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Active transport of NaCl across thick ascending limb (TAL)
epithelium is accomplished by Na®,K*,2Cl~ cotransporter
(NKCC2). The activity of NKCC2 is determined by vasopressin
(AVP) or intracellular chloride concentration and includes its
amino-terminal phosphorylation. Co-expressed Tamm-Hors-
fall protein (THP) has been proposed to interact with NKCC2.
We hypothesized that THP modulates NKCC2 activity in TAL.
THP-deficient mice (THP~/~) showed an increased abundance
of intracellular NKCC2 located in subapical vesicles (+47%
compared with wild type (WT) mice), whereas base-line phos-
phorylation of NKCC2 was significantly decreased (—49% com-
pared with WT mice), suggesting reduced activity of the trans-
porter in the absence of THP. Cultured TAL cells with low
endogenous THP levels and low base-line phosphorylation of
NKCC2 displayed sharp increases in NKCC2 phosphorylation
(+38%) along with a significant change of intracellular chloride
concentration upon transfection with THP. In NKCC2-express-
ing frog oocytes, co-injection with THP cRNA significantly
enhanced the activation of NKCC2 under low chloride hypo-
tonic stress (+112% versus +235%). Short term (30 min) stimu-
lation of the vasopressin V2 receptor pathway by V2 receptor
agonist (deamino-cis-D-Arg vasopressin) resulted in enhanced
NKCC2 phosphorylation in WT mice and cultured TAL cells
transfected with THP, whereas in the absence of THP, NKCC2
phosphorylation upon deamino-cis-D-Arg vasopressin was
blunted in both systems. Attenuated effects of furosemide along
with functional and structural adaptation of the distal convo-
luted tubule in THP~/~ mice supported the notion that NaCl
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reabsorption was impaired in TAL lacking THP. In summary,
these results are compatible with a permissive role for THP in
the modulation of NKCC2-dependent TAL salt reabsorptive
function.

The bumetanide-sensitive, apical Na*,K*,2Cl~ cotrans-
porter (NKCC2* or BSC1; SLCI12A1) belongs to the family of
electroneutral cation-coupled chloride cotransporters and is
expressed in the luminal membrane of the thick ascending limb
of Henle’s loop (TAL; Refs. 1 and 2) where it determines Na™,
K™, and CI~ reabsorption (3) and serves to maintain the cor-
tico-medullary osmotic gradient. The fundamental role of
NKCC2 in renal salt reabsorption has been firmly established
(4-6) and is illustrated by severe salt loss in patients with
mutated NKCC (4) as well as by fatal extracellular volume
depletion in homozygous NKCC2 knock-out mice (7). Princi-
pal mechanisms of NKCC2 activation include modulation of its
surface expression (8, 9) as well as phosphorylation of con-
served amino-terminal threonines (2, 10) mediated by with no
lysine (K) kinases (WNK) and oxidative stress-responsive
kinase 1 or STE20/SPS1-related Pro/Ala-rich kinase (5, 11).
Vasopressin (AVP) is particularly effective in stimulating
NKCC2 via Ga,-coupled V2 receptor (V2R; Ref. 10), adenylate
cyclase-induced cAMP release, and PKA activation (2, 8, 12,
13). Basal activity of the transporter is dependent on intracel-
lular chloride concentration (14). Mechanisms involved into
the intracellular regulation of the transporter are a focus of
current research.

NKCC2 is co-localized with Tamm-Horsfall protein (THP,
also termed uromodulin), and both are unique products of TAL
(15-18). The role of THP has remained obscure for many years,
but recent studies have permitted a clearer distinction between

“The abbreviations used are: NKCC2, Na*,K*,2CI~ cotransporter; V2R, V, rho
protein receptor; THP, Tamm-Horsfall protein; NCC, NaCl cotransporter;
DCT, distal convoluted tubule; dDAVP, deamino-cis-D-Arg vasopressin;
TAL, thick ascending limb; rbTAL, rabbit TAL cells; HCTZ, hydrochlorothia-
zide; MQAE, 6-methoxy-quinolyl acetoethyl ester; AVP, vasopressin; WNK,
with no lysine (k) kinase; FLIM, fluorescence lifetime imaging microscopy.
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its intra- and extracellular functions. The former are related
with the urinary concentrating mechanism and potentially
interfere with transcellular electrolyte transport (15, 19),
whereas the latter have been associated with anti-inflammatory
roles of the glycoprotein in the urinary tract and renal interstit-
ium (20-22). Insights into the functional relation between both
products have been obtained from gene mutations in humans
and from animal models. Mutations of NKCC2 lead to the ante-
natal variant of Bartter syndrome with severely compromised
urinary concentrating ability and reduced expression of THP
(4, 23). Mutations of THP are associated with disease (familial
juvenile hyperuricemic nephropathy/autosomal dominant
medullary cystic kidney disease type 2) characterized by
impaired urinary concentration as well (24, 25). In analogy to
medullary cystic kidney disease type 2/familial juvenile hyper-
uricemic nephropathy in humans, chemical induction of a mis-
sense mutation in the THP gene produced a mouse line with
compromised urinary concentration (26). THP-deficient
(THP~ /") mice showed moderately impaired urinary concen-
trating ability; their expression of distal ion transporters and
channels including the thiazide-sensitive NaCl cotransporter
(NCCQ) of distal convoluted tubule (DCT) was enhanced, which
suggested a compensatory adaptation for putatively insufficient
NaCl reabsorption in TAL (15, 27, 28).

