urine. The data of the dDAVP-
furosemide test clearly show however, that hypertonicity of tubular fluid is not a 
factor in the release of AQP2 into urine. Therefore, it is unlikely, that excretion of 
AQP2 into unne is induced through hypertonicity-induced lysis of collecting duct 
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cells. Our findings are in accordance with recent data provided by Wen et al., who 
demonstrated in rat that the urinary excretion of the basolaterally located Aq-
uaporin-3 (AQP3) is lower than that of AQP2 and furthermore revealed that the 
urinary excretion of AQP2 in rat takes place via a selective apical pathway (17). 
The data of the dDAVP-furosemide test additionally showed high AQP2 excretion 
during both high and low urine flow phases of the test, demonstrating that excre
tion of AQP2 into urine is not dependent on urine flow. It is surprising to find, that 
AQP2 excretion is higher upon combined furosemide-dDAVP treatment than with 
dDAVP administration alone. Osmotic water transport through AQP2 is mediated 
through hypertonicity of the renal medulla and the osmotic gradient could be a fac
tor in preventing loss of AQP2 molecules from collecting duct cells. Elaborating on 
this hypothesis, it could be that furosemide influences this AQP2 retention factor, 
through interference with the build-up of the osmotic gradient in the renal medulla. 
Studies at the cellular and molecular level have revealed that AVP-dependent os
motic water transport by AQP2 is regulated by long- and short term processes. The 
short-term upregulation of osmotic water transport, probably seen in the initial 
phase of (dD-) AVP application, is regulated by an AVP-induced rise in cAMP, 
triggering a redistribution of water channels from intracellular vesicles to the apical 
membrane (18). Long-term upregulation of osmotic water transport, for instance 
during prolonged dehydration, is due to increased expression of AQP2 mRNA and 
protein by AVP (19). Downregulation of AQP2 expression has been shown to be a 
relatively rapid process, since removal of AVP from the V-2 receptor in dehydrated 
rats results in downregulation of AQP2-mRNA within minutes, concomitant with a 
reduction in AQP2 expression (20). The sharp decrease in UAQP2 found in indi
viduals who were water-loaded after overnight dehydration in our study, seems to 
demonstrate this latter pattern. 

In conclusion: excretion of AQP2 into urine is independent of unne flow and not 
caused by hypertonicity of renal tubular fluid. In addition, UAQP2 does not quanti
tatively reflect AVP-dependent water transport in the kidney collecting duct in hu
mans. Therefore, at random and once-only measurement of UAQP2, also after 
thirsting or hypertonic saline infusion, can not be used as an index of AVP-action 
on the kidney. In contrast, UAQP2 increased in parallel with urine osmolality after 
intranasal administration of dDAVP. It seems worthwhile to study whether such a 
test could be useful to assess patients with urinary concentration defects. 
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Abstract 

We have measured the unnary excretion of Aquaponn-2 
(AQP2), the vasopressin dependent water channel of the 
kidney collecting duct, after stimulation with dDAVP in 
patients with acquired Nephrogenic Diabetes Insipidus 
caused by homozygous sickle cell disease or lithium-
treatment In both groups the defects in unnary concentra
tion were paralleled by impaired excretion of AQP2, 
which is indicative of malfunctioning of collecting duct 
cells Assessment of unnary excretion of AQP2 after 
dDAVP will therefore contnbute to a better understanding 
of the pathogenesis of unnary concentration defects 
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In the kidney 90% of pro-unne is passively reabsorbed in proximal tubules and de
scending limbs of Henle's loop The reabsorption of the remaining fluid occurs in 
collecting duct principal cells where water reabsorption is regulated by the antidiu
retic hormone Arginine Vasopressin (AVP) Upon stimulation with AVP, Aq-
uaponn-2 (AQP2) water channels are inserted in the apical membranes of collect
ing duct principal cells thus making these cells water permeable Transcellular wa
ter transport is further governed by the osmotic gradient established by the me
dullary interstitium (1) Unnary concentration is therefore dependent on the pres
ence of vasopressin and its receptors, the insertion of intact AQP2 molecules in the 
cell membrane, and the creation of a medullary osmotic gradient 

Recent studies have shown that AQP2 can be detected in unne and that unnary ex

cretion of AQP2 (UAQP2) increases after administration of vasopressin (2) AQP2 

can be detected in the unne of patients with central diabetes insipidus, whereas it is 

absent in the unne of patients with congenital Nephrogenic Diabetes Insipidus 

(NDI) due to defects in the vasopressin V2 receptor (2) From these observations it 

was suggested that measurement of UAQP2 could provide a valuable tool for the 

study of patients with unnary concentration defects In a previous study in healthy 

volunteers we demonstrated that UAQP2 increased upon intranasal administration 

of the vasopressin analogue l-desamino-8-D-Arginine-Vasopressin (dDAVP) (3) 

In these healthy volunteers administration of furosemide attenuated unnary concen

tration, likely the result of reduction of the medullary osmolality attnbuted to the 

use of loop diuretics UAQP2 was, however, unaltered after furosemide administra

tion, which reflects the remaining integnty of the collecting duct cells (3) 

We hypothesised that measurement of UAQP2 contnbutes to identify the site of the 

defect in unnary concentration in patients with acquired NDI In the present set of 

expenments we have measured UAQP2 in response to dDAVP in two groups of 

patients with distinctive clinical signs of acquired NDI, ι e patients with prolonged 

lithium-treatment and patients with homozygous sickle cell disease Lithium is a 

well known treatment of patients with bipolar affective disorders After prolonged 

use, patients often develop NDI In a rat model, lithium caused NDI by downregu-

lation of the expression of AQP2, probably mediated by a decreased generation of 

the second messenger cAMP (4) Virtually all patients with homozygous sickle cell 

disease suffer from isothenuna at a certain age The seventy is related to age and 

the number of sickle cell cnses It is generally thought that sickled cells destroy the 

vasa recta, thus precluding the built-up of an osmotic medullary gradient (5) It is 

unclear whether abnormalities of the collecting duct cells might be involved 

We have measured unne osmolality (freezing point depression) and UAQP2 (quan

titative immunoblotting (3)) in water loaded patients after administration of 40 /tg 

dDAVP intranasally Renal function, as determined by serum creatinine levels, was 

within the reference range for all patients After administration of dDAVP in lith

ium treated patients (n=5) we observed a modest increase in unne osmolality 

(maximal osmolality (± SEM), 580 ± 77 mosmol/kg H2O versus 860 ± 30 in healthy 
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volunteers). Likewise, UAQP2 levels only increased to a limited extent (figure la). 
Urine concentrating ability was even more disturbed in patients with homozygous 
sickle cell disease (n=6). Maximal urine osmolality after dDAVP challenge aver
aged 304 ± 37 mosmol/kg H2O (figure lb). Notably however, UAQP2 levels re
mained undetectable in these patients (figure lb). 

Our data clearly indicate that the urinary concentration defect in patients on lithium 
therapy is caused by defective collecting duct principal cells. These data thus con
firm and extend data derived from animal experiments. More surprising are the re
sults of the study performed in patients with sickle cell disease. In these patients we 
could not detect AQP2 in urine, indicating that the observed abnormalities in uri
nary concentration in these patients are at least partially caused by defective princi
pal cell function and not merely explained by the absence of a medullary osmotic 
gradient. 

We propose that measuring of AQP2 in urine may be helpful in unravelling the 
pathogenesis of urinary concentration defects in various patient groups suffering 
from acquired NDI. 
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Abstract 

Lithium, a treatment for mental disorders, can cause a se
vere unnary concentration defect through downregulation 
of Aquaponn-2 (AQP2), the vasopressin (AVP)-dependent 
water channel of the kidney collecting duct This is 
thought to occur by inhibition of adenylate cyclase In an 
attempt to further clarify this side-effect of lithium, cells 
of an MDCK clone stably-expressing AQP2 were treated 
with lithium Surprisingly, incubation for 24 or 72 hours 
with 10 to 40 mM LiCl revealed a time- and concentra
tion-dependent increase in water transport (Pf) conferred 
to an effect of lithium at the basolateral side of the cells 
The additional rise in Pf with the AVP-analogue 1-
desamino-8-D-Arginine-Vasopressin (dDAVP), which 
could be totally blocked by the adenylate cyclase inhibitor 
8-deoxy-deadenosine (DDA), showed that lithium did not 
interfere with adenylate cyclase-dependent cAMP genera
tion Semi-quantitative immunoblot-analysis of expression 
levels revealed a 4-fold rise of AQP2 levels upon incuba
tion with lithium Effects of lithium on AQP1, heterolo-
gously expressed in MDCK and LLC-PK] cells, showed a 
2-to 4-fold and 4-fold increase respectively Therefore, the 
effect of lithium was found to be nor cell-type nor protein 
specific The increases in protein levels corresponded with 
a 4-fold nse in AQP2 mRNA, a 3-fold increase in AQP1 
mRNA in the LLC-PK, and unaffected AQP1 mRNA lev
els in the MDCK cells, indicating that part of the observed 
lithium effect occurs through changes in mRNA synthesis 
or stability Since expression of AQP1 and AQP2 in these 
cell-lines is controlled by the widely used SV40 promoter, 
our data clearly demonstrate that lithium induces expres
sion from such constructs Therefore, lithium might be a 
valuable tool to modulate expression controlled by an 
SV40 promoter-dnven construct 
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Introduction 

The mechanisms of water homeostasis of the body have been largely elucidated 
through the identification of molecular water channels, Aquaponns, which facili
tate water transport across cell membranes (1) Water transport in the kidney is 
partly governed by water reabsorption through Aquaponn-2 (AQP2), the vaso-
pressin-dependent water channel, which is present in renal cells of the cortical and 
medullary collecting ducts (2,3) Binding of vasopressin (AVP) to the basolaterally 
located V-2-receptor of these cells activates adenylate cyclase to form 3', 5'-cyclic 
adenosine monophosphate (cAMP), which triggers the redistribution of AQP2 from 
subapically located vesicles to the apical membrane Consequently, water reabsorp-
tion is initiated (2) As a long-term effect, AVP binding stimulates AQP2 expres
sion, which presumably occurs via a cAMP-responsive element identified in the 
promoter region of the AQP2 gene (4) The V-2 receptor and AQP2 protein are 
critically important for the regulation of water homeostasis, because humans with 
inactivating mutations in either the V-2 receptor or the AQP2 gene present with 
severe congenital nephrogenic diabetes insipidus (NDI), a disorder in which the 
kidney is unable to concentrate unne in response to AVP (5,6) NDI can also be 
caused by vanous drugs Lithium, for instance, a widely used treatment for manic-
depressive disorders, often causes NDI after prolonged use (7) In a rat model, lith
ium appeared to cause NDI through downregulation of AQP2 expression (8) Al
though it has been postulated that this effect is caused by decreased generation of 
cAMP (8), it is still unclear which cellular mechanisms are effected by lithium 
In this study, we attempted to simulate the NDI-causing effect of lithium in a 
Madin-Darby Canine Kidney (MDCK) cell-line stably-expressing AQP2 (clone 
WT10) in order to identify the steps in the signalling cascade affected by this drug 
WT10 cells have been shown to redistribute AQP2 from intracellular vesicles to 
the apical membrane upon stimulation with the V-2 receptor agonist l-desamino-8-
D-Argimne-Vasopressin (dDAVP) (9) Surprisingly, AQP2-mediated water trans
port in WT10 cells was found to increase upon lithium treatment In order to clarify 
these unexpected effects of lithium on AQP2-transfected cells, we determined the 
reason why water transport m WT10 cells is increased by lithium 

Material & methods 

• Ce//s and cell culture 
Transfected MDCK cells stably-expressing AQP1 (clone k) (10) or AQP2 (clone 
WT10) (9) and transfected LLC-PKi cells stably-expressing AQP1 (clone 7) (10) 
were grown at 370C in 5% CO2 in Dulbecco's modified Eagle's (DME) medium, 
supplemented with 5% (v/v) fetal calf serum Expression of the respective aq
uaponns in the transfected cells is under control of the simian virus 40 (SV40) 
promoter 

• AQP2-mediated (ranscellular water transport 
Area equivalents of 0 33 cm2 of confluent layers of WT10 cells were seeded onto 
0 33 cm2 polycarbonate filters (Costar, Cambridge, U S A ) On the second day af
ter seeding, the medium was aspirated and replaced by fresh medium in the pres
ence of 5 μΜ indomethacin to reduce basal intracellular cAMP levels Twenty-four 
hours later, water transport was assayed in the presence of indomethacin and with 
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or without 1x10 M dDAVP, by incubation of the apical compartment with 150 μΙ 
of 0 5xKHB (IxKHB contains 1 2 mM MgS04, 128 mM NaCl, 5 mM KCl, 2 mM 
NaHPO,!, 10 mM NaAc, 20 mM HEPES, 1 mM CaCh, 1 mM L-Alanme, 4 mM L-
Lactate, pH=7 4), containing 30 mg/l phenol-red and the addition of 800 μΐ KHB to 
the basal compartment After incubation for 2 hours at 37° C, the content of the 
apical compartment was mixed with a pipette and two aliquots of 50 μΙ per insert 
were put into eppendorf tubes and diluted to 600 μΐ with Tns-buffered Saline ( 
TBS 20 mM Tns, 73 mM NaCl, pH=7 6) containing 2% (w/v) extrane (Merck, 
Darmstadt, Germany) After mixing and centnfugation, absorbance at 479 nm was 
measured The facilitated osmotic water transport (Pfin |im/s) was calculated from 
the acquired absorbances as described (10) 
Unless stated otherwise, the effects of lithium on different cell-types were tested by 
the addition of LiCI to a final concentration of 40 mM in media of both the apical 
and basolateral compartments for the time indicated In order to correct for the os
motic change, control expenments were performed with equimolar concentrations 
of NaCl 
In some water transport expenments, effects of lithium on dDAVP-induced water 
transport were also studied by co-incubation of the cells for during 72 hours with 
1x10^ M 8-deoxy-deadenosine (DDA), a drug that blocks adenylate cyclase (11) 

