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Abstract

Prolonged hypokalemia causes vasopressin-resistant poly-
uria. We have recently shown that another cause of severe
polyuria, chronic lithium therapy, is associated with de-
creased aquaporin-2 (AQP2) water channel expression
(Marples, D., S. Christensen, E.I. Christensen, P.D. Ottosen,
and S. Nielsen, 1995. J. Clin. Invest., 95: 1838-1845). Conse-
quently, we studied the effect in rats of 11 days’ potassium
deprivation on urine production and AQP2 expression and
distribution. Membrane fractions were prepared from one
kidney, while the contralateral kidney was perfusion-fixed
for immunocytochemistry. Immunoblotting and densitome-
try revealed a decrease in AQP2 levels to 27+3.4% of con-
trol levels (n = 11, P < 0.001) in inner medulla, and 34+
15% of controls (n = 5, P < 0.05) in cortex. Urine produc-
tion increased in parallel, from 11+1.4 to 30+4.4 ml/day
(n = 11, P < 0.01). After return to a potassium-containing
diet both urine output and AQP2 levels normalized within
7 d. Immunocytochemistry confirmed decreased AQP2 la-
beling in principal cells of both inner medullary and cortical
collecting ducts. AQP2 labeling was predominantly associ-
ated with the apical plasma membrane and intracellular
vesicles. Lithium treatment for 24 d caused a more extensive
reduction of AQP2 levels, to 4=1% of control levels in the
inner medulla and 4+2% in cortex, in association with se-
vere polyuria. The similar degree of downregulation in me-
dulla and cortex suggests that interstitial tonicity is not the
major factor in the regulation of AQP2 expression. Consis-
tent with this furosemide treatment did not alter AQP2 lev-
els. In summary, hypokalemia, like lithium treatment, re-
sults in a decrease in AQP2 expression in rat collecting
ducts, in parallel with the development of polyuria, and the
degree of downregulation is consistent with the level of
polyuria induced, supporting the view that there is a caus-
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Introduction

Hypokalemia is a common, and sometimes life-threatening,
electrolyte abnormality, that can arise from a wide variety of
causes (1). Prolonged hypokalemia causes substantial morpho-
logical change in kidney ultrastructure, and is associated with
renal functional abnormalities, including a vasopressin-resis-
tant decrease in urinary concentrating ability (1). The rat pro-
vides a good animal model of these effects, with changes simi-
lar to those seen in human kidney (2).

Body water balance is regulated by vasopressin, which in-
creases the water permeability of the collecting duct, allowing
increased reabsorption of water down an osmotic gradient. It
has recently been demonstrated that aquaporin-2 (AQP2) is
the vasopressin-regulated water channel, and is found only in
the collecting duct (3-5). Furthermore, it has been demon-
strated that genetic defects in AQP2 result in severe nephro-
genic diabetes insipidus (6). The acute vasopressin-induced in-
crease in water permeability of the collecting duct is caused by
the transfer of water channels from intracellular vesicles to the
apical plasma membrane (7-10). There is increasing evidence
that vasopressin, in addition to regulating the acute increase in
collecting duct water permeability, also plays a longer term
role, by modulating the level of AQP2 expression (4, 5, 11). In
particular, we have recently shown that chronic lithium treat-
ment, which also induces a vasopressin-resistant polyuria, is as-
sociated with a decrease in AQP2 expression in the inner med-
ullary collecting duct of rats (12).

The mechanism by which hypokalemia decreases urinary
concentrating ability is not well established (1). While hy-
pokalemia has been associated with increased prostaglandin
production (13-15), and inhibitors of prostaglandin synthesis
restore the responsiveness of rabbit isolated perfused collect-
ing ducts to vasopressin (14), prostaglandins do not appear to
be an important factor in the etiology of hypokalemia-induced
polyuria in rats (16). In the rat, there may be a decrease in ade-
nylate cyclase sensitivity in response to vasopressin (2, 17),
thus reducing production of cAMP, the second messenger for
vasopressin action. In addition to inhibiting the acute vaso-
pressin-induced increase in water permeability, this decrease
in cAMP may also be the messenger causing a decrease in
AQP2 expression. Hypokalemia also results in decreased
NaCl reabsorption in the thick ascending limb of the loop of
Henle, and this will reduce medullary osmolality, and hence
the driving force for water reabsorption (18).