We postulate that THP indirectly affects NKCC2-mediated
transport function of TAL. This study was designed to evaluate
the effects of THP on the mechanisms of NKCC2 activation in
vivo, in cell culture, and in the Xenopus oocyte system and to
reveal the putative compensatory adaptation of DCT. Our
results suggest a permissive role for THP/uromodulin in TAL
reabsorptive function.

EXPERIMENTAL PROCEDURES

Animals, Tissues, Treatments—THP '~ mice and wild-type
(WT; *'") controls (15, 20) were bred in the local animal facility
and kept on standard diet and tap water. Genotypes of WT and
THP /" mice were confirmed by PCR technique (not shown
here; Ref. 15). For morphology studies, adult mice were anes-
thetized, and the kidneys were perfused retrogradely through
the abdominal aorta using 3% paraformaldehyde dissolved in
PBS (29), removed, and prepared for cryostat sectioning, stan-
dard paraffin sectioning, or ultrastructural resin embedding.
For Western blot, mice were killed by an overdose of Nembutal,
and the kidneys removed and frozen. Short term vasopressin
treatment was administered by intraperitoneal injection of the
V2 receptor agonist desmopressin (deamino-cis-D-Arg vaso-
pressin (ADAVP); 1 ug/kg of body weight for 30 min; Sigma) or
vehicle in adult WT and THP ™/~ mice.

Cells—Cultured SV40-transformed rabbit TAL cells (rbTAL)
obtained from rabbit kidney medulla were cultured as
described previously (30). rbTAL cells were transiently trans-
fected with human THP cloned into pcDNA3.1 or GFP-tagged
THP (THP-GFP) in pcDNA3.1 vector (31) using FuGENE® HD
transfection reagent (Roche Diagnostics) according to the man-
ufacturer’'s manual. Empty pcDNA3.1 vector or GFP in
pcDNA3.1 were applied for control transfections (31). Short
term activation (30 min) of the V2R-signaling pathway was per-
formed by combined administration of dDAVP (10”7 M) and
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forskolin (10~* m). For Western blot evaluation cells were har-
vested, homogenized by sonication, and centrifuged at 1,000 X
g for 10 min to obtain post-nuclear fractions. For immunohis-
tochemical evaluation cells were fixed in 3% paraformaldehyde/
PBS for 20 min.

Intracellular Chloride Recordings—For quantitative intracel-
lular chloride ([Cl],) recordings, two-photon fluorescence
lifetime imaging microscopy (FLIM) was performed with the
Cl ™ -sensitive fluorescent dye MQAE (Sigma) as described (32).
Briefly, GFP-THP-transfected, GFP-transfected, and non-
transfected rbTAL cells were loaded with 10 mm MQAE for 20
min in hypotonic saline. Two-photon fluorescence lifetime
imaging microscopy was performed using a MicroTime 200
microscope system (PicoQuant) equipped with a 400 — 680-nm
emission filter and a C-fiber laser (A,, = 780 nm, 50 MHz, 90-fs
pulse width; MenloSystems). Fluorescence was detected by a
single-photon avalanche diode. Transfected cells were identi-
fied by two-photon-excited GFP fluorescence, and a bandpass
filter (450/40 nm) was then added to reject the GFP-signal.

Assessment of the NKCC2 Function—NKCC2 activity was
assessed by functional expression in Xenopus laevis oocytes as
described (5, 14, 33). Oocytes injected with water, NKCC2
cRNA alone (14), THP cRNA alone (31), NKCC2 cRNA + THP
cRNA, NKCC2 cRNA + WNK3 cRNA (14), or NKCC2 cRNA +
WNK3 cRNA + THP cRNA (each 10 ng/oocyte) were exposed
to a low chloride hypotonic stress to promote a decrease in the
[CI7],. After injection, oocytes were maintained for 3 days in
isotonic ND96 medium (96 mm NaCl, 2 mm KCI, 1.8 mm CaCl,,
1.0 mm MgCl,, and 5 mm HEPES/Tris; 210 mosmol/kg H,O, pH
7.4). Before the uptake assay, oocytes were incubated overnight
either in isotonic or low CI™ hypotonic stress medium (79 mm
sodium isothionate, 2 mm potassium gluconate, 1.8 mm calcium
gluconate, 1.0 mM magnesium gluconate, 5 mm HEPES/Tris,
170 mosmol/kg H,O, pH 7.4). The ensuing **Rb™ uptake
experiment included a 30-min preincubation in the control or
low C1™ hypotonic stress medium followed by a 60-min uptake
period in a Na*-, K-, and Cl™-containing medium supple-
mented with 1 mm ouabain in the absence or presence of 0.1 mm
bumetanide. At the end of the uptake period, oocytes were
washed 5 times in ice-cold uptake solution without isotope,
dissolved in 10% sodium dodecyl sulfate, and counted in a
B-scintillation counter. Each experiment was performed in
duplicate. Because X. laevis oocytes express an endogenous
Na*-K"-2Cl~ cotransporter (5, 8, 14, 33), the mean value
observed in oocytes injected with water or THP alone was sub-
tracted to the uptake observed in NKCC2- or NKCC2 + THP-
injected oocytes from each experiment.