• Immunoblot analysis 
LLCPK^AQPl, MDCK-AQP1 and WT10 cells were seeded and grown as de
scribed above The medium was aspirated and the cells were lysed in IxLaemmh 
sample buffer containing 100 mM DTT, followed by somfication and denaturation 
for 30 minutes at 370C After SDS-PAGE, the gel was immunoblotted onto immo-
bilon polyvinyl membranes (P V D F , Millipore, Bedford, U S A ) as described 
(12) The efficiency of protein transfer was checked by staining the membranes 
with ponceau red 
Subsequently, the blots were blocked for one hour with 5% non-fat dried milk in 
Tns-buffered saline with Tween (TBS-T 20 mM Tns, 73 mM NaCl, pH=7 6, 0 2 
% Tween) and incubated with a 1 3000 dilution of affimty-punfied rabbit 7 anti-
AQP2 (13) or a 1 50 dilution of a mouse monoclonal antibody, raised against dog 
AQP1 (14) As secondary antibodies, we used a 1 5000 dilution of affimty-punfied 
goat an ti-rabbit antibodies, or a 1 2000 dilution of affimty-punfied sheep anti-
mouse antibodies, all coupled to horseradish peroxidase (Sigma, St Louis, U S A ) 
were used Sites of antigen-antibody reactions were visualised with enhanced 
chemiluminescence according to the protocol provided by the manufacturer (ECL, 
Boehnnger Mannheim, Mannheim, Germany) The obtained signals of lysates of 
NaCI-treated cells were related to a parai lei-blotted twofold dilution senes of lys
ates of LiCI-treated cells Scanning was performed with a densitometer and semi-
quantified using software provided by the manufacturer (Biorad, München, Ger
many) 

• Northern blot analysis 
LLC-PKi-AQPl, MDCK-AQP1 and WT10 cells were seeded on 4 7 cm2 filters 24 
hours after seeding LiCI or NaCl was added to a final concentration of 40 mM for 
the following 48 hours Indomethacin was added to both compartments 24 hours 
before RNA isolation 15 μg of the extracted RNA, isolated according to 
Chomczynski and Sacchi (15), was resolved in a 2 2 M formaldehyde, 1% (w/v) 
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agarose gel, transferred to a nylon membrane and UV cross-linked Hybridisation 
was performed with a probe of an AQP1- or AQP2-cDNA fragment as described 
(10) For normalisation of the obtained signals, the blots were re-hybndised with a 
1250-bp PsIIcONA fragment, coding for rat glyceraldehyde-3-phosphate dehydro
genase (GAPDH) (16) Semi-quantitative analysis of the AQP/GAPDH ratios was 
performed with a densitometer and semi-quantified using software provided by the 
manufacturer (Biorad, München, Germany) 

Results 

Lithium raises AQP2-mediated water transport independent of cAMP 
through the basolateral side. 
To test whether lithium modulates AQP2-mediated water transport, WT10 cells 
were subjected to an osmotic water transport assay after incubation for 24 or 72 
hours with 10, 20 or 40 mM LiCl or NaCl (figure 1) The facilitated water perme
ability (Pr) of cells treated with NaCl under the respective conditions was not dif
ferent from control WT10 cells Therefore, only the Pf of WT10 cells treated with 
40 mM NaCl during 72 hours is given (15 5±1 8 iim/s) The Pf of WT10 cells in
creased from 15 5±1 8, via 22 8±2 6 for 10 mM LiCl, to 37 1±1 4 μηι/5 after 24 
hours incubation with 40 mM LiCl (figure 1) Incubation with LiCl for 72 hours 
showed even a more pronounced increase in basal Pf Although water transport 
could still be augmented with dDAVP, the lithium-induced increase in basal Pf re
duced the relative rise by dDAVP Since NdCl-treated cells revealed a significantly 
lower Pf, the increase in AQP2-mediated osmotic water transport can be specifi
cally attributed to lithium 
To test whether the observed effect of lithium occurred through increased genera
tion of cAMP in WT10 cells, water transport expenments were performed after in
cubation for 72 hours with LiCl or NaCl in the continuing presence of DDA, an 
inhibitor of adenylate cyclase (figure 2) With or without DDA, however, a lithium-
induced water permeability was obtained, while in sodium and lithium-treated 
WT10 cells, application of DDA fully inhibited the dDAVP response, indicating 
that adenylate cyclase was completely blocked by DDA (figure 2) Therefore, the 
lithium effect seemed not to be mediated by cAMP 
In order to delineate if lithium influences AQP2-mediated water transport through 
an apical or basolateral transporter, WT10 cells were incubated for 24 hours in the 
presence of 40 mM LiCl or NaCl at the apical, basolateral or both sides of the filter 
The Pf of cells that obtained lithium only at the apical side of the filter was identical 
to Pf of cells that obtained NaCl at both sides (5 4±3 0 μιη/s) However, with lith
ium at both or only the basolateral side of the filter, the Pf approximated 24 ßm/s 
(figure 3) These data clearly demonstrate that lithium influences AQP2-mediated 
water transport through the basolateral side of the cell 

Lithium increases AQP protein expression, which is protein and cell-type in
dependent. 
To test whether lithium influences the Pf through an increase in AQP2 expression 
levels, equivalents of WT10 cells treated with 40 mM LiCl or NaCl during 48 
hours were subjected to immunoblottmg Indeed, semi-quantitative analysis of the 
obtained signals revealed a 4-fold increase in AQP2 expression upon incubation 
with LiCl (figure 4, upper part) To test whether the observed increase in AQP2 

41 ACTION OF LITHIUM ON SV40 TRANSFECETED CELLS 



expression in transfected MDCK cells is protein or cell-type specific, MDCK and 
LLC-PK| cells, stably-transfected with an AQPl expression construct (10), were 
tested for induction of expression by lithium. Semi-quantitative immunoblot analy
sis of cell lysates of MDCK-AQPl and LLC-PKi-AQPl, revealed a 2 to 4-fold in
crease in AQPl expression in MDCK-AQPl cells with lithium treatment, while 
AQPl expression in LLC-PKi cells augmented 4 times (figure 4, lower part). 

Lithium increases AQP mRNA levels 
An increase in protein expression levels might be a consequence of increased sta
bility and/or synthesis of the protein or its mRNA. To determine whether lithium 
increased AQP mRNA, semi-quantitative northern blot analysis was performed on 
both AQPl-expressing cell lines and WT10 cells (figure 5). After normalisation for 
GAPDH, AQP2 mRNA levels in WT10 cells appeared to increase 4-fold upon 
treatment with LiCl. No AQP2-signal was obtained in MDCK-AQPl cells, which 
demonstrated the specificity of the hybridisation. Northern blot analysis for AQPl 
revealed that AQPl-mRNA levels in MDCK-AQPl cells did not significantly 
change, whereas AQPl-mRNA levels in LLC-PK| cells increased 3-fold upon in
cubation with lithium. Also this hybridisation signal was specific, because no sig
nal was obtained in a sample of WT10 cells, whereas the obtained GAPDH signal 
indicated the presence of mRNA. 
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Fig. 1 AQP2-mediated osmotic water transport in the presence of lith

ium. Area equivalents of WTIO cells were seeded on 0.33 cm2 filters 

and grown for 3 days in the presence of 10 to 40 mM LCI for 24 or 72 

hours. Control cells (c) were grown in the presence of 40 mM NaCI for 

72 hours. Sixteen hours before the osmotic water transport (Pf ± SEM 

in pm/s) with or without 1x10'* M dDAVP was measured, the medium 

was aspirated and replaced by fresh medium in the presence of 5 μΜ 

mdomethadn to reduce basal Intracellular cAMP levels. 
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Fig. 2 Effects of blocking of adenylate cyclase on lithium-induced 
AQP2-mediated osmotic water transport. WT10 cells were grown during 
72 hours in the presence of 40 mM LCI or NaCI with or without the 
continuing presence of 1x10 * M 8-deoxy-deadenosine (DDA), a drug 
that blocks adenylate cyclase. The pre-mcubation with indomethacm 
and water transport assays were performed as described in the legend 
of figure 1. 
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Fig. 3 Side-specific effect of lithium on water permeability of WTIO 

cells. AQP2-mediated osmotic water transport was measured on con

fluent layers of WT10 cells, that had been incubated for 24 hours in the 

presence of 40 mM UCI (ü) or NaCI (Na) at the apical (apic), baso-
lateral (basol.) or both sides of the filter. The pre-mcubation with m-
domethacm and water transport assays were performed as described in 
the legend of figure 1. 
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Fig. 4 Effects of lithium on AQPl and AQP2 expression levels. MDCK 

and LLC-PKi cells, stably-transfected with an AQPl expression construct 

and MDCK cells stably-transfected with an AQP2 expression construct 

(WTIO) were seeded onto filters and incubated as described in the leg

end of figure 1, except that 40 mM ÜCI or NaCI was present during 48 

hours. Subsequently, the cells were lysed by resuspendmg the filters in 

Laemmli sample buffer and equal amounts of cell lysates were sub

jected to semi-quantitative immunoblot-analysis. AQP signals were de

tected by incubation with either an affinity-purified rabbit anti-AQP2 an

tibodies or a mouse monoclonal antibody raised against dog AQPl. As 

secondary antibodies affinity-purified goat anti-rabbit antibodies or af

finity-purified sheep anti-mouse antibodies were used, all coupled to 

horseradish peroxidase. Visualisation was performed by enhanced 

chemilummescence. The molecular mass (in kDa) of marker proteins is 

indicated. 
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Fig. 5 Effects of lithium on AQPl and AQP2 mRNA expression levels. 

MDCK and LLC-PKi cells, stably-transfected with an AQPl expression 

construct and MDCK cells stably-transfected with an AQP2 expression 

construct (WT10 ) were seeded onto filters and incubated as described 

in the legend of figure 4. RNA was isolated and 15pg was separated on 

an agarose gel, transferred to a nylon membrane and UV cross-linked. 

The blot was hybridized with an (a-32P)-labeled AQPl or AQP2 probe. 

For normalization, the blot was also hybridized with a rat glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) probe. 
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Discussion 

Lithium salts, which are prescribed for the management of affective disorders, par
ticularly manic-depressive illness (17), cause NDI in 20% of the patients and thus 
represents a substantial morbidity associated with a common treatment. In a rat 
model, it appeared that lithium-induced polyuria co-incided with a strongly de
creased collecting duct AQP2 expression, which was only partially reversed by 
cessation of the therapy, thirsting or dDAVP treatment (8). It has been suggested 
that lithium inhibits the vasopressin-induced increase in cAMP (7), which is 
thought to occur via inhibition of adenylate cyclase activity. This would be in line 
with reduced collecting duct AQP2 expression levels, because cAMP increases 
AQP2 mRNA synthesis via a cAMP responsive element (4). Alternatively, lithium 
has been suggested to modify the activity of G-proteins and adenylate cyclase 
through competition with magnesium (18,19). To obtain more insight in the under
lying mechanism of lithium-induced NDI, we tested the effects of lithium on our 
AQP2-expressing cell line WT10. In contrast to in vivo effects, however, lithium 
appeared to upregulate AQP2-mediated water transport in a time and dose-
dependent fashion (figure 1). This water transport could still be augmented by 
dDAVP, even at the highest concentration of lithium (40 mM) and for the longest 
period tested (72 hours) (figure 1), which demonstrates that, in MDCK cells, lith
ium does not completely block adenylate cyclase, if at all lithium inhibits adenylate 
cyclase. These observations are in line with published data, that the unne osmo
lality of lithium-treated rats can still be increased with dDAVP (8). In addition, the 
lithium-induced increase in AQP2-mediated water transport appeared to be inde
pendent of adenylate cyclase action, because the effect of lithium could not be 
blocked by DDA (figure 2). 

The observed lithium effect only occurred when lithium was present at the baso-
lateral side of the cell (figure 3). Experiments in human erythrocytes revealed com
petition between lithium and hydrogen for the amiloride-insensitive Na/H-
exchanger (20). Since a similar carrier has been localised in the basolateral mem
brane of MDCK cells (21), the observed lithium effect might be conferred to this 
transporter. 
Analysis of AQP2 protein and mRNA levels in WT10 cells revealed that both were 
increased by lithium. Although unstimulated WT10 cells have a slightly increased 
water permeability in comparison to non-transfected MDCK cells, AQP2 is pre
dominantly stored in intracellular vesicles (9). The lithium-induced rise in AQP2-
mediated water transport is presumably an effect of increased AQP2 expression 
levels, which saturates the storage capacity of intracellular vesicles with a conse
quent increased insertion of AQP2 into the apical membrane. This hypothesis is 
supported by the finding that other MDCK cell-lines with higher AQP2 expression 
levels than WT10 cells exert a higher basal water transport (P.M.T. Deen, unpub
lished observations). The augmentation of the lithium-induced Pf by dDAVP, 
which induces redistribution of AQP2 from intracellular vesicles to the apical 
membrane, furthermore corroborates on this hypothesis. 
The observed effects of lithium on AQP2 protein and mRNA levels were not pro
tein- or cell-specific, because similar effects were seen in MDCK and LLC-PKi 
cells stably-transfected with and AQP1 expression construct. Interestingly, the ob
served increases in AQP protein levels were higher than increases in mRNA levels. 
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which indicates that the major effect of lithium is on mRNA levels with subsequent 
changes in AQP protein levels. The absence of an instant effect of lithium (not 
shown) and the observed increase in basal water transport between one and three 
days of incubation with lithium affirm this hypothesis, because mRNA synthesis is 
a relatively slow process. Although the effects of lithium on the amount of mRNA 
and protein are evident, it is unknown whether lithium increases the synthesis 
and/or stability of mRNA or proteins. 
A common aspect of all tested cell lines is that the AQP1 and AQP2 cDNAs are 
under transcriptional control of an SV40 promoter. Therefore, lithium is likely to 
increase SV40 driven transcription. To study the heterologous expression of pro
teins under control of a cytomegalovirus immediately early promoter, induction of 
expression by butyric acid is often applied (22). Since the SV40 promoter is also 
widely used to heterologously express proteins in different cell lines, lithium might 
be a valuable tool to increase expression from such vectors. 
In conclusion, AQP2-expressing MDCK (WT10) cells can not be used as a model 
cell line for lithium-induced Nephrogenic Diabetes Insipidus, because this drug in
duces a strong increase in AQP2 mRNA and consequently AQP2 protein levels. 
Since the lithium-induced increase in expression seems general for SV40-driven 
constructs, this drug might be a valuable tool in studies involving heterologous ex
pression of proteins under transcriptional control of the widely used SV40 pro
moter. 
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Glycosylation has been shown to be important for proper 
routing and membrane insertion of a number of proteins 
In the collecting duct, Aquaponn-2 (AQP2) is inserted into 
the apical membrane after stimulation of vasopressin type-
2 receptors and retrieved into an endosomal compartment 
after withdrawal of vasopressin We investigated the extent 
of glycosylation of AQP2 in human kidney and unne and 
the effects of deglycosylation on routing of AQP2 in an 
AQP2-transfected MDCK cell-line (clone WTIO) Semi
quantitative immunoblotting of human kidney membranes 
and urine showed an AQP2 glycosylation percentage of 
35-45 for medulla, papilla and unne, with low variation 
among individuals The dDAVP-induced transcellular os
motic water permeability (Pf) of WTIO cells by a factor of 
2 6±0 2 was reduced to 1 5±0 1 upon pre-treatment with 
the glycosylation inhibitor tumcamycin However, when 
WTIO cells were incubated with 8-br-cAMP, the Pf in
creased by a factor 2 8±0 2 and by 2 9±0 2 after pnor in
cubation with tumcamycin Immunoblot analyses revealed 
that in WTIO cells 34% of AQP2 is glycosylated, which 
was reduced to 2% upon tumcamycin treatment Surface 
biotinylation and subsequent semi-quantitative im
munoblotting revealed that stimulation by cAMP increased 
the level of AQP2 in the apical membrane of WTIO cells 
1 5-fold, independent of the presence of tumcamycin 
However, in tumcamycin-treated WTIO cells all AQP2 in 
the apical membrane was unglycosylated, whereas in un
treated cells 30% of AQP2 in the apical membrane was 
glycosylated These results prove that glycosylation has no 
function in the routing of AQP2 in MDCK cells 
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Introduction 

