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Dysregulation of Renal Aquaporins and
Epithelial Sodium Channel in Lithium-

Induced Nephrogenic Diabetes Insipidus

Jakob Nielsen, MD, PhD,* Tae-Hwan Kwon, MD, DMSc,*,†

Birgitte Mønster Christensen, PhD,* Jørgen Frøkiær, MD, DMSc,*
and Søren Nielsen, MD, DMSc*

Summary: Lithium is used commonly to treat bipolar mood disorders. In addition to its primary
therapeutic effects in the central nervous system lithium has a number of side effects in the
kidney. The side effects include nephrogenic diabetes insipidus with polyuria, mild sodium
wasting, and changes in acid/base balance. These functional changes are associated with marked
structural changes in collecting duct cell composition and morphology, likely contributing to the
functional changes. Over the past few years, investigations of lithium-induced renal changes have
provided novel insight into the molecular mechanisms that are responsible for the disturbances
in water, sodium, and acid/base metabolism. This includes dysregulation of renal aquaporins,
epithelial sodium channel, and acid/base transporters. This review focuses on these issues with
the aim to present this in context with clinically relevant features.
Semin Nephrol 28:227-244 © 2008 Elsevier Inc. All rights reserved.
Keywords: AQP, ENaC, kidney, water balance
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ithium has been used widely for treating
bipolar affective mood disorders in human
patients.1 Lithium treatment, however, is

ssociated with a variety of renal side effects
ncluding nephrogenic diabetes insipidus (NDI)
ie, a pronounced vasopressin-resistant polyuria
nd an inability to concentrate urine2-4), in-
reased renal sodium excretion, and distal renal
ubular acidosis.5-8 Patients who have been
reated with lithium manifest a slow recovery of
rinary concentrating ability when treatment is
iscontinued. It is estimated that 1 in 1,000 of
he population receive lithium and roughly 20%
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o 30% of these patients develop serious side
ffects including polyuria and renal sodium
oss, which to a major extent is attributed to
evere down-regulation of aquaporin-2, aqua-
orin-3, and the epithelial sodium channel
NaC in the kidney collecting duct.3,4,9,10

Moreover, chronic lithium treatment is associ-
ted with hyperchloremic metabolic acidosis and
istal renal tubular acidosis.5-7 The underlying
echanisms for the impaired urinary acidification

n the distal nephron and collecting duct after
ithium treatment recently have been, at least
artly, identified. The impaired acidification may
e the result of the following: (1) an inability to
enerate a maximum pH gradient across the distal
ephron for H� secretion (gradient defect; see
ascimento et al6); (2) a primary impairment of

he proton pump in the collecting duct (secretory
efect; see Halperin et al11); or (3) an unfavorable
ffect of lithium on the electrical gradient promot-
ng H� secretion (voltage-dependent defect; see
rruda et al12). The molecular basis for this, in-
luding potential changes in the expression of

ey renal acid-base transporters, recently was ex-
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AQP and ENaC regulation in NDI 229
lored,8 and several reports have underscored
hat there is a major cellular reorganization of the
ollecting duct with a marked increase in the
raction of intercalated cells and a significant de-
rease in the fraction of principal cells.13,14

This review focuses on the current understand-
ng on the effects of lithium treatment on kidney
unction with emphasis on dysregulation of col-
ecting duct aquaporins, epithelial sodium chan-
el ENaC, acid/base transporters, and the marked
ellular reorganization of the collecting duct.

ENAL HANDLING OF LITHIUM
ND CELLULAR ENTRANCE PATHWAYS

ithium is excreted almost exclusively by the kid-
ey15 and is handled similarly to sodium in the
enal tubule.1,16,17 Approximately 75% of the fil-
ered lithium is reabsorbed in the proximal tubule
nd in the loop of Henle by substituting for so-
ium on the Na/H exchanger type (NHE3) and
he Na-K-2Cl cotransporter (NKCC2).16-19 During
odium-replete conditions, renal lithium clear-
nce has been used commonly as an index of
ubular fluid delivery from the loop of Henle be-
ause no further transport of lithium occurred in
he more distal tubule segments.20 However, dur-
ng sodium depletion there is significant lithium
eabsorption from the distal tubule and collecting
uct, which can be blocked by the diuretic drug
miloride.21-25 The effect of amiloride on lithium
eabsorption strongly suggests that the amiloride-
ensitive epithelial sodium channel ENaC (which
as a high permeability for lithium26,27) repre-
ents the cellular entry pathway for lithium in the
istal tubule segments (ie, distal convoluted tu-
ule, connecting tubule, and collecting duct)
here ENaC is expressed. Consistently a recent

tudy has shown that blocking ENaC by amiloride
educes polyuria and increase AQP2 protein ex-
ression when administered to rats with estab-

igure 1. Down-regulation of AQP2 in CCD and CNT of li
ection of kidney cortex of (A-C) control rats and (D-F) ra
abeling was present in the apical plasma membrane doma
n the (B) principal cells of the initial CCD (iCCD), and (C) C
pical plasma membrane domain and cytoplasm of the pri
ontrol rats. The decrease in AQP2 labeling in lithium-tre
ollecting duct, although the decrease in AQP2 expression

