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Introduction

A major function of the kidney is to regulate body

water and sodium balance. This function is achieved and

finely regulated by a number of cellular and molecular

processes, including tubular reabsorption of water and

sodium through renal water channels (aquaporins) and

sodium transporters under the tight control of

hormones and nerves along with intracellular signaling

pathways. Vasopressin and angiotensin II (AngII) are
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important peptide hormones that are chiefly involved in

the renal conservation of water and sodium (1:2).

Vasopressin controls body fluid homeostasis through

the regulation of renal tubular water reabsorption. The

action of vasopressin has been previously reviewed

extensively
1-5)

. Its main site of action in kidney tubules

is the collecting duct, where vasopressin binds to the

vasopressin V2-receptor and stimulates an increase in

intracellular cAMP content via adenylyl cyclase.

Subsequently, cAMP activates protein kinase A (PKA)

which phosphorylates various proteins including

aquaporin-2 (AQP2)
6-8)

. In the collecting duct principal

cells, AQP2 is then translocated from intracellular

vesicles to the apical plasma membrane (Fig 1, 2)
9)
,

thereby increasing the osmotic water permeability.
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Moreover, transcriptional regulation of AQP2 in vivo is

thought to be a result of vasopressin-induced increase

in intracellular cAMP levels, which is capable of

stimulating AQP2 gene transcription.

The renin-angiotensin-aldosterone system has also

been demonstrated to play a critical role in the regu-

lation of renal sodium and water metabolism through a

variety of physiological pathways. In particular, AngII

has known effects on the regulation of renal hemo-

dynamics, glomerular filtration rate, aldosterone secre-

tion, as well as more direct effects on renal tubule

transport in the proximal tubule
10)

. Moreover, several

recent studies have demonstrated that AngII also has

an important effect on the thick ascending limb (TAL)

and collecting duct where AngII receptor mRNA and

protein are present. For example, 1) AngII stimulates

the activity of epithelial sodium channel (ENaC) in an

isolated cortical collecting duct
11)

; 2) AngII induces

vasopressin V2-receptor mRNA expression in cultured

inner medullary collecting duct (IMCD) cells
12)

; and 3)

AngII increases vasopressin-stimulated facilitated

urea transport in the rat terminal IMCD
13)

. These

findings may suggest that AngII could play a role in the

regulation of urinary concentration capacity. More-

over, we recently demonstrated that 1) AngII infusion

in rats increased the expression of Na-H exchanger

NHE3 and Na-K-2Cl cotransporter type 2 (NKCC2)

in the medullary thick ascending limbs
14)

; 2) pharma-

cological blockade of the AngII AT1 receptor in rats

co-treated with dDAVP and dietary NaCl-restriction

resulted in an increase in urine production, a decrease

in urine osmolality, and blunted the dDAVP-induced

upregulation of AQP2
15)
; and 3) AngII plays a direct role

in the regulation of AQP2 short-term targeting to the

plasma membrane in the IMCD cells through AT1

receptor
16)

.

The action of vasopressin and AngII is mediated by

intracellular secondary messengers, which are mainly

coupled to the cAMP/PKA and phosphoinositide path-

ways, respectively. It is well known that vasopressin

induces an increase in intracellular cAMP levels
17)

,

Fig. 1. Increased AQP2 targeting in response to short-term treatment of dDAVP in
Brattleboro rats. A) AQP2 immunolabeling in the outer medullary collecting duct in
kidneys of Brattleboro rats 2 hours after vehicle. B)AQP2 immunolabeling in the outer
medullary collecting duct in kidneysof Brattleboro rats 2hours after dDAVP treatment.
OMCD, outer medullary collecting duct.

