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Background: Apical NKCC2 mediates NaCl reabsorption by the thick ascending limb.
Results: Inhibition of dynamin-2, clathrin and lipid raft-mediated endocytosis blunted NKCC2 endocytosis, increasing steady-
state surface NKCC2 levels.
Conclusion: NKCC2 undergoes constitutive endocytosis in native thick ascending limbs via dynamin-2 and two endocytic
pathways.
Significance: Endocytic pathways regulate steady-state surface NKCC2 in native thick ascending limbs. Impaired NKCC2
endocytosis may induce salt-sensitive hypertension.

Steady-state surface levels of the apical Na/K/2Cl cotrans-
porter NKCC2 regulate NaCl reabsorption by epithelial cells of
the renal thick ascending limb (THAL). We reported that con-
stitutive endocytosis of NKCC2 controls NaCl absorption in
nativeTHALs; however, the pathways involved inNKCC2 endo-
cytosis are unknown.Wehypothesized thatNKCC2endocytosis
at the apical surface depends on dynamin-2 and clathrin. Meas-
urements of steady-state surfaceNKCC2 and the rate ofNKCC2
endocytosis in freshly isolated rat THALs showed that inhibi-
tion of endogenous dynamin-2 with dynasore blunted NKCC2
endocytosis by 56 � 11% and increased steady-state surface
NKCC2 by 67 � 27% (p < 0.05). Expression of the dominant
negative Dyn2K44A in THALs slowed the rate of NKCC2 endo-
cytosis by 38� 8%and increased steady-state surfaceNKCC2by
37 � 8%, without changing total NKCC2 expression. Inhibition
of clathrin-mediated endocytosis with chlorpromazine blunted
NKCC2 endocytosis by 54 � 6%, while preventing clathrin from
interacting with synaptojanin also blunted NKCC2 endocytosis
by 52 � 5%. Disruption of lipid rafts blunted NKCC2 endocyto-
sis by 39 � 4% and silencing caveolin-1 by 29 � 4%. Simultane-
ous inhibition of clathrin- and lipid raft-mediated endocytosis
completely blocked NKCC2 internalization.We concluded that
dynamin-2, clathrin, and lipid rafts mediate NKCC2 endocyto-
sis and maintain steady-state apical surface NKCC2 in native
THALs. These are the first data identifying the endocytic path-
way for apical NKCC2 endocytosis.

The thick ascending limb of the loop ofHenle (THAL)3 reab-
sorbs up to 30% of the renal salt load, which is necessary to

maintain salt and fluid homeostasis (1). The main transport
pathway forNaCl entering theTHALs ismediated byNa/K/2Cl
cotransporter NKCC2 (2), which is expressed in the apical
membrane and subapical space of medullary and cortical
THALs including the macula densa cells (3–5). In humans,
mutations of NKCC2 cause Bartter’s syndrome, a disorder
characterized by salt wasting, dehydration, and hypotension (6,
7), while in animal models of salt-sensitive hypertension,
NKCC2 activity is enhanced (8–14). Despite its importance,
the molecular mechanisms that regulate NKCC2 in THALs are
poorly understood.
We previously showed that apical NKCC2 levels are directly

related to NaCl reabsorption by the THAL (15–18) and consti-
tutive NKCC2 endocytosis at the plasma membrane requires
cholesterol. After NKCC2 is internalized, a fraction of the
retrieved pool is recycled back to the plasma membrane (16).
Thus dynamic trafficking of NKCC2 is essential for mainte-
nance of surface levels. Blockade of NKCC2 endocytosis
induces NKCC2 accumulation at the cell surface, which
enhancesNaCl reabsorption (16). This suggests there is a direct
link between NKCC2 endocytosis and the regulation of NaCl
reabsorption by the THALs, emphasizing the importance of
this trafficking pathway in renal ion transport.
While little is known about the proteins that control NKCC2

endocytosis in THALs, several different proteins and entry
pathways are known to be involved in apical endocytosis in
other epithelial cells. Dynamin-2 is a GTPase that plays a key
role in the release of newly formed vesicles from the plasma
membrane during endocytosis (19–22). In the renal nephron,
dynamin-2 has been detected in the collecting duct but its local-
ization and function in the THAL are not known (23). Because
several apical transporters such as NHE3 (24), ENaC (25, 26),
and aquaporin-2 (AQP-2) (27) are known to be internalized via
a dynamin2-dependent process in cultured epithelial cells, it is
possible that NKCC2 is internalized via dynamin-2 in THALs.
Our earlier study showed that depletion of membrane cho-

lesterol withmethyl-�-cyclodextrin (M�CD) inhibitedNKCC2
internalization and increased steady-state surface NKCC2 in
THALs (16). Since M�CD blocks clathrin-, caveolin-, and
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clathrin/caveolae-independent endocytic pathways (28, 29),
any of these may be involved in NKCC2 endocytosis. Clathrin-
mediated endocytosis is one of the best studied endocytic path-
ways. Several accessory proteins control clathrin-coated pit for-
mation and internalization (30). Apical transporters such as
the Na�/H� exchanger (NHE3) (31), epithelial Na� channel
(ENaC) (25), cystic fibrosis transmembrane conductance regu-
lator (CFTR) (32), and urea transporter (UT-A1) (33) are inter-
nalized via the clathrin-mediated pathway. In addition, bio-
chemical studies indicate that a fraction of NKCC2 partitions
into Triton X-100-resistant membrane domains (known as
“lipid raft compartments”) (34, 35); however, little is known
about their role in mediating apical endocytosis in renal tissue.
To our knowledge, there have been no direct studies examining
the pathway for NKCC2 endocytosis. Here we tested the
hypothesis that surface NKCC2 undergoes endocytosis via a
dynamin-2, clathrin and lipid raft-dependent manner in native
THALs.