The mechanism of facilitated water transport across epithelial membranes has been 
largely elucidated after the molecular identification of water channels, called aq-
uaponns At present 8 different aquaponnes have been identified in various tissues, 
including the kidney (1-4) A significant amount of water reabsorption in this organ 
occurs through Aquaponn-2 (AQP2), the vasopressm-dependent water channel, 
which is expressed at the apical side of principal cells of the cortical collecting duct 
and inner medullary collecting duct cells (5,6) In response to binding of vaso
pressin to the basolaterally located vasopressin (V-2) receptor of these cells, ade
nylate cyclase is activated resulting in an increase in 3',5'-cyclic adenosine mono
phosphate (cAMP) This increase in cAMP tnggers a cascade resulting in fusion of 
subapically located vesicles containing AQP2 with the apical membrane, which 
renders these cells water permeable (7) 
In mammalian kidney and in unne two forms of AQP2 are detected, a non-
glycosylated form of 29 kD and a glycosylated form of 40 to 45 Kd (8,9) The role 
of glycosylation of AQP2 is unclear In general, carbohydrates have been proposed 
to be involved in protein folding or might act as recognition sites for specific 
ligands, such as selectins (10) Furthermore, glycosylation has been shown to be 
important for the routing of proteins towards a specific side of the cell For in
stance, the unglycosylated renal Na/Pi cotransporter 2 was partially impaired in its 
transport to the plasma membrane and glycosylation of the Growth Hormone was 
shown to be essential for its routing towards the apical membrane (11,12) In addi
tion. Lu et al showed that inhibition of glycosylation of hepatitis Β virus glycopro
teins resulted in aggregation and aberant trafficking of these proteins (13) Bai et al 
demonstrated that glycosylation has no effect on the water permeability of AQP2 in 
Xenopus oocytes (14) In contrast to Madin-Darby canine kidney (MDCK) cells, 
however, these cells are not polarized, lack vasopressin receptors and are therefore 
not suitable to study dDAVP-dependent routing of AQP2 

Recently, we have generated an AQP2-transfected MDCK cell-line (clone WT10), 
which shows proper routing of AQP2 (15) Incubation of WT10 cells with the 
vasopressin analogue l-desamino-8-D-Arginine-Vasopressin (dDAVP) resulted in 
translocation of AQP2 proteins from intracellular vesicles to the apical plasma 
membrane, coinciding with a threefold increase in transcellular osmotic water per
meability 

In order to study the role of glycosylation of AQP2, we first determined the ratio of 
glycosylated versus non-glycosylated AQP2 in human kidney and urine using 
semi-quantitative immunoblotting Next the role of glycosylation in AQP2 traffick
ing in WT10 cells was studied by measuring the dDAVP/ cAMP-induced AQP2-
mediated transcellular osmotic water permeability and the expression of AQP2 in 
the apical plasma membrane after deglycosylation 
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Material and methods 

• Cell culture 
MOCK and WTIO cells were grown at 370C in 5% CO2 in Dulbecco's modified 
Eagle's (DME) medium, supplemented with 5% (v/v) fetal calf serum. Glycosyla-
tion was blocked with tunicamycin, a drug known to inhibit glycosylation of pro
teins by blocking the addition of N-acetylglucosamine to dolichol phosphate in the 
endoplasmic reticulum, which is the first step in the formation of the core oligosac
charide (16). 

• Transcellular water transport 
The spectroscopic method used to determine transcellular osmotic water transport ( 
Pr; nm/s) has been described (15,17). Area equivalents of 0.33 cm2 of confluent 
layers of MDCK and WTIO cells were seeded onto 0.33 cm2 polycarbonate filters 
(Costar, Cambridge, U.S.A.). On the second day after seeding, the medium was 
aspirated and replaced by fresh medium in the presence of 1 μΜ indomethacin with 
or without 0.5 Hg/ml of tunicamycin.Twenty-four hours later, the apical and baso-
lateral compartments of the tissue culture chamber were emptied. Next, 150 μΙ of 
O.SxKHB (IxKHB contains 1.2 mM MgS04, 128 mM NaCI, 5 mM KCl, 2 mM 
NaHPO«, 10 mM NaAc, 20 mM HEPES, 1 mM CaCh, 1 mM L-Alanine, 4 mM L-
Lactate; pH=7.4) containing 30 mg/1 phenol-red was added to the apical compart
ment and 800 μΐ KHB was added to the basal compartment, both with the same ad
ditions as the last 24 hours and with or without 1x10' M dDAVP. After incubation 
for 2 hours at 370C, the content of the apical compartment was mixed with a pi
pette and two (duplo) aliquots of 50 μΐ per insert were put into eppendorf tubes and 
diluted to 600 μΐ with Tris-buffered Saline ( TBS: 20 mM Tris, 73 mM NaCI; 
pH=7.6) containing 2 % (w/v) extrane (Merck, Darmstadt, Germany). After mixing 
and centrifugation, absorbance at 479 nm was measured.The Pr was calculated 
from the acquired absorbances as described by Deen et al. (15). Analogous experi
ments have been performed in the presence or absence of 1x10" M 8-bromo-3',5'-
cyclic adenosine monophosphate ( 8-br-cAMP), a cell-permeable synthetic ana
logue of cAMP. 

• Biotinylation 

To semi-quantify the expression levels of AQP2 in the apical membrane, WT10 
cells were grown on 4.7 cm polycarbonate filters (Costar, Cambridge, U.S.A.), 
treated with or without 8-br-cAMP in the presence or absence of tunicamycin and 
assayed for water transport as described above. Subsequently, the cells were 
washed twice with ice-cold ethanolamine-buffered saline (EBS; 10 mM tri-
ethanolamine, 150 mM NaCI, 1 mM MgCh, 0.1 mM CaCh; pH 9.0), the apical 
side of the cells was incubated twice for 30 minutes with 650 μΙ of 5 mg/ml NHS-
SS-biotin (Pierce, Rockford, II, USA) in EBS at 40C and washed twice with ice-
cold PBS-CM (137 mM NaCI, 8.4 mM Na2HP04, 1.5 mM KH2PO4, 2.7 mM KCl, 
1 mM MgCU, 0.1 mM CaCh; pH 7.4). Next, free biotin was quenched with a 10 
minutes incubation with 50 mM NH4CI in PBS at 40C, followed by two washes 
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with PBS-CM The cells from each filter were scraped, spun down, resuspended in 
500 μΐ lysis buffer (20 mM Tns-HCl, pH=8 0, 150 mM NaCl, 5 mM EDTA, 1% 
Tnton X-100, 0 2% BSA, 1 mM PMSF, 5 Kg/ml leupeptin and pepstatin), soni
cated 4 times for 15 seconds and incubated at 370C for 20 minutes Undissolved 
complexes were spun down for 10 minutes at 14000g at 40C and the supernatant 
was incubated at 40C for 16 hours with streptavidin-agarose beads (Pierce, II, 
USA), which had been pre-incubated with lysis buffer for 24 hours at 40C After a 
16 hours incubation at 40C, the beads were washed three times with lysis buffer, 
twice with lysis buffer without BSA and divided into two equal portions 

• Unne samples 
100 ml of unne was spun down at 3 000g for 10 minutes to remove cellular debns 
Subsequently, the unne was concentrated by ultrafiltration using Amicon stirred 
cells with YM10 membranes (Amicon Ine , Beverly, U S A ) according to the pro
tocol provided by the manufacturer Concentrated unne samples were stored at -
20oC in the presence of the following protease inhibitor mix 1 mM phenylmethyl-
sulfonyl fluonde (PMSF), 5 μg/ml leupeptin and 5 μg/ml pepstatin A The concen
tration of creatinine in the unne samples was determined by standard automated 
techniques 

• Human kidney membrane preparation 
Human cortex, inner medulla and papilla tissue samples were obtained from the 
normal part of a kidney removed because of a renal cell carcinoma The tissue was 
nnsed in PBS ( 80 mM Na2HP04, 20 mM NaH2P04, 100 mM NaCl, pH 7 6) and 
stored at -80oC until usage The tissue samples were homogenized in homogemza-
tion buffer A (HbA 20 mM Tns, 5 mM MgCh, 5 mM NaHP04, 1 mM EDTA), 
supplemented with the above-mentioned protease inhibitor mix and centnfugated at 
3000g for 10 minutes Next, the supernatant was centnfugated at 100000g for 60 
minutes to collect the membranes The obtained samples were dissolved in a small 
volume of HbA and stored at 20oC The protein concentrations were determined 
using the BioRad protein assay (Biorad, München, Germany) 

• Preparation ofMDCK and WT10 membranes 
After being assayed for transcellular water transport, cultured MDCK and WT10 
cells were scraped from 4 7 cm polycarbonate filters (Costar, Cambndge, U S A ) 
in ice-cold PBS and centnfugated at 200g for 5 minutes The pellet ws resuspended 
in ice-cold HbA with protease inhibitors, sonicated 4 times for 15 seconds and cen
tnfugated at 5000g for 10 minutes Subsequently, membranes were isolated from 
the supernatant as desenbed above 

• Endoglycosidase-F digestion 
30 or 10 μg protein equivalents of membranes from kidney or WT10 cells, respec
tively, the equivalent of 4 μτηοΙ creatinine of concentrated urine or biotmylated 
protein samples were incubated for 30 minutes at 370C in denatunng buffer (0 5% 
SDS with 1 % ß-mercaptoethanol) and digested for 1 hour with 500 U endoglycosi-
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dase-F (Endo-F) according to the protocol provided by the manufacturer (New 
England Biolabs, Beverly, U.S.A.). Control samples were prepared identically ex
cept for the addition of the enzyme. 

• Immunoblot-analysis 
Protein samples were brought to lx Laemmli sample buffer containing 1 mM DTT 
and denatured for 30 minutes at 3TC. After SDS-PAGE the gel was immunoblot-
ted as described (18). The amounts of protein loaded and the efficiency of protein 
transfer was checked by staining the nitrocellulose membranes with ponceau red. 
Subsequently the blots were blocked with 5% (w/v) non-fat dried milk in TBS-
0.2%(v/v) tween for 1 h and incubated with a 1:3000 dilution of affinity-purified 
rabbit anti-AQP2 immunoglobulins, which have been raised against the 15 C-
terminal amino acids of rat AQP2 (19), a 1:10.000 dilution of goat antiserum 
against human Tamm-Horsfall proteins (THP) (Organon Teknika Co., West Ches
ter, U.S.A.) or a 1:50 dilution of a mouse monoclonal antibody raised against dog 
AQP1 ((20); gift from M.L. Jennings, Galveston, TX). As secondary antibodies we 
used a 1:5000 dilution of affinity-purified goat anti-rabbit antibodies, a 1: 2000 di
lution of affinity-purified rabbit anti-goat antibodies, or a 1:2000 dilution of affini
ty-purified sheep anti-mouse IgG antiserum, all coupled to horseradish peroxidase 
(Sigma, St.Louis, U.S.A.). Sites of antigen-antibody reactions were visualized with 
enhanced chemi luminescence (ECL, Boehnnger Mannheim, Mannheim, Germany) 
according to the protocol provided by the manufacturer. 
In order to semi-quantitate the amount of AQP2 in a sample, a synthetic peptide 
corresponding to the last 15 amino-acids of rat AQP2 was conjugated to bovine 
serum albumin as described (19). A two-fold dilution series of this conjugate was 
used during the immunoblot analysis to standardize for the amount of AQP2 in the 
samples. The band densities of the standards and samples on X-ray film were 
scanned by densitometry and quantified using software provided by the manufac
turer (Biorad, München, Germany). A curve was constructed of known conjugate 
amounts versus densitometric units. Subsequently, the densities of the samples 
were converted to numerical values calculated from the linear part of the standard 
curve. The same protocol was used to semi-quantify AQP1. Here, a two-fold dilu
tion series of erythrocyte ghost membranes, which were isolated according to Ben-
neth (21), was used to construct a standard curve. 

Results 

Glycosylation ratio in vivo 
In humans, AQP2 is found in an unglycosylated and glycosylated form. To test 
whether the extent of glycosylation of AQP2 found in urine differs among indi
viduals, urine samples of four persons were analysed. Semi-quantitative im
munoblot analysis of creatinine-equivalents of urine samples treated with or with
out endo-F revealed that in each individual 35 to 45% of AQP2 was glycosylated 
(Fig.l, upper panel). Semi-quantification of AQP1 in the same samples showed 
that only 22% of AQP1 was glycosylated (not shown). To check whether endo-F 
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treatment was complete, a blot containing unne samples was re-incubated with an

tibodies directed against THP The obtained THP-signals showed a complete shift 

from the glycosylated form of THP (95 kD) towards the de-glycosylated form of 

THP (80-85 kD) after endo-F, even after prolonged exposure treatment (Fig 1, 

lower panel) These results indicated that with the endo-F treatment deglycosyla-

tion was done to completion 

In the kidney AQP2 is expressed in the cortex, medulla and papilla (22), but 

whether the extent of glycosylation of unne AQP2 correlates with AQP2 

glycosylation in a certain region of the kidney is unknown Therefore protein 

equivalents of cortex, medulla and papilla membranes and a unne sample of the 

same individual were treated with or without endo-F and immunoblotted (Fig 2) 

Densitometrie scanning revealed that the extent of glycosylation in kidney medulla, 

papilla and unne was similar (35-45%) The glycosylation ratio for AQP2 in 

cortical membranes could not be determined because of low expression levels of 

AQP2 

Transcellular water transport 
In order to analyze whether glycosylation of AQP2 is important for proper routing 

of AQP2, we first determined the concentration and incubation time of tumcamy-

cin, which inhibited glycosylation of AQP2 to the highest possible degree. Usage 

of 0 5 μg/ml tunicamycin, but not 0.25 μ§/π)Ι, for 24 hours revealed a similar level 

of inhibition of glycosylation as higher concentrations, while incubations for longer 

penods than 24 hours affected the integnty of the cell monolayer (not shown). 