We have now studied the effect of chronic hypokalemia in
rats, to determine whether downregulation of AQP2 is a com-
mon feature in a range of drug-induced forms of nephrogenic
diabetes insipidus, or is a specific feature of lithium treatment.
Furthermore, we have extended our investigation to test
whether the downregulation could be due to a decrease in in-
terstitial tonicity caused by washout of the medullary osmotic
gradient, rather than a direct effect of a change in responsive-
ness to vasopressin. We have used two approaches to test this:
first, we have examined the effects of lithium and hypokalemia
on AQP2 expression to cortical collecting ducts, and second
we have used furosemide to abolish the osmotic gradient in the
inner medulla. These studies help to determine the etiology of
the decrease in expression.

Our results demonstrate that hypokalemia causes a de-
crease in AQP2 levels in association with the development of
nephrogenic diabetes insipidus. Neither the degree of polyuria
nor the decrease in AQP2 levels is as great as that seen after
lithium treatment, further supporting the view that there is a
causative link between AQP2 levels and diuretic status. A
downregulation of expression is also seen in the cortex after
both hypokalemia and lithium therapy, while furosemide has
no effect, suggesting that the decrease in AQP2 levels is not a
consequence of a change in the medullary tonicity, but consis-
tent with decreased responsiveness to vasopressin.

Methods

Experimental animals. Male Wistar rats, initially weighing 256+6
grams, were obtained from Mgllegaard Breeding Centre Ltd, Den-
mark. Rats were kept in metabolic cages for at least 48 h before start-
ing a low potassium diet, and had free access to standard rat chow and
water. Dietary depletion efficiently causes significant hypokalemia
and reduced urinary potassium excretion to < 10% of control values
at day 11 (19). Consequently, rats in the present study were placed on
a potassium-deficient diet (C10367, Altromin International) for 11 d.
Control rats had free access to standard chow and water throughout.
All animals had access to a salt block. Water and food consumption,
urine production, and weight were measured daily.

In the experiments performed to investigate the effect of furo-
semide, rats were kept in metabolic cages for 4 d before the start of
treatment. Furosemide, 25 mg in 2.5 ml of saline, was given i.p. at 8
hourly intervals for 4 doses, and animals were killed 2 h after the last
dose (i.e., after 26 hours total). Controls were given i.p. saline. Urine
output was also measured at 8 hourly intervals during this period. During
furosemide treatment, animals had free access to water containing
0.1% KCl and 0.8% NaCl, to avoid salt or potassium depletion.

Tissue preparation. For removal of kidneys, rats were anaesthe-
tized with intraperitoneal sodium pentobarbital, 75 mg/kg. The right
kidney was clamped and removed for preparation of crude mem-
brane fractions. The left kidney was then fixed for immunocytochem-
istry by retrograde aortic perfusion with ice-cold fixative (8% para-
formaldehyde in 0.1 M Na cacodylate buffer, pH 7.4) for 3 minutes, as
previously described (4, 20).

Preparation of membranes and gel samples. Membrane fractions
were prepared as previously described (12). The cortex and inner me-
dulla were dissected from each kidney, minced finely, and homoge-
nized in 10 ml of dissecting buffer (0.3 M sucrose, 25 mM imidazole, 1
mM EDTA, pH 7.2 and containing the following protease inhibitors:
8.5 uM leupeptin, 1 mM phenylmethyl sulfonylfluoride), with five
strokes of a motor-driven Potter-Elvehjem homogenizer, at 1250
rpm. This homogenate was centrifuged in a Beckman L8M centrifuge
at 4,000 g for 15 min at 4°C. The pellet was rehomogenized with three
strokes, and the centrifugation repeated. The supernatants were
pooled, and centrifued at 200,000 g for 1 h. The resultant pellet was
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resuspended in approximately 100 wl of dissecting buffer, and assayed
for protein concentration using the method of Lowry. Gel samples (in
Laemmli sample buffer containing 2% SDS) were made from this
membrane preparation to a final concentration of 1 g of protein/ul
(medulla), and 4 g of protein/pl (cortex).