EXPERIMENTAL PROCEDURES

Constructs, Adenoviruses, and Reagents—Full-length rat
dynamin-2 and a single point mutation of lysine 44 to alanine
(dyn2K44A)were kindly provided byDr.MarkMcNiven (Mayo
Clinic, MN) and subcloned into a pAd5CMV plasmid to pro-
duce the adenoviruses. DNA constructs were verified by
restriction enzyme digestion and sequencing. Recombinant
replication-deficient adenoviruses containing eGFP (control)
or a dominant negative dynamin-2 (dyn2K44A) mutant under
control of the cytomegalovirus (CMV) promoter were gener-
ated and purified by Viraquest (North Liberty, IA). Caveolin-1
was silenced using adenoviruses carrying shRNA-Cav1 (kindly
provided by Debbie C. Thurmond (Indiana University) (36–
38). Dynasore, filipin III, and chlorpromazine were obtained
from Sigma. Pitstop2 was obtained from Abcam Biochemicals
(Cambridge, MA).
Physiological Solution—The composition of the physiologi-

cal solution (PS) was (in mM): NaCl 130, NaH2PO4 2.5, KCl 4.0,
MgSO4 1.2, L-alanine 6, Na-citrate 1.0, glucose 5.5, Ca-lactate
2.0, and HEPES 10; pH 7.40.
Animals—Suspensions of rat medullary THALs were

obtained as described previously (15–18). Male Sprague-Daw-
ley rats weighing 200–250 g (Charles River Breeding Laborato-
ries, Wilmington, MA) were maintained on a diet containing
0.22% sodium and 1.1% potassium (Purina, Richmond, IN)with
water ad libitum. All animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Henry Ford Hospital.
Measurement of Steady-state Surface NKCC2 in THALs—

Suspensions of rat medullary THALs were obtained and steady-
state surface NKCC2 was measured in suspensions of purified
THALs as described previously (15–18).
Endocytosis of NKCC2 in THALs—NKCC2 retrieval from the

apical surface was measured as described previously (16).
Briefly, suspensions were pretreated with vehicle or inhibitor
for 20 min at 37 °C. Then, THALs were cooled and surface
proteins were biotinylated at 4 °C. Suspensions were main-
tained for 10 min. at 4 °C with vehicle or inhibitor before being
warmed to 37 °C to allow endocytosis for 7.5, 15, or 30 min.

Then the THALs were rapidly cooled by adding chilled PS to
stop protein trafficking. THALs were treated for 30 min with
the membrane-impermeant reducing agent MesNa (50 mM) in
a reducing buffer (inmM: Hepes 50,MgCl2 1, NaCl 125, Tris-Cl
50, pH 8.0) to strip biotin from surface proteins by reducing the
disulfide bridge in NHS-SS-biotin. Endocytosed biotinylated
proteins were protected due to the lowmembrane permeability
of MesNa. Excess MesNa was washed away and quenched with
iodoacetamide (25 mM). THALs were lysed with buffer (in mM:
150NaCl, 50 Tris-HCl, pH 7.4, 5 EDTA, 2% (v/v) Triton X-100,
0.2% (w/v) SDS, and protease inhibitors: 10 �g/ml aprotinin, 5
�g/ml leupeptin, 4 mmol/liter benzamidine, 5 �g/ml chymo-
statin, and 5 �g/ml pepstatin A (Sigma)). Equal amounts of
proteins were incubated with streptavidin-agarose beads and
the recovered endocytosed proteins, resolved by SDS-poly-
acrylamide gel electrophoresis. In each experiment a control
biotinylated sample, (kept at 4 °C) was treated with MesNa to
ensure complete stripping of surface biotin. MesNa effectively
removed 97.6 � 0.2% of biotin from surface NKCC2 (n � 15).
The remaining signal was considered background and sub-
tracted from other bands treated with MesNa (See Fig. 1B, line
3). The signal from bands showing internalized NKCC2 was
expressed as a percentage of baseline surface NKCC2.
Endocytosis of Transferrin in THALs by Fluorescence

Microscopy—To monitor clathrin-mediated endocytosis in
THALs, wemeasured accumulation of fluorescence conjugated
transferrin (Alexa-Fluor, 568 nm) by fluorescence microscopy
as described previously (21, 39). THALs were equilibrated at
37 °C for 15 min in PS with 1% BSA (pH 7.4) containing vehicle
or inhibitor. Then Alexa568-transferrin (10 �g/ml) was added
to the bath for 30min to allow internalization. The reactionwas
stopped by adding cold PS. THALs were washed once with PS
to eliminate excess transferrin in solution and then with acid-
wash (PS containing 1% BSA, pH: 3.5) to remove non-endocy-
tosed surface bound transferrin. THALs were fixed with 4%
paraformaldehyde (pH: 7.4), rehydrated with regular PS, and
mounted on glass slides. Fluorescence images were acquired at
568 nm excitation using a scanning confocal microscopy sys-
tem (Visitech International) mounted on an inverted Nikon
TE2000-eclipse microscope, without a slit (non-confocal
mode), and using a 60� lens. Fluorescence emissions were
acquired, recorded and measured with a 590 nm LP filter.
Regions of interest encompassing THALs were generated and
the mean fluorescence intensity of 10–20 tubules per prepara-
tion was averaged. Data are expressed as arbitrary units (a.u.).
Recycling of NKCC2 in THALs—Recycling of NKCC2 was

measured with a modified surface biotinylation protocol (16).
First, surface NKCC2 was biotinylated in THAL suspensions at
4 °C as described above.One aliquotwas kept at 4 °C tomeasure
total surface NKCC2 levels. The rest of the THALs were
warmed to 37 °C for 30 min to allow endocytic retrieval while
gassing the bath solution every 5 min with 100% O2, then rap-
idly cooled to 4 °C and maintained on ice. The remaining sur-
face biotinylated NKCC2 was stripped at 4 °C with MesNa 50
mM as described for endocytosis, leaving only endocytosed pro-
teins biotinylated. The THAL suspension was pre-incubated
with vehicle or inhibitors for 10 min and then aliquots warmed
to 37 °C for 0 (kept at 4 °C), 7.5, 15, or 30 min. To stop traffick-
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ing, THALs were rapidly cooled to 4 °C. Surface biotinylated
proteins that recycled back to the membrane were stripped
with a second-round of MesNa 50 mM. Finally, THALs were
treated with iodoacetamide (a reagent that eliminates the
remainingMesNa from the bath) and lysed as described above.
In every experiment, controls were performed tomonitor base-
line surface NKCC2, efficiency of MesNa stripping, and
retrieved NKCC2 at 30 min (0-time point for recycling) which
was set to 100%.We then calculated the percentage of retrieved
NKCC2 that disappeared on the second round of stripping due
to recycling.
In Vivo Gene Transfer of THALs—In vivo adenovirus-medi-