Therefore, an incubation period of 24 hours with 0.5 μ§/πι1 tunicamycin was cho

sen to test the importance of glycosylation of AQP2 for dDAVP-induced AQP2-

mediated transcellular water transport 

The Pf's (nm/s± SEM) of untreated non-transfected MDCK cells was 7 3±0.9 (>6) 

and 7.9±0.6 μτη/β (>6) upon incubation with dDAVP. Treated with tunicamycin, 

the basal Pf was 7 1±1.0 μτη/ζ (>6), while stimulation with dDAVP resulted in a Pf 

of 5.6±0.7 nm/s (>6) These data show that watertransport in native MDCK cells 

was not influenced by tunicamycin nor by dDAVP With tunicamycin, the Pf of 

WT10 cells increased from 13 6±1 2 (>30) to 20.4±1.4 μιη/s (>30) upon incubation 

with dDAVP, which is a 1 5±0 1 fold increase, whereas with untreated cells, the Pf 

increased from 10 3±1 3 (>30) to 26.7±1.5 nm/s (>30), corresponding to a 2.6±0.2 

fold increase (Fig 3) These results show a significant reduction in dDAVP-

induced watertransport in WT10 cells upon treatment with tunicamycin 

Since tunicamycin prevents glycosylation of all proteins, it was tested whether the 

reduction in dDAVP-induced water transport upon tunicamycin treatment is not 

due to deglycosylation of AQP2, but to deglycosylation of a key-protein in the 

cAMP generating cascade To circumvent this cascade, we performed water trans

port assays on WT10 cells in the presence of 8-br-cAMP The Pf of untreated 

WT10 cells increased from 10 3±1 3 (>30) to 28.5±2.1 μπι/s (>16) upon incubation 

with 8-br-cAMP, which is a 2 8±0 2 fold stimulation Osmotic water transport in 

tumcamycin-treated WT10 cells increased from 13.6±1 2 (>30) to 39.2±3.6 |im/s 

(>16) upon stimulation with 8-br-cAMP, which is an increase by a factor of 
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2 9±0 2 (Fig 3) Therefore, we concluded that the increase of transcellular osmotic 
water transport upon stimulation by cAMP was independent of tumcamycin 

State of glycosylation 
In all following expenments, cells were assayed for water transport as a control 
The obtained Pf's were similar to those above To test whether tumcamycin treat
ment resulted in the total absence of glycosylated AQP2, microsomal membranes 
were isolated from untreated and tumcamycin-treated WT10 cells These mem
brane fractions were each divided into two portions of which one was subjected to 
endo-F digestion Immunoblotting and semi-quantitative analyses of the obtained 
signals revealed that in untreated cells, endo-F digestion increased the 29 kDa 
AQP2 signal by 34% (Fig 4A) In tumcamycin-treated cells, the unglycosylated 
AQP2 signal still increased by 2% upon endo-F digestion, which indicated that the 
majonty of AQP2 was de-glycosylated, but that a small amount of glycosylated 
AQP2 remained present Membranes of untransfected MDCK cells were negative 
for AQP2 staining (NC in Fig 4A) Films that had been exposed to the im-
munoblots for a longer penod showed a diffuse band of glycosylated AQP2 around 
45 kD in the lane loaded with membranes of untreated WT10 cells, but this band 
disappeared upon digestion with endo-F (Fig 4B) The 45 kDa band could not be 
detected in lanes of tumcamycin-treated WT10 cells or native MDCK cells (not 
shown) Ponceau staining indicated that less protein was loaded in the lanes of non-
tumcamycin-treated WT10 cells, which explains the weaker AQP2 signals 

In conclusion, cAMP-stimulation confers a nearly 3-fold increase in AQP2-
mediated transcellular water transport in untreated and tumcamycin-treated WT10 
cells, corresponding to 66% and 98% of unglycosylated AQP2, respectively To 
exclude the possibility that the cAMP-induced water transport in both conditions is 
conferred by a small amount of glycosylated AQP2, biotinylation expenments were 
performed to determine the state of glycosylation of AQP2 present at the apical 
membrane of WT10 cells Untreated or cAMP-treated WT10 cells, pre-incubated in 
the presence or absence of tumcamycin, were biotinylated at the apical surface Bi-
otinylated proteins were precipitated with streptavidin-agarose beads, treated with 
or without endo-F and immunoblotted for AQP2 (Fig 5) Densitometnc semi
quantitative scanning of the obtained signals revealed that upon cAMP treatment, 
the amount of AQP2 in the apical membrane of WT10 cells was increased nearly 
1 5 fold, independent whether the cells were treated with tumcamycin or not This 
indicates that the 3-fold increase in Pf upon stimulation by cAMP is conferred to 
the cells by a 50% increase in the amount of AQP2 at the apical membrane Endo-F 
digestion of apical membrane proteins of cells incubated with or without cAMP, 
showed a 30% increase in the 29 kDa AQP2 signal In tumcamycin-treated WT10 
cells, the 29 kDa AQP2 signal was not increased by endo-F digestion This indi
cated that after tumcamycin treatment, nearly all AQP2 at the apical membrane is 
deglycosylated Of interest is the observation that the signals obtained from tum
camycin-treated cells were at least two-fold stronger than those from untreated 
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cells, which suggests that binding of biotin to AQP2 is hindered by the sugar moie
ties of membrane proteins. 
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Fig. 1 Immunoblot analysis of AQP2 in human urine. Upper panel: 4 
pmol Creatinine equivalents of urine samples of three individuals (urine 
1-3) were treated with (+) or without (-) endoglycosidase-F (Endo-F), 
denatured and immunoblotted. Glycosylated (g-AQP2) and unglycosy-
lated AQP2 (AQP2) were detected with affinity-purified AQP2 antibodies 
as primary and goat anti-rabbit IgG coupled to horse-radish peroxidase 
as secondary antibodies and visualized with enhanced chemilumines-
cence. Lower panel: The same blot was re-incubated with goat antise
rum antibodies directed against the Tamm-Horsfall protein (THP). Affin
ity-purified rabbit anti-goat antibodies coupled to horse-radish peroxi
dase were used as secondary antibodies. Size markers (in kDa), and 
glycosylated (g-THP) and unglycosylated THP (THP) are indicated. 
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unne cortex medulla papilla 
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4 5 - · · -g-AQP2 

Fig. 2 Immunoblot analysis of AQP2 in human kidney and urine of the 

same individual. 30 pg protein equivalents of cortex, medulla and pa

pilla membranes together with a 4 μπιοΙ aeatinine equivalent of urine 

of the same individual were treated with (+) or without (-) endoglyco-

sydase-F (endo-F), denatured and immunoblotted to detect AQP2 as 

described in the legend of figure 1. Size markers (in kDa), and glycosy

lated (g-AQP2) and unglycosylated AQP2 (AQP2) are indicated. 
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Fig. 3 Transcellular osmotic water permeabilities (Pf) of WTIO cells. 
WTIO cells were pre-treated with or without tunicamycin for 24 hours 
and subsequently assayed for dDAVP or cAMP induced AQP2-mediated 
water transport. Shown is the increase factor in Pf compared to the wa
ter transport of non-induced WTIO cells. 
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Fig. 4 Immunoblot analysis of AQP2 m WTIO membranes. A) 10 pg of 

protein equivalents of membranes of WT10 cells, which had been pre-

treated with (+) or without (-) tumcamycin, were treated with (+) or 

without (-) endoglycosidase-F (endo-F) and immunoblotted for AQP2 as 

described in the legend of figure 1. Size markers (in kDa) and unglyco-

sylated AQP2 (AQP2) are indicated. Membranes of MDCK cells, not 

treated with tumcamycin nor endo-F, were taken as a negative control 

(NC). Β) Prolonged exposure of an immunoblot of membranes of 

WT10 cells treated with or without endoglycosidase-F (endo-F). Ungly-

cosylated AQP2 and glycosylated AQP2 (g-AQP2) are indicated. 
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Fig. 5 Immunoblot analysis of AQP2 present in the apical membrane 
of WT10 cells. WT10 cells, pretreated with (+) or without (-) tumcamy-
cm were stimulated with cAMP (left panel) or unstimulated (right 
panel). Subsequently, proteins in the apical membrane were bioti-
nylated, precipitated with streptavidm-agarose beads, treated with (+) 
or without (-) endoglycosidase-F (endo F) and immunoblotted for AQP2 
as described in the legend of figure 1. WT10 cells treated identically, 
except for addition of biotin in the biotinylation step, were taken as a 
negative control (NC). Size markers (in kDa) and unglycosylated AQP2 
are indicated. 
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Discussion 

Both Elliot et al and Kanno et al have reported that a substantial amount of AQP2 
in mammalian kidney and unne is glycosylated (8,23), but the role of glycosylation 
in the functioning of water channels remained elusive Our observations that in 
unnes of four individuals 35-45% of the total amount of AQP2 was glycosylated 
shows that the extent of glycosylation of AQP2 among individuals is similar The 
extent of glycosylation of AQP2 in unne, kidney medulla and papilla in one indi
vidual also shows that the intra-individual variation in AQP2 glycosylation is low 
It furthermore demonstrates that once AQP2 is glycosylated, it remains in this form 
even after excretion into the unne Based on our observations, it can not be con
cluded whether AQP2 detected in unne is denved from a specific part of the renal 
collecting duct 
Interestingly, the extent of glycosylation of AQP2 (35-45%) is higher than that of 
AQP1 (25%) We found a similar level of glycosylation for AQP1 (22%) as previ
ously reported, which excludes the possibility that the application of a different 
technique introduced the observed difference in glycosylation of AQP1 and AQP2 
AQP1 resides in the membrane as a homotetramer, so it has been deduced that one 
molecule of AQP1 per tetramer is glycosylated (24,25) Assuming that AQP2 also 
appears in the membrane as homotetramers, it is likely that one to two molecules of 
AQP2 per tetramer are glycosylated 
To determine the role of glycosylation in routing of AQP2, transcellular osmotic 
water permeability was studied in WTIO cells treated with or without tumcamycin 
It has been shown that in the used MDCK-type I cells, like in collecting duct cells, 
the apical membrane is the rate-limiting banner for water permeability (26) Fur
thermore, upon stimulation of WTIO cells by dDAVP or cAMP, AQP2 is translo
cated from intracellular vesicles to the apical membrane (15) Therefore, it is very 
likely that in WTIO cells, treated with or without tumcamycin, comparable 
amounts of AQP2 must be routed towards the apical membrane to confer similar 
transcellular water permeabilities 

Upon treatment with tumcamycin, water transport assays performed on WTIO cells 
showed a clear reduction in the response to dDAVP, which was not obtained when 
water transport assays were performed in the presence of 8-br-cAMP These latter 
results indicated that glycosylation is not important for proper routing and function
ing of AQP2 and that the inhibitory effect of tumcamycin on dDAVP-induced wa
ter transpon is presumably caused by an impaired function of a deglycosylated pro
tein, essential for generation of cAMP This might be the V-2 receptor 
Semi-quantitative immunoblotting of microsomes of cAMP-induced WTIO cells, 
however, revealed that the level of AQP2 glycosylation in WTIO cells (30%), 
which was similar to that found in unne and kidney specimen, was not completely 
deglycosylated by tumcamycin treatment (Fig 4A) In theory, the observed in
crease in cAMP-induced water transport after pre-incubation with tumcamycin 
might have been conferred to WTIO cells by the translocation of the small amount 
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of glycosylated AQP2, while the majonty of unglycosylated AQP2 remained inside 
the cell Therefore, biotmylation expenments were performed to determine the gly
cosylation state of AQP2 in the apical membrane It appeared that the cAMP-
induced translocation of AQP2 increased the amount of AQP2 at the apical mem
brane by a factor of 1 5 fold, independent of tunicamycin pre-treatment However, 
m untreated WT10 cells 30% of AQP2 at the apical membrane was glycosylated, 
whereas in tumcamycin-treated cells all AQP2 at this membrane was unglycosy
lated These results clearly show that the routing of AQP2 towards the apical mem
brane upon stimulation by cAMP is independent of the state of glycosylation of 
AQP2 Furthermore, the level of glycosylated AQP2 at the apical membrane of un
treated cells (30%) is similar to that found in the entire cell (34%) This result fur
ther corroborates our finding that glycosylation of AQP2 has no role in the vaso-
pressm-dependent routing of AQP2 towards the apical membrane 
Since in WT10 cells the routing and functioning of unglycosylated AQP2 is not 
different from glycosylated AQP2, carbohydrates apparently do not act as an apical 
targeting signal for AQP2 and do not have a significant influence on AQP2 folding 
or biosynthetic trafficking Therefore, the biological importance of glycosylation of 
AQP2 remains to be established 
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Abstract 

Using isolated kidney collecting tubules it has been demon
strated that activation of protein kinases C (PKCs) by sev
eral ligands inhibits l-desamino-8-D-Arginine-Vasopressin 
(dDAVP)-induced Aquaporin-2 mediated osmotic water 
transport. This presumably occurs through interference 
with generation of cAMP, apical redistribution of AQP2 or 
both actions. To delineate this mechanism, effects of PKC 
activation were tested in stably-transfected MDCK cells 
expressing AQP2 (clone WT10), which show reversible 
dDAVP-induced apical redistribution of AQP2 from intra
cellular vesicles. Next, PKC-isotypes involved in this proc
ess were identified. Incubation of WT10 cells with lxlO"8M 
dDAVP for 45 minutes maximized transcellular water per
meability (PptSEM; μιη/8) from 11.3±2.7 to 34.1±1.6. In
cubation of stimulated WT10 cells with phorbol myristate 
acetate (PMA) in the continuing presence of dDAVP, re
vealed a time- and concentration-dependent reduction in Pf 
with a maximal reduction in Pf to unstimulated levels after 
co-incubation of stimulated WT10 cells with lxlO"7M 
PMA for 90 minutes. Similar experiments with 1x10' Μ α-
PMA had no effect on water transport kinetics. Apical 
biotinylation of dDAVP-stimulated WT10 cells showed 
30% reduction in apical AQP2 upon subsequent PMA 
treatment, while immunocytochemistry revealed that AQP2 
redistributed from the apical membrane to intracellular 
vesicles similar to unstimulated WT10 cells in forsko-
lin/PMA treated cells. PMA had no major effect on protein 
kinase A (PKA)-dependent phosphorylation of AQP2. Im-
munoblot-analysis of lysates and high-speed vesicles of 
unstimulated WT10 cells revealed clear signals for PKC-
α, δ, ε, θ, ζ, λ, ι and μ in lysates and for PKC-α, λ, ι and μ 
in vesicles. PKC-ßll was highly-enriched in vesicles of 
WT10 cells. 