nd modified from Nielsen et al.36
ished lithium-induced NDI.28 Measurements of
ntracellular [Li�] indicate that lithium is actively
umped out of the cells in most tissues.17 The
ost likely transporter mediating extrusion of

ithium is the basolateral Na/H exchanger type
.29 The Na-K-ATPase is not thought to play an

mportant role because lithium is an ineffective
ctivator of the pump.30-34

Understanding the exact mechanism for en-
ry of lithium into the cells of the distal tubule
egments is important because the dominant
dverse effects of lithium on regulation of water
nd sodium handling occur in these segments.
resently, most evidence suggests that ENaC is
esponsible for cell entry of lithium and the
evelopment of the lithium-induced NDI, al-
hough definitive studies still are pending.

YSREGULATION OF AQP2 AND AQP3
EGULATION IN LITHIUM-INDUCED NDI

he progressive polyuria induced by chronic
ithium treatment is associated with a parallel
own-regulation of both total protein expres-
ion and apical trafficking of the vasopressin-
egulated AQP2. In lithium-treated rats both
QP2 protein and messenger RNA (mRNA) ex-
ression in kidney cortex and medulla progres-
ively were reduced to less than approximately
0% of levels in control rats.3,4,13,35 Interest-

ngly, down-regulation of AQP2 protein expres-
ion in the kidney cortex was observed mainly
n the CCD whereas the connecting tubule was
ess affected (Fig. 1).36 Consistent with animal
tudies, a recent in vitro study using a highly
ifferentiated mouse clonal CCD principal cell

ine (mpkCCDc14) showed decreased AQP2
RNA transcription and down-regulation of
QP2 protein expression whereas AQP2 pro-

ein stability was unaffected by lithium.37 Quan-
itative immunoelectron microscopy of AQP2

treated rats. Immunoperoxidase labeling of AQP2 in tissue
ted with lithium for 4 weeks. In control rats strong AQP2
ows) and dispersed within the cytoplasm in (A) CNT, and
) In the lithium-treated rats the AQP2 labeling in both the
cells of the CCD was decreased drastically compared with
ats also was observed in the (D) CNT and (E) the initial
ess pronounced. Scale bar, 10 �m. Used with permission
thium-
ts trea
in (arr
CD. (F

ncipal
ated r
was l
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230 J. Nielsen et al
abeling in the rat inner medullary collecting
uct principal cells showed a marked reduction
f AQP2 in the apical plasma membrane as well
s in the intracellular vesicles.4 The decreased
pical expression of AQP2 also is reflected in
he decreased urinary AQP2 excretion. AQP2 is
xcreted in the urine, likely in the form of
xosomes originating from multivesicular bod-
es, and the excretion rate is correlated with
asopressin action and apical AQP2 expres-
ion.38-41 Consistently, both experimental ani-
al and human studies with lithium-induced
DI have shown decreased urinary excretion of
QP2.41,42 The decreased AQP2 expression,
ainly affecting the collecting duct, is likely to
lay a crucial role in the polyuria, similar to
ndings in collecting duct–selective AQP2-defi-
ient mice.43

In addition to decreased AQP2 expression,
hronic lithium treatment also causes down-
egulation of the basolaterally expressed AQP3,
s shown by immunoblotting and immunoelec-
ron microscopy.3 AQP3 expression has been
hown to be regulated by vasopressin44 and
hanges in tonicity,45,46 and plays an important
ole in water balance. The importance of AQP3
s illustrated by the AQP3 gene–deficient mice
hat suffer from severe NDI.47

Thus, lithium decreases both protein expres-
ion of AQP2 and AQP3 and decreases trafficking
f AQP2 to the apical plasma membrane in the
ollecting duct. These changes are likely to play a
ajor role in the development of lithium-induced
olyuria and the urinary concentrating defect.

igure 2. Down-regulation of �ENaC in the collecting d
uorescence microscopy of �ENaC in connecting tubule a
or 4 weeks. (A and C) Immunolabeling of �ENaC is stron
nd outer medullary collecting duct (OMCD) in control
ithium-treated rats the labeling intensity of �ENaC is str
trong and dispersed in the cytoplasm similar to the CCD
ithium-treated rats was not decreased but showed stro
ENaC in lithium-treated rats, which received a sodium-
one levels. In lithium-treated rats given extra dietary sod
ytoplasm (not shown). (G-L) To confirm that the tubu
mmunofluorescence double labeling with the CNT mark
ithium-treated rats tubule segments with apical �ENaC a
howed dispersed cytoplasmic labeling of �ENaC in the
howed an identical labeling pattern (not shown). Arrow

pical labeling. Scale bars, 10 �m. Used with permission and
YSREGULATION OF RENAL
ODIUM HANDLING AND ENaC IN Li-NDI

hronic lithium treatment increases renal so-
ium excretion, which is likely to play a role in