ated gene transfer to the renal medulla was performed as
described previously (40, 41). Rats were anesthetized, shaved,
and cleaned. The left kidney was exposed via a flank incision,
fatty tissue removed, and both the renal artery and vein
clamped. Adenoviruses (1 � 1012 particles/ml) were loaded
into PE50 tubing connected to a nanoliter syringe pump (Har-
vard Apparatus, Holliston, MA) set at 20 �l/min. A 30-gauge
needle was attached to the other end of the tubing to inject the
viruses into the renal outer medulla. The needle was inserted
perpendicular to the renal capsule, parallel to the medullary
rays and aimed toward the medulla. Five injections were made
in 6min (100�l total volume), and the clampwas removed from
the renal artery and vein after 8 min. After 6 to 7 days the left
kidney was removed, and THALs isolated as described above.
Similar to maximal eGFP expression after transduction (40),
the maximal inhibitory effect of dyn2K44A occurred 7 days
after viral injection (data not shown). Maximal inhibition of
caveolin-1 expression occurred 4 days after renal transduction
of Ad-shRNACav-1.
Western Blot—Proteins were eluted from streptavidin beads

or THAL lysates by boiling (1 min) and then separated by cen-
trifugation at 10,000 � g, loaded into each lane of a 6% SDS-
polyacrylamide gel, separated by electrophoresis and trans-
ferred to Immobilon-P polyvinylidene difluoride membranes
(PVDF) (Millipore, Bedford, MA). Membranes were blocked
and blotted as described before (15). To detect dynamin-2, we
usedHudy-1 antibody (42), caveolin-1 antibody (BDTransduc-
tion, San Jose, CA). Monoclonal anti-GAPDH (Chemicon,
Temecula, CA) was used at 1/10,000 dilution. HRP-labeled sec-
ondary antibodies were detected by chemiluminescence and
quantified by densitometry (15–18). Exposure time and
amount of protein loaded were optimized so that optical den-
sities were linear.
Localization of Internalized NKCC2 and Clathrin Heavy

Chain in Isolated THALs—Two rounds of labeling were per-
formed. First we labeled apical NKCC2 in isolated perfused
THALs kept at 4 °C with an antibody directed toward an extra-
cellular sequence located between TM3 and TM4 as described
previously (15–18) added to the flowing apical bath. After
washing, Alexa488-labeled anti-rabbit F�ab (Invitrogen, Carls-
bad, CA) were added to the lumen at 4 °C for 20 min, then
washed away and THALs warmed to 37 °C for 15 min to allow
endocytosis. Next, THALs were cooled and the luminal solu-
tion replaced by PS containing 1% BSA, pH 3.5 (acid-wash) to
remove the label from non-endocytosed surface NKCC2.
Finally, THALs were fixed with 4% paraformaldehyde (pH 7.4)

and blocked with 2.5% BSA, followed by labeling for 1 h with an
anti-clathrin heavy chain mouse monoclonal antibody (BD
Transduction, Franklin Lakes, NJ) followed by AlexaFluor 568
anti-mouse IgG highly cross-adsorbed at 1:200 in 2.5% BSA.
Images were acquired using a laser scaning confocal micros-
copy system (Visitech, Sutherland, England) with Ar (488 nm)
or Kr/Ar (568 nm) laser excitation controlled by an acoustic-
optic tunable filter. Images were acquired at 100� (1.3NA) and
fluorescence observedwith 525/55-nmBPor 590-nmLP filters,
respectively. Image files were converted to the tagged image file
format (TIFF), pseudocolored, and overlapped using Adobe
Photoshop software.
Inhibition of Clathrin-mediated Endocytosis with PP19—

Clathrin-mediated endocytosis requires the formation of a com-
plex between clathrin, synaptojanin, amphiphysin, dynamin,
and endophilin. The peptide VAPPARPAPPQRPPPPSGA
(PP19) specifically blocks formation of this complex by pre-
venting the SH3 domain of endophilin from interacting with
synaptojanin (43–46), thereby inhibiting clathrin-mediated
endocytosis. The peptides PP19 and PP19-FITC were synthe-
sized by Genescript USA (Piscataway, NY). A Chariot intracel-
lular peptide delivery system (Active Motif, Carlsbad, CA) was
used to facilitate intracellular peptide delivery into THAL cells
at the concentration recommended by the manufacturer. For
this, Chariot reagent was dissolved in distilled water and the
peptide PP19 (which has a theoretical molecular mass of
1860.13 g) was dissolved in regular PS. The peptide andChariot
solutions weremixed at a ratio of 1/10 (as recommended by the
manufacturer) and kept at room temperature for 60 min to
allow chariot-peptide complex to form. To confirm transduc-
tion of the peptide, we repeated the experiment using a FITC-
labeled PP19 peptide and examined the accumulation of the
peptide in THAL cells by fluorescence microscopy (Fig. 4D).
Statistics—Data are expressed as means � S.E.. One-way

ANOVA was used to determine statistical differences between
means in different treatment groups when measuring surface
and total NKCC2 by Western blot and fluorescence imaging.
*, p � 0.05 was considered statistically significant. Error bars
represent S.E.