In conclusion: PMA-induced reduction of dDAVP-
stimulated AQP2 mediated water transport in WT10 cells is 
not caused by an effect on cAMP generation or PKA-
dependent phosphorylation of AQP2, but is due to redistri
bution of AQP2 from the apical membrane towards intra
cellular vesicles, similar to unstimulated cells. Based on 
common identification in inner medullary collecting duct 
and WT10 cells PKC- α, δ, e, and possibly -η might be 
involved in this process. 
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Introduction 

In the kidney, 90% of the filtered pro-unne is reabsorbed in proximal tubules and 
descending limbs of Henle's loop The reabsorption of the remaining 10% of pro-
unne occurs in collecting duct pnncipal cells and is regulated by the antidiuretic 
hormone arginine vasopressin (AVP)(1) Upon stimulation with AVP, pnncipal 
cells concentrate pro-unne via Aquaponn-2 (AQP2) in the apical and via AQP3 
and AQP4 in the basolateral plasma membrane (2,3) Binding of AVP to the baso-
laterally located vasopressin receptors (V-2) results in a nse in 3',5'-cyclic adeno
sine monophosphate (cAMP) through activation of adenenylate cyclase The sub
sequently activated protein kinase A (PKA) phosphorylates several proteins, in
cluding AQP2, which tnggers the redistnbution of AQP2 from intracellular vesi
cles to the apical membrane rendenng the cell water permeable Upon removal of 
AVP, this process is reversed, thereby restonng the watenmpermeable state of the 
cell (4-7) It can easily be appreciated, that a defect in AQP2-function can lead to a 
severe clinical condition characterized by the inability of the kidney to concentrate 
unne in response to AVP, known as Nephrogenic Diabetes Insipidus (NDI) Pa
tients with inactivating mutations in either the V-2 receptor or the AQP2 gene pre
sent with severe congenital NDI (8,9) On the other hand, NDI linked to downregu-
lation of AQP2 is more often seen in an acquired form, for instance after prolonged 
ureteral obstruction, hypokalemia, lithium therapy or hypercalcemia (10-13) 
Using isolated kidney collecting tubules, it has been demonstrated that activation of 
protein kinases C by several ligands, inhibits water transport induced by the AVP 
analogue l-desamino-8-D-arginine-vasopressin (dDAVP)(14,15), which presuma
bly occurs through interference with the cAMP generation process, with redistnbu
tion of AQP2 to the apical membrane or both actions Recently a transfected 
Madin-Darby Canine Kidney (MDCK) cell-line was generated, constitutively ex
pressing AQP2 (clone WT10), which translocates AQP2 from intracellular vesicles 
to the apical membrane upon stimulation with dDAVP (16) The watenmpermeable 
state of WT10 cells is restored upon removal of dDAVP In order to identify PKCs 
involved in inhibition of dDAVP-induced osmotic watertransport, we tested 
whether in this cell system dDAVP-induced watertransport could be reduced by 
activation of PKCs and identified the PKC-isotypes that might be involved in this 
process 

Material & methods 

• Cell culture 
WT10 cells were grown at 37°C in 5% CO2 in Dulbecco's modified Eagle's (DME) 
medium, supplemented with 5% (v/v) fetal calf serum. 

• Transcellular water transport 
Area equivalents of 0 33 cm of confluent layers of WT10 cells were seeded onto 
0 33 cm2 polycarbonate filters (Costar, Cambndge, U S.A ) and grown for three 
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days. Subsequently, after 16 hours pre-incubation with 5x10" M indomethacin to 
reduce basal intracellular cAMP levels, cells were incubated during 45 minutes 
with lxlO"8M dDAVP, followed by a 2-hours incubation with different concentra
tions of phorbol myristate acetate (PMA) or α-ΡΜΑ in the continuing presence of 
dDAVP and indomethacin. In another set of experiments, lxlO"7M PMA was 
added for different time-intervals following a 45 minutes pre-stimulation with 
lxlO"8M dDAVP. Before water transport assays were performed, the medium was 
aspirated and the cells were fixed for 5 minutes in ice-cold 0.15 M cacodylate 
buffer (pH 7.4) containing 1% gluuraldehyde and washed with Krebs-Henseleit 
buffer (KHB; IxKHB contains 1.2 mM MgS04, 128 mM NaCl, 5 mM KCl, 2 mM 
NaHP04, 10 mM NaAc, 20 mM HEPES, 1 mM CaCh, 1 mM L-Alanine, 4 mM L-
Lactate; pH=7.4). Next, the transcellular water transport was assayed by incubation 
of the apical compartment with 150 μΙ of 0.5xKHB containing 30 mg/1 phenol-red 
and the addition of 800 μΐ KHB to the basal compartment. After incubation for 2 
hours at 37°C, the content of the apical compartment was mixed with a pipette and 
two (duplo) aliquots of 50 μΐ per insert were put into eppendorf tubes and diluted to 
600 μΐ with Tris-buffered Saline ( TBS: 20 mM Tris, 73 mM NaCl; pH=7.6) con
taining 2% (w/v) extrane (Merck, Darmstadt, Germany). After mixing and cen-
trifugation, absorbance at 479 nm was measured. The PptSEM (in (xm/s) was calcu
lated from the acquired absorbances as described (17) 

• Biotinylation 
To semi-quantify the expression levels of AQP2 in the apical membrane, WT10 
cells were grown on 4.7 cm2 polycarbonate filters (Costar, Cambridge, U.S.A.), and 
treated with indomethacin, dDAVP and 1x10" M PMA as described above. Subse
quently, the cells were washed twice with ice-cold ethanolamine-buffered saline 
(EBS; 10 mM tri-ethanolamine, 150 mM NaCl, 1 mM MgCh, 0.1 mM CaCb; pH 
9.0), the apical side of the cells was incubated twice for 30 minutes with 650 μΙ of 
5 mg/ml NHS-SS-biotin (Pierce, Rockford, USA) in EBS at 4CC and washed twice 
with ice-cold PBS-CM (137 mM NaCl, 8.4 mM Na2HP04, 1.5 mM KH2PO4, 2.7 
mM KCl, 1 mM MgCh, 0.1 mM CaCh; pH 7.4). Next, free biotin was quenched 
with a 10 minutes incubation with 50 mM NH4CI in PBS at 4CC, followed by two 
washes with PBS-CM. The cells from each filter were scraped, spun down, resus-
pended in 500 μΐ lysis buffer (20 mM Tris-HCI; pH=8.0, 150 mM NaCl, 5 mM 
EDTA, 1% Triton X-100, 0.2% BSA, 1 mM PMSF, 5 μg/ml leupeptin and pep-
statin), sonicated 4 times for 15 seconds and incubated at 370C for 20 minutes. Un
dissolved complexes were spun down for 10 minutes at 14000g at 40C and the su
pernatant was incubated at 40C for 16 hours with streptavidin-agarose beads 
(Pierce, Rockford, USA), which had been pre-incubated with lysis buffer for 24 
hours at 40C. After a 16 hours incubation at 40C, the beads were washed three times 
with lysis buffer, twice with lysis buffer without BSA, divided into two equal por
tions in lx Laemmli sample buffer with 100 mM dithiothreitol (DTT). 
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• Immunocytochemistry 
Cells were grown on semi-permeable 1 13 cm polycarbonate filters (Costar, Cam
bridge, U S A ) filters for 3 days including a 16 hours pre-incubation with 5x10 M 
indomethacin Next, the cells were incubated for 45 minutes in DMEM containing 
5x105 M indomethacin with or without 1x10 M forskolin Then, PMA was added 
to a final concentration of lxl0 7 M and the incubation was continued for 45 min
utes Next, the cells were fixed in 3% paraformaldehyde for 30 minutes After 
quenching for 15 minutes with 50 mM NH4CI in phosphate buffered saline (PBS), 
cells were permeabilized with 0 2 % SDS in PBS for 5 minutes After washing 
twice with PBS, nonspecific antibody binding was blocked by incubation with goat 
serum dilution buffer (16% goat serum, 0 3% Tnton X-100, 0 3 M NaCl in PBS) 
Next, the filters were incubated overnight with a mixture of a 1 100 dilution of af
finity purified rabbit anti-AQP2 antibody in goat serum, followed by incubation 
with a 1 100 dilution goat anti rabbit antibodies coupled to Alexa-594 (Molecular 
Probes, Eugene, U S A ) in goat serum for 45 minutes Subsequently, the cells were 
rinsed and mounted on glass slides with Vectashield (Vector Labs, Burlingame, 
U S A ) Images were obtained with a Bio-Rad confocal laser scanning imaging 
system using a 60x oil-immersion objective 

• Generation of cell lysates and isolation of vesicles 

WT10 cells were grown in a tissue culture flask until confluence The medium was 
aspirated and the cells were washed twice with KHB and the cells were carefully 
scraped from the bottom of the flask Lysates of WT10 cells were obtained by 
lysing part of the obtained WT10 cells in Laemmli sample buffer The method for 
isolation of vesicles was adapted from Marples et al (18) In short, part of the cells 
were incubated in ice-cold homogemzdtion buffer A (HbA 20 mM Tns (pH 7 4), 5 
mM MgCb, 5 mM NaH2P04, 80 mM sucrose, 1 mM EDTA) supplemented with 1 
mM phenylmethylsulfonyl fluoride (PMSF), 5 μg/ml leupeptin and pepstatin The 
cell suspension was homogenized in HbA with five strokes of a motor-dnven Pot
ter-El vehjem homogemzer at 1250 revolutions/min The homogenate was centn-
fuged at 4000 g for 15 mm at 40C to remove nuclei, mitochondria and any remain
ing large cellular fragments The pellet was re-homogenized in HbA with three 
strokes and the centnfugation step was repeated to increase the yield The super-
natants were pooled and used for the preparation of low-speed (plasma membrane) 
and high-speed (intracellular) vesicles by centnfugation of the supernatant at 40C at 
17 000 g for 30 minutes and 200 000 g for 1 hour, respectively The obtained pel
lets were resuspended in PBS-EDTA (80 mM Na2HP04, 20 mM NafyPO«, 100 
mM NaCl, 2 mM EDTA, 0 1% BSA, pH 7 6), containing the previously mentioned 
protease inhibitors The protein concentrations were determined using the BioRad 
protein assay (Biorad, München, Germany) 

• Immunoblot-analysis 
Samples obtained after the biotinylation assay, 10 μg protein equivalents of the 
vesicle or lysate preparation were brought to IxLaemmh sample buffer containing 
100 mM DTT and denatured for 30 minutes at 370C After 12% SDS-PAGE, the 
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gel was immunoblotted onto immobilen polyvinyl membranes (Millipore, Bedford, 
U.S.A.) as described (19). The efficiency of protein transfer was checked by stain
ing the membranes with ponceau red. Subsequently, the blots were blocked for one 
hour with 5% non-fat dried milk in TBS, containing 0.2 % Tween (v/v) and incu
bated with a 1: 3000 dilution of affinity-purified rabbit anti-AQP2 immunoglobu
lins which have been raised against the IS C-terminal amino-acids of rat AQP2 
(20), a 1: 400 dilution of affinity-purified rabbit anti-PKA-phosphorylated AQP2 
immunoglobulins (21), or 10 μg/ml primary rabbit polyclonal antibody (Santa Cruz 
Biotechnology, Santa Cruz, USA) raised against rat PKC-
α, βΠ, δ, ε, η, θ, ζ, λ, ι and μ. As secondary antibodies we used a 1: 5000 (AQP2) 
or a 1:3000 (PKCs) dilution of affinity-purified goat anti-rabbit antibodies coupled 
to horseradish peroxidase. Sites of antigen-antibody reactions were visualized with 
enhanced chemiluminescence (ECL, Boehringer Mannheim, Mannheim, Ger
many), according to the protocol provided by the manufacturer. The AQP2-signals 
were scanned with a densitometer and semi-quantified using software provided by 
the manufacturer (Biorad, München, Germany). 

Results 

Activation of PKC reduces dDAVP-induced AQP2-mediated osmotic water 
transport. 
In order to analyze whether modulation of PKC activity by PMA has effects on 
dDAVP-induced osmotic water transport in MDCK cells stably-expressing AQP2, 
WT10 cells were incubated with dDAVP for 45 minutes, followed by a 2-hours 
incubation with decreasing concentrations of PMA (IxlO-7, IO"8, 10"9, 10"10M) in 
the continuing presence of dDAVP. It has previously been shown that a 45 minutes 
pre-incubation with dDAVP maximizes AQP2-mediated transcellular water perme
ability in WT10 cells (16). Analysis of the transcellular osmotic water permeability 
(Pr ±SEM in μπι/5), after fixation, revealed an increase from 11.3±2.7 to 34.1 ±1.6 
ßmJs for the 45 minutes incubation with dDAVP. Control experiments with 
2h45min. incubation with dDAVP alone showed similar water transport values as 
with 45 minutes dDAVP-treatment (data not shown). Incubation with increasing 
concentrations of PMA in the continuing presence of dDAVP, showed a concentra
tion-dependent reduction in Pf, already present at lxl0"9M PMA (figure 1A). Con
trol experiments with 1χ10"7Μ α-ΡΜΑ, which has no phorbolester-like effect on 
PKC activity, showed, in contrast to 1x10 7M PMA, no effect on water transport 
values after pre-stimulation with dDAVP (figure 1A). Since lxl0"7M PMA re
vealed a maximal reduction in dDAVP-induced Pf, this concentration was chosen 
for all subsequent experiments. To determine the time needed for a maximal reduc
tion of dDAVP-induced Pf by lxlO'7M PMA, WT10 cells were incubated with 
dDAVP/lxlO"7M PMA for different time-penods, after pre-stimulation with 
dDAVP. The data of these experiments revealed that the reduction in Pr was al
ready apparent after 30 minutes PMA-treatment and complete after 90 minutes in
cubation with PMA (figure IB) 
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PMA-induced PKC redistributes AQP2 from the apical membrane to intracel
lular vesicles. 
In order to test whether the PMA-induced reduction on the Pf was a consequence of 
reduced expression of AQP2 in the apical membrane, side-specific biotinylation 
was performed. Semi-quantitative immunoblot-analysis of the AQP2-signal re
vealed that, compared to 45 minutes stimulation with dDAVP, the apical AQP2 
content was reduced approximately 30% after a 2-hours incubation-period with 
dDAVP and lxlO"7M PMA, following prestimulation with dDAVP. These signals 
were similar to the AQP2 signals obtained for unstimulated WT10 cells (figure 2). 
To determine whether the reduction in apical AQP2 expression was caused by de
creased cAMP generation or a PMA-induced redistribution of AQP2 to vesicles 
similar to unstimulated cells, WT10 cells were subjected to immunocytochemistry. 
Confocal laser scanning microscopy revealed that stimulation of WT10 cells with 
forskolin resulted in redistribution of AQP2 from vesicles to the apical membrane. 
Incubation of forskolin-stimulated WT10 cells with PMA during 45 minutes in the 
continuing presence of forskolin, resulted in re-distribution of AQP2 from the api
cal membrane to vesicles, resulting in an immunocytochemical pattern similar to 
unstimulated WT10 cells (figure 3). As a control, non transfected MDCK cells re
vealed no labeling (data not shown). 