ithium-induced polyuria and lithium toxicity.
n 1949 there were 2 reports of fatal lithium
ntoxication that suggested that the toxic ef-
ects of lithium were increased in patients on a
odium-restricted diet.48,49 Later studies in dogs
nd rats showed a protective effect of high
ietary sodium intake on lithium-induced renal
odium wasting.15,50-55 As described earlier
here is a general consensus among scientists in
he field that favors the hypothesis that ENaC
epresents the entrance pathway for lithium in
ollecting duct principal cells. Thus, it may be
peculated that the plasma concentration of
ithium and excretion levels in urine are depen-
ent on ENaC expression and, moreover, that
he lithium effect in the collecting duct is pro-
ortional to the level of ENaC in the apical
lasma membrane. The relationship between
odium content in the diet would be consistent
ith this because restriction in sodium intake

ncreases aldosterone and hence apical plasma
embrane ENaC expression.
Lithium-induced renal sodium wasting was re-

ated to a decreased effects of adrenocortical hor-
ones on sodium reabsorption, suggesting that

he distal tubule and collecting duct are the tar-
ets of lithium.15,50,52,54,55 Lithium prevented hy-
ertension in uninephrectomized rats treated
ith deoxycorticosterone acetate and saline.56

ithium also reduced the amiloride-sensitive so-

f lithium-treated rats. Immunoperoxidase and immuno-
llecting duct of control rats and rats treated with lithium
dispersed in the cytoplasm of principal cells of the CCD
and D) In the principal cells of the CCD and OMCD of
reduced. (E) In the CNT of the control rats �ENaC was
terestingly, expression of �ENaC in the CNT cells of the
eling of the apical cell domain. The apical targeting of
ted diet, was associated with increased plasma aldoste-
mmunolabeling in the CNT was dispersed mainly in the
ment with apical �ENaC (green) expression was CNT,
tein calbindin-D28k (not marked) was used. (H-L) In the
re labeled with calbindin-D28k, (G-J) whereas control rats
indin-positive tubules. The immunolabeling for �ENaC
ate dispersed intracellular labeling. Arrowheads indicate
uct o
nd co
g and
rats. (B
ikingly
. (F) In
ng lab
restric
ium i
le seg
er pro

lso we
calb

s indic

modified from Nielsen et al.10
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232 J. Nielsen et al
ium transport stimulated by aldosterone in
hronically catheterized rats with servo-con-
rolled fluid balance, suggesting that decreased
NaC-mediated sodium reabsorption was the
ause of lithium-induced renal sodium wasting.57

uring chronic lithium treatment the sodium
asting is thought to result from altered expres-

ion of renal sodium transporters and channels
see later). However, acute lithium administration
lso decreases tubular sodium reabsorption,
hich likely is owing to simple competition of

ithium and sodium for reabsorption in the renal
ubules.58 Micropuncture studies in the rat
howed that lithium inhibited fractional reabsorp-
ion of sodium in the proximal tubule and sodium
nd water in the distal tubule.59,60

Consistent with the hypothesis that lithium
ffects ENaC-mediated sodium reabsorption,
ithium treatment was shown to cause down-
egulation of ßENaC and �ENaC subunits in the
CD and outer medullary collecting duct (Fig.
), but not in the connecting tubule cells
CNT).10 Both mRNA and protein expression of
ENaC and �ENaC subunits are regulated by
asopressin. Down-regulation of ßENaC and
ENaC therefore is consistent with decreased
asopressin signaling in the collecting duct
rincipal cells (and the concomitant down-reg-
lation of AQP2).61-63 In addition to the marked
ffects on ßENaC and �ENaC protein expres-
ion in the collecting duct, lithium treatment in
he sodium-restricted rats blocked up-regula-
ion of �ENaC protein expression and traffick-
ng of the ENaC complex from intracellular ves-
cles to the apical plasma membrane in the
ollecting duct whereas the connecting tubule
as unaffected.10 The mRNA and protein ex-
ression of �ENaC and trafficking of the ENaC
omplex (with a suggested stoichiometry of
�ENaC:1�ENaC:1�ENaC) is known to be in-
uced by dietary sodium restriction and in-
reased plasma aldosterone concentration.64-74

hus, the absence of �ENaC up-regulation and
ack of apical trafficking of ENaC in CCD sug-
ests reduced aldosterone signaling. Consistent
ith this, aldosterone infusion in rats with lith-

um-induced NDI neither increased �ENaC pro-
ein expression nor apical trafficking of ENaC in

CD (while it occurred in CNT) which may 2
xplain the decreased ability to retain sodium
uring lithium-induced NDI.75