Furosemide Test—Thirteen- to fourteen-week-old WT and
THP /" mice received a single intraperitoneal injection of
vehicle (0.9% saline) or furosemide (40 mg/kg body weight in
saline; Sigma). Urine was then collected in metabolic cages for
4 h. Urinary sodium, potassium, chloride, and creatinine con-
centrations were determined.

Hydrochlorothiazide Test—Thirteen- to fourteen-week-old
WT and THP /™ mice were anesthetized with a mixture of
ketamine (80 mg/kg body weight) and xylazine (10 mg/kg body
weight). After placing the animals on a thermostat table (37 °C),
surgical implantation of a tracheal catheter (for sufficient res-
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piratory function), an arterial catheter (into the right carotid
artery for blood pressure control), and a urinary catheter (into
the bladder for urine collection) was performed. To obtain suf-
ficient volumes in the urine fractions, osmotic diuresis was
induced by intraarterial infusion of 3.2% mannitol plus 3.2%
glucose in water (2 ml/h). Urine fractions were collected every
15 min. After induction of osmotic diuresis, four consecutive
urine fractions were collected (fractions 1-4). Vehicle or
hydrochlorothiazide (HCTZ; 50 mg/kg body weight; Sigma)
were then administered intraperitoneally, and the following six
consecutive urine fractions were collected (fractions 5-10).
Urinary sodium and potassium concentrations were deter-
mined. At the end of the experiments, animals were sacrificed,
and plasma samples were obtained to determine electrolytes
and osmolality.

Immunohistochemistry—The primary antibodies applied for
immunohistochemical labeling of kidney sections and fixed
rbTAL-cells were goat anti-THP (ICN Biomedicals), rabbit
anti-phospho-NKCC2 (pNKCC?2; directed against phosphory-
lated threonines 95 and 100; Ref. 10), rabbit NCC (provided by
D.H. Ellison), and rabbit anti-phospho-NCC (Ser(P)-71-NCC;
directed against phosphorylated serine 71; Ref. 34). Signals
were generated using immunofluorescence or HRP-based
detection as described (10, 29).

Ultrastructural Immunogold Labeling—Mouse kidney tissue
was embedded in LR White resin science services, sectioned,
and incubated according to established methodology (16) using
anti-THP (provided by J. R. Hoyer, Philadelphia, PA), anti-
NKCC2 (T4, Developmental Studies Hybridoma Bank; Univer-
sity of Iowa, IA), or anti-phospho-NKCC2 (10) primary anti-
bodies and appropriate secondary antibodies coupled to
nanogold particles. Ultrathin sections were viewed with a trans-
mission electron microscope. Quantification of immunogold
signal in medullary TAL profiles was performed on micro-
graphs according to an established protocol (35). Gold particles
were attributed to the apical cell membrane when located near
(within 20 nm of distance) or within the bilayer; particles found
below 20 nm of distance to the membrane up to a depth of 2 um
or until the nuclear envelope were assigned to cytoplasmic
localization.

Morphometric Procedures—The fractional volume of DCT
segments among strains was measured by light microscopy
according to previously characterized methods (36, 37). Briefly,
5-um-thick paraffin sections were stained for NCC whose
localization is restricted to the DCT. Cortical areas extending
between the renal capsule and the outer medullary boundary
were evaluated. Sections were photographed, and a transparent
grid with rectangular crossed lines was electronically superim-
posed on the micrographs; the distances between lines corre-
sponded to 50 um. The proportion of grid intersections over
DCT segments was expressed as the fractional volume of DCT.

Western Blotting—Methods used were as described previ-
ously (29, 38). Briefly, kidneys were homogenized in buffer con-
taining 250 mM sucrose, 10 mMm triethanolamine, protease
inhibitors (Complete; Roche Diagnostics), and phosphatase
inhibitors (Phosphatase Inhibitor Mixture 1; Sigma), pH 7.5.
The homogenates were subjected to sequential centrifugation
steps to obtain post-nuclear fractions (1,000 X g, 15 min), low
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speed fractions containing large membrane fragments
(17,000 X g for 1 h), and high speed fractions enriched in cyto-
plasmic vesicles (200,000 X g for 1 h). Thirty ug of protein/lane
were run on 10% polyacrylamide minigels. After electropho-
retic transfer, polyvinylidene fluoride membranes were incu-
bated with specific primary antibodies against NKCC2,
pNKCC?2, Ser(P)-71-NCC, THP, flotillin-1 (BD Biosciences), or
B-actin (Sigma) followed by HRP-conjugated secondary anti-
bodies (Dako Cytomation; 1:3000), induction of chemilumines-
cence, exposure of x-ray films, and densitometric evaluation.