RESULTS

Dynamin-dependent NKCC2 Endocytosis in THALs—We
previously found that NKCC2 undergoes constitutive endocy-
tosis in THALs, however, the proteins involved are unknown.
We hypothesized that the GTPase dynamin-2 mediates
NKCC2 retrieval in THALs. First, we studied dynamin-2
expression in THALs. A single band at the expected molecular
weight of dynamin-2 (�100 kDa)was observed inTHAL lysates
byWestern blot (Fig. 1A). Then we studied the role of dynamin
in NKCC2 endocytosis using dynasore, a membrane-perme-
able inhibitor that blocks dynamin GTPase activity at concen-
trations between 50 and 100 �M (47, 48). THAL suspensions
were pretreated with either vehicle or dynasore at 37 °C for 20
min, rapidly cooled to 4 °C and surface protein labeled with
NHS-SS-biotin. Endocytosis of biotinylated NKCC2 wasmeas-
ured for 15 or 30min in the presence of vehicle or dynasore.We
first tested a range of dynasore concentrations (25, 50, and 100
�M) and found that 100 �M was most effective in blocking
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NKCC2 endocytosis after 30 min (baseline � 22.6 � 1.8%;
dynasore 25 �M � 19.3 � 3.8%; dynasore 50 �M � 18.0 � 2.4%;
dynasore 100 �M � 14.0 � 2.3%, n � 3; data not shown). Thus
we used 100 �M dynasore to inhibit dynamin in THALs. When
THALs were treated with dynasore at 100 �M, NKCC2 endo-
cytosis was inhibited by 70% at 30 min, an average decrease in
the rate of NKCC2 endocytosis of 56 � 11% (Fig. 1, B–D), sug-
gesting that dynamin activity is involved in NKCC2 endocyto-
sis. BecauseNKCC2undergoes constitutive trafficking into and
out of the apical membrane, we expected selective inhibition of
endocytosis would increase steady-state surface NKCC2 due to
accumulation at the plasma membrane, and indeed 100 �M

dynasore increased surface NKCC2 by 67 � 27% (Fig. 1E).
The decrease in internalized biotinylated NKCC2 observed

during dynamin inhibition is most likely caused by decreased
endocytosis. However, this signal may also be decreased by
enhanced NKCC2 recycling back to the surface. To assure this
is not the case, we studied the effect of dynasore on NKCC2
recycling in native THALs as described previously (16). We
found that dynasore did not stimulate NKCC2 recycling during
30min, but rather tended to inhibit it (baseline: 44� 7%; dyna-
sore: 35 � 5% of internalized NKCC2 at 30 min; n � 5; n.s.).
Thus, the inhibition of endocytosis caused by dynasore is not
affected by recycling and is in part underestimated by a small

inhibitory effect on recycling. Taken together, these data sug-
gest that inhibition of dynamin decreases the rate of NKCC2
endocytosis and induces accumulation of NKCC2 at the cell
surface.
In Vivo Expression of Dominant Negative Dynamin-2 (K44A)

Decreases Constitutive NKCC2 Endocytosis in THALs—Dyna-
sore inhibits all dynamin isoforms. To specifically study
dynamin-2 mediated endocytosis, we expressed a dominant
negative mutant of rat dynamin-2 (Dyn2K44A) in THALs. For
this, we transduced THALs in the renal medulla with adenovi-
ruses expressing eGFP (control) or Dyn2K44A as described
previously (40, 41). THAL Dyn2K44A expression was con-
firmed by confocal fluorescence imaging of THALs 7 days after
viral transduction. We found that in THALs transduced with
Dyn2K44A, the average rate of NKCC2 endocytosis decreased
by 38 � 8% over a period of 30 min (Fig. 2, A and B). There was
no significant change in the rate of NKCC2 endocytosis in
THALs transduced with CMV-eGFP alone (control) compared
withTHALs obtained fromnon-transduced kidneys (n� 5, not
shown). If NKCC2 endocytosis is inhibited by decreased
dynamin-2 activity we would expect steady-state surface
NKCC2 to increase due to accumulation at the plasma mem-
brane, and indeed steady-state surface NKCC2 levels increased
by 37 � 8% in THALs transduced with Dyn2K44A (Fig. 2C)

FIGURE 1. Effect of dynamin inhibition on NKCC2 endocytosis in THALs. A, representative Western blot showing dynamin-2 expression in rat medullary
THALs at the expected molecular weight of �100 kDa (lane loaded with 25 �g of THAL lysate). B, cumulative data showing the effect of vehicle (DMSO) or
dynasore (100 �M) on constitutive NKCC2 endocytosis in THALs. THAL suspensions were incubated at 37 °C for 15 or 30 min in the absence (control, circles) or
presence of 100 �M dynasore (triangles). Endocytosed NKCC2 was detected by Western blot as described in “Experimental Procedures” and mean optical
density quantified by densitometry. Basal: 15 min � 13.0 � 1.4%; 30 min � 25.7 � 3.5%; dynasore: 15 min � 8.2 � 1.0%, 30 min � 7.7 � 1.1%; n � 7, *, p � 0.05).
Data are expressed as a percentage of the MesNa-stripped fraction. Error bars represent S.E. C, quantification of NKCC2 trafficking rate, derived from the slopes
of the data shown in B. Basal: 1.66 � 0.21% per min; dynasore: 0.60 � 0.10% per min: n � 7, *, p � 0.05. D, representative Western blot showing NKCC2
endocytosis in THALs treated with vehicle (DMSO) or dynasore (100 �M). In the top panel, lanes 1 and 5 show expression of steady-state surface NKCC2 (basal
surface NKCC2) treated with vehicle (DMSO) or dynasore (100 �M), respectively. Lane 2 shows steady-state surface NKCC2 after treatment with the reducing
agent MesNa (which efficiently strips biotin) compared with lane 1. After stripping, THALs were incubated for 0 min (lane 2), 15 min (lane 3), or 30 min (lane 4)
under basal conditions and 7.5 (lane 6), 15 min (lane 7), or 30 min (lane 8) under dynasore treatment at 37 °C to allow protein trafficking. THALs were cooled and
endocytosed NKCC2 (protected from MesNa) was precipitated, detected by Western blot, and measured by densitometry. The lower panel shows intracellular
NKCC2 from each sample. E, cumulative data showing the effect of vehicle (DMSO) or dynasore (100 �M) on steady-state surface NKCC2 levels in THALs.
Samples were treated for 20 min at 37 °C, then biotinylated as described in “Experimental Procedures”; surface NKCC2 was detected by Western blot and
quantified by densitometry. Basal, 100%; dynasore (100 �M): 167 � 27%; (n � 6, *, p � 0.05). Error bars represent S.E.
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whereas the total pool of NKCC2 did not change (basal, 100%;
Dyn2K44A � 103 � 6%; n � 9, data not shown). Transducing
THALs with an adenovirus for CMV-eGFP (control) did not
significantly affect steady-state surface NKCC2 nor the total
pool of NKCC2 (n � 7, data not shown). We believe this is the
first demonstration that dynamin-2 is involved in endocytosis
in the native renal epithelium, and specificallyNKCC2 internal-
ization in THALs.
Inhibition of Clathrin-mediated Endocytosis Blunts NKCC2