Fig. 2. Overview of vasopressin controlled AQP2 mem-
brane targeting in AQP2-expressed collecting duct principal
cells. Vasopressin binding to the G-protein linked
V2-receptor stimulates adenylyl cyclase leading to elevated
cAMP levels and activation of protein kinase A. AQP2 is
subsequently translocated to the apical plasma membrane.
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while AngII induces a rise in intracellular [Ca
2＋
] by

inositol 1,4,5-triphosphate (IP3) and protein kinase C

(PKC) activation by diacylglycerol
18)

. Interestingly,

several previous studies demonstrated evidence of

cross-talk between the signaling pathways of vaso-

pressin and AngII. For example, AngII potentiates the

vasopressin-dependent cAMP accumulation in Chinese

hamster ovary (CHO) cells transfected with cDNA of

both AT1A receptor and V2-receptor
19)

. Moreover,

forskolin potentiates AngII-induced increase in intra-

cellular [Ca
2＋
] in an isolated cortical TAL

20)
. Con-

sistent with this, we demonstrated that pharmacolo-

gical blockade of the AngII AT1 receptor in rats co-

treated with dDAVP and dietary NaCl-restriction (to

induce high plasma endogenous AngII levels) resulted

in an increase in urine production, a decrease in urine

osmolality, and blunted the dDAVP-induced upre-

gulation of AQP2 and phosphorylated-AQP2 (p-

AQP2: AQP2 phosphorylated in the PKA-phosphory-

lation consensus site Ser-256) expression in the inner

medulla
15)

.

Regulation of intracellular AQP2 trafficking and

osmotic water permeability in the collecting duct

principal cells involves intracellular cAMP produc-

tion
21)

. Accordingly, we also demonstrated that vaso-

pressin and AngII have additive effects on intracellular

cAMP accumulation in primary cultured IMCD cells (Fig

3), stimulation of AQP2 phosphorylation, and AQP2

trafficking; hence, it could increase the osmotic water

permeability of the collecting duct cells. To directly

address this, we examined the direct effect of 1) single

treatment with either dDAVP or AngII and 2)

co-treatment with dDAVP AngII in primary cultured＋
IMCD cells. Moreover, we examined the effect of single

treatment with dDAVP or AngII in AQP2-transfected

Madin Darby Canine Kidney (MDCK) cells. These

subjects are discussed in detail in the following sections

which were based on the previously published data from

our labs
14-16, 22)

.

Occupation of AngII AT1 receptor plays a role in

regulation of vasopressin-regulated AQP2 expression

in collecting ducts and urine concentration in vivo.

Urinary concentration and dilution depends on the

presence of a discrete segmental distribution of

transport properties along the renal tubule and urinary

concentration depends on 1) a hypertonic medullary

interstitium, which is generated by active NaCl

reabsorption as a consequence of countercurrent

multiplication in water-impermeable nephron seg-

ments; 2) a high water permeability (constitutive or

vasopressin-regulated) in other renal tubular seg-

ments for osmotic equilibration, which chiefly depends

on the expression of aquaporins; and 3) flow rate of

tubule fluid entering the medullary collecting ducts.

The collecting duct represents the final site for the

control of water excretion into urine. Water perme-

ability of the collecting duct is tightly regulated, under

the control of the vasopressin, which causes a dra-

matic increase in collecting duct water permeability,

allowing reabsorption of water from the tubular fluid

down an osmotic gradient. We demonstrated that

long-term dDAVP treatment upregulates inner me-

dullary AQP2 and p-AQP2 expression, whereas co-

treatment with the AT1 receptor antagonist cande-

sartan prevented the increase in the expression of inner

medullary AQP2 and p-AQP2 in response to the

long-term dDAVP treatment
15)

. On the contrary, outer

medullary NKCC2, NHE3, and Na,K-ATPase ex-

pression, which are chiefly involved in the active

reabsorption of NaCl by the medullary thick ascending

limb to maintain the countercurrent multiplication, was

unchanged in response to dDAVP treatment, neither in

the presence nor the absence of candesartan
15)

. This

suggests that the progressive blunting of the urine

concentration in response to dDAVP seen in the rats

co-treated with AT1 receptor blocker candesartan was

primarily due to the prevention of a dDAVP- mediated

increase in the osmotic water permeability in the outer

and inner medullary collecting ducts, despite long-term

dDAVP treatment. This is evidenced by the maintained

(not increased) expression of AQP2 and p-AQP2,

respectively.
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dDAVP or AngII has a stimulatory effect on