Expression of the �ENaC subunit is thought to
e the rate-limiting factor in the assembly and
urface expression of the ENaC complex,76-78

lthough all 3 subunits are required for full
hannel activity.79-83 Whether the selective
own-regulation of ENaC in the collecting duct

s sufficient to cause lithium-induced sodium
asting can be debated. The sodium reabsorp-

ion in the collecting duct is smaller relative to
he connecting tubule (and distal convoluted
ubule). Quantitative analysis based on results
rom isolated perfused tubules show a 10-fold
arger amiloride-sensitive sodium transport ca-
acity in the CNT compared with the CCD.84-87

he relative importance of the CNT over the
CD is underscored further by the very mild
henotype of the CCD-specific �ENaC gene–
eficient mice,78 compared with the lethal phe-
otype of mice with the complete lack of either
ENaC, �ENaC, or �ENaC.82,83,88 However, the
pparent inability to fully compensate for the
odium wasting associated with the loss of CCD
NaC function that is induced by lithium indi-
ates that the CCD has an important role during
evere stress, similar to findings in the CCD-
pecific �ENaC gene–deficient mice.78 Assum-
ng that ENaC is indeed the cellular entry site
or lithium, it remains a conundrum why the
ollecting duct, which during lithium treatment
as virtually no apical ENaC, is affected so dra-
atically by chronic lithium treatment whereas

he CNT with normal ENaC expression appears
uch less unaffected. It certainly indicates that

he CCD principal cells are far more sensitive to
ithium.

YSREGULATION OF RENAL SODIUM
RANSPORTERS AND UREA TRANSPORTERS

n addition to the effects of lithium on ENaC,
he aldosterone-regulated Na-Cl cotransporter
NCC or thiazide-sensitive cotransporter) ex-
ressed apically in the distal convoluted tubule
DCT) also is affected by chronic lithium treat-
ent. In lithium-treated rats on a sodium-re-

tricted diet (causing significantly increased
lasma aldosterone) the protein expression of
CC was decreased markedly or unchanged in

different studies,3,10 suggesting a decreased
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AQP and ENaC regulation in NDI 233
esponse to aldosterone. However, in another
tudy, high-dose infusion of aldosterone in-
reased NCC protein expression in lithium-
reated rats on a sodium-replete diet,75 suggest-
ng a normal response to aldosterone. NCC is
nown to be regulated by several other mech-
nisms89 and it remains unclear how lithium
ffects the regulation of NCC. ENaC (likely en-
rance site for lithium) is expressed only in the
ate DCT (DCT2), and not in the early DCT
DCT1). Thus, it may be speculated that lithium
nly affects the DCT2. Further studies are nec-
ssary to explore this.

Other renal sodium transporters upstream
rom the distal convoluted tubule are unchanged,
xcept the type 2 sodium-phosphate cotrans-
orter (NaPi-2) and electrogenic sodium-bicar-
onate cotransporter (NBC1) expressed in the
roximal tubule.3,8,10

The NaPi-2 cotransporter contributes to re-
al proximal tubular phosphate reabsorption.90

nhibition of proximal tubular NaPi2 by para-
hyroid hormone has been characterized previ-
usly by showing a significantly decreased ex-
ression of NaPi-2 in the brush border of renal
roximal tubules in response to parathyroid
ormone treatment.91 Lithium treatment has
een reported to increase serum calcium and

ower serum phosphate concentrations and to
ncrease urinary calcium and phosphate excre-
ion in human beings and rats.92,93 Because lith-
um induces hyperparathyroidism, which could
esult in such electrolyte changes,92 decreased
xpression of renal NaPi-2 could be caused by
ithium-induced hyperparathyroidism.

The electrogenic NBC1 localized by functional
tudies to the basolateral membrane in the prox-
mal tubule contributes to bicarbonate reabsorp-
ion and plays an important role in acid-base reg-
lation.94 The expression of NBC1 was increased
ignificantly in the kidney cortex of lithium-
reated rats.8 Several previous studies have shown
hat systemic pH levels play an important role in
he regulation of bicarbonate reabsorption in the
roximal tubule.95 However, the regulation of
BC1 in the proximal tubule is not well under-

tood and a previous study showed that renal
rotein expression of NBC1 was not altered sig-
ificantly in rats with chronic metabolic acidosis
nduced by oral NH4Cl loading.96 This finding also c
s consistent with another study showing un-
hanged expression of renal cortical NBC1 mRNA
n rats with NH4Cl-induced metabolic acidosis.97

ne possible explanation for the increased ex-
ression of NBC1 in lithium-induced NDI may be
hat NBC1 could play a role in supporting sodium
eabsorption in the proximal tubule in response
o the sodium wasting associated with lithium-
nduced NDI. Chronic lithium treatment is asso-
iated with an activated renin-angiotensin-aldoste-
one system owing to sodium wasting. Because
ngiotensin II also is known to stimulate the ac-
ivity of basolateral Na�/HCO3

� cotransport in
enal proximal tubules,98 it is possible that the
rotein expression of NBC1 could be regulated in
esponse to high angiotensin II levels and contrac-
ion of extracellular fluid volume.

In addition to the changes of sodium transport-
rs and ENaC subunits, it recently was shown that
he protein expression of urea transport type A1
UT-A1) located in the inner medulla collecting
uct (IMCD) and urea transporter type B (UT-B)

ocated in the descending vasa recta was de-
reased significantly in the renal inner medulla of
ats fed lithium for 10 or 25 days.99 The down-
egulation of UT-A1 and UT-B, therefore, could
lay a role in the decreased inner medullary inter-
titial urea concentration in lithium-treated rats2

nd, thereby, could contribute to the reduction in
rine concentrating ability in lithium-treated rats.