Electrophoresis and immunoblotting. Samples prepared from mem-
brane fractions were loaded at 2-10 pg/lane (inner medulla) or 30 g/
lane (cortex) onto 12% SDS/PAGE minigels (Biorad Mini Protean
II). Proteins were transferred to nitrocellulose paper by electroelu-
tion. After blocking for 1 h with PBS-T (80 mM Na,HPO,, 20 mM
NaH,PO,, 100 mM NacCl, 0.1% Tween 20, pH 7.5) containing 5%
dried skimmed milk, blots were washed with PBS-T (1 X 15 min +
2 X 5 min), and incubated overnight at 4°C with an antibody (5, 7, 8,
12) raised against the COOH-terminal 22 amino acids of AQP2 (im-
mune serum, diluted 1:1000). Blots were labeled overnight at 4°C
with the same antibody after affinity purification using the immuniz-
ing peptide, to increase the specificity of labeling. The affinity-puri-
fied antibody was used at a concentration of 0.3 pg/ml. After washing
as above, the blots were incubated with horseradish peroxidase-
conjugated secondary antibody (P448 from Dako, Denmark, diluted
1:3000) for 1 h at room temperature. After a final washing, antibody
binding was visualized using the ECL (enhanced chemiluminescence)
system (Amersham International, U.K.). Controls were made with
exchange of primary antibody to antibody pre-absorbed with immu-
nizing peptide (100 ng per 40 ng IgG), or with pre-immune serum (di-
luted 1:1000). All controls were without labeling. ECL films were
scanned using a Hewlett-Packard Scanjet scanner, and quantitated
using specially-written software (available upon request). Bands from
gels made with serial dilutions of protein from inner medulla, pro-
cessed as above, were found to be linear over a wide range, as previ-
ously described (12). For quantitation of AQP2 expression, ECL ex-
posures were chosen that gave bands in the control samples that were
close to the top of the linear range. Parallel gels, stained with Coo-
massie brilliant blue, were used to ensure that protein loading of
lanes was uniform.

Preparation of tissue for immunocytochemistry. Tissue blocks pre-
pared from the kidney inner medulla and cortex were post-fixed for
2 h, and infiltrated with 2.3 M sucrose/2% paraformaldehyde for 30
min. Blocks were mounted on holders, and rapidly frozen in liquid ni-
trogen. Thin (0.85 pm) and ultrathin (80 nm) cryosections, cut on a
Reichert Ultracut FCS, were incubated with the affinity purified anti-
body aqainst AQP2 (100-800 ng 1gG/ml). The labeling was visualized
as previously described (4, 20) using horseradish peroxidase-conju-
gated secondary antibodies for light microscopy, fluorescein-conju-
gated secondary antibodies for fluorescence microscopy, or using goat
anti-rabbit gold (10 nm particles) for electron microscopy. In double-
label fluorescence studies, the vacuolar H* ATPase was localized with
a mouse monoclonal antibody, kindly supplied by Dr. Steven Gluck
(E11, diluted 1:40), which was mixed with the primary antibody
against AQP2. In these studies, the labeling was visualized using a
rhodamine conjugated swine-anti rabbit antibody (DAKO R156, di-
luted 1:40) mixed with a fluorescein conjugated goat anti-mouse anti-
body (DAKO F479, diluted 1:20). Controls using pre-immune serum,
antiserum absorbed with excess synthetic peptide (as described
above), or omission of primary or secondary antibody, revealed no la-
beling. Electron micrographs were taken on Philips 208 and 100CM
electron microscopes, at an original magnification of 6,000.

Statistics. For densitometry of immunoblots, samples from four to
six hypokalemic animals were run on each gel with three to six repre-
sentative controls. AQP?2 labeling in the samples from each hypokale-
mic animal was calculated as a fraction of the mean control value for
that gel. Values are presented in the text as means*standard errors.
Comparisons between groups were made by unpaired ¢ test.

Results

Hypokalemia induces poluria and polydipsia. During the pe-
riod on normal diet, urine production averaged 12+1 ml/day.
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Table I. Summary of Physiological Parameters, Expressed as Mean+SE

Control period

Experimental period (days)

n -1 2 4 6 8 10
Water intake (ml/day) Hypokalemia 11 22+2 23*1 26*2 40+4 39=+3 28=+2
Control 6 20=*2 21=+1 21*2 222 22+2 22+2
Urine production (ml/day) Hypokalemia 11 12+1 13x1 20%2 27+3 29+3 212
Control 6 11+1 11+1 12+2 11+1 11+1 11+1
Potassium excretion (mmol/day) Hypokalemia 6 24*0.2 2.0*+0.4 0.3x£0.04 0.2%0.02 0.1=0.01 0.10.02
Control 6 2.4%0.1 47+0.4 3.620.2 4503 4502 3.8+04

After commencing a low potassium diet, urinary excretion of potassium falls precipitously, while water intake and urine production both increase pro-
gressively. In the rats on the hypokalemic diet average body weight declined from 249+8 to 2416 grams, while controls gained an average of 10+5
grams. This data is derived from the animals used for determination of AQP2 levels at day 11. A separate group of animals were used in the investiga-

tion of the reversibility of these changes, as shown in Fig. 7.