PMA-treatment has no effect on Protein Kinase Α-induced phosphorylation of 
AQP2. 
In order to determine whether treatment with PMA influences PKA-dependent 
phosphorylation of AQP2, immunoblot-analysis of equal amounts of WT10 cell 
lysates was performed using antibodies directed against PKA-phosphorylated 
AQP2 (figure 4). Incubation with dDAVP for 45 minutes resulted in about a dou
bling in the amount of p-AQP2 as compared with unstimulated cells. This amount 
of P-AQP2 was not affected by subsequent incubation during two hours with PMA 
in the continuing presence of dDAVP. Combined treatment with PMA and dDAVP 
for two hours, without pre-incubation with dDAVP, revealed a similar p-AQP2 
signal as with 45 minutes dDAVP treatment alone. Treatment of WT10 cells with 
PMA during two hours resulted in a comparable signal for phosphorylated AQP2 
(p-AQP2) as with indomethacin alone (figure 4). 

Identification of PKC-isotypes in WT10 lysates and vesicles. 
In order to identify PKC-isotypes involved in the PMA-induced redistribution of 
AQP2, WT10 cells were immunoblotted for different PKC-isoforms (figure 5). In 
lysates of unstimulated WT10 cells clear signals for PKC-ot, δ, ε, θ, ζ, λ, ι and μ, 
whereas high-speed vesicles of unstimulated WT10 cells revealed signals for PKC-
α, λ, ι and μ while PKC-ßll was found to be highly-enriched in vesicles of WT10 
cells. The presence of PKC-η in WT10 lysates or vesicles could not be confirmed, 
because of unspecificity of the obtained antibody. The size of PKC-isotypes varies 
between 75-90 kD, except for PKC-μ for which different isoforms between 43 and 
115 kD have been described with the used antibodies (22) (figure 5). 
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Fig. l a Effects of PKC activation on vasopressm-mduced osmotic water 

transport. WT10 cells were grown until confluence on filters. After pre

incubation with 5x10 5M indomethacin to reduce basal intracellular 

cAMP levels, cells were incubated during 45 minutes with 1x10 eM 

dDAVP, followed by a 2-hours incubation with different concentrations 

of phorbol mynstate acetate (PMA) or 1x10 7M α-ΡΜΑ in the continuing 

presence of 1x10 eM dDAVP. Transcellular osmotic water transport 

(Pf±SEM in pm/s) was measured using the phenol-red concentration 

method after fixation of the cells for 5 minutes in ice-cold 0.15 M caco-

dylate buffer containing 1% glutaraldehyde. 



0 0 5 0 10 0 15 0 20 0 25 0 
Pf(Mm/s±SEM) 

Fig. l b Effects of PKC activation on vasopressm-mduced osmotic water 
transport. WT10 cells were grown, pre-mcubated and stimulated as de
scribed for figure 1A. In this set of experiments 1x10 7M PMA was 
added for different time-intervals in the presence of 1x10 eM dDAVP. 
Osmotic water transport was measured as described in the legend of 
figure 1A. Control experiments with 2h45min. incubation with dDAVP 
alone showed a similar Pf as with 45minutes dDAVP-treatment (data 
not shown). 
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Fig. 2. Effects of PMA-induced PKC-activation on AQP2 expressed in 

the apical membrane of WTIO cells. WT10 cells were grown until con

fluence and incubated during 16 hours with 5xl0'5M indomethacin. The 

next day, the cells were incubated during 45 minutes with lxlO"8M 

dDAVP, followed by a 2-hours incubation with 1χ10"7Μ PMA in the con

tinuing presence of dDAVP. Subsequently, WTIO cells were apically 

biotinylated. Biotinylated proteins were pulled down with streptavidin-

agarose beads and immunoblotted for AQP2. For purposes of semi-

quantification, twofold dilution series of some samples were loaded. 

The molecular masses of marker proteins are indicated (in kDa). 



Fig. 3. Effects of PMA-induced PKC-activation on the subcellular local
ization of AQP2. WT10 cells were grown on semi-permeable filters for 3 
days, including a 16 hours pre-incubation with SxlCT5 M indomethacin. 
Next, cells were treated with either indomethacin alone (I), or 45 min
utes forskolin in combination with indomethacin (IF), or similar to IF 
but followed by a 45 minutes incubation with indomethacin, forskolin 
and lxlO'7M PMA (IFP). Next, the cells were fixed in 3% paraformalde
hyde for 30 minutes. After quenching with NH^CI, the cells were per-
meabilized with 0.2 % SDS in PBS for 5 minutes. After blocking, the fil
ters were incubated overnight with affinity-purified rabbit anti-AQP2 an
tibody, followed by incubation with a secondary antibody coupled to a 
fluorescent dye. After mounting the cells on glass slides, images were 
taken with a confocal laser scanning imaging system. Indicated are the 
xy- and xz-scans for Indomethacin (I), Indomethacin/ forskolin (IF) 
treatment and Indomethacin/ forskolin/ PMA (IFP) treatment. 
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Fig. 4. Effects of PMA-induced PKC activation on the phosphorylation 
state of AQP2. WT10 cells were grown until confluence on filters and 
pre-incubated with 5xlO'5M indomethacin (indom), followed by either 
an incubation with lxlO"8M dDAVP during 45 minutes (45'dDAVP); a 
two-hours incubation with lxlO"7M PMA (2h PMA); a two-hours incuba
tion period with PMA and dDAVP after prestimulation with dDAVP 
(45'dDAVP; 2h PMA/dDAVP), or a two-hours incubation with PMA and 
dDAVP (2h PMA/dDAVP). Lysates of WT10 cells were obtained by re-
suspending WT10 cells in Laemmli sample buffer. All samples were de
natured at 370C for 30 minutes followed by immunoblot analysis of 
equal amounts of cell lysates for phosphorylated AQP2 using antibodies 
directed against PKA-phosphorylated AQP2. The molecular masses of 
marker proteins are indicated (in kDa). 



Fig. 5 Immunoblot-analysis of PKC isotypes present in vesicles (V) and 
lysates (L) of WTIO cells. WTIO cells were grown until confluence in 
tissue culture flasks, after which the cells were scraped and homoge
nized. Following a low-speed centrifugation step, to remove cellular de
bris, the supernatant was centrifuged at 200.000 g for 1 hour. The ob
tained vesicle pellet was dissolved in Laemmli buffer. Lysates of WT10 
cells were obtained by resuspending WT10 cells in Laemmli sample 
buffer, followed by sonication. All samples were denatured at 370C for 
30 minutes followed by immunoblot analysis for several PKC isoforms. 
The molecular masses of marker proteins are indicated (in kDa). 
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Discussion 

Concentration of pro-unne in the kidney collecting duct is mediated by AVP-
induced redistribution of AQP2 from endocytic vesicles to the apical membrane of 
principal cells (23) Many ligands, such as endothelin, epidermal growth factor, 
prostaglandin E2 (PGE2), nucleotides or calcium are known to counteract this 
process, which is thought to occur through action of PKCs (14,24-28) As a first 
step towards understanding this mechanism we tested the effects of PMA-induced 
PKC activation on dDAVP-stimulated AQP2-mediated osmotic water transport in 
stably-transfected MDCK cells In addition we identified PKC-isotypes putatively 
involved in this process 
The data of our water transport expenments show a concentration- (figure 1A) and 
time-dependent (figure IB) reduction of dDAVP-induced AQP2-mediated osmotic 
watertransport upon PMA-treatment in the continuing presence of dDAVP Maxi
mal reduction of dDAVP-induced osmotic water transport was found after incuba
tion of WT10 cells with 1x10 7M PMA for 90 minutes The involvement of phor-
bol-ester sensitive PKC-isotypes in the reduction in dDAVP-induced osmotic water 
transport was proven by a 2-hours incubation of dDAVP-stimulated WT10 cells 
with 1x10 7M α-ΡΜΑ, which showed no reduction in dDAVP-induced osmotic wa
ter transport In line with our data is a study by Han et al who found that incuba
tion of rat inner medullary collecting duct segments (IMCD) with 1x10 9M PMA, 
without dDAVP, sustained a 40-50% downregulation of the osmotic water perme
ability in these segments within 10 minutes (29) The reduction in dDAVP-induced 
osmotic water permeability in WT10 cells was clearly shown with the side-specific 
biotinylation expenments of apical AQP2, which revealed that the amount of apical 
AQP2 was reduced to basal levels upon co-incubation of dDAVP-stimulated WT10 
cells with 1x10 7M PMA Immunocytochemistry revealed that with PMA, AQP2 
was redistributed from the apical membrane to intracellular vesicles, similar to un
stimulated cells (figure 3) Based on these data, it can be concluded that in WT10 
cells, PMA-induced activation of PKCs counteracts dDAVP-stimulated AQP2-
mediated osmotic water transport by redistnbution of AQP2 from the apical mem
brane to intracellular vesicles 
Some of the hormones or ligands previously identified to inhibit vasopressin-
induced AQP2-mediated osmotic water transport appeared to block the AVP-
tnggered increase of intracellular cAMP, which was thought to be conferred by 
activation of a counteracting protein kinase C (ATP/UTP) (25), coupling of the 
hormone receptor to an inhibitory G (Gì) protein (dopamine)(30) or both (endo-
thelin)(24) Other hormones (carbachol, epidermal growth factor) inhibited AVP-
and cAMP-mduced water permeability, but did not impair the AVP-induced cAMP 
production (14,27,29,31) Prostaglandin E2 (PGE2) seems to act in both ways In 
the collecting duct, PGE2 appears to inhibit adenylate cyclase via an E-prostanoid-
3 (EP-3) receptor coupled Gi protein (32,33) In the inner medullary collecting 
duct, however, it appears to have no effect on cAMP generation and is therefore 
suggested to act on the AQP2 shuttling process only (31,34) In most cases where 
cAMP generation was not affected, the inhibitory effects were absent upon co-
treatment of the ducts with PKC inhibitors (31,34) Since PMA also inhibits AVP-
induced water permeability in IMCD (29) and WT10 cells, these latter hormones 
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are suggested to activate PKC isotypes that interfere with shuttling of AQP2 to the 
apical membrane. Analysis of the state of phosphorylation of AQP2 in WTIO cells 
in the different assay conditions with dDAVP and PMA revealed that dDAVP in
creased the level of phosphorylation of AQP2 about twofold, which was only 
slightly reduced in combined PMA/dDAVP incubations or when a dDAVP pres-
timulation was followed by such a combined PMA/dDAVP incubation (figure 4). 
Since PMA clearly reduced the expression of AQP2 in the apical membrane of 
dDAVP-stimulated WTIO cells (figures 2, 3), it can be concluded that PMA-
induced PKC isotypes in WTIO cells predominantly act on the shuttling process of 
AQP2 and do not seem to act on adenylate cyclase. Using the same antibodies 
against p-AQP2, similar data were obtained for the action of PGE2 on the reduction 
of expression of AQP2 in the apical membrane of rat kidneys (28). At present, 
however, it is unknown whether the PKCs activated by PGE2 or PMA decrease 
AQP2 exocytosis, increase its endocytosis or both, nor whether they directly phos-
phorylate AQP2 at its PKC consensus site or act indirectly. 
The family of PKC isotypes consists of at least eleven closely related members, 
classified into three groups (35): the classic Ca2+-phospholipid-diacylglycerol de
pendent PKCs(a, β-Ι, β-ΙΙ, γ), the novel (or new) Ca2+ independent but phosphol
ipid and diacylglycerol dependent PKCs (δ, ε, η, θ, μ), and the atypical Ca2+-
diacylglycerol independent but phospholipid dependent PKCs (ζ, λ). Immunoblot-
analysis of WTIO lysates revealed the presence of PKC isotypes α, δ, ε, θ, ζ, λ, ι 
and μ, whereas high-speed vesicles of WTIO cells contain PKC-α,-βΙΙ, -λ, -ι and -
μ PKC-βΙΙ was highly enriched in WTIO vesicles. In the inner medullary collect
ing ducts of rats, Pfaff et al. identified PKC-α and -ßll (36), whereas Chou et al. 
detected, next to PKC- a, the PKC isoforms δ, ε, η and ζ (15). Recently, Sands et 
al., suggested that the PKCs δ and ζ might be responsible for the luminal Ca2+-
induced reduction of the rat IMCD water permeability in hypercalcémie rats on 
basis of the fact that these two PKC isoforms were co-isolated with AQP2-
containing vesicles (26). To exert an effect on the shuttling of AQP2, PKCs are 
expected to be located in the apical region of the IMCD cells or to be translocated 
to the side of the cell. This latter response can be the result of a rise in intracellular 
Ca +-induced by phosphoinositide hydrolysis, or from a direct effect of PMA on 
phorbolester sensitive PKC-isotypes. PMA was found to induce the translocation of 
PKC- α, δ, ε, and η in IMCD cells (15), while PKC-η, but not PKC-α, -δ, -ε or -ζ 
showed a cytosol-to-membrane translocation upon treatment with carbachol (15). 
Since these isotypes are, maybe except for PKC-η, also present in WTIO cells, one 
or more of these PKCs might be responsible for the PMA-induced reduction of 
AQP2-mediated osmotic water transport. 
In conclusion, the reduction of dDAVP-stimulated AQP2 mediated osmotic water 
transport by PMA in WTIO cells is not caused by a major effect on the phosphory
lation status of AQP2, but seems to be brought about by a cAMP-independent re
distribution of AQP2 from the apical membrane towards intracellular vesicles. 
Based on PMA-induced translocation kinetics in IMCD cells and common identifi
cation in IMCD and WTIO cells, PKC- α, -δ, -ε, and possibly PKC-η are the most 
likely candidates to effectuate this redistribution of AQP2. The identification and 
site of action of a PKC isotype critically important in this process remains to be 
established. 
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General discussion 