ODULATION OF
LDOSTERONE SIGNALING IN
i-NDI AND CENTRAL DI MODELS

t is well established that some diuretics (eg,
hiazides) have profound antidiuretic effects in
atients with DI including lithium-induced NDI.
n 1959, Crawford and Kennedy100 showed that
reatment with chlorothiazide could decrease
he urine flow and increase the urine osmolality
oth in rats and patients with DI. The mecha-
isms responsible for this paradoxic antidiuretic
ffect are still only partly understood. However,
his lack of knowledge has not been an obstacle
o their application in clinical medicine where
hese drugs have proven valuable in the manage-
ent of DI, particularly NDI.101,102 Consistent
ith the decrease of urine production by thia-

ides in lithium-induced NDI it was shown re-

ently that treatment of rats with lithium-induced
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234 J. Nielsen et al
DI with hydrochlorothiazide produced a signif-
cant up-regulation of AQP2 in addition to NCC
nd ENaC.103 Furthermore, pharmacologic inter-
erence with the renin-angiotensin-aldosterone
ystem also has profound effects in lithium-in-
uced NDI as well as in central DI (see later).
here is a complex interaction between vasopres-
in and aldosterone, and the role of aldosterone in
asopressin regulation of collecting duct water
ermeability has been the subject of several stud-

es. Mineralocorticoids have synergistic effects on
asopressin-induced osmotic water permeability
n toad urinary bladder and isolated perfused CCD
rom rabbits.104-106 In normal rats, mineralocorti-
oids alone have not been shown to affect os-
otic water permeability or urine production.104-108

n contrast, pharmacologic interference with
he renin-angiotensin-aldosterone system in poly-
ric vasopressin-deficient Brattleboro rats using
aptopril (an angiotensin-converting enzyme in-
ibitor) or spironolactone (a mineralocorticoid-
eceptor blocker) caused a marked decrease in
rine production.109,110 On the other hand, exper-

mental mineralocorticoid deficiency (adrenalec-
omized and substituted with glucocorticoids) in
rattleboro rats was not associated with altered
rine production, although the diluting capacity
as decreased when compared with Brattleboro

ats with intact adrenal glands.111 These initial
bservations led to a series of further detailed
tudies that are reviewed briefly later.

The effects of aldosterone and spironolac-
one treatment on the changes of renal function
nd renal expression of AQP2 and ENaC in
odium-replete rats with established lithium-in-
uced NDI was examined.36,75 Surprisingly, al-
osterone treatment caused a dramatic increase

n urine production, whereas mineralocorti-

igure 4. Increased apical expression of AQP2 in initial
onfocal laser scanning microscopy using immunofluore

n the (A-D) CNT and (E-H) initial collecting duct. Tub
dentified as CNTs. There was a reduced AQP2 labelin
ldosterone treatment (Li � Aldo) compared with rats tre
elatively strong AQP2 labeling but no calbindin-D28k lab
as very low AQP2 expression as shown in Figure 1). Si
he apical plasma membrane domain (F versus E). Spiro
abeling in iCCD compared with lithium treatment (Li) alo
abeling in the apical plasma membrane domains, where
). Arrowheads, labeling in the basolateral plasma memb

ith permission and modified from Nielsen et al.36
oid-receptor blockage with spironolactone
arkedly decreased urine production (Fig. 3).

nterestingly the increased urine production in
ldosterone treatment was associated with a
ecreased plasma lithium concentration com-
ared with rats treated with lithium alone. The

arge changes in urine production in response
o aldosterone and spironolactone in the rats
ith lithium-induced NDI were not associated
ith major changes in the overall protein ex-
ression of AQP2. However, aldosterone and
pironolactone appeared to have marked ef-
ects on the subcellular distribution of AQP2.36

he aldosterone-treated Li-NDI rats had dis-

n spironolactone-treated rats with lithium-induced NDI.
labeling of AQP2 (green) and calbindin28k (red in inset)
gments co-labeled for AQP2 and calbindin-D28k were
the apical plasma membrane domain in response to
ith lithium (Li) alone (B versus A). Tubule segments with
were identified as initial CCD (iCCD) (more distal CCD
o the CNT, aldosterone caused a decreased labeling in
one treatment (Li � Spiro) resulted in increased apical
versus E). Untreated control rats showed stronger AQP2
olateral labeling was unchanged (D and H versus A and
omain; arrows, apical plasma membrane domain. Used

igure 3. Effect of spironolactone and aldosterone on
rine volume in rats with lithium-induced NDI. The aldo-
terone-treated rats with lithium-induced NDI (Li � A) had
rogressively increased urinary volume (*P � 0.05) com-
ared with rats treated with lithium only (Li). Spironolac-
one-treated rats with lithium-induced NDI (Li � S) had
ignificantly reduced urinary volume. Untreated rats with-
ut NDI (Cont) had approximately 6-fold lower urine vol-
me compared with rats treated only with lithium. Used
ith permission and modified from Nielsen et al.36
CCD i
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ule se
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inctly decreased apical AQP2 expression in the
NT and initial CCD, whereas spironolactone