AQP2 targeting to the plasma membrane

in vitro

We demonstrated that AQP2 targeting to the plasma

membrane of primary cultured IMCD cells was

enhanced in response to acute dDAVP treatment,

consistent with a number of previous in vitro and in vivo

studies
8, 23-25)

. Interestingly, we demonstrated that

short-term treatment of AngII was also associated with

increased AQP2 targeting to the plasma membrane in

IMCD cells (Fig. 4) and this was inhibited by

co-treatment with the AngII AT1 receptor blocker

candesartan. This suggests that short-term treatment

of AngII could, at least partly, play a role in the

activation of signal transduction pathways leading to

AQP2 recruitment to the plasma membrane and that this

was mediated by AngII AT1 receptor activation.

The signal transduction pathways for AQP2 target-

ing to the plasma membrane have been investigated in

a number of previous studies
4)
. Cyclic-AMP levels in

the collecting duct principal cells are increased in

response to vasopressin binding to the V2-receptor

and subsequently, cAMP activates protein kinase A

(PKA) which phosphorylates various proteins in-

cluding AQP2
7)
. Consistent with this, we demonstrated

that cAMP levels increased in response to dDAVP in

a dose-dependent manner in primary cultured IMCD

cells
16)

. Cyclic-AMP levels were also significantly

increased by the single treatment of AngII and im-

portantly, co-treatment with dDAVP
＋

AngII revealed

an additive effect on cAMP production (Fig. 3), p-

AQP2 expression, and AQP2 targeting in primary

cultured IMCD cells
16)

. It should be noted that we

demonstrated enhanced AQP2 targeting to the plasma

membrane and increased cAMP levels in response to

treatment of AngII, alone, with no significant changes

in the p-AQP2 expression at 15 min after admini-

stration
16)

. Since intracellular cAMP accumulation in

IMCD cells is known to activate PKA, which sub-

sequently increase AQP2 phosphorylation and AQP2

trafficking, an increase in p-AQP2 expression would

be expected. However, at the time point used no

significant changes were observed but it cannot be

excluded that at some time point during the stimulation

AQP2 phosphorylation may have been increased.

Moreover, it remains possible that only a minor fraction

of AQP2 is subject to phosphorylation and at a level

where fractional change escapes detection. Phosph-

oproteomic analysis of kidney tissues after dDAVP

treatment is currently undertaken to examine the

course of changes of the dDAVP-induced phosphory-

lated proteins.

Co-treatment with dDAVP and AngII

potentiates the cAMP production, p-AQP2

xpression, and AQP2 targeting in vitro

The actions of peptide hormones, vasopressin, and

AngII, are mediated by intracellular secondary mes-

sengers. Vasopressin induces an increase in intra-

cellular cAMP levels, while AngII induces a rise in

intracellular [Ca
2＋
] by IP3 and PKC activation by DAG.

Our findings revealed that AngII had an additive effect

on the dDAVP-induced cAMP production (Fig 3),

Fig. 3. Cyclic-AMPmeasurement in primarycultured IMCD
cells. A) cAMP levels were unchanged in response to the
treatment of dDAVP, whereas the levels increased in
response to AngII. The increase of cAMP levels was
potentiated by co-treatment with dDAVP AngII.＋
Cyclic-AMP level was expressed in picomoles/ mL of cell
lysate (number of cell seeding per chamber : 2 10× 5 cells).
*P<0.05 when compared with vehicle-treated control,
*P<0.05when comparedwithAngII-treated group. #P<0.05
when compared with dDAVP-treated group.
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p-AQP2 expression, and AQP2 targeting
16)

. This

suggests cross-talk between these intracellular

signaling pathways of these two peptide hormones,

compatible with our findings obtained from in vivo

studies revealing that AngII AT1 receptor blockade

decreased dDAVP-induced water reabsorption and

AQP2 levels in the rat kidney
15)

.