General discussion 

The discovery of the first molecular water channel CHIP28, later denominated Aq-
uaporin-1 (AQP1), initiated a new booming and competitive field of science, which 
resulted in the identification of more than 10 Aquaporins in mammals and many 
more in plants until this date. The identification of molecular water channels espe
cially clarified water transport physiology of the kidney. Soon after identification 
of Aquaporin-1, another molecular water channel was identified in the renal col
lecting duct by homology cloning (1), first referred to as AQP-CD (AQP-
Çollecting Duct) and later known as Aquaporin-2 (AQP2). AQP2 was soon identi
fied as the molecular water channel responsible for vasopressin (AVP)-induced 
concentration of urine (2). Defects in AQP2-mediated water transport were soon 
linked to a clinical condition, characterized by the inability of the kidney to concen
trate urine in response to AVP, also known as Nephrogenic Diabetes Insipidus 
(NDI). Genetically inherited mutations in either the Vasopressin type-2 (V-2) re
ceptor or AQP2 molecule can cause this rare life-threatening disorder (3,4), but 
NDI is more often seen in an acquired form. This can be appreciated, since it is 
linked to common disorders or treatments. Ureteral obstruction, hypercalciemia and 
hypokalemia, for example, are common and well known causes of acquired NDI 
and linked to downregulation of AQP2 (5,6). The (prolonged) use of several drugs, 
for instance lithium, can cause NDI after prolonged use (7). In addition, it was 
found that AQP2 is detectable in urine and that its' excretion increases in response 
to AVP (8-11). Although it is unknown what mechanism is responsible for AQP2 
excretion in urine, it was suggested that urinary excretion of AQP2 (UAQP2) can 
be used as a diagnostic and follow-up tool in studying patients with acquired uri
nary concentration defects. Most of the published studies dealing with the value of 
AQP2 measurements in urine, however, are based on once-only measurements of 
AQP2 in urine at relatively high AVP-levels. They only show a weak correlation 
between AQP2 values, plasma AVP levels or urine osmolality, taking into account 
that the divergence is considerable within and between individuals. On the basis of 
these studies, we performed a study in healthy volunteers to see what relation might 
exist between urine osmolality and urinary excretion of AQP2 (UAQP2). Pro
longed dehydration and hypertonic saline infusion in the healthy volunteers re
sulted in an absent correlation between UAQP2 and urine osmolality. Intranasal 
application of 4(^g of the AVP analogue l-desamino-8-D-Arginine-Vasopressin 
(dDAVP) to waterloaded healthy volunteers on the other hand showed a concomi
tant π se in UAQP2 and urine osmolality with an overall statistically significant 
correlation between UAQP2 and urine osmolality. Based on these results we there
fore hypothesized that measurement of UAQP2 after dDAVP might be helpful to 
study patients with an acquired urinary concentration defect. It was still unknown, 
however, what mechanisms are responsible for the release of AQP2 into urine of 
humans. It is thought, for instance, that increased shuttling of AQP2 towards the 
apical membrane upon stimulation with AVP results in subsequent loss of AQP2 
with or without apical membrane fragments, thus making detection of AQP2 pro-
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tein in urine possible. It could furthermore be thought that hypertonicity of tubular 
fluid upon AVP stimulation could result in lysis of collecting duct cells, through 
which AQP2 could be released into the urine. The data of the dDAVP-furosemide 
test in healthy volunteers clearly show however, that hypertonicity of tubular fluid 
or tubular flow rates are not a factor in the release of AQP2 into urine. Therefore, it 
is unlikely, that excretion of AQP2 into urine is induced through hypertonicity-
induced lysis of collecting duct cells. Our findings are in accordance with recent 
data provided by Wen et al., who demonstrated in rat that the urinary excretion of 
the basolaterally located AQP3 is lower than that of AQP2 and furthermore re
vealed that the urinary excretion of AQP2 in rat takes place via a selective apical 
pathway (12). In another study described in this thesis we have measured UAQP2 
after stimulation with dDAVP in patients with acquired NDI caused by homozy
gous sickle cell disease or lithium-treatment. Virtually all patients with homozy
gous sickle cell disease suffer from isothenuria at a certain age (13). The severity is 
related to age and the number of sickle cell crises. It is generally thought that sick-
led cells destroy the vasa recta, thus precluding the built-up of an osmotic me
dullary gradient, which is warranted for AQP2-mediated osmotic water transport. 
In both groups the defects in unnary concentration were paralleled by impaired 
excretion of AQP2, which is indicative of malfunctioning of collecting duct cells. It 
was especially surprising to detect no AQP2 in urine patients suffering from homo
zygous sickle cell disease. This indicates that the observed abnormalities in urinary 
concentration in these patients are at least partially caused by defective principal 
cell function and not merely explained by the absence of a medullary osmotic gra
dient. 
Taking the limitations on our understanding how AQP2 ends up in urine into ac
count, we feel that once-only or at random measurements of UAQP2 in patients 
suffering from urinary concentration defects are not useful. The clinical usefulness 
of AQP2 measurements will furthermore be limited, because the methods used to 
determine AQP2, radio-immuno assay or immunoblot, are laborious and time-
consuming. On the other hand, measurement of UAQP2 after application of 
dDAVP might be valuable for assessment of the pathophysiology of urinary con
centration defects and the follow-up of a patient. 
In a rat model, lithium appeared to cause NDI through downregulation of AQP2 
expression (7). Although it has been postulated that this effect is caused by de
creased generation of cAMP, it is still unclear which cellular mechanisms are ef
fected by lithium. 
To obtain more insight in the underlying mechanism of lithium-induced NDI, we 
tested the effects of lithium on a Madin-Darby canine kidney (MDCK) cells stably-
expressing AQP2 (WT10 cells). WT10 cells have been shown to translocates 
AQP2 from intracellular vesicles to the apical membrane upon stimulation with 
dDAVP, coinciding with a threefold increase in watertransport values (14). There
fore WT10 cells provide a good in vitro model to study vasopressin-induced 
AQP2-mediated osmotic watertransport. In contrast to in vivo effects, however, 
lithium appeared to upregulate AQP2-mediated water transport in a time and dose-
dependent fashion, while water transport could still be augmented by dDAVP. This 
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clearly shows that lithium does not completely block adenylate cyclase WTIO 
cells. The lithium-induced increase in AQP2-mediated water transport appeared to 
be independent of adenylate cyclase action and was mediated through en effect at 
the basolateral side with a consequent increase in AQP2 protein and mRNA The 
observed effects of lithium on AQP2 protein and mRNA levels were not protein- or 
cell-specific, because similar effects were seen in MDCK and LLC-PK| cells sta-
bly-transfected with an AQP1 expression construct A common aspect of all tested 
cell lines is that the AQP1 and AQP2 cDNAs are under transcriptional control of an 
Simian Virus 40 (SV40) promoter. Therefore, lithium is likely to increase SV40 
driven transcription To study the heterologous expression of proteins under control 
of a cytomegalovirus immediately early promoter, induction of expression by bu
tyric acid is often applied (15) Since the SV40 promoter is also widely used to 
heterologously express proteins in different cell lines, lithium might be a valuable 
tool to increase expression from such vectors Because lithium induces a strong 
increase in AQP2 mRNA and AQP2 protein levels, WTIO cells can not be used as 
a model to study lithium-induced NDI Lithium might be a valuable tool in studies 
involving heterologous expression of proteins under transcriptional control of the 
widely used SV40 promoter, because the lithium-induced increase in expression 
seems general for SV40-driven constructs 
In another study of this thesis we addressed the function of glycosylation of AQP2 
in mammalian cells In general, carbohydrates have been proposed to be important 
for proper folding of proteins or have been proposed to act as recognition sites for 
specific hgands (16) Furthermore, glycosylation has been shown to be important 
for the routing of proteins towards a specific side of the cell (17) Semi-quantitative 
immunoblotting of human kidney membranes and unne showed an AQP2 glycosy
lation percentage of 35-45 for medulla, papilla and unne, with low variation among 
individuals Surprisingly, the extent of glycosylation of AQP2 is higher than that of 
AQP1 (25%) Based on observations that both AQP1 and-2 appear in the mem
brane as homotetramers, it can be assumed that one to two AQP2 molecules per 
tetramer are glycosylated, while one AQP1 molecule per tetramer is glycosylated 
(18-20) Watertransport expenments upon stimulation with dDAVP or cAMP per
formed on WTIO cells treated with tumcamycin, a drug known to block glycosyla
tion in the endoplasmic reticulum, revealed no effect of deglycosylation on AQP2-
mediated osmotic watertransport Carbohydrates apparently do not act as an apical 
targeting signal for AQP2 and do not have a significant influence on AQP2 folding 
or biosynthetic trafficking The data of this study are in accordance with clinical 
data of patients suffering from a Congenital Disorder of Glycosylation (CDG-
syndrome) These disorders are merely charactenzed by severe mental retardation, 
but unnary concentration defects are not part of the clinical spectrum Therefore, 
the biological importance of glycosylation of AQP2 remains to be established 
In the final experimental chapter of this thesis, we addressed the role of Protein 
Kinase C (PKC) activation in AQP2-mediated water transport in WTIO cells It has 
previously been demonstrated that activation of PKCs by several hgands inhibits 
water transport induced by the AVP analogue l-desamino-8-D-Arginine-
Vasopressin (21,22) presumably through interference with the cAMP generation 
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process, delivery of AQP2 to the apical membrane or both actions It is thought that 
inhibition of AQP2-mediated osmotic watertransport, for instance seen during hy-
percalciemia-induced NDI, occurs through PKC-mediated retrieval of apical 
AQP2 Activation of PKC by phorbol mynstate acetate (PMA) in WTIO cells re
sulted in a downregulation of AQK-mediated watertransport in a dose- and time-
dependent manner with a concomitant reduction of apical AQP2 and internalization 
of AQP2 Therefore, WTIO cells provide a good in vitro model to study effects of 
PKC modulation on AQP2-mediated water transport It remains to be established 
which PKC-isoforms are critically important for proper routing and functioning of 
AQP2 

Future directions 
Although the clinical usefulness of UAQP2 measurements seems limited at this 
time, assessment of UAQP2 might contribute to a better insight and understanding 
of the pathophysiology of various unnary concentration defects More patients with 
these disorders need to be studied This will hopefully lead to a better treatment and 
improved quality of life for these patients It can furthermore be anticipated that, 
through these studies, more light will be shed upon the mechanism of unnary ex
cretion of AQP2 in humans Although it is presently largely known, based on ani
mal studies, how AQP2 ends up in unne, it remains a mystery why it appears in 
unne, while it is uncertain if the same mechanisms apply to humans from an effi
ciency point of view, it remains unknown why the cell dissipates AQP2 Future 
work will address this question 
Another important future direction of research will focuss on the role of certain 
PKC-isotypes in trafficking of AQP2 in the cell This will lead to important cell-
biological information and might provide clues on involvement of certain PKCs in 
NDI, possibly providing targets for therapy of NDI 
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Summary 