This rose to a maximum of 29+3 ml/day on day 8 of the potas-
sium-deficient diet. There was a parallel increase in water in-
take, from 22+2 to 39+3 ml/day. Values were unchanged in
control animals. Urinary excretion of potassium decreased
rapidly on the potassium-deficient diet, stabilizing at ~ 5% of
control levels. These data are summarized in Table I. The in-
crease in urine output was associated with a modest, but signif-
icant impairment of urinary concentrating ability following
12 h water deprivation: urine osmolality rose to 1612*+124
mOsm/Kg H,O in hypokalemic animals, and 2566195
mOsm/Kg H,O in controls.

Hypokalemia reduces AQP2 expression in both inner me-
dulla and cortex. Immunoblotting of membrane samples pre-
pared from renal inner medulla (Fig. 1) and cortex (Fig. 2) of
control animals revealed two prominent bands at 29 and 35-50
kD, representing the non-glycosylated and glycosylated forms
of AQP2 (3, 4), respectively. No labeling was seen with anti-
body pre-adsorbed with the immunizing peptide (cortex or in-
ner medulla), or with pre-immune serum (inner medulla).

After 11 d on the potassium-free diet, AQP2 expression
was substantially reduced in both the inner medulla (Fig. 1)
and cortex (Fig. 2). Densitometric quantitation revealed a de-
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Figure 1. Immunoblots showing the effect of hypokalemia and lith-
ium treatment on AQP2 levels in rat kidney inner medulla. Mem-
brane protein (1 png) was loaded in each lane, and the blots labeled
with antibody against AQP2. The left panel compares expression in
three control animals (C), with that in three hypokalemic animals
(K). Bands corresponding to 29 and 35-50 kD can be seen in the con-
trols. These bands are also visible in the samples from hypokalemic
animals, but are much fainter. After lithium treatment (L) an even
more prominent decrease in labeling is seen (center panel). After pre-
absorbtion of the primary antibody with excess immunizing peptide
no labeling is seen (right panel).
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crease in expression to 27+3% of control levels (n = 11, P <
0.001) in inner medulla. The reduction in expression in the cor-
tex of hypokalemic rats was similar (34x15% of control;n = 5,
P < 0.05). Treatment with lithium for 25 d has previously been
shown to reduce AQP2 levels in the inner medulla to 4+1%
(12). We now report that 25 d lithium treatment resulted in a
comparable decrease of AQP2 in cortex to 4+2% (n =5, P <
0.001). Thus, for both chronic hypokalemia and lithium ther-
apy, the decrease in AQP2 levels found in the cortex was simi-
lar to that seen in the inner medulla.

Immunocytochemistry confirms the downregulation of AQP2
during hypokalemia. Immunolabeling of AQP2 on thin (0.85
pm) cryosections of renal inner medulla with horseradish per-
oxidase- or fluorescein-conjugated secondary antibodies con-
firmed that there was an overall decrease in AQP2 expression
(Fig. 3). These sections also demonstrate that the collecting
ducts undergo a marked hypertrophy relative to the controls
(compare Fig. 3 a and ¢ with b and d), a change characteristi-
cally seen after prolonged hypokalemia (19). A similar pattern
was seen in cortex, as shown in Fig. 3, f~j. Both hypokalemia
(Fig. 37) and lithium treatment (Fig. 3) caused a downregula-
tion comparable to that seen in the inner medulla, confirming
the results obtained by immunoblotting. Double immunolabel-
ing for the vacuolar H* ATPase (a marker for intercalated
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Figure 2. Immunoblots showing the effect of hypokalemia and lith-
ium treatment on AQP2 levels in rat cortex. Membrane protein (30
wg) was loaded in each lane, and blots labeled with affinity-purified
antibody against AQP2. Both hypokalemia (K, left panel) and lithium
treatment (L, center panel) were associated with a substantial de-
crease in AQP2 levels, compared with controls (C). After preadsorb-
tion of the primary antibody with excess immunizing peptide no la-
beling is seen (right panel).
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cells) and AQP2 (Fig. 3, f and g) confirmed selective localiza-
tion of AQP?2 to principal cells.