Endocytosis in THALs—Dynamin-2 mediates both clathrin-
and caveolin-mediated endocytosis. Since the endocytic path-
way for NKCC2 has not been defined to our knowledge, we
hypothesized that clathrin is involved in NKCC2 endocytosis.
We studied the expression of clathrin heavy chain in THALs by
confocal microscopy and found abundant expression of the
clathrin heavy chain at the apical side and subapical space of
THALs (Fig. 3A). Furthermore, we studied whether internal-
ized NKCC2, labeled with an exofacial antibody co-localized
with clathrin heavy chain in the sub-apical space. Co-localiza-
tion of clathrin heavy chain and NKCC2 endocytosed from the
apical membrane was observed in some small punctae and
larger sub-apical structures in isolated THALs (Fig. 3B), sug-
gesting that clathrin may be involved in NKCC2 retrieval.
Therefore, we studied the effect of inhibiting clathrin-mediated

endocytosis with the inhibitor chlorpromazine on NKCC2
retrieval. 20 �M chlorpromazine blunted the rate of NKCC2
endocytosis by 52 � 10% (Fig. 4, A and B) without affecting the
total NKCC2 pool in THALs. To confirm that chlorpromazine
inhibits clathrin-mediated endocytosis, we monitored endocy-
tosis of Alexa568-labeled transferrin in THALs for 30 min by
fluorescence microscopy, and found that chlorpromazine
blunted transferrin internalization by 42 � 7% (Fig. 4C).
The decrease in internalized biotinylated NKCC2 caused by

clathrin inhibitors is most likely caused by decreased endocy-
tosis. However, it may be influenced by enhanced recycling
back to the surface. To assure this is not the case, we studied the
effect of chlorpromazine on constitutive NKCC2 recycling in
native THALs (16). We found that chlorpromazine did not
stimulate NKCC2 recycling, but rather inhibited it by 35� 11%
(baseline-30 min: 30 � 7%; chlorpromazine-30 min: 19 � 4%;
n� 4; *, p� 0.05). Thus, the inhibition of endocytosis caused by
chlorpromazine is larger than measured, and the effect under-
estimated by a mild inhibitory action of this agent on NKCC2
recycling.
Clathrin-mediated endocytosis requires formation of a com-

plex between clathrin, synaptojanin amphiphysin, dynamin,
and endophilin (43, 44, 49). To test whether a clathrin-medi-
ated pathway is involved inNKCC2 internalization, we used the
peptide PP19 which specifically blocks the interaction between
clathrin and its adaptor proteins, thereby inhibiting the forma-
tion of clathrin coated vesicles (44, 45). We found that inhibi-
tion of clathrin-mediated endocytosis with PP19 at 6 �M

blunted the rate of NKCC2 endocytosis by 52 � 5% (Fig. 5, A
and B). To assure that PP19 inhibits clathrin-mediated endocy-
tosis, we monitored endocytosis of Alexa568-labeled transfer-
rin in THALs by fluorescence microscopy and found that PP19
blocked transferrin internalization by 36 � 3% (*, p � 0.05). As
expected, inhibition of dynamin with dynasore-blunted trans-
ferrin internalization by 43 � 3% (*, p � 0.05) (Fig. 5C). We
confirmed peptide transfection using a FITC-labeled PP19 pep-
tide and examinedTHALcells by fluorescencemicroscopy (Fig.
5D). Our data are consistent with partial inhibition of clathrin-
mediated endocytosis by chlorpromazine and PP19 and indi-
cate that this pathway is partly responsible for NKCC2 retrieval
from the plasma membrane in the native renal epithelium.
Disruption of Lipid Rafts Blunts NKCC2 Endocytosis in

THALs—We previously showed that NKCC2 endocytosis is
completely blocked by depletion of cholesterol in the plasma
membrane (16), and previous reports suggest that a fraction of
NKCC2 partitions into lipid raft domains (50, 51). Therefore, a
fraction of surface NKCC2may be internalized by the lipid raft
endocytic pathway. To test this, we studied the effect of disrupt-
ing lipid rafts with the cholesterol sequestering agent filipin III,
on NKCC2 endocytosis. We found that filipin III at 2.5 �M

blunted the rate of NKCC2 endocytosis by 39 � 5% (Fig. 6, A
and B) without affecting the total NKCC2 pool in THALs.
Higher concentrations of filipin III were not used for these
experiments because they decreased the total pool of NKCC2
by an unknown mechanism.
Caveolin-1 is one of themost abundant lipid raft proteins and

is required for trafficking of lipid raft components to the plasma
membrane, thus, depletion of caveolin-1 inhibits lipid raft-me-