A significant rise in serum osmolality or fall in effective circulating volume of the 
body triggers the secretion of the antidiuretic hormone Arginine Vasopressin 
(AVP) from the pituitary gland. AVP binds, among other cells throughout the 
body, to vasopressin (V2) receptors on the basolateral side of collecting duct cell? 
of the kidney. Consequently, a intracellular cascade is initiated, resulting in forma
tion of 3',5'-cyclic adenosine monophosphate (cAMP). As a result, phosphoryla
tion of Aquaporin-2 (AQP2) molecular water channels occurs by Protein Kinase A 
occurs, resulting in translocation and fusion of subapically located vesicles contain
ing AQP2 with the apical membrane, rendering the cell water permeable. Besides, 
as a long term effect, AVP binding stimulates AQP2 expression. Water exits the 
cell at the basolateral side by other molecular water channels, if a favourable os
motic gradient is created in the medullary interstitium. Defects in AQP2-mediated 
water transport are linked to a clinical condition, charactenzed by the inability of 
the kidney to concentrate urine, also known as Nephrogenic Diabetes Insipidus 
(NDI). NDI can be found in an inherited form, for instance caused by defects in the 
AQP2-molecule or V2 receptor, but is more frequently seen in an acquired form, 
for instance resulting from hypokaliemia, hypercalciemia, ureteral obstruction of 
lithium-toxicity. Based upon results in previous studies, it has been suggested that 
urinary excretion of AQP2, reflects renal vasopressin-action and might be used 
clinically. It is unclear, however, what relation exists between urine osmolality 
(Uosm) and urinary excretion of AQP2 (UAQP2) and it is unknown whether 
UAQP2 is influenced by hyperosmolality of urine or tubular flow rates. We have 
therefore measured urine Uosm and UAQP2 in healthy volunteers at various condi
tions, i.e. prolonged dehydration, infusion of hypertonic saline and intranasal ad
ministration of the AVP-analogue l-desamino-8-D-Arginine-Vasopressin 
(dDAVP). The last two tests were performed after water loading. In addition, a 
dDAVP test was performed, preceded by administration of furosemide. Our data 
demonstrated that a simple relationship between Uosm and UAQP2 does not exist. 
Therefore, random or once-only measurements of UAQP2 as an index of renal 
vasopressin-action are not useful. The dDAVP-furosemide test revealed that fu
rosemide attenuated the increase in Uosm, but had no effect on UAQP2, which 
shows that the release of AQP2 into urine is not caused by hypertomcity of tubular 
fluid or tubular flow rates. In contrast, intranasal application of dDAVP without 
dDAVP resulted in a parallel rise in Uosm and UAQP2. Therefore, this test might 
be useful in studying patients with urine concentration defects. Next, we studied 
UAQP2 excretion patterns in relation to urine osmolalilty after dDAVP in two sets 
of patients with acquired NDI caused by homozygous sickle cell disease or lithium-
treatment. In both groups we found that the defects in urinary concentration were 
paralleled by impaired excretion of AQP2. We were especially surprised by these 
findings in patients with homozygous sickle cell anemia. It is generally thought that 
the concentration defect in these patients can be attributed to a defect in the me
dullary osmotic gradient, but whether abnormalities of principal cells are involved 
remained unclear. Our data, however, clearly indicate malfunctioning of collecting 
duct cells in both groups of patients. Assessment of urinary excretion of AQP2 af-
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ter dDAVP will therefore contribute to a better understanding of the pathogenesis 
of unnary concentration defects 
In an attempt to further clarify the pathogenesis of lithium-induced NDI, cells of an 
Madin-Darby canine kidney (MDCK) clone stably-expressing AQP2 (WTIO cells) 
were treated with lithium It has previously been shown that WTIO cells translocate 
AQP2 from intracellular vesicles to the apical membrane upon incubation with 
dDAVP Surprisingly, incubation with lithium revealed a time- and concentration-
dependent increase in water transport (Pf) conferred to an effect of lithium at the 
basolateral side of the cells The nse in Pf was also independent of adenylate cy
clase activity, but was shown to be caused by a 4-fold nse of AQP2 mRNA and 
protein levels upon incubation with lithium The effect of lithium was found to be 
nor cell-type nor protein specific, while it was found that part of the observed lith
ium effect occurs through changes in mRNA synthesis or stability Expression of 
the respective proteins in the different cell lines is controlled by the widely used 
SV40 promoter Our data clearly showed that lithium induces expression from such 
constructs Therefore, lithium might be a valuable tool to modulate expression con
trolled by an SV40 promoter-dnven construct 
Glycosylation has been shown to be important for proper routing and membrane 
insertion of a number of proteins We investigated the extent of glycosylation of 
AQP2 in human kidney and unne and the effects of deglycosylation on routing of 
AQP2 in WTIO cells Semi-quantitative immunoblotting of human kidney mem
branes and unne showed an AQP2 glycosylation percentage of 35-45 for medulla, 
papilla and unne, with low variation among individuals Water transport expen-
ments upon stimulation with dDAVP or cAMP performed on WTIO cells treated 
with tumcamycin, a drug known to block glycosylation in the endoplasmic reticu
lum, revealed no effect of deglycosylation on AQP2-mediated osmotic water trans
port Glycosylation has no function in the routing of AQP2 in MDCK cells 
Inhibition of insertion of AQP2 into the apical membrane of principal cells is 
speculated to occur via Protein kinase C (PKC)-mediated retneval of AQP2 To 
delineate this mechanism, effects of PKC activation were tested in WTIO cells Ac
tivation of PKC by phorbol mynstate acetate (PMA), after stimulation with 
dDAVP, revealed a time- and concentration-dependent reduction in Pf, which was 
almost reduced to basal levels after 2 hours PMA treatment concomitant with a 
30% reduction in apical AQP2 and internalization of AQP2 Activation of PKCs 
reduces AQP2-mediated osmotic water transport by reducing apical AQP2, while 
AQP2 was localized in vesicles in forskolm/PMA-treated cells, similar to unstimu
lated WTIO cells WTIO cells provide a good in vitro model to study effects of 
PKC modulation on AQP2-mediated water transport It remains to be determined 
which PKC-isotypes are cntically important in this process 
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Onder invloed van een stijging van de serum osmolaliteit of een sterke daling van 
het effectief circulerend volume wordt het anti-diuretisch hormoon (ADH) 
afgegeven uit de achterkwab van de hypofyse ADH bindt onder meer aan 
hoofdcellen van de verzamelbuis van de nier ADH reguleert alhier de vorming van 
een zogenaamd boodschappermolecuul (3',5'-cyclisch adenosine monophosphaat, 
cAMP), dat op zijn beurt fosforylenng van een aantal eiwitten, waaronder van de 
moleculaire waterkanalen Aquaponne-2 (AQP2), stimuleert Dit vormt het signaal 
waardoor AQP2 moleculen, opgeslagen in blaasjes onder de apicale celmembraan 
(de zijde van de voorunne), fuseren met deze celmembraan, waardoor 
watertransport door de cel kan plaatsvinden Water verlaat de cel aan de 
basolaterale zijde (de 'bloedkant') door andere typen moleculaire waterkanalen, 
terwijl proces mede afhankelijk is van de opbouw van een osmotische gradient in 
het niermerg Naast een acute regulatie van watertransport, reguleert ADH de 
expressie van AQP2 op langere termijn door interactie met het DNA van AQP2 
Defecten in dit transportmechanisme kunnen leiden tot levensbedreigende 
aandoeningen, die gekenmerkt worden door het onvermogen unne te concentreren 
onder invloed van ADH, waardoor uitdroging dreigt Deze ziekte wordt Nefrogene 
Diabetes Insipidus (NDI) genoemd NDI kan erfelijk voorkomen, bijvoorbeeld 
door defecten in de Vasopressine receptoren of het AQP2 molecuul, maar wordt 
veel vaker gezien bij andere aandoeningen, zoals hypokaliemie, hypercalciemie of 
lithium-toxiciteit 
In voorgaande studies is aangetoond, dat AQP2 kan worden aangetroffen in unne 
en dat de excretie van AQP2 in unne (UAQP2) toeneemt na toediening van ADH 
Hoewel het niet duidelijk was hoe AQP2 in unne terecht kwam, werd gesuggereerd 
dat het meten van UAQP2 aangewend kon worden als klinische parameter voor 
patiënten met unne concentratiestoornissen Het was tot op heden echter onvol
doende duidelijk welke relatie bestond tussen het concentrerend vermogen van de 
nier, weerspiegeld in de unne osmolaliteit (Uosm), en UAQP2 Daarbij was het 
onduidelijk of UAQP2 beïnvloed wordt door de hyperosmolaliteit van unne zelf of 
door de stroomsnelheid van voorunne Om deze aspecten te onderzoeken hebben 
we gezonde vnjwilhgers onderworpen aan een dehydratietest, een hypertone zout 
infusie-test en een test waarbij we intranasaal synthetisch ADH toedienden 
(dDAVP) De laatste twee testen werden uitgevoerd na waterbelasting Daarnaast 
werd een dDAVP-test uitgevoerd, waarbij vlak voor toediening van dDAVP een 
lisdiureticum (furosemide) werd toegediend om de osmotisch gradient van het 
niermerg 'weg te wassen' De resultaten van de testen lieten zien dat er geen een
voudige relatie bestaat tussen het concentrerend vermogen van de nier en de excre
tie van AQP2 in unne Het eenmalig of willekeung meten van UAQP2 is dan ook 
met zinvol De dDAVP-furosemide test toonde aan dat het vnjkomen van AQP2 in 
unne niet afhankelijk is van de osmolaliteit van de voorunne noch van de stroom
snelheid van deze voorunne De gewone dDAVP-test liet echter als enige een sta
tistisch significante relatie zien tussen UAQP2 en Uosm We opperden daarom dat 
deze test gebruikt kon worden om patiënten met unne concentratiestoornissen te 
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bestuderen. Vervolgens hebben we UAQP2 en Uosm bestudeerd bij twee patiën
tengroepen met verworven NDI, i.e.patiënten met homozygote sikkelcelanemie en 
patiënten met tekenen van lithium-geïnduceerde NDI. In beide groepen konden we 
aantonen dat het defect in concentrerend vermogen begeleid wordt door een sterk 
verminderde excretie van AQP2 na toediening van dDAVP, hetgeen onomstotelijk 
op een defect in de verzamelbuiscellen wijst. Met name de bevindingen bij de 
groep met sikkelcelanemie waren onverwacht, daar tot op heden werd aangenomen 
dat het urine concentratiedefect bij deze patiënten berust op een stoornis in het 
niermerg en niet zozeer op een defect in de verzamelbuiscellen. Op basis van deze 
bevindingen stellen wij dat het meten van UAQP2 na toediening van dDAVP in
zicht kan verschaffen in de Pathogenese van unne concentratiestoomissen. 
Tijdens een poging om de Pathogenese van lithium-geïnduceerde NDI te ontrafe
len, incubeerden we AQP2-getransfecteerde MDCK cellen (kloon WT10) met li
thium. WT10 cellen worden als model gebruikt om watertransport via AQP2 te be
studeren, daar deze cellen een vergelijkbare routing van AQP2 hebben als verza
melbuiscellen. Tot onze verrassing nam na toediening van lithium het watertrans
port in deze cellen echter toe op een concentratie- en tijdsafhankelijke manier. Het 
lithium-effect treedt op via de basolaterale zijde van de cel en is niet afhankelijk 
van cAMP-mveaus. De toename in watertransportcapaciteit blijkt te berusten op 
een viervoudige toename van AQP2-mRNA en -eiwitniveaus. Verder konden we 
middels experimenten op andere cellijnen aantonen dat het lithium-effect noch cel
lijn- noch eiwitspecifiek was. De expressie van de eiwitproducten van de verschil
lende cellijnen wordt echter wel gecontroleerd door dezelfde SV40 promoter. Op 
basis van deze onverwachte bevindingen concluderen we dat lithium aangewend 
kan worden om de expressieniveaus van eiwitten te verhogen in cellijnen, waarin 
de expressie gereguleerd wordt door een SV40 promoter. 
De binding van suikergroepen (glycosylering) van eiwitten is voor sommige eiwit
ten essentieel voor het afleggen van de normale intracellulaire route of de normale 
functie. Onderzoek naar de hoeveelheid geglycosyleerd AQP2 in humaan weefsel 
en urine, bracht aan het licht dat circa 35-45% van de AQP2 moleculen is geglyco
syleerd, met een lage inter- en intraindividuele variatie. Blokkade van het glycosy-
leringsproces in WT10 cellen door toediening van tunicamycine, resulteert niet in 
het volgen van een afwijkende intracellulaire route of defect functioneren van 
AQP2. Op basis van deze bevindingen kunnen we concluderen dat het glycosyleren 
van AQP2 in MDCK cellen geen functie heeft. 
Voorheen is gesuggereerd dat activatie van Proteine Kinase C (PKC) verantwoor
delijk is voor internalisatie van AQP2, waardoor de cel weer ondoorlaatbaar wordt 
voor water. Om dit fenomeen te bestuderen incubeerden we WT10 cellen, na sti
mulatie met dDAVP, met Phorbol-Myristaat Acetaat (PMA), een algemeen ge
bruikte activator van PKC. Activatie van PKC leidt tot een concentratie- en tijdsaf
hankelijke reductie in de watertransportcapaciteit van WT10 cellen, met een paral
lelle reductie in apicaal AQP2. Gecombineerde incubatie van WT10 cellen met 
forskoline en PMA resulteerde in opslag van AQP2 in intracellulaire vesicles, 
overeenkomstig de situatie in ongestimuleerde WT10 cellen. Op basis van deze re
sultaten kunnen we concluderen dat activatie van PKC leidt tot verminderd AQP2-
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gemediëerd watertransport met een vermindering van het apicale AQP2. WT10 cel
len vormen een geschikt in vitro model om veranderingen van PKC activiteit op 
AQP2-gemediëerd watertransport te bestuderen. Toekomstig onderzoek zal zich 
richten op de vraag welke PKC-isotypes van essentieel belang blijken bij de effec
ten van PKC op watertransport via AQP2. 
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Een 'boekje' schnjf je niet alleen en dat geldt zeker voor het mijne ik heb altijd 
kunnen rekenen op de onvoorwaardelijke steun van velen, maar bovenaan de lijst 
staat absoluut m'n lieve Elisabeth JIJ hebt als geen ander geleden onder mijn wens 
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tegenstnbbelen, gelegenheid toe De ben er trots op zo'n vrouw te hebben en ik 
verheug me erop eindelijk eens leuke dingen te gaan doen met jou en natuurlijk 
onze prachtige zonen Nathan en David, die hun vader veel te vaak heeft moeten 
missen 
Het initiëren maar zeker ook het afronden van dit proefschnft was met mogelijk 
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veel plezier gehad en ik heb veel op jullie kunnen leunen, en daar ben ik iedereen 
enorm dankbaar voor Met name Johan, Bas, Thera, Marcel, Irene, en natuurlijk 
m'n gabber Enk-Jan hebben last gehad van mijn verzoeken 'even iets te doen' of 
'op te zoeken' De tijd op het lab zal ik zeker missen Enk-Jan, je bent en blijft een 
fantastische vnend en ik vind het heel erg leuk dat je mijn paranimf wil zijn De 
hoop dat we jou en je mooie vrouw Manjke nog vaak mogen treffen om onder het 
genot van veel wijn een knoflooknjke maaltijd te verorberen De wens jullie alle 
succes toe en hoop dat jullie alle wensen kunnen realiseren en combineren Een 
speciaal dankwoord gaat uiteraard uit naar mijn promoter professor C.H van Os 
Beste Carel, je geeft op inspirerende manier leiding aan een zeer vooruitstrevende 
vakgroep Ik heb veel van je geleerd, zowel wetenschappelijk, persoonlijk als 
sociaal Je enthousiasme voor het werk werkt aanstekelijk en ik bewonder met 
name je brede blik op de wereld je weet wat er speelt en in mensen omgaat, en je 
combineert dit met hoogstand wetenschappelijk werk, petje af, hoor Ik heb een 
enorm beroep op je gedaan, toen ik je kenbaar maakte te willen promoveren, naast 
mijn nieuwe opleidingsplaats in Tilburg Ik had feitelijk nog te weinig matenaal, 
maar je hebt je welwillend getoond een constructie te bedenken die voor mij 
werkbaar was en daar ben ik je zeer erkentelijk voor. Een speciaal woord van dank 
gaat uiteraard ook uil naar mijn co-promotores Dr Ρ Μ Τ Deen en Dr J F M 
Wetzeis Peter, ik heb ervan genoten met je samen te werken De heb zowel 
expenmenteel als ook schnjftechnisch veel van je geleerd Ik kan me je wanhoop 
indenken, wanneer je weer eens een manusenpt van mij onder ogen kreeg Toch 
bleef je optimistisch en kleurde je de stukken vol goede moed rood Je hebt 
ongetwijfeld een indrukwekkende toekomst voor je liggen De hoop dat onze 
vnendschap blijft bestaan, en ik hoop je vaak met Connie en de kinderen te zien 
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gesprekken met je koesteren 
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Paul, jullie hebben me de gelegenheid gegeven om zowel klinisch ervaring op te 
doen alsook onderzoek op een basaal laboratorium. Dankzij deze constructie werd 
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