The degree and pattern of labeling varied between animals,
with markedly reduced levels (compare Fig. 3,a and b), while
in others the decrease was less extensive (compare Fig. 3,¢ and
d, and compare 3 d, and its inset). Furthermore, in some tu-
bules the labeling of all cells within a tubule was uniform (Fig.
3, b and d), while in other cases the labeling varied substan-
tially from cell to cell within a single tubule (inset to Fig. 3 b).
In general, there was prominent labeling of the apical part of
the cell suggesting that endogenous vasopressin was still able
to cause redistribution of AQP2.

Electron microscopy of immunogold-labeled ultrathin (80
nm) cryosections of inner medulla from hypokalemic rats
demonstrated labeling for AQP2 associated with both apical
and basolateral plasma membranes, as well as intracellular
vesicles (Fig. 5), but at levels lower than that seen in the con-
trols (Fig. 4). The granules characteristically formed during
chronic hypokalemia (21, 22), which are believed to represent
lysosomal structures (1, 23) were clearly visible. Many of these
granules were labeled for AQP2, as shown in Fig. 6.

Return to normokalemia corrects AQP2 downregulation.
To examine the reversibility of the effect of hypokalemia, rats
were returned to a normal diet for 7 d after an 11-d period on a
potassium-deficient diet. Fig. 7 shows the water intake in this
group, together with their controls. At the end of the recovery
period, water intake was 28+2 ml/day in the experimental ani-
mals, and 29+1 ml/day in the controls. No urinary concentrat-
ing defect was detected. Consistent with this, AQP2 levels had

_,__. Figure 4. Electron micrograph
o —, showing the apical part of a
. principal cell from an inner

medullary collecting duct of a
control animal immunogold la-
beled for AQP2. There is heavy

s IV it ,-. 2 ; “ing. labeling both of the apical
gl oy : l'\; "“\ = - plasma membrane (arrow-
By g Pt \ % _— heads) and of intracellular vesi-
- : k‘_"—? ke Sl 1y cles (arrows). X68,000.

returned to normal levels (1.05+0.08 times the level in con-
trols, n = 6, n.s.), as shown in Figs. 8 and 9.

Washout of the medullary osmotic gradient does not affect
AQP?2 levels. We used two approaches to determine whether
the loss of the high interstitial tonicity in the inner medulla was
a major factor regulating AQP2 expression. First, as described
above, we determined AQP2 expression in cortical collecting
ducts, which are exposed to much smaller osmotic stimuli. Sec-
ond, we investigated the effect of the loop diuretic furosemide.
This treatment resulted in an increase in urine production
from 5+1 to 52+7 ml/day (n = 12, P < 0.001). In controls,
urine output rose to 12+1 ml/day (n = 12, P < 0.01), reflecting
the intraperitoneal fluid load associated with the injections of
vehicle. Urine osmolality in the controls was 1230£153 mOsm/
Kg H,0, and fell to 410*15 in the furosemide-treated animals
(n = 12, P < 0.001). AQP2 expression in the furosemide
treated animals was not significantly changed, averaging 91+
5% (n =9, n.s.) of the level in controls (Fig. 10). Thus loss of
the high medullary interstitial tonicity does not appear to have
a major effect on AQP2 expression. This is consistent with the
observation that the downregulation in cortical collecting
ducts was identical to that seen in inner medullary collecting
ducts of both hypokalemic and lithium-treated rats (compare
Figs. 1 and 2, Fig. 3).

Discussion

The results presented here demonstrate that chronic potas-
sium depletion causes a substantial decrease in AQP2 expres-