Statistical Analysis of Data—Experimental data were evalu-
ated by Student’s ¢ test or the Mann-Whitney U test. p < 0.05
was accepted as significant. Values are given as the means *
S.D. or = S.E. where appropriate. Data were analyzed using
SPSS for Windows (Version 12.0; SPSS, Chicago, IL).

RESULTS
Steady State Evaluations in TAL and in Frog Oocytes

Cellular Distribution and Phosphorylation of NKCC2—Pro-
tein A gold immunocytochemistry was applied to compare the
intracellular distribution of NKCC2 in medullary TAL between
WT and THP~/~ mice. Double-staining with gold particles of
different size was performed to analyze topographical relations
between NKCC2 and THP. NKCC2 was frequently co-localized
with THP in the apical membrane and subapical vesicles at a
resolution of less than 10 nm (Fig. la). Quantification of
NKCC2 immunoreactivity in the apical membrane revealed no
differences between WT and THP /~ mice, whereas in the
subapical vesicle compartment, NKCC2 signal density was sig-
nificantly higher in THP ™/~ compared with WT mice (+47%;
p <0.05). Accordingly, overall immunogold NKCC2 signal was
significantly higher in THP™/~ than in WT mice (+27%; p <
0.05; Fig. 1, b—d). Cellular distribution of NKCC2 was further
evaluated by Western blot analysis from cell fractions obtained
by either high speed or low speed differential fractionation of
kidney homogenates. Densitometric quantification revealed an
increase of NKCC2 signal in the vesicle-enriched high speed
fractions of THP ™/~ compared with WT mice (+75%; p < 0.05;
Fig. 2, a and c), whereas the low speed fractions were not differ-
ent. Along with our previous data (15) these results indicate an
accumulation of NKCC2 in the subapical vesicular compart-
ment of THP ™/~ mice.

In contrast to the total NKCC2 levels, phospho-NKCC?2 sig-
nals were lower in THP ™/~ compared with WT mice as
revealed by Western blot quantification from post-nuclear kid-
ney homogenates (-49%, p < 0.05; Fig. 2, a and c). This was
confirmed by immunogold labeling of phospho-NKCC2 show-
ing significantly decreased luminal signal in TAL of THP '~
kidneys (-46%, p < 0.05; Fig. 2, b and ¢). In cultured rbTAL cells,
base-line THP expression was very low to absent. Transient
transfection with THP resulted in an ~60% transfection rate
(Fig. 3a). Phospho-NKCC?2 signal in the transfected cells was
significantly higher than in controls (+38%; p < 0.05; Fig. 3, b
and c). These results suggest that THP facilitates base-line
NKCC2 phosphorylation.

Intracellular Chloride Levels—The regulatory influence of
intracellular chloride levels ([Cl ™ ],) on the phosphorylation and
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FIGURE 1. Intracellular distribution of NKCC2 in WT and THP~/~ mice (each n = 3) as evaluated with protein A-gold immunostaining of medullary thick
ascending limbs. g, double immunostaining for THP (5-nm gold particles) and NKCC2 (10-nm gold particles) demonstrates their co-distribution (rectangular boxes)
within the apical membrane and subapical vesicles (scale bar = 0.1 um). b—d, quantification of the NKCC2 signal (b) by counting the gold particles on representative
micrographs from WT (c) and THP~/~ mice (d) reveals no differences in luminal plasma membrane (PM, arrows) between strains but significant increases in cytoplasmic
vesicles (Cy, arrowheads) in THP~/~ compared with WT mice (scale bars = 1 um). The total NKCC2 signal was accordingly increased in THP '~ mice. At least 10 profiles
containing an average of five cells per profile were evaluated per individual. Data are the means = S.D,; *, p < 0.05 for interstrain differences; WT was set at 100%.

activation of NKCC2 has been established (14). To address
potential underlying mechanisms of the observed THP-depen-
dent changes in NKCC2 phosphorylation, we evaluated [C] ],
in cultured rbTAL-cells using fluorescence-decay-time-based
chloride detection with the Cl ™ -sensitive dye MQAE. For two-
photon FLIM, cells were transfected with GFP-tagged THP and
compared with native cells in separate preparations. Trans-
fected cells were identified by two-photon-excited GFP-fluo-
rescence, and a bandpass filter (450/40 nm) was then added to
reject the GFP signal. A resting [Cl™]; of ~32 mMm was observed
in the non-transfected cells. [Cl™], was significantly decreased
in THP-GFP-transfected cells (—40.4%, p < 0.01). Transfection
with GFP vector alone did not influence [Cl™], (Fig. 4, a—d).
NKCC2 Activation by Low Chloride Hypotonic Stress—Func-
tional consequences of THP transfection upon NKCC2 activity
were assessed using the heterologous expression system of
X. laevis oocytes as this system has been shown to provide a
robust and highly reproducible strategy for functional analysis
of NKCC2 (3, 5, 8, 14). Oocytes were injected with water,
NKCC2 cRNA alone, THP cRNA alone, NKCC2 cRNA + THP
cRNA, NKCC2 cRNA + WNK3 cRNA, or NKCC2 cRNA +
WNK3 cRNA + THP cRNA. Three days later NKCC2 activity
was assessed under basal conditions and after exposing oocytes
to a low chloride hypotonic stress, as previously described (14).
THP facilitated low chloride hypotonic stress-induced activa-
tion of NKCC2 (+112% in the absence of THP versus +235%
in the presence of THP; p < 0.01; Fig. 54). Moreover, THP
increased the sensitivity of NKCC2 to intracellular chloride
depletion also in the presence of WNK3, a strong activator of
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NKCC2. In oocytes coinjected with NKCC2 and WNK3, low
chloride hypotonic stress induced no further increase of
NKCC2 activity, whereas the additional coinjection of THP
produced a sharp increase (+286%; p < 0.01; Fig. 5b).

