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First published October 23, 2013; doi:10.1152/ajpcell.00236.2013.—The
proximal tubule (PT) reabsorbs the majority of sodium, bicarbonate,
and chloride ions, phosphate, glucose, water, and plasma proteins
from the glomerular filtrate. Despite the critical importance of endo-
cytosis for PT cell (PTC) function, the organization of the endocytic
pathway in these cells remains poorly understood. We have used
immunofluorescence and live-cell imaging to dissect the itinerary of
apically internalized fluid and membrane cargo in polarized primary
cultures of PTCs isolated from mouse kidney cortex. Cells from the
S1 segment could be distinguished from those from more distal PT
segments by their robust uptake of albumin and comparatively low
expression of �-glutamyltranspeptidase. Rab11a in these cells is
localized to variously sized spherical compartments that resemble the
apical vacuoles observed by electron microscopy analysis of PTCs in
vivo. These Rab11a-positive structures are highly dynamic and re-
ceive membrane and fluid-phase cargo. In contrast, fluid-phase car-
goes are largely excluded from Rab11a-positive compartments in
immortalized kidney cell lines. The unusual morphology and sorting
capacity of Rab11a compartments in primary PTCs may reflect a
unique specialization of these cells to accommodate the functional
demands of handling a high endocytic load.

proximal tubule; megalin; apical; endocytosis; Rab11; recycling en-
dosome

THE KIDNEY IS THE PRINCIPAL organ involved in the regulation of
acid-base balance, blood pressure, electrolyte balance, and
blood plasma composition in higher mammals. The nephron is
the fundamental functional unit of the kidney and is divided
into five functional segments: glomerulus, proximal tubule
(PT), loop of Henle, distal tubule, and collecting duct. The PT
is responsible for reabsorption of �70% of sodium, bicarbon-
ate, and chloride ions, phosphate, glucose, and water from the
glomerular filtrate (reviewed in Refs. 10 and 38). The PT is
further divided into S1, S2, and S3 segments on the basis of
physiological, ultrastructural, and functional differences (20).
The S1 segment is characterized by high expression of
megalin, whereas the PT marker �-glutamyltranspeptidase
(�-GT) is expressed at highest concentration in S2 and S3
cells (5, 18, 27).

The lumen of the PT is lined by polarized epithelial cells that
maintain a high capacity for apical endocytosis. A primary
function of these cells is retrieval of serum components with a

molecular weight below the glomerular filtration limit of
�60,000 that enter the lumen of the PT. Many of these proteins
and small molecules are ligands for the apically expressed
multiligand receptors megalin and cubilin (reviewed in Ref. 9).
Failure to retrieve filtered proteins results in low-molecular-
weight proteinuria, also known as tubular proteinuria. Defects
in the expression or trafficking of megalin or cubilin result in
tubular proteinuria, as observed in patients with Dent disease,
Lowe syndrome, Imerslund-Gräsbeck syndrome, and Donnai-
Barrow syndrome (reviewed in Ref. 28).

Although endocytosis is critical for normal PT function,
little is known about the endocytic pathway in these cells.
Much of our understanding of the apical endocytic pathway in
these cells comes from electron microscopy studies examining
the internalization pathway of fluid-phase and membrane trac-
ers (3, 16, 17, 29, 30). These tracers are internalized into
clathrin-coated vesicles that bud from the base of the brush
border microvilli and are thought to fuse with a subapical
network of tubules (30). Fast recycling to the apical surface
may occur from these sites. These fluid-phase and membrane
tracers have access to large apical compartments, termed apical
vacuoles (AVs), within 1–15 min after internalization (16, 17,
30). Tubule-like structures that are believed to carry recy-
cling proteins back to the apical surface can be observed
emanating from these AVs (11, 16, 17). Nonrecycling pro-
teins are thought to be transported to lysosomes for degra-
dation and/or transcytosed to the basolateral membrane (14,
15). Although the endocytic structures accessed by markers
have been described, the identity of these structures remains
unknown. Notably, the organization of this pathway in PT
cells (PTCs) differs considerably from that of the apical
recycling pathway described in cells derived from different
kidney segments (21, 40). Therefore, we sought to examine
the itinerary of apically internalized albumin in a PTC
model that retains essential features of this endocytic path-
way.