FIGURE 2. Effect of dominant negative Dyn2(K44A) mutant on constitu-
tive NKCC2 endocytosis in THALs. A, cumulative data for constitutive
NKCC2 endocytosis over time in THAL suspensions under basal conditions
(full line) or after transduction with dominant negative rat Dyn2(K44A) (dotted
line). In vivo adenovirus-mediated gene transfer of Dyn2(K44A) was per-
formed as described in “Experimental Procedures.” THALs from control or
transduced kidneys were biotinylated and incubated at 37 °C for 15 or 30 min.
(Basal 15 min, 13.5 � 1.4%; 30 min, 19.9 � 1.7%; Dyn2(K44A) 15 min, 10.9 �
0.9%; 30 min, 12.1 � 1.2%: n � 6, *, p � 0.05). Data are expressed as a percent-
age of the MesNa-stripped fraction. B, quantification of NKCC2 trafficking
rate, derived from the slopes of the data shown in A. Basal: 1.33 � 0.12% per
min; Dyn2(K44A): 0.81 � 0.09% per min; (n � 6, *, p � 0.05). Error bars repre-
sent S.E. C, cumulative data showing the effect of Dyn2(K44A) expression on
steady-state surface NKCC2 levels in THALs. Dyn2(K44A) increased surface
NKCC2 levels in THALs by 37 � 8.3% (n � 8, *, p � 0.05).
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diated endocytosis (52). To disrupt lipid rafts in THALs, we
decreased caveolin-1 expression in vivo by transduction of a
shRNA against caveolin-1 (Ad-siRNACav-1) as described pre-
viously (40, 41). Ad-shRNACav-1 decreased caveolin-1 expres-
sion by 60% (p� 0.01) (Fig. 6C). Silencing caveolin-1 decreased
the rate of NKCC2 endocytosis by 30 � 4% (Fig. 6, D and E).
These data suggest that disruption of lipid rafts by decreasing
caveolin-1 inhibits NKCC2 endocytosis.
Because our data showed that NKCC2 endocytosis is medi-

ated by both clathrin- and lipid raft-dependent pathways, we
studied whether blocking the two pathways simultaneously
would further inhibit NKCC2 endocytosis. We found that
treating THALs with chlorpromazine and filipin III inhibited
the rate of NKCC2 endocytosis by 69 � 11% (Fig. 7, A and B)
without affecting the total pool of NKCC2. Although the com-
bination of Chlorpromazine and Filipin III was additive, it did
not completely eliminate NKCC2 endocytosis. To determine
whether these pathways mediate all NKCC2 endocytosis, we
used a novel small molecule inhibitor of clathrin-mediated

endocytosis (Pitstop2, IC50: 12 �M) (53) in combination with
the cholesterol-depleting agent M�CD, which blocks lipid raft
dependent endocytosis (33, 54–58). We found that treating
THALs with Pitstop alone (30 �M) inhibited NKCC2 endocy-
tosis at 15 min by 40% (p � 0.05). Inhibiting clathrin- and lipid
raft-mediated endocytosis simultaneously, completely blocked
endocytosis (p � 0.05 versus Pitstop2 alone), such that the sig-
nal obtained was not significantly different from cero (Baseline:
18.8 � 2.9%; Pitstop2: 11.6 � 1.2; Pitstop2 � MbCD 5 mM:
2.4 � 0.5%; n � 5; p � 0.05)(Fig. 8A and B). The total pool of
NKCC2 was not affected by the treatment. These data indicate
that both pathways mediate NKCC2 endocytosis.

DISCUSSION

Wepreviously reported that NKCC2-dependentNaCl trans-
port is modulated by changes in steady-state surface NKCC2
levels in the THAL (15, 17). NKCC2 undergoes constitutive
exocytic trafficking which is stimulated by the cAMP signaling
pathway (18). To maintain steady-state surface levels, NKCC2

FIGURE 3. Subapical localization of clathrin heavy chain and co-localization with internalized NKCC2 in THALs. A, localization of clathrin heavy chain in
the apical membrane and subapical space in isolated perfused THALs. THALs were isolated perfused and fixed and clathrin heavy chain immunolabeled as
detailed under “Experimental Procedures.” Inmunoblot shows a single band representing clathrin heavy chain at the expected molecular mass (�180 kDa).
B, internalized NKCC2 is observed in subapical punctae and larger subapical structures also labeled for clathrin heavy chain in THALs. Apical surface NKCC2 was
labeled with an exofacial antibody at 4 °C and allowed to internalize for 15 min (green). The label in surface NKCC2 was removed by acid-wash and THALs fixed
and immunolabeled for clathrin heavy chain (red).
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undergoes endocytosis in a cholesterol-dependent manner and
a large fraction of the internalized pool is recycled back to the
plasma membrane (16). Thus the endocytic pathway deter-
mines steady-state surface NKCC2 levels as well as the size of
the recycling pool. However, the pathway and proteins involved
in NKCC2 endocytosis are unknown.We observed that inhibi-
tion of dynamin-2, clathrin, and lipid raft-dependent endocy-
tosis blunted the rate of NKCC2 endocytosis and increased
steady-state surface NKCC2 levels. Our data indicate that
dynamin-2, clathrin and lipid rafts-dependent endocytosis,
mediate constitutive NKCC2 endocytosis in THALs.
Our earlier data and those of others suggest that trafficking of

NKCC2 is critical for maintaining steady-state surface NKCC2
levels in the plasma membrane as well as the capacity of the
THAL to reabsorb NaCl (15–18, 59). However, the proteins
involved in dynamic NKCC2 trafficking into and out of the
apical membrane have not been identified to our knowledge.
Membrane proteins can be endocytosed by a variety of path-
ways, including clathrin- or lipid raft/caveolin1-mediated
endocytosis, macropinocytosis, and clathrin- and caveolae-in-
dependent endocytosis (60–63). To study the role of dynamin,
we used dynasore, which is a potent inhibitor of dynamin activ-
ity (47, 48) and expression of dominant negative dynamin2

(K44A) (25, 64, 65). Dynamin inhibition blocked the rate of
NKCC2 endocytosis by �56% and increased steady-state sur-
face NKCC2 levels by �60%. Expression of the dominant neg-
ative Dyn2(K44A) in THALs blocked the rate of NKCC2 endo-
cytosis by �38% and increased steady-state surface NKCC2
levels by �38%. While it is not clear why dynasore inhibited
NKCC2 endocytosis to a greater extent than Dyn2(K44A), this
could be due to the fact that it takes at least 6 to 7 days for
Dyn2(K44A) to reach maximal expression and inhibit endocy-
tosis (40, 41), allowing sufficient time for compensatory
retrieval mechanisms to develop. It is also possible that
Dyn2(K44A) exerts competitive inhibition on dynamin-2,
whereas dynasore acutely inhibits endocytosis by non-compet-
itive inhibition (47, 48). In addition, expression levels of the
dynamin-2 mutant in vivomay not be high enough to block all
endogenous dynamin-2 activity. To our knowledge, expression
of dynamin-1 or dynamin-3 has not been demonstrated in the