Effect of Furosemide

To further support our hypothesis of a permissive role of THP
for NKCC2-mediated salt reabsorption in TAL, we have studied
the effects of furosemide treatment during 4h in WT and THP '~
mice. This resulted in significantly more pronounced increases in
sodium excretion in WT compared with THP /" mice (+462%
versus +375%; p < 0.05), and increases in potassium and chloride
excretion were also numerically higher in WT mice. By contrast,
the changes in urine flow were similar in both strains (Fig. 6, a—d).
These results indicate that the effects of furosemide were attenu-
atedin THP ™/~ mice, which is consistent with a partial decrease of
NKCC2 function in the absence of THP.

Vasopressin-induced Effects in TAL

To test the hypothesis that THP facilitates the activation of
NKCC2, short term stimulation of the V2R-signaling pathway
using the V2R agonist, dDAVP (30 min), or a combination of
dDAVP and forskolin (30 min) was performed in mice and in
cultured rbTAL cells. In WT mice, dDAVP administration pro-
duced significant increases of phospho-NKCC2 in the post-
nuclear kidney homogenates (+92%; p < 0.05), whereas no
changes were found in THP~/~ mice (Fig. 7, a and c). THP-
transfected rbTAL-cells responded to dDAVP + forskolin by a
significant increase in phospho-NKCC2 signal in post-nuclear
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FIGURE 2. Evaluation of total NKCC2- and phospho (p) NKCC2-immunore-
active signals in kidneys of WT and THP '~ mice (each n = 5).a, shown are
immunoblots of plasma membrane-enriched low speed fractions (LS), intra-
cellular vesicle-enriched high speed fractions (HS), or post-nuclear fractions
(PN) from kidneys of WT and THP~/~ mice recognized by antibodies directed
against THP (~100 kDa), NKCC2 (~160 kDa), and pNKCC2 (~160 kDa) paral-
leled by appropriate loading controls with antibodies against flotillin-1 (~50
kDa) as a membrane resident protein or -actin (~40 kDa). b, shown is immu-
nogold staining of WT and THP /™ ultrathin kidney sections (medullary thick
ascending limbs) for pNKCC2 (6-nm gold particles; signal in luminal plasma
membrane, arrows; signal in cytoplasmic vesicles, arrowheads; scale bars = 1
um). ¢, shown is a densitometric evaluation of immunoreactive signals nor-
malized for the respective loading controls and quantification of pNKCC2
signals in the apical plasma membrane (PM) by counting the gold particles on
representative micrographs from WT and THP~/~ mice (at least 10 profiles con-
taining an average of 5 cells per profile were evaluated per individual). Data are
the means = S.D,; ¥, p < 0.05 for interstrain differences; WT is set at 100%.

homogenates (+67%, p < 0.05), whereas cells transfected with
control vector showed no change (Fig. 7, b and c¢). These data
further confirm a role for THP in the activation of NKCC2 by
phosphorylation.

Compensatory Changes in DCT

Evaluation of Fractional Volume of DCT and Phosphoryla-
tion of NCC—Any chronic deficit in TAL NaCl reabsorption is
commonly reflected by compensatory increases of NaCl reab-
sorption, chiefly in the ensuing DCT segment. The immunore-
active signal intensity for NCC was generally enhanced in DCT

30204 JOURNAL OF BIOLOGICAL CHEMISTRY

rbTAL + empty vector

rbTAL + THP

rbTAL + THP

it::!e::ﬁ:ha

rbTAL + empty vector

THP
1
1
pNKCC2 - . -: - - —
1
B-actin | - —
. A | S ——
1
b
Il rbTAL cells + empty vector
[] rbTAL cells + THP
200 A
*
2
@ 150 A
C
)
£
< 100 -
o
2
]
S 50 A
X
c 0 '

FIGURE 3. Evaluation of NKCC2 phosphorylation in cultured rbTAL cells
transiently transfected with empty vector or THP. g, transfected cells are
stained with anti-THP (green immunofluorescence), and nuclei are counter-
stained with DAPI (blue); the transient THP-transfection rate was ~60% (orig-
inal magnification —400). b, post-nuclear fractions were detected by anti-THP
and anti-pNKCC2 and anti-B-actin as the loading control (representative
immunoblots are from three independent experiments). ¢, shown is a densi-
tometric evaluation of pNKCC2 immunoreactive signals normalized for the
loading control. Data are the means = S.D,; *, p < 0.05 for differences
between THP-transfected and control cells.