How does short-term treatment of AngII stimulate

the cAMP accumulation, AQP2 phosphorylation, and

AQP2 targeting in the primary cultured IMCD cells? It

is known that both an increase in the intracellular

[Ca
2＋
] and the cAMP levels are required for the

AQP2 targeting and the accompanying increase in

osmotic water permeability
23, 26)

. The role of Ca
2＋

in

the cross- talk between AngII and vasopressin was

investigated in a previous study
19)

using CHO cells

transfected with cDNA of both the AT1A receptor

and the V2-receptor. This study demonstrated that

chelation of intracellular Ca
2＋

lowered the cAMP

accumulation by vasopressin and markedly decreased

the potentiation of vasopressin-induced cAMP accu-

mulation by AngII
19)

. On the other hand, the same

study also demonstrated that increased intracellular

[Ca
2＋
], induced by thapsigargin comparable to that

induced by AngII, did not potentiate the vasopressin-

dependent cAMP accumulation
19)

, indicating that in-

crease in intracellular [Ca
2＋
] does not likely play a

major role for the cross-talk. Consistent with this,

Lorenz et al.
27)

demonstrated that AQP2 shuttling is

evoked neither by the AVP-dependent increase of

[Ca
2＋

] nor AVP-independent increase of [Ca
2＋

] in

primary cultured IMCD cells from the rat kidney.

However, it should be mentioned that there is a

discrepancy between the results from primary cul-

tured IMCD cells
27)

and isolated perfused IMCD

tubules
23)

with regard to the role of intracellular [Ca
2

＋
] in vasopressin-induced AQP2 trafficking. This

might be related to the expression levels of vaso-

pressin receptors and/or AQP2, or other elements in

the AQP2 trafficking system and further studies are

needed to clarify this discrepancy.

Another transduction pathway of AngII is PKC. We

demonstrated that cAMP levels were significantly

increased in response to short-term AngII treatment;

whereas, the levels were not increased in response to

AngII treatment in the presence of the PKC inhibitor

staurosporine
16)

. Moreover, imunocytochemistry de-

monstrated that AQP2 targeting to the plasma mem-

brane was stimulated by AngII treatment alone,

whereas it was attenuated in response to AngII
＋

staurosporine
16)

. These findings suggest that an acti-

vation of PKC could, at least in part, play a role in

stimulation of the adenylate cyclase and AQP2 tar-

geting in the primary cultured IMCD cells. AngII-

mediated intracellular signaling is not restricted to [Ca
2

＋
] and PKC, but AngII-mediated activation of ERK,

JNK, and STAT also exists. In particular, ERK, p38

kinase, and phosphatidylinositol 3'-kinase (PI3-

Fig. 4. Immunofluorescent labellingof AQP2 in primary cultured IMCD cells. A) AQP2
labellingwas exclusively localized at the cytoplasmin response to vehicle treatment (Con).
B) In contrast, increasedAQP2 targeting to the plasmamembranewas seen in response to
the single treatment of AngII (AngII 10-8M, 15 min).
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kinase) were shown to regulate AQP2
28)

. Further

studies are, therefore, warranted to examine whether

AngII plays a role in the long-term regulation of AQP2

by increasing AQP2 gene transcription by activation of

MAP kinase and PI3-kinase, as demonstrated by

insulin
28)

.

Aldosterone increases urine production and

decreases apical AQP2 expression in rats with

diabetes insipidus

In addition to angiotensin II, aldosterone also plays a

role in the regulation of body fluid homeostasis
22, 29, 30)

.