We have developed a primary cell culture model of mouse
PTCs to study the organization and molecular identity of
compartments along the apical endocytic pathway. Cultured
primary cells form a differentiated polarized monolayer that
maintains characteristics of the PT segments from which they
were derived. We have investigated the structure and distribu-
tion of known endocytic compartment markers in our primary
culture system and determined the pathway for internalization
and sorting of a fluid-phase marker and the megalin/cubilin
ligand albumin. Our studies suggest that the Rab11a-positive
compartments represent the AVs reported in ultrastructural
studies of PTs and that these structures receive and sort fluid
and membrane cargoes. The unique organization of the apical
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endocytic pathway in PTCs likely reflects the specific func-
tional demands of this kidney segment.1

MATERIALS AND METHODS

Reagents. Reagents for cell culture and analysis were obtained as
follows: collagen I from EMD-Millipore (Billerica, MA), bovine
collagen IV from Rockland Immunochemicals (Gilbertsville, PA),
DMEM/Ham’s F-12 medium (DMEM/F-12) and media additives
(insulin, transferrin, selenium, and dexamethasone) from Sigma-Al-
drich (St. Louis, MO), permeable supports (0.4-�m-pore Transwell
inserts) from Corning (Corning, NY), collagenase type II from Wor-
thington (Lakewood, NJ), paraformaldehyde from Electron Micros-
copy Sciences (Hatfield, PA), and trypsin (catalog no. 12563-029)
from GIBCO Life Technologies (Carlsbad, CA).

Isolation, culture, and transfection of PTCs. The protocol for
isolating PTCs from 6- to 8-wk-old male mice was adapted from a
previously published method (33). Mice were euthanized in accor-
dance with procedures approved by the University of Pittsburgh
Institutional Animal Care and Use Committee, and the kidneys were
removed and placed in ice-cold renal PTC (RPTC) buffer (in mM: 115
NaCl, 24 NaHCO3, 5 KCl, 1.5 CaCl2, 10 MgSO4, 2 KH2PO4, 5
glucose, and 50 mannitol, pH 7.4). The kidney capsule was removed,
the kidney was cut sagittally, and the medulla was removed. The
cortex was minced under sterile conditions into 1-mm pieces and
gently washed to remove debris, and collagenase type II and BSA
were added to achieve a final concentration of 0.1% and 0.5%,
respectively. The tissue was digested for 45 min at 37°C, and diges-
tion was stopped by addition of ice-cold RPTC buffer with 5% BSA
for 5 min on ice. The tissue was centrifuged for 30 s and resuspended
in 20 ml of RPTC buffer. The suspension was sequentially passed
through a series of stackable metal sieves with 180-, 90-, and 45-�m
pores, respectively (Alfa Aesar USA standard sieve, Ward Hill, MA).
The final isolate was collected, resuspended in DMEM/F-12 �
L-glutamine-10% FBS, and plated on collagen I-coated plates or
collagen IV-coated permeable supports. The medium was replaced
with RPTC medium with 1% FBS (DMEM/F-12 supplemented with
5 �g/ml insulin, 0.02 �g/ml dexamethasone, 0.01 �g/ml selenium, 5
�g/ml transferrin, 2 mM L-glutamine, 10�9 M triiodothyronine, and
1% FBS) after 24 h, and the cells were used for experiments as
described in the timeline in Fig. 1A. Cells were transfected as follows
for live-cell-imaging experiments: plasmids encoding S-nitroso-N-
acetyl-penicillamine (SNAP)-Rab11a (0.25–0.5 �g) and minimega-
lin-green fluorescent protein (GFP, 0.5 �g) were suspended in 63 �l
of OptiMEM (GIBCO) and incubated at ambient temperature for 5
min. One microliter of Lipofectamine 2000 was resuspended in 63 �l
of OptiMEM and incubated at ambient temperature for 5 min. Lipo-
fectamine and DNA suspensions were mixed and incubated at ambi-
ent temperature for 20 min. RPTCs were trypsinized, and 2 � 105

cells were resuspended with transfection mix and plated onto collagen
IV-coated dishes (MatTek, Ashland, MA). The medium was changed
6 h postplating to avoid lipid toxicity.