of THP ™/~ compared with WT mice, consistent with previous
Western blot data (15). The fractional cortical volume of DCT
was compared between strains, revealing a significantly higher
proportion of NCC-immunoreactive DCT segments in the cor-
tex of THP~/~ compared with WT mice (+40%; p < 0.05; Fig.
8, a, b, and g). Apical signal intensity of phospho-NCC was
clearly enhanced in THP ™/~ compared with WT mice (Fig. 8, ¢
and d). This difference was reflected by a 128% increase in phos-
pho-NCC-signal of the plasma membrane-enriched fractions
from THP~/~ mice (Fig. 8, e, f, and /). Together, hypertrophy
and/or elongation of the DCT along with enhanced phosphor-
ylation of NCC thus corroborate our hypothesis of a compen-
satory adaptation of DCT in the absence of THP.

Osmotic Diuresis and HCTZ Test—Osmotic diuresis was
induced in all mice to obtain sufficiently large urine volumes for
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urinalysis. Body weight, plasma osmolality, and plasma electro-
lytes were not different between strains after the administration
of vehicle or HCTZ (Table 1). Urine flow was not different
between strains during the osmotic diuresis phase as revealed
by the four urine fractions that had been collected before treat-
ment and after vehicle application. Administration of HCTZ in
THP ™/~ mice significantly increased the mean urine volume
per fraction (+37% in fraction 5 only, p < 0.05) without con-
comitant changes in urine osmolality as compared with the
osmotic diuresis phase, whereas no significant changes were
seen in WT mice. There were no interstrain differences with
respect to mean fractional urine volumes and osmolalities dur-
ing osmotic diuresis and after the administration of vehicle or
HCTZ, respectively. Urinary sodium excretion was not differ-
ent between strains during the osmotic diuresis phase and after
vehicle application except for the last fraction (fraction 10).
HCTZ significantly enhanced sodium excretion in both strains
compared with vehicle. The initial natriuretic effect (first urine
fraction collected after HCTZ injection versus the mean value
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of the 4 fractions from the osmotic diuresis phase) was signifi-
cantly stronger in THP ™/~ than in WT mice (+88% in WT
versus +188% in THP ™/~ mice, p < 0.05). The majority of the
remaining fractions after HCTZ also showed higher sodium
excretion in THP ™/~ compared with WT mice (Fig. 9a). The
cumulative sodium excretion, calculated as the sum of the 6
urine fractions collected after HCTZ, was enhanced in both
strains compared with vehicle, and the cumulative natriuretic
effect of HCTZ was significantly stronger in THP~/~ mice as
compared with WT mice (+97%; p < 0.01; Fig. 9b). Urinary
potassium excretion was not different between strains during
the osmotic diuresis phase and after vehicle application,
whereas the administration of HCTZ, in comparison to vehicle,
significantly increased potassium excretion only in THP '~
mice (Fig. 10a). Cumulative potassium excretion was enhanced
in THP ™/~ (+38%; p < 0.05) but not in WT mice after HCTZ
administration, and interstrain differences were absent. To
estimate potential compensatory transport adaptations in col-
lecting ducts under HCTZ, the sodium/potassium ratio was

JOURNAL OF BIOLOGICAL CHEMISTRY 30205



Tamm-Horsfall Protein Modulates NKCC2

450 1 *
400 -
350 - [
300 1 I.
250 A1
200 A1
150 A
100 1
50 1
0

86Rb+* uptake, % of control

NKCC2 NKCC2+THP

Q

500 - r 1
450 A1
400 A1 l
350 - l
300 A1
250 A1
200 4
150 A
100 -~

50 1

86Rb+ uptake, % of control

NKCC2+WNK3 ~ NKCC2+WNK3+THP
B control isotonic condition
[] low chloride hypotonic stress

FIGURE 5. THP facilitates activation of NKCC2 during low chloride hypo-
tonic stress. a and b, Xenopus oocytes were injected with water or the indi-
cated cRNAs, and the bumetanide-sensitive *Rb™ uptake was measured as
described under “Experimental Procedures.” The uptake observed in control
isotonic conditions (control) was set at 100%, and data recorded under low
chloride hypotonic stress were normalized accordingly. Each panel shows the
pooled results from two independent experiments with 10 oocytes per group
each. Data are the means = S.E; *, p < 0.01 for differences between the
indicated groups.

o

calculated. Remarkably, administration of HCTZ induced by
far stronger increases in the sodium/potassium ratio in
THP~/~ compared with WT mice (Fig. 10b). This suggests dif-
ferent compensatory capacities of the collecting duct between
strains under HCTZ, likely due to persistent activation of the
epithelial sodium channel in THP ~/~ mice (15).