Figure 3. Immunocytochemical localization of AQP2 in 0.85 wm cryosections of inner medulla (a—e) and cortex (f~j). (a) Immunofluorescent lo-
calization of AQP2 in control inner medulla. Labeling is seen only in the principal cells of collecting ducts, with no labeling of intercalated cells
(arrows). The apical and (more weakly) the basolateral plasma membrane domains both label, together with intracellular vesicles. (b) In hy-
pokalemic animals, the labeling is weaker, but still primarily localized to the apical plasma membrane domain. In some tubules, AQP2 labeling is
uniform in all principal cells (d), while in other cases there is considerable cell to cell variability (inset). Note the characteristic increase in cell
height in the hypokalemic animals. (¢ and d) Immunoperoxidase labeling of AQP2. In some collecting ducts the decrease in labelling was less
marked, while in others (inset) it was prominent. (e) Control made using nonimmune IgG in place of primary antibody. No labeling is seen. (f)
Cortical collecting duct in a control animal double labeled using immunofluorescence. AQP2 labeling (rhodamine, red) is seen associated with
the apical plasma membrane domain and with intracellular vesicles in the subapical region of principal cells. Intercalated cells labeled for the
vacuolar H* ATPase (fluorescein, green) on either their apical (bottom arrow) or basolateral (left arrow) domains, but showed no labeling for
AQP2. (g) Cortical collecting duct in a hypokalemic animal double labeled using immunofluorescence as described for panel f. Labeling for
AQP2 is substantially weaker than seen in the control. (A—j) Cortical collecting ducts labeled for AQP2 using fluorescein. In control animals (/)
strong labeling is seen in the apical part of the principal cells. In hypokalemic animals (i), labeling is much reduced, while in lithium treated ani-

mals (j), labeling for AQP2 is virtually absent. X900.
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sion in the renal collecting ducts, in association with the devel-
opment of polyuria and a urinary concentrating defect. After
return to a normal diet, AQP2 expression recovered com-
pletely within a week. Physiological parameters also normal-
ized, and no urinary concentrating defect was seen at this time.
Thus the AQP2 levels remain correlated with the physiological
parameters throughout the experiment. In conjunction with
our previously reported findings of similar parallel decreases
following lithium treatment (12) or bilateral ureteric obstruc-
tion (24), these results strongly suggest that decreased AQP2
levels are likely to be common in a range of acquired forms of
nephrogenic diabetes insipidus, and critically involved in the
genesis of the concentrating defect associated with these con-
ditions.

It has previously been shown that dehydration (4) or
chronic infusion of AVP (5) cause an increase in AQP2 ex-
pression in renal inner medulla, while water loading (which
would be expected to suppress endogenous vasopressin re-
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Figure 5. Electron micrographs
of the apical region of two adja-
cent principal cells from a hy-
pokalemic animal. (a) Both the
plasma membrane (arrowheads)
and intracellular vesicles (ar-
rows) label for AQP2. Although
less label is present than in the
control (see Fig. 4), there is con-
siderably more label than seen in
an adjacent cell (b). For orienta-
tion, large arrows indicate the
same structures in a and b.

X 68,000.

lease) causes a decrease in AQP2 levels (4), suggesting that
there is a long-term modulation of AQP2 expression in re-
sponse to circulating vasopressin levels. Although the mecha-
nisms by which hypokalemia causes nephrogenic diabetes in-
sipidus are a matter of contention, it appears to be due to a
reduction in the production of cAMP (the second messenger
for vasopressin action) in response to vasopressin, either by di-
rect inhibition of adenylate cyclase (2, 16, 25) or via increased
prostaglandin production (14). Our previous observation that
lithium causes a decrease in AQP2 expression could also be
explained by this mechanism, as the lithium-induced polyuria
is thought to be due to an inhibition of adenylate cyclase (26,
27). This would suggest that the modulatory effect of vaso-
pressin on AQP2 expression is mediated via the same (V,) re-
ceptors that mediate the acute antidiuretic response. However,
thirsting caused a more pronounced increase in AQP2 expres-
sion than chronic infusion of dDAVP (a V, selective vaso-
pressin analogue) in lithium-treated rats (12), suggesting that
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additional factors may be involved under these conditions.
Other possible signals that could trigger the increase in expres-
sion might be a non-V, receptor mediated response to vaso-
pressin, or changes in interstitial osmolality. The latter would
fit with the inhibition of NaCl transport in the thick ascending
limb of the loop of Henle by hypokalemia (1, 18), and/or me-
dullary washout as a consequence of increased urine flow. In
order to investigate this possibility, we looked at AQP2 ex-
pression in the cortex, where the high blood flow keeps the in-
terstitial osmolality very close to that of the plasma. Both hy-
pokalemia and lithium treatment caused a decrease in AQP2
expression in the cortex essentially identical to that seen in the

60
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Figure 7. Water intake in control animals (solid bars), and in animals
given a potassium-deficient diet for 11 d, and then a normal diet for a
further seven days (open bars). Polydipsia develops over the first
week on the potassium-deficient diet, and recovers rapidly upon re-
turn to a normal diet.
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Figure 6. Electron micrograph
of the basal part of a principal
cell from a hypokalemic ani-
mal. Three granules (G) can be
seen, of which the middle one is
heavily labeled for AQP2 (ar-
rows). The basolateral plasma
membrane is also labeled (ar-
rowheads). Basement mem-
brane (B). X68,000.