Indirect immunofluorescence. Anionic lysine-fixable rhodamine-
dextran (10,000 mol wt) and Alexa Fluor 555- and Alexa Fluor
647-conjugated BSA were obtained from Life Technologies. Rhod-
amine-conjugated wheat germ agglutinin (WGA) was from Vector
Laboratories (Burlingame, CA). Rabbit anti-�-GT antibody (1:100
dilution) and rat anti-zonula occludens 1 (ZO)-1 monoclonal antibody
were gifts from Dr. Rebecca Hughey and Dr. Gerard Apodaca,
respectively. Polyclonal anti-early endosome antigen 1 (EEA1) anti-
body (1:250 dilution) was obtained from Thermo Fisher (Pittsburgh,
PA), and monoclonal anti-E-cadherin antibody (1:200 dilution) from
BD Transduction Laboratories (San Jose, CA). Cells plated on per-
meable supports were transfected on day 4 and fixed on day 7 in 4%

paraformaldehyde-100 mM sodium cacodylate, pH 7.4. Filters were
incubated in 0.1% Triton X-100 in 75 mM NH4Cl2-20 mM glycine-
PBS for 10 min, washed, and blocked in 1% BSA-0.1% saponin for
1 h. Primary antibodies were added in 0.5% BSA-0.025% saponin in
PBS for 1 h at ambient temperature, and filters were washed three
times with 0.5% BSA-0.025% saponin in PBS. Secondary Alexa
Fluor-conjugated antibodies (Invitrogen) were used at a dilution of
1:500 for 30 min, and TO-PRO-3 (1:1,000 dilution; Molecular Probes,
Eugene, OR) was included where indicated. The filters were washed
and then mounted onto glass slides with ProLong Gold (Life Tech-
nologies). Imaging was performed on a Leica SP5 confocal micro-
scope (�100/1.5 numerical aperture objective) and processed using
Adobe Photoshop CS4.

PCR detection of murine megalin mRNA. mRNA was extracted
using the Ambion RNAqueous phenol-free total RNA isolation kit
(Life Technologies). One microgram of RNA was used for synthesis
of cDNA using Moloney’s murine leukemia virus reverse transcrip-
tase (Life Technologies) according to the manufacturer’s recommen-
dations. PCR was performed in 50-�l reactions using the Bio-Rad
iCycler and Phusion High-Fidelity PCR system (New England Bio-
labs, Ipswich, MA). Primer sets against megalin were designed using
PrimerQuest on the Integrated DNA Technologies website: 5=-CTA-
ACCAAGGCAGGACGTTTC-3= (forward) and 5=-TCCACCGTG-
GACACAAGTAAA-3= (reverse) for megalin and 5=-ACCTTCA-
ACTCCATCATGAAG-3= (forward) and 5=-CTGCTGGAAGGTG-
GACAG-3= (reverse) for actin. Denaturing temperature was 95°C,
annealing temperature was 54.5°C, and extension temperature was
72°C for 25 amplification cycles.

Transmission electron microscopy. Cells grown on collagen IV-
coated permeable supports were fixed in 2.5% glutaraldehyde for 1 h,
washed with PBS, postfixed for 1 h in 1% OsO4 with 1% potassium
ferricyanide, and washed with PBS. After dehydration in a graded
series of 30–100% alcohol, the filters were infiltrated with pure EPON
three times for 1 h each and then cut and embedded in pure EPON.
After 24 h at 37°C, samples were polymerized at 60°C for 48 h.
Samples were sectioned, mounted on grids, stained with 2% uranyl
acetate and then lead citrate, and examined using a transmission
electron microscope (JEM-1011, JEOL).