reatment was associated with increased AQP2
abeling in the apical plasma membrane domain
n the initial CCD, indicating that the decreased
pical AQP2 in the CNT and initial CCD is likely
o play a role in the increased urine production
n response to aldosterone treatment in rats

ith Li-NDI (Fig. 4). It is significant to note that
ldosterone and spironolactone treatment had
imilar effects on urine production and changes
n the subcellular distribution of AQP2 in vaso-
ressin-deficient polyuric Brattleboro rats, sug-
esting that the aldosterone-induced change in
ubcellular distribution of AQP2 and urine pro-
uction was related to the absence of vasopres-
in signaling rather than lithium per se.

Additional studies have revealed that com-
ined treatment with dDAVP and candesartan
f normal rats led to a blunting of the dDAVP
ffect with decreased apical AQP2 targeting
nd increased urine production compared with
ats treated with dDAVP alone.112 Similarly,
ombined treatment with dDAVP and aldoste-
one blunted the effect of dDAVP with de-
reased apical (and increased basolateral) AQP2
nd increased urine production compared with
ats treated with dDAVP alone.112 Thus, several
athways appear to modulate the response to
asopressin and aldosterone with respect to
QP2 regulation both in normal and in polyuric
ats (lithium-induced NDI and central DI).

ELLULAR REORGANIZATION
F RENAL COLLECTING DUCT IN Li-NDI

ithium-induced polyuria is, at least partly, a
onsequence of reduced expression of AQP2
nd AQP3 in the collecting duct principal cells.
owever, significant changes in the cellular
omposition or organization of the renal col-
ecting duct has been shown recently in re-
ponse to lithium treatment of rats and this is
ikely also to participate. The collecting duct
rincipal cells are the sites for the final regula-
ion of water and sodium reabsorption. Nor-
ally, the percentage of principal cells is ap-
roximately 60% in the rat CCD, and this
umber increases slightly along the outer and

nner stripes of the outer medullary collecting

ucts, reaching approximately 90% in the prox- i
mal part of the inner medullary collecting
ucts. The remaining cells in the collecting
uct are the intercalated cells (ie, 40% in CCD
nd 10% in proximal IMCD), which are in-
olved in acid-base homeostasis. These cells
an be divided further into 3 subgroups: type A
ntercalated cells, type B intercalated cells, and
on-A/non-B intercalated cells. By using differ-
nt markers for principal cells (anti-AQP2
ntibody) and intercalated cells (H�-ATPase
ntibody) on kidney sections the cellular com-
osition of principal cells and intercalated cells
as studied in rats treated with lithium for 4,

0, 15 or 28 days. After 10 days of lithium
reatment the fraction of principal cells was
ecreased while the fraction of intercalated
ells was increased in IMCD.14 After 28 days of
ithium-treatment the fraction of principal cells
n the CCD was decreased to 40% compared to
2% in control rats. In the inner medulla the
raction of principal cells was decreased to 58%
ompared to 81% in control rats (Fig. 5). The
ecrease in the fraction of principal cells was
ollowed by an increase in the fraction of inter-
alated cells.13 In parallel with the increased
umber of intercalated cells the overall protein
xpression of H�-ATPase, which is essential in
cid-base balance regulation, also is increased in
esponse to chronic lithium treatment.8 Only
he type A intercalated cells are increased in
umber. Remarkably, the changes are com-
letely reversible because the cellular compo-
ition of the collecting duct returns back to
ontrol levels 4 weeks after cessation of lithium
reatment.13 Thus, the reduced number of prin-
ipal cells (together with the reduced AQP2
nd AQP3 expression in the remaining princi-
al cells) is likely to participate in the develop-
ent of polyuria. There are several possible

xplanations for the lithium-induced remodel-
ng of the collecting duct. One possible expla-
ation could be conversion of principal cells to

ntercalated cells. However, this is likely not the
echanism because hardly any cells were la-

eled with both principal cells and intercalated
ells cell markers in the time-course studies;
ouble-labeled cells were observed only occa-
ionally. One also could imagine a selective
roliferation of intercalated cells but, surpris-
ngly, immunolabeling of the inner medulla
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ith a cell proliferation marker showed a high
roliferative rate of principal cells in the inner
edulla and a less pronounced proliferation of

ntercalated cells.14 It is likely that the massive
roliferation of the principal cells leads to a
igher turnover of these cells. The principal
ells may be removed by apoptosis as suggested
y labeling with a marker for apoptosis in cells
hat did not co-stain with intercalated cell
arker. The principal cells also simply may

isappear by selective detachment from the
asement membrane. Of interest is also the
bservation that intercalated cells appeared in
he middle part of the inner medulla where
here are no intercalated cells under normal
onditions. Therefore, the increase cannot sim-