inner medulla, suggesting that the tissue osmolality is unlikely
to be an important factor. This is confirmed by the experiment
with the loop diuretic furosemide, which rapidly ablates the os-
motic gradient in the medullary interstitium, yet had no signifi-
cant effect on AQP2 levels. Thus it appears likely that the
reduced AQP2 expression is a result of reduced responsive-
ness to vasopressin. Furthermore, the studies with furosemide
demonstrate that a diuresis per se does not affect AQP2 ex-
pression.

A feature of the AQP2 expression in the tissues of hy-
pokalemic animals was the heterogeneity of the degree of
downregulation. While labeling in control tissues is uniform, in
hypokalemic animals there was variation both between tu-
bules, and between adjacent cells within a single tubule. This is
in contrast to the observations in the lithium-treated animals,
where expression was uniformly very low. Of course, the ex-
treme downregulation seen after lithium may have masked
any variability. The heterogeneity of expression between prin-

Figure 8. Immunoblot showing the ef-
fect of return to a normokalemic diet
for one week. Membrane protein (5
wg) was loaded in each lane, and blots
labeled with affinity-purified antibody
against AQP2. There was no signifi-
cant difference in AQP2 expression
between controls (C) and animals re-
covering (R) from hypokalemia.
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Figure 9. AQP2 expression in control animals, after 11 d hypokale-
mia, and after a 7-d recovery period on a normal diet. Hypokalemia
causes a substantial decrease in AQP2 levels, which recover com-
pletely within one week on a normal (potassium-containing) diet.

cipal cells may reflect the differences previously described in
vasopressin responsiveness between cells (28, 29), and hence
intracellular cAMP levels, which appear to be the signal modu-
lating expression, as discussed above.

As previously described, vasopressin causes a redistribu-
tion of AQP2 from scattered intracellular vesicles to the apical
plasma membrane (7-10). It seems likely that circulating vaso-
pressin levels will be high in animals with a chronic polyuria,
and as seen in Fig. 3, at least some cells in the collecting ducts
of the hypokalemic animals appear to retain the ability to re-
distribute their APQ2 in response to endogenous vasopressin.
This is consistent with the relatively modest effects on urine
production of hypokalemia relative to those of lithium therapy
(12), since lithium causes a dramatic polyuria and polydipsia,
even at 10 days, when the reduction of AQP2 levels is still
comparable with that seen in the present study. It is also con-
sistent with clinical observations that hypokalemia causes a de-
fect in maximal concentrating ability, rather than a severe
polyuria (1, 17).

The granules characteristic of chronic hypokalemia (21,
22), which are believed to represent lysosomal stmctures (1,
23), were labeled for AQP2. Thus they may represent a site of
AQP?2 degradation, and hence may be involved in the decrease

Figure 10. Immunoblot
showing the effect of fu-
rosemide on AQP2 ex-
pression. Membrane
protein (10 pg) was
loaded in each lane, and
blots labeled with affin-
ity-purified antibody
against AQP2. There
was no significant dif-
ference in AQP2 ex-
pression between con-
trols (C) and animals
treated with furo-
semide (F) for 26 h.

Hypokalemia-induced Downregulation of Aquaporin-2 Expression in Rat Medulla

in AQP2 levels observed in this study. AQP2 has previously
been found in association with multi-vesicular bodies (4), and
the granules, which also contain multiple small vesicular struc-
tures, may reflect a distortion of this normal cell compartment.

Summary

In summary, our results demonstrate that hypokalemia results
in a decrease in AQP?2 expression in both cortex and inner me-
dulla of rat kidney, in parallel with the development of poly-
uria. Our results demonstrate that changes in interstitial tonic-
ity are not a major factor in the decreased AQP2 expression,
and are consistent with the hypothesis that there is long-term
modulation of AQP2 expression by vasopressin, mediated by
V, receptors and possibly cAMP. In conjunction with our find-
ings of reduced AQP2 expression after lithium treatment (12)
and bilateral ureteric obstruction (24), these results strongly
suggest that a decrease in AQP2 expression may be a common
feature of many polyuric states, and may contribute to the slow
recovery from many such clinical conditions (30).
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