Live-cell imaging of PTCs. Isolated PTCs grown on collagen
I-coated dishes were transfected with the indicated combination of
plasmids [mCherry-Rab11a, SNAP-tagged Rab11a, and GFP-tagged
minimegalin (12, 24)] and plated on collagen I-coated dishes (Mat-
Tek). At 3 days posttransfection, PTCs were incubated as indicated
with SNAP-Cell TMR-Star or SNAP-Cell 505 (New England Biolabs;
3 �M final concentration) for 30 min at 37°C to label Rab11a-SNAP.
Cells were then incubated with serum-free RPTC buffer containing
rhodamine-dextran (1 mg/ml) and/or Alexa Fluor 647-albumin at
37°C, and live-cell time-lapse microscopy was performed. Live-cell
imaging to visualize SNAP-tagged Rab11a dynamics in RPTCs was
performed using the Andor revolution XD platform. A live-cell
chamber compatible with the inverted spinning-disk microscope was
used to maintain a temperature of 37°C and PCO2 of 5%. Images were
captured using a 12-bit electron-multiplying charge-coupled device
iXON camera controlled by the Andor iQ interface. Images were
continuously acquired over a 10-min period. Live-cell imaging to
visualize cargo sorting from the Rab11a-positive compartments was
performed using the Leica TCS SP5 platform. A live-cell chamber
compatible with the inverted laser-scanning microscope was used to
maintain a temperature of 37°C. Images were captured using a 16-bit
dynamic hybrid detector in 5-s intervals over 5 min. Images were
exported in a 16-bit TIFF format for qualitative analyses. Time-lapse
images were reconstructed using Imaris (Bitplane), and a 3 � 3
median filter was applied to the images. Fission and fusion events
were recorded as audio-video interleave. Signal overlap of dextran,
albumin, and megalin with the Rab11a-positive compartments was
computed using MetaMorph (Molecular Devices, Sunnyvale, CA).
Integrated morphometry analysis was used to construct a mask based1 This article is the topic of an Editorial Focus by Curtis T. Okamoto (29a).
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on area thresholding. The integrated density overlap of megalin and
albumin over the Rab11a-positive compartments was computed using
the colocalization package.

RESULTS

Primary cultures of mouse PT are polarized and express PT
markers. To generate primary PTC cultures, renal tubules
isolated from mouse kidney cortex were plated on collagen
I-coated plastic or directly onto collagen IV-coated permeable
supports. A timeline of the isolation and plating schedule is
shown in Fig. 1A. Cells plated on plastic migrated from these
tubules over several days and formed proliferating islands of
cells that eventually coalesced to form a confluent monolayer.
Similarly, tubules plated directly onto collagen IV-coated per-
meable supports formed confluent monolayers within several

days, as assessed using 4=,6-diamidino-2-phenylindole staining
(not shown). Cells in these monolayers were polarized as
assessed by indirect immunofluorescence to visualize the tight
junction marker ZO-1 (Fig. 1B). Moreover, the adherens junc-
tion marker E-cadherin localized exclusively to the lateral
domains of these cells (Fig. 1B).

PTCs in vivo are characterized by the presence of highly
regular and tall apical microvilli, as well as numerous AVs that
receive internalized fluid and membrane markers (3, 30). To
test whether these structures are retained in our primary cul-
tures, freshly isolated PTCs cultured on permeable supports for
7 days were fixed and processed for transmission electron
microscopy (see MATERIALS AND METHODS). In contrast to PTCs
in vivo, our cultured cells were fairly flat and had only a few
scattered microvilli (Fig. 1C). Tight junctions were readily
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Fig. 1. Characterization of primary proximal tubule
cell (PTC) cultures. A: timeline of cell-plating
schedule after isolation of PTCs from mouse kidney
cortex. B: PTCs grown on permeable supports were
fixed and processed for indirect immunofluores-
cence to detect the lateral adherens junction marker
E-cadherin (green), the tight junction marker zonula
occludens 1 (ZO-1; red), and nuclei using TO-
PRO-3 (blue). Scale bar, 10 �m. C: PTCs grown on
permeable supports were processed for transmission
electron microscopy. Arrowheads denote subapical
structures that may correspond to apical vacuoles
observed in vivo. Scale bar, 500 nm. D: filter-grown
PTCs or Madin-Darby canine kidney (MDCK) cells
were incubated with apically or basolaterally added
rhodamine-dextran (1 mg/ml) for 20 min and pro-
cessed for immunofluorescence. PTCs internalized
dextran primarily from the apical surface, whereas
the opposite was observed for MDCK cells. Scale
bar, 15 �m. E: RT-PCR was performed to detect
megalin expression from reverse-transcribed mRNA
isolated from mouse cortex or from PTCs after 7
days in culture. �-Actin is included as a loading
control. F: filter-grown PTCs were incubated with
rhodamine-conjugated wheat germ agglutinin
(WGA) for 30 min (red), fixed, and then processed
to detect �-glutamyltranspeptidase (�-GT; green).
Cells were analyzed by confocal microscopy, and
individual optical sections and xz reconstructions
are shown. Note that cells expressing higher levels
of �-GT bind to and internalize less WGA and are
markedly flatter in cross section. Scale bar, 10 �m.
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detected between adjacent cells, as predicted by our ZO-1
staining in Fig. 1C (not shown). This morphology is similar to
that reported in numerous other studies of primary cultures
isolated using similar approaches (2, 19, 33). Notably, how-
ever, we did observe large vacuolar structures near the apical
surface of many cells (arrowheads in Fig. 1C). We speculate
that these structures may represent the AVs described in
vivo from which internalized apical cargo is recycled (3, 16,
17, 29, 30).