DISCUSSION

Our previous findings on the role of THP had suggested a
functionally relevant interaction between THP and transcellu-
lar ion transport in TAL (15). THP ™/~ mice displayed an
impaired urinary concentrating ability under water depriva-
tion. The abundances of distal tubular ion transporters or chan-
nels such as NCC and epithelial sodium channel were increased
at steady state, although blood and urine electrolytes were not
altered, suggesting compensatory adjustments by the renal
tubule. The present results substantiate the functional relation
between NKCC2 and THP; 1) phosphorylation of NKCC2 is
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modulated by THP likely in a chloride-sensitive manner, 2)
activation of NKCC2 via intracellular chloride depletion is
increased by cotransfection with THP, 3) effects of furosemide
are blunted in THP /" mice, and 4) DCT displays compensa-
tory adaptation in THP ™/~ mice, likely reflecting impaired
transport within the preceding TAL segment.

Our hypothesis of the role of THP affecting NKCC2-medi-
ated TAL transport function has received substantial support
by the present data. Two major criteria suitable to mirror the
activity of NKCC2, i.e. its abundance at the luminal cell mem-
brane and its phosphorylation state (2, 10), have been applied.
While confirming the previously reported increase of total
NKCC2 abundance in THP ™/~ mice (15), the present results
have further revealed a disproportionate accumulation of
NKCC2 in the subapical vesicle-enriched compartment of the
TAL epithelium in THP ™/~ mice. The luminal abundance of
NKCC2 was, however, not different between WT and THP '~
mice so that luminal trafficking of the transporter was probably
not impaired. Instead, the subapical accumulation of the trans-
porter in THP "/~ mice may reflect an altered turnover, possi-
bly via impaired degradation of NKCC2 in the absence of THP.
However, because several other relevant distal transport pro-
teins were enhanced as well (15), an increased intracellular
abundance of NKCC2 may also reflect a broader need for com-
pensation of the knock-out. The lack of THP further coincided
with decreased steady state levels of phospho-NKCC2 in vivo as
well as in cell culture, likely reflecting diminished activity of the
cotransporter under this condition (2, 5, 11, 14). Along the
same line, the present data on a blunted activation of NKCC2
upon stimulation of the V2R-signaling pathway as well as the
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weakened response of THP ™/~ to furosemide also corroborate
an altered NKCC2 function in THP™/"~ mice.

The mechanism of interaction between THP and NKCC2 is
not clear. THP is an abundantly synthesized protein equipped
with a glycosylphosphatidylinositol anchor (19). Glycosylphos-
phatidylinositol-anchored proteins have functions in traffick-
ing of membrane proteins (39) and are ubiquitous components
of lipid rafts, in which they may cluster to provide sorting sig-
nals for intracellular membrane compartments (30, 39). We
have demonstrated close subcellular co-localization of THP
and NKCC2, a raft protein itself as well, which suggests that the
two proteins may share lipid raft localization (19, 30, 40). Our
previous data indicated that activation of NKCC2 is dependent
on its presence in lipid rafts (30). Glycosylphosphatidylinositol-
anchored THP could, therefore, affect the function of rafts to
provide scaffolding platforms that may promote interactions of
relevant phosphokinases with NKCC2 (5, 11, 39). These possi-
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ble interactions may thus serve to explain the failure of NKCC2
to be activated adequately in the absence of THP.

Our results from cultured rbTAL cells have unexpectedly
revealed a marked reduction in [Cl™]; upon transfection with
THP. This may, however, reflect functional activation of
NKCC2 nevertheless, since in the setting of an enhanced NaCl
transport in medullary TAL induced by cAMP administration,
the basolateral membrane conductance, equivalent to the chlo-
ride conductance in TAL, was primarily increased in conjunc-
tion with decreased transepithelial resistance, which eventually
led to reduced [Cl™]; levels (41). Along the same line, studies in
the Xenopus oocyte system have identified the crucial role of a
chloride-sensing mechanism in the context of activation of
NKCC2 and related NCC by means of phosphorylation. For
both transporters, [Cl™ ], depletion led to an augmented bumet-
anide/thiazide-sensitive Na™ uptake; the changes in [Cl7],
involved the interaction of distinct WNK isoforms and SPS1-
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related Pro/Ala-rich kinase/oxidative stress-responsive kinase
1 kinases to phosphorylate NKCC2 or NCC (14, 33). These
observations also imply that in the presence of THP, our finding
of low [CI ], levels at steady state may mirror enhanced tran-
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respectively) at steady state. a and b, representative images show a larger
proportion of DCT labeled with antibody against NCC in THP~/~ than in WT
mice (immunoperoxidase staining); arrows point to DCT. ¢ and d, shown is
enhanced phosphorylation of NCC in THP~/~ mice compared with WT mice
by immunostaining against phospho-NCC. e, shown are post-nuclear frac-
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NCC antibody (~160 kDa). f, shown are loading controls with antibody
against B-actin. g, shown is morphometric quantification of the fractional
volume (FV) of DCT. h, shown is a densitometric evaluation of phospho-NCC
(Ser(P)-71 (pS71-NCC)) immunoreactive signals normalized for the loading
control. Data are the means = S.D,; *, p < 0.05 for interstrain differences.
Original magnification in a-d, X400.
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sepithelial transport of NaCl triggered by higher NKCC2 phos-
phorylation as compared with the situation in control rbTAL
cells lacking THP. Recently, the apical potassium channel
ROMK of TAL was shown to reveal enhanced ROMK current
amplitudes measured in Xenopus oocytes when co-expressed
with THP (42). Therefore, the correction of an insufficient api-
cal K-conductance in THP deficiency by substituting THP may
as well help to explain our observations on decreased [Cl™],
concentration. In humans, malfunction of this major apical K™
channel is associated with major reabsorptive defects in TAL
causing type II Bartter syndrome (4, 43), which is compatible
with reduced basolateral Cl~ conductance.