FIGURE 4. Effect of clathrin inhibition with chlorpromazine on NKCC2
retrieval in THALs. A, cumulative data showing the effect of chlorpromazine
(20 �M) on constitutive NKCC2 endocytosis in THALs. THAL suspensions were
incubated at 37 °C for 15 and 30 min in the absence (control, circles) or pres-
ence of chlorpromazine (20 �M) (triangles). Endocytosed NKCC2 was detected
by Western blot as described in “Experimental Procedures” and mean optical
density quantified by densitometry. Basal: 15 min, 9.6 � 2.0%; 30 min, 19.1 �
2.9%; chlorpromazine: 15 min, 5.4 � 1.5%; 30 min, 8.3 � 0.7%; n � 4, *, p �
0.05). Data are expressed as a percentage of the MesNa-stripped fraction.
B, quantification of NKCC2 trafficking rate, derived from the slopes of the data
shown in A. Basal: 1.27 � 0.19% per min; chlorpromazine: 0.55 � 0.04% per
min; n � 4; *, p � 0.05. C, cumulative data for constitutive transferrin endocy-
tosis. THALs were equilibrated with vehicle or chlorpromazine for 15 min at
37 °C and then transferrin was added to the bath for 30 min. Basal, 135.5 �
9.8 a.u.; chlorpromazine (20 �M): 77.8 � 7.5 a.u. (from 5 preparations, 65 and
63 tubules, respectively; *, p � 0.05).

FIGURE 5. Effect of clathrin inhibition by transduction of PP19 on NKCC2
retrieval in THALs. A, cumulative data showing the effect of the PP19 pep-
tide (6 �M) on constitutive NKCC2 endocytosis in THALs. THAL suspensions
were incubated at 37 °C for 15 and 30 min in the presence of vehicle (Chariot
carrier, circles) or carrier plus PP19 (6 �M) (triangles). Endocytosed NKCC2 was
detected by Western blot as described in “Experimental Procedures” and
mean optical density quantified by densitometry. Basal: 15 min, 17.8 � 3.2%;
30 min, 37.9 � 6.6%; PP19: 15 min, 14.8 � 2.9%; 30 min, 19.3 � 3.3%; n � 6,
*, p � 0.05. Data are expressed as a percentage of the MesNa-stripped frac-
tion. Error bars represent S.E. B, quantification of NKCC2 trafficking rate
derived from the slopes of the data shown in A. Basal: 2.88 � 0.25% per min;
PP19: 1.32 � 0.11% per min (n � 6, *, p � 0.05). Error bars represent S.E.
C, cumulative data for constitutive transferrin endocytosis. THALs were incu-
bated for 30 min with Chariot, then aliquoted and equilibrated for 15 min at
37 °C with vehicle, PP19 or 100 �M dynasore, and transferrin was added to the
bath for 30 min. Vehicle � 164.4 � 4.7 a.u.; PP19 (6 �M): 102.1 � 4.4 a.u.;
dynasore (100 �M): 91.5 � 4.7 a.u.; (from 5 preparations, 74, 68, and 60
tubules, respectively; *, p � 0.05). D, representative images of THALs incu-
bated with Chariot in the absence or presence of PP19-FITC. THAL suspen-
sions were preincubated with Chariot, then incubated at 37 °C for 30 min in
the absence or presence of PP19-FITC (6 �M). Green indicates positive PP19-
FITC fluorescence (magnification �40). Tubules treated with Chariot in the
absence of PP19 did not exhibit significantly different fluorescence from
background.
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renal epithelium (66, 67) suggesting a predominant role of
dynamin-2 in trafficking by renal epithelial transporters like
NKCC2.

Regulation of dynamin-2-mediated endocytosis in epithelial
cells is poorly understood. Endocytosis requires coordinated
steps involving several proteins, andmost cell culture data sug-
gest that phosphorylation and protein-protein interactions are
important for regulation of dynamin-2 activity. Some of the
proteins known to be associated with dynamin-2 are sorting
nexin 9 (SNX9), adaptor protein 2 (AP2), clathrin, and aldolase
B (68). SNX9 binds the proline rich domain of dynamin-2 in an
ATP-dependent manner (69). Aldolase B binds to SNX9 with
high affinity, thereby decreasing its membrane binding activity
and inhibiting endocytosis. However, phosphorylation of SNX9
releases aldolase B from this complex, allowing SNX9-Dyn2
complex formation.Aldolase B is one of the fewproteins known
to interact with NKCC2; however, in a cell culture system,
expression of aldolase Bwas found to decrease steady-state sur-
face NKCC2 levels and activity (59). While endocytosis of
NKCC2 was not measured in that study it is possible that the
aldolase B-SNX9 complex plays a role in regulating dynamin-2
mediatedNKCC2 internalization.We know of no report show-
ing whether physiological agonists or hormones stimulate or
inhibit dynamin-2 activity in epithelial cells. Given the impor-
tant role of dynamin-2 inNKCC2 trafficking, its regulatory pro-
cesses would seem to call for further study.
We previously showed that cholesterol depletion with

M�CD blocked NKCC2 endocytosis by 90% (16). However,
M�CD inhibits clathrin as well as lipid raft-dependent/caveo-
lin-1 endocytic pathways (57, 58, 70). Most apical renal Na�

transporters are internalized via a clathrin-mediated pathway
(25, 27, 31, 33), whereas there is little evidence regarding the
role of caveolin-1 in apical endocytosis. Thus,we focused on the
clathrin-mediated endocytic pathway. Chlorpromazine, which
has been used extensively to inhibit clathrin-mediated endocy-
tosis (28, 71), blunted the rate of NKCC2 endocytosis by�52%.
In addition transducing THALs with a peptide (PP19) that
inhibits the protein complex between clathrin, endophilin, and
synaptojanin (44) blunted the rate of NKCC2 endocytosis by