Aldosterone has a complex interaction with vasopressin

and this has been the subject in several previous

studies
31, 32)

. Synergistic effects of mineralocorticoids

on vasopressin-induced osmotic water permeability

have been shown in the toad urinary bladder and isolated

perfused cortical collecting duct (CCD) from rabbits, but

not in rats
31, 32)

. Interestingly, in congenitally vaso-

pressin-deficient Brattleboro rats, mineralocorticoid-

deficiency (adrenalectomized Brattleboro rats sub-

stituted with glucocorticoids) causes a decreased dilut-

ing capacity compared to Brattleboro rats with intact

adrenal glands, while the urine flow was not markedly

affected
33)

. Moreover, pharmacological interference

with the renin-angiotensin system in Brattleboro rats

using either captopril (an angiotensin converting enzyme

inhibitor) or spirononlactone (a mineralocorticoid

receptor blocker) has been shown to reduce urine

production
34, 35)

, suggesting that aldosterone may play a

role for regulation of water excretion in vivo in the

absence of vasopressin.

Recently, we demonstrated a marked increase in

urine production in response to aldosterone treatment

of rats with lithium-induced nephrogenic diabetes in-

sipidus and in vasopressin-deficient Brattleboro rats

with central diabetes insipidus
22)

. Importantly, aldo-

sterone treatment was associated with impaired or

decreased apical trafficking of AQP2 in the connecting

tubule (CNT) and CCD
22)

. In addition to the decreased

apical AQP2 expression in both the CNT and the initial

CCD (iCCD), increased AQP2 expression was seen in

the basolateral domains of the iCCD
22)

. Consistent with

this, aldosterone treatment was associated with in-

creased free water clearance in both lithium-treated

rats and Brattleboro rats. In contrast, spironolactone

and aldosterone receptor antagonist treatment was

associated with decreased urine production and an

apparent increase in the AQP2 labelling in the apical

plasma membrane domain, suggesting that the aldo-

sterone receptor could be involved in the regulation of

AQP2 trafficking and urine production in conditions of

diabetes insipidus
22)

.

Moreover, we demonstrated that long-term aldo-

sterone infusion in normal rats receiving water intake

ad libitum was associated with polyuria and decreased

urine concentration, accompanied by decreased apical

but increased basolateral AQP2 labeling intensity in the

CNT and CCD despite the absence of changes in AQP2

protein expression in the kidney cortex and outer

medulla (unpublished data). The increased basolateral

AQP2 in the CNT and CCD by long-term aldosterone

infusion was not directly related to altered levels of

plasma angiotensin II or low plasma potassium level

(unpublished data). In contrast, short-term

aldosterone infusion in rats did not alter the intracellular

distribution of AQP2 in the CCD. Thus, these studies

could indicate that aldosterone is, at least in part,

involved in the regulation of body water balance through

affecting the intracellular AQP2 distribution in the CNT

and CCD in addition to the sodium reabsorption.

Conclusion

Angiotensin II and aldosterone could play a role in

the regulation of renal water reabsorption by changing

intracellular AQP2 targeting and/or AQP2 abundance,

in addition to vasopressin.



BH Lee et al. : Regulation of AQP2 in Response to Angiotensin II or Aldosterone

Acknowledgements

This study was supported by the Korean Society of

Electrolyte and Blood Pressure Research Grant (2006)

and Brain Korea 21 Project in 2006.

References

1) Knepper MA, Kim GH, Fernandez-Llama P, Ecel-

barger CA : Regulation of thick ascending limb

transport by vasopressin. J Am Soc Nephrol 10:

628-634, 1999

2) Knepper MA, Nielsen S, Chou CL, DiGiovanni SR :

Mechanism of vasopressin action in the renal

collecting duct. Semin Nephrol 14:302-321, 1994.

3) Agre P, King LS, Yasui M, Guggino WB, Ottersen OP,

Fujiyoshi Y, Engel A, Nielsen S : Aquaporin water

channels - from atomic structure to clinical

medicine. J Physiol 542:3-16, 2002.

4) Nielsen S, Frokiaer J, Marples D, Kwon TH, Agre P,

Knepper MA : Aquaporins in the kidney : from

molecules to medicine. Physiol Rev 82:205-244,

2002

5) Kwon TH, Hager H, Nejsum LN, Andersen ML,

Frokiaer J, Nielsen S : Physiology and pathophy-

siology of renal aquaporins. Semin Nephrol 21:231-

238, 2001

6) Fushimi K, Uchida S, Hara Y, Hirata Y, Marumo F,

Sasaki S : Cloning and expression of apical mem-

brane water channel of rat kidney collecting tubule.