More direct evidence for the facilitating effects of THP on
NKCC2-mediated transport is provided by our present Xeno-
pus oocyte study. THP enhanced the level of NKCC2 activation
by the low chloride hypotonic stress maneuver both in the pres-
ence and in the absence of WNK3. Of note, we previously
showed that activation of NKCC2 and related NCC by low chlo-
ride hypotonic stress is associated with phosphorylation of
NKCC2 at the same amino-terminal threonines that become
phosphorylated by vasopressin (14, 33).

In aggregate, these considerations point to an insufficient
function of NKCC2 and lower sensitivity of the cotransporter
to changes in intracellular chloride concentration in the
absence of THP. THP appears to facilitate base-line and AVP-
induced phosphorylation of NKCC2 by involving a chloride-
sensing mechanism. We, therefore, assume that in THP '~
mice, a functional insufficiency of transepithelial NaCl
transport occurs along TAL with the exception of the macula
densa, which is free of THP by nature (16).

To corroborate our hypothesis we have analyzed the DCT of
THP /" mice for potential compensatory activity, balancing
the insufficiency of the preceding TAL. The high effectivity of
DCT in this respect has been established and functional as well
as structural features of the adaptive response have been dem-
onstrated (27, 28, 36, 37, 44).

At steady state, the measured increases in cortical fractional
volume of DCT provides clear evidence for the hypertrophy or
elongation of this segment in THP /™ mice. The parallel rise in
NCC immunoreactivity in THP ™/~ agrees with previously
reported increases in NCC biosynthesis (15). Because NCC, like
NKCC2, is activated by phosphorylation (29, 34, 45), the
observed increases in phospho-NCC abundance clearly point
to a functional activation of this transporter in THP '~ mice.
The present functional data on disproportionally enhanced loss
of urinary sodium in THP~/~ mice in response to HCTZ fur-
ther confirms the compensatory role of DCT in THP /™ mice.
The significantly higher sodium-to-potassium ratio in THP '~

TABLE 1
Body weight, plasma osmolality, and plasma electrolytes
HCTZ, THP™/~
Vehicle, WT (n = 6) Vehicle, THP~'~ (n = 9) HCTZ, WT (n = 6) (n=14)

Body weight, g 29.6 £ 1.2 30.8 £ 3.2 325+13 32.6 £0.7
Plasma osmolality, mosmol/liter 3210 =56 3174 * 185 3268 7.0 3141 %55
Plasma sodium, mmol/liter” 118.7 = 2.5 118.0 = 12.3 1250 * 5.6 1215+ 27
Plasma potassium, mmol/liter 6.1 0.2 6.38 = 1.7 4.8 £0.4 54+0.3

“ Plasma sodium levels were low probably due to the extensive dilution occurring during prolonged osmotic diuresis. All values are the mean values + S.E.
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FIGURE 9. Urinary sodium excretion under osmotic diuresis alone and
after additional application of HCTZ or vehicle in WT and THP ™/~ mice.
a, urinary sodium excretion shows the mean values of urine fractions
obtained during osmotic diuresis phase (urine fractions 7-4; WT mice (n =
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than in WT mice suggests a different compensatory capacity
of the collecting duct under HCTZ, likely due to persistent acti-
vation of the epithelial sodium channel in THP /" mice. These
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lated. All data are given as the means = S.E.

results confirm the compensatory role of DCT in THP ™/~ mice
and provide additional evidence for a decreased NaCl transport
capacity of their TAL segments. Compared with the drastically
impaired renal function in the NKCC2 knock-out mouse (7),
however, it may reasonably be assumed that THP-deficient
TAL still retains significant residual NKCC2 activity.
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Our model presents some major inequities when compared
with human defects in THP causing familial juvenile hyperuri-
cemic nephropathy or medullary cystic kidney disease type 2
(24, 25) and a mouse model expressing mutated THP (26). In
these studies, markedly compromised urinary concentrating
ability associated with THP gene mutations has been proposed
to result from the toxic effects of intracellularly accumulated,
misfolded protein (2426, 46). In contrast, THP '~ mice pre-
sented normal TAL morphology along with moderately
decreased urinary concentrating ability (15).

Collectively, our study suggests that THP is functionally
related with NKCC2-mediated NaCl reabsorption in TAL. Two
hypotheses were confirmed; 1) activation of NKCC2 is facili-
tated by THP in a chloride sensitive manner, and 2) in THP '~
mice, structural and functional changes of the DCT indicate com-
pensatory adaption of this segment, presumably in response to an
impaired NaCl reabsorption in the preceding, THP-deficient TAL.
Our results, therefore, provide convincing support for a role of
THP in the functioning of the renal concentrating mechanism.
Data may further explain urinary concentration defects in patients
with THP/uromodulin mutations.
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