FIGURE 6. Effect of lipid raft disruption on NKCC2 retrieval in THALs.
A, cumulative data showing the effect of filipin III (2.5 �M) on constitutive
NKCC2 endocytosis in THALs. Control or THALs treated with filipin III (2.5 �M)
were biotinylated and incubated at 37 °C for 15 or 30 min (Basal 15 min,
19.1 � 1.1%; 30 min, 29.8 � 2.1%; siRNACav1 15 min, 14.0 � 1.0%; 30 min,
17.9 � 0.8%; n � 5, *, p � 0.05). Data are expressed as a percentage of the
MesNa-stripped fraction. B, quantification of NKCC2 trafficking rate derived
from the slopes of the data shown in A. Basal: 2.68 � 0.28% per min; filipin:
1.64 � 0.27% per min (n � 5, *, p � 0.05). Error bars represent S.E. C, repre-
sentative Western blot showing the effect of siRNACav1 on caveolin-1 expres-
sion in rat medullary THALs. Control: 100%; siRNACav1: 39 � 12%; n � 3; *, p �
0.05. D, cumulative data for constitutive NKCC2 endocytosis over time in
THAL suspensions under basal conditions (full line) or after transduction with
Ad-siRNACav1 (dotted line). In vivo adenovirus-mediated gene transfer of
siRNACav1 was performed as described in “Experimental Procedures.” THALs
from control or siRNACav1-transduced kidneys were biotinylated and incu-
bated at 37 °C for 15 or 30 min (Basal 15 min, 24.2 � 2.3%; 30 min, 35.1 � 3.2%;
siRNACav1 15 min, 16.2 � 0.9%; 30 min, 24.4 � 2.2%: n � 7, *, p � 0.05). Data
are expressed as a percentage of the MesNa-stripped fraction. E, quantifica-
tion of NKCC2 trafficking rate derived from the slopes of the data shown in A.
Basal: 2.34 � 0.21% per min; siRNACav1: 1.63 � 0.15% per min; n � 7, *, p �
0.05. Error bars represent S.E.

FIGURE 7. Effect of clathrin inhibition and lipid raft disruption on NKCC2
retrieval in THALs. A, cumulative data showing the effect of simultaneous
treatment with the clathrin inhibitor chlorpromazine (20 �M) and lipid-raft
disrupting agent filipin III (2.5 �M) on NKCC2 endocytosis in THALs. Basal: 15
min, 18.6 � 3.3%; 30 min, 27.7 � 8.8%; chlorpromazine � filipin: 15 min, 7.3 �
1.1%; 30 min, 8.6 � 2.8%; n � 6, *, p � 0.05. Data are expressed as a percent-
age of the MesNa-stripped fraction. Error bars represent S.E. B, quantification
of NKCC2 trafficking rate derived from the slopes of the data shown in A. Basal:
2.98 � 0.54% per min; chlorpromazine � filipin: 0.99 � 0.25% per min; n � 6,
*, p � 0.05. Error bars represent S.E.
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�52%. Taken together, these data indicate that NKCC2 under-
goes constitutive endocytosis in part via a clathrin-mediated
pathway.
Stimulation of NKCC2 recycling by the inhibitors used may

have influenced the results we obtained whenmeasuring inter-
nalization of biotinylated NKCC2. We found that both dyna-
sore and chlorpromazine decreased the rate of NKCC2 recy-
cling. This effect does not invalidate our conclusion but rather
strengthens it, because the net result is underestimation of the
NKCC2 endocytosis inhibition by these drugs. Others have
shown that chlorpromazine inhibits recycling (72).
Biochemical studies indicate that a fraction of NKCC2 parti-

tions into Triton X-100 insoluble lipid raft fractions (50, 51).
We found that filipin III, a lipid raft-disrupting agent, decreased
the rate of NKCC2 endocytosis by�30%, suggesting that endo-
cytosis of NKCC2 is mediated in part via a lipid raft-dependent
mechanism.We know of no quantitative data addressingwhich
fraction of surface NKCC2 is located in lipid rafts. Differential
plasma membrane distribution has been observed for others
renal transporters located in lipid rafts (75–78), although this
does not apply to all membrane proteins (79). In the case of
NHE3, �20% of the surface pool seems to be located in lipid

rafts, and this fraction is sensitive to epidermal growth factor-
dependent regulation (80).
Caveolin-1 has been used to identify and study the lipid raft

compartment (73). Endocytosis via the lipid raft-mediated
pathway is inhibited by decreasing caveolin-1 expression (74).
We found that decreasing caveolin-1 expression by �60%
blunted NKCC2 endocytosis by 30%. A similar effect has been
observed for other membrane proteins in different cells (74).
Taken together, our data indicate that NKCC2 endocytosis
occurs at least in part via clathrin- and lipid raft-dependent
pathways. To study if all NKCC2 endocytosis was mediated by
these two pathways we tested whether inhibiting both path-
ways would completely block constitutive NKCC2 internaliza-
tion. Inhibition of clathrin-mediated endocytosis with Pitstop2
(53), (a novel small molecule inhibitor) partially blocked con-
stitutive NKCC2 internalization, which was completely
blocked when combined with a cholesterol-depleting dextrin
(M�CD), an agent that blocks both clathrin- and lipid raft-
mediated endocytosis. The combined inhibition of lipid raft-
and clathrin-mediated endocytosis was complete and signifi-
cantly greater than clathrin inhibition alone. These data suggest
that clathrin- and cholesterol-sensitive lipid rafts pathways
mediate all of the constitutive NKCC2 endocytosis in native
THALs.
Overall, we believe our data provide the first evidence that

NKCC2 endocytosis is mediated in part via dynamin-2, clath-
rin- and lipid raft-dependent pathways in renal epithelium.We
conclude that NKCC2 undergoes constitutive endocytosis in
native THALs primarily via a dynamin-2 mediated pathway. In
addition, both clathrin- and lipid raft-mediated pathways con-
tribute to apical internalization of the cotransporter. This traf-
ficking process is important for maintenance of steady-state
surface NKCC2 levels and overall regulation of NaCl transport
by the kidney.
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