Nature 361:549-552, 1993

7) Fushimi K, Sasaki S, Marumo F : Phosphorylation of

serine 256 is required for cAMP-dependent re-

gulatory exocytosis of the aquaporin-2 water chan-

nel. J Biol Chem 272:14800-14804, 1997

8) Christensen BM, Zelenina M, Aperia A, Nielsen S :

Localization and regulation of PKA-phosphorylated

AQP2 in response to V(2)-receptor agonist/ant-

agonist treatment. Am J Physiol Renal Physiol

278:F29-F42, 2000.

9) Nielsen S, Chou CL, Marples D, Christensen EI,

Kishore BK, Knepper MA : Vasopressin increases

water permeability of kidney collecting duct by in-

ducing translocation of aquaporin-CD water chan-

nels to plasma membrane. Proc Natl Acad Sci U S A

92:1013-1017, 1995

10) Harris PJ, Navar LG : Tubular transport responses

to angiotensin. Am J Physiol 248:F621-F630, 1985

11) Peti-Peterdi J, Warnock DG, Bell PD : Angiotensin

II directly stimulates ENaC activity in the cortical

collecting duct via AT(1) receptors. J Am Soc Ne-

phrol 13:1131-1135, 2002.

12) Wong NL, Tsui JK : Angiotensin II upregulates the

expression of vasopressin V2 mRNA in the inner

medullary collecting duct of the rat. Metabolism 52:

290-295, 2003.

13) Kato A, Klein JD, Zhang C, Sands JM : Angiotensin

II increases vasopressin-stimulated facilitated

urea permeability in rat terminal IMCDs. Am J

Physiol Renal Physiol 279:F835-F840, 2000.

14) Kwon TH, Nielsen J, Kim YH, Knepper MA, Fro-

kiaer J, Nielsen S : Regulation of sodium transpor-

ters in the thick ascending limb of rat kidney :

response to angiotensin II. Am J Physiol Renal

Physiol 285:F152-F165, 2003

15) Kwon TH, Nielsen J, Knepper MA, Frokiaer J, Niel-

sen S : Angiotensin II AT1 receptor blockade

decreases vasopressin-induced water reabsorp-

tion and AQP2 levels in NaCl-restricted rats. Am J

Physiol Renal Physiol 288: F673-F684, 2005.

16) Lee YJ, Song IK, Jang KJ, Nielsen J, Frokiaer J,

Nielsen S, Kwon TH : Increased AQP2 targeting in

primary cultured IMCD cells in response to angio-

tensin II through AT1 receptor. Am J Physiol Renal

Physiol 292:F340-F350, 2007.

17) Edwards RM, Jackson BA, Dousa TP : ADH-sen-

sitive cAMP system in papillary collecting duct:

effect of osmolality and PGE2. Am J Physiol 240:

F311-F318, 1981.

18) Karim Z, Defontaine N, Paillard M, Poggioli J : Pro-

tein kinase C isoforms in rat kidney proximal tubule:

acute effect of angiotensin II. Am J Physiol

269:C134-C140, 1995.

19) Klingler C, Ancellin N, Barrault MB, Morel A, Buhler

JM, Elalouf JM, Clauser E, Lugnier C, Corman B :

Angiotensin II potentiates vasopressin- dependent

cAMP accumulation in CHO transfected cells.