igure 5. Cellular reorganization and composition of t
edulla (IM-1) from (A) control rats and (B) lithium-tr

olyclonal anti-AQP2 antibody (using a relatively high co
red). In both cortex (not shown) and IM-1 an increase
ithium treatment as compared with (A) controls. Electr
hows 3 adjacent intercalated cells (IC), which is highly u
ermission and modified from Christensen et al13 (A an
ly be explained by proliferation of existing l
ntercalated cells. One explanation could be
hat the intercalated cells derive from residing
r extrarenal stem/progenitor cells. This is sup-
orted by the fact that some cells were negative

or markers for cell proliferation, intercalated,
nd principal cells. Thus, further studies are
ecessary to uncover the underlying mecha-
isms.

ECHANISM FOR LITHIUM-INDUCED
HANGES IN THE COLLECTING DUCT

s described earlier, it remains likely that the
ntrance pathway for lithium in the collecting
uct principal cell is via ENaC. However, the
xact mechanisms leading to the diverse cellu-

CD. Double labeling of the proximal part of the inner
rats. Fluorescent double-labeling was performed with
ation; green) and monoclonal anti–H�-ATPase antibody
sity of H�-ATPase–positive cells was observed after (B)
roscopy of the inner medulla from lithium-treated rats
l in the normal rat kidney. PC, principal cell. Used with

nd Kim et al8 (C).
he IM
eated
ncentr
d den

on mic
nusua
ar effects including down-regulation of several
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roteins involved in water, sodium, and acid-
ase balance regulation as well as increased
roliferation/cell death with collecting duct re-
odeling are unclear.
The mechanism responsible for the reduc-

ion in AQP2 expression is commonly thought
o involve interference with the intracellular
ignaling of vasopressin.2,113-115 Under normal
ircumstances vasopressin activates the vaso-
ressin type 2 receptor and stimulates cyclic
denosine monophosphate (cAMP) production
ia activation of the G-protein–coupled adenyl-
te cyclase. Increased cAMP causes activation
f protein kinase A, leading to increased apical
rafficking of AQP2 in the short term whereas
he more long-term increase of cAMP leads to
QP2 gene transcription via activation of the
AMP-responsive element binding protein (for
eview see the article by Nielsen et al116). The
eduction in AQP2 expression may be induced
y a lithium-dependent impairment in the pro-
uction of cAMP in collecting duct principal
ells,2,117,118 indicating that inhibition of cAMP
roduction may in part be responsible for the
eduction in AQP2 expression as well as the inhi-
ition of AQP2 targeting to the apical plasma
embrane in response to lithium treatment. This

s consistent with the presence of a cAMP-respon-
ive element in the 5’-untranslated region of the
QP2 gene119,120 and with the finding that mice
ith inherently low cAMP levels have decreased
QP2 expression (DI �/� severe mouse).121

Moreover, it recently has been shown that
4-hour urinary excretion of prostaglandin E2

PGE2) was increased significantly in rats with
ithium-induced NDI when compared with con-
rol rats.122 This is consistent with previous
ndings showing an increased urinary PGE2 ex-
retion in lithium-induced NDI in both experi-
ental animals and human patients as well as in
atients with congenital forms of NDI.123,124

here is also evidence showing that PGE2 plays
role in modulating the effect of vasopressin on

he osmotic water permeability in the renal
ollecting duct where it attenuates the antidi-
retic action of vasopressin; for example: (1)
GE2 inhibits vasopressin-stimulated cAMP ac-
umulation in the CCD,125,126 causing de-
reased trafficking of AQP2 to the apical plasma

embrane126,127; (2) PGE2 stimulation induces m
ndocytosis of AQP2 in forskolin-stimulated
adin-Darby canine kidney (MDCK) cells, sug-

esting that PGE2 induces internalization of
QP2 independently of AQP2 dephosphoryla-

ion127; and (3) the diuretic effect of PGE2 also
ncludes the cAMP and Ca2�-independent acti-
ation of the Rho-kinase and formation of F-
ctin.128 Furthermore, acute infusion of PGE2

nto normal animals has been shown to cause
ater diuresis129 and to inhibit water absorp-

ion in collecting ducts.125 PGE2, therefore, ap-
ears to antagonize the hydroosmotic effect of
asopressin and thus PGE2 may counteract va-
opressin action in lithium-induced NDI, serv-
ng as a local feedback regulator of the antidi-
retic action of vasopressin. Consistent with
his, a recent study showed that cyclooxygen-
se 2 (COX-2) inhibition prevented lithium-in-
uced polyuria and an increased urinary PGE2

xcretion in COX-1 null mice (COX-1 �/�
ice), suggesting that COX-2 and/or COX-1–

nduced PGE2 production could, at least in part,
lay a role in lithium-induced polyuria.130

In addition to the studies focusing on the
ffects of lithium on the classic vasopressin
ignaling cascade, other studies have indicated

potential role of non–vasopressin-mediated
ffects including the setting of lithium-induced
DI (see Marples et al4 and Umenishi et al131).