Mechanisms of cross-talk between AT1A and V2

receptors. Cell Signal 10:65-74, 1998

20) Hus-Citharel A, Marchetti J, Corvol P, Llorens-

Cortes C : Potentiation of [Ca
2＋

]i response to

angiotensin III by cAMP in cortical thick ascending

limb. Kidney Int 61:1996-2005, 2002

21) Star RA, Nonoguchi H, Balaban R, Knepper MA :

Calcium and cyclic adenosine monophosphate as

second messengers for vasopressin in the rat inner

medullary collecting duct. J Clin Invest 81:1879-

1888, 1988

22) Nielsen J, Kwon TH, Praetorius J, Frokiaer J,

Knepper MA, Nielsen S : Aldosterone increases

urine production and decreases apical AQP2 ex-

pression in rats with diabetes insipidus. Am J

Physiol Renal Physiol 290:F438-F449, 2006

23) Chou CL, Yip KP, Michea L, Kador K, Ferraris JD,

Wade JB, Knepper MA : Regulation of aquaporin-2

trafficking by vasopressin in the renal collecting



BH Lee et al. : Regulation of AQP2 in Response to Angiotensin II or Aldosterone

duct. Roles of ryanodine-sensitive Ca2
＋
stores and

calmodulin. J Biol Chem 275:36839-36846, 2000

24) Katsura T, Verbavatz JM, Farinas J, Ma T, Ausiello

DA, Verkman AS, Brown D : Constitutive and

regulated membrane expression of aquaporin 1 and

aquaporin 2 water channels in stably transfected

LLC-PK1 epithelial cells. Proc Natl Acad Sci U S A

92:7212-7216, 1995

25) Yamamoto T, Sasaki S, Fushimi K, Ishibashi K,

Yaoita E, Kawasaki K, Marumo F, Kihara I :

Vasopressin increases AQP-CD water channel in

apical membrane of collecting duct cells in Brattle-

boro rats. Am J Physiol 268:C1546-C1551, 1995

26) Yip KP : Coupling of vasopressin-induced intra-

cellular Ca2
＋
mobilization and apical exocytosis in

perfused rat kidney collecting duct. J Physiol 538:

891-899, 2002

27) Lorenz D, Krylov A, Hahm D, Hagen V, Rosenthal W,

Pohl P, Maric K : Cyclic AMP is sufficient for

triggering the exocytic recruitment of aquaporin-2

in renal epithelial cells. EMBO Rep 4:88-93, 2003

28) Bustamante M, Hasler U, Kotova O, Chibalin AV,

Mordasini D, Rousselot M, Vandewalle A, Martin PY,

Feraille E : Insulin potentiates AVP-induced AQP2

expression in cultured renal collecting duct principal

cells. Am J Physiol Renal Physiol 288: F334-F344,

2005

29) Kwon TH, Nielsen J, Masilamani S, Hager H,

Knepper MA, Frokiaer J, Nielsen S : Regulation of

collecting duct AQP3 expression: response to mine-

ralocorticoid. Am J Physiol Renal Physiol 283:

F1403-F1421, 2002

30) Nielsen J, Kwon TH, Frokiaer J, Knepper MA,

Nielsen S : Lithium-induced NDI in rats is asso-

ciated with loss of alpha-ENaC regulation by aldo-

sterone in CCD. Am J Physiol Renal Physiol 290:

F1222-F1233, 2006

31) Chen L, Williams SK, Schafer JA : Differences in

synergistic actions of vasopressin and deoxycorti-

costerone in rat and rabbit CCD. Am J Physiol

259:F147-F156, 1990

32) Handler JS, Preston AS, Orloff J : Effect of adrenal

steroid hormones on the response of the toad's uri-

nary bladder to vasopressin. J Clin Invest 48:823-

833, 1969

33) Green HH, Harrington AR, Valtin H : On the role of

antidiuretic hormone in the inhibition of acute water

diuresis in adrenal insufficiency and the effects of

gluco- and mineralocorticoids in reversing the

inhibition. J Clin Invest 49:1724-1736, 1970

34) Henderson IW, McKeever A, Kenyon CJ : Captopril

(SQ 14225) depresses drinking and aldosterone in

rats lacking vasopressin. Nature 281:569-570,

1979

35) Stamoutsos BA, Carpenter RG, Grossman SP : Role

of angiotensin-II in the polydipsia of diabetes insi-

pidus in the Brattleboro rat. Physiol Behav 26:

691-693, 1981