ROTEOMIC ANALYSES:
NDERLYING MECHANISMS
F LITHIUM-INDUCED CHANGES

iven the significant effects of lithium, com-
ined proteomics and pathway analysis studies
ere undertaken to identify novel candidate
roteins and signaling mechanisms affected by

ithium (see Nielsen et al132 for further details).
y using differential 2-dimensional gel electro-
horesis combined with mass-spectrometry we

dentified 6 and 74 proteins with altered abun-
ance compared with controls after 1 and 2
eeks of lithium treatment, respectively. Bioin-

ormatics analysis of the data indicated that pro-
eins involved in cell death, apoptosis, cell pro-
iferation, and morphology are highly affected
y lithium. Follow-up studies revealed that sev-
ral signaling pathways including the protein
inase B (PKB, also known as Akt) and the

itogen-activated protein kinases (MAPKs) in-
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luding the extracellular signal-regulated ki-
ase (ERK), the Jun N-terminal kinase (JNK)
nd p38 MAPK were activated by lithium-
reatment. Activated PKB, via the apoptosis
ignal–regulation kinase 1 (ASK1), is a poten-
ial mediator of both JNK and p38 signaling
athways. In addition, p38 is centrally in-
olved in apoptosis and cytoskeleton reorga-
ization after cell stress via its interaction
ith heat shock protein 27. Stimulation of the

RK signaling cascade modulates numerous
ellular functions, including cellular prolifer-
tion, differentiation, and survival. Interest-
ngly, ERK inhibitors have been shown to
lock AVP-induced increases in AQP2 expres-
ion.131 Thus, increased ERK activation after
ithium treatment may be a cellular response
o limit down-regulation of AQP2.

The effects of various signaling cascades also
uggested that central components of the Wnt/
-catenin pathway involved in proliferation, dif-

erentiation, and apoptosis could be affected.
ne central component of this pathway is the

ithium sensitive glycogen synthase kinase type
�.133,134 Indeed lithium treatment was associ-
ted with increased phosphorylation of GSK3�
onsistent with previous studies.130 GSK3�
unctions as a negative regulator of the Wnt/�-
atenin pathway by phosphorylating �-catenin,
nd overexpression of GSK3� has been shown
o make cells more sensitive to pro-apoptotic
timuli.135 Interestingly, inhibition of GSK3� by
ithium results in an increase in local PGE2
xcretion,130 which may counteract AVP ac-
ions by causing endocytic retrieval of AQP2,
hus impairing urinary concentrating ability.127

Another component of the Wnt/�-catenin
athway is �-catenin, which regulates cell to
ell adhesion by interacting with cadherin in
ddition to serving an activator of T-cell factor
TCF) dependent transcription factor during
onditions with decreased GSK3� activity (as
ith lithium treatment).136 Immunohistochem-

stry showed that lithium induced an intracellu-
ar accumulation of �-catenin,132 which in turn
egulates transcription of target genes. Interest-
ngly, mouse and rat AQP2 gene 5’ flanking
egions contain the TCF consensus sites in-
olved in mediating �-catenin–regulated gene

ranscription. Thus, lithium may cause down-
egulation of AQP2 via a transcriptional mech-
nism, which also recently was suggested.37

urthermore, TCF-dependent transcription has
een shown to regulate a number of proteins

nvolved in cell-cycle entry and also may play a
ole in the principal cell proliferation observed
ith lithium treatment.

ONCLUSIONS

ithium-induced NDI is a frequent side effect of
he commonly used lithium treatment of bipo-
ar disorders. By using so-called antibody-based
argeted proteomics, regulation of selected re-
al transporters and channels has been exam-

ned to establish the integrated response to of
ithium-induced NDI. Lithium-induced NDI re-
ults in severe down-regulation of AQP2, AQP3,
nd the epithelial sodium channel ENaC in the
idney collecting duct, which is associated with
arked polyuria and modest sodium loss. Re-

ent studies have shown that interference with
he renin-angiotensin-aldosterone system dra-
atically affected urine production. Spironolac-

one treatment markedly decreased urine pro-
uction in rats with lithium-induced NDI and
as associated with increased apical AQP2 ex-
ression in the initial CCD principal cells. Con-
ersely, aldosterone treatment of rats with
ithium-induced NDI decreased apical AQP2
xpression in the CNT and initial CCD and
roduced an increase in urine output. More-
ver, lithium-induced NDI causes a major cellu-

ar reorganization of the collecting duct with an
ncrease in the fraction of intercalated cells and

significant decrease in the fraction of princi-
al cells. Novel proteomic analyses have pro-
ided insights into potential mechanisms that
re involved in mediating the effects of lithium.
hese recent studies may open a new treatment
venue in clinical NDI cases. Thus, future clin-
cal studies should address whether mineralo-
orticoid-receptor antagonists (and possibly
miloride) would have additional beneficial ef-
ects to the already existing treatment with non-
teroidal anti-inflammatory drugs and thiazides
n patients with NDI.
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