A unique characteristic of PTCs is high capacity for apical
endocytosis. To test this, we added the fluid-phase marker
rhodamine-dextran to the apical or basolateral chamber of
filter-grown PTCs and compared the extent of uptake after 20
min. As shown in Fig. 1D, rhodamine-dextran was internalized
to a much greater extent from the apical than basolateral
surface in PTCs (Fig. 1D). In contrast, this marker was endo-
cytosed primarily from the basolateral surface of Madin-Darby
canine kidney (MDCK) cells, consistent with prior observa-
tions that basolateral internalization of membrane and fluid is
more robust than apical endocytosis in these cells (4, 31).

We next examined the expression of PT-specific markers in
our primary cell cultures. PCR amplification of reverse-tran-
scribed mRNA confirmed that primary cultures continued to
express the PT marker megalin, albeit at lower levels than in
freshly isolated kidney cortex (Fig. 1E). Indirect immunofluo-
rescence using antibodies directed against �-GT revealed
strong staining in a subset of cells, consistent with the presence
of cells derived from S2 and S3 segments of the PT (Fig. 1F).
Interestingly, when cells were incubated at 37°C with rhodamine-
WGA prior to fixation and staining with anti-�-GT antibody,
we observed considerably more robust surface binding and
internalization of WGA in the population of cells expressing
low levels of �-GT (Fig. 1F). As revealed by xz reconstructions
of confocal stacks, the population of cells binding to WGA was
typically taller than the fraction expressing higher levels of
�-GT. These studies also confirmed �-GT staining primarily at
the apical surface of PTCs, consistent with its known distribu-
tion in vivo.

A subset of PT-derived cells internalize apical albumin with
high efficiency. The presence of at least two distinct popula-
tions of cells distinguished by �-GT expression and WGA
binding/uptake suggests that our cell culture model contains
cells derived from all segments of the PT (S1, S2, and S3).
PTCs in the S1 segment preferentially express megalin and
cubilin, which function to reabsorb proteins and small mole-
cules from the glomerular filtrate via receptor-mediated endo-
cytosis (27). We therefore tested whether endocytosis of the
megalin/cubilin ligand albumin is preferentially enriched in

primary cells expressing lower levels of �-GT. Control exper-
iments confirmed that, similar to rhodamine-dextran (Fig. 1D),
albumin was internalized almost exclusively from the apical
surface of PTCs (not shown). Filter-grown cells were incu-
bated for 30 min at 37°C with apically added 40 �g/ml Alexa
Fluor 647-labeled albumin [well below the reported Kd of 1.25
mg/ml in human PT HK-2 cells (15)] and then washed, fixed,
and stained with anti-�-GT antibody. In Fig. 2, internalized
albumin was observed in a subpopulation of cells and in
spherical structures of varying sizes. Notably, the cells that
most robustly internalized albumin uniformly had lower levels
of �-GT expression. Together, these data are consistent with
the conclusion that the cells that efficiently internalize albumin
are derived from the S1 segment, while the higher-�-GT-
expressing cells more closely resemble those of the S2 and S3
segments.

Characterization of endocytic compartments in albumin-
internalizing PTCs. In the “classical” model of the endocytic
pathway, dissociation of internalized ligands from their mem-
brane receptors is promoted by the acidic pH of early endo-
somes (39). Subsequently, membrane receptors are segregated
from these fluid-phase ligands by sequestration into mem-
brane-rich/volume-poor tubules that emanate from early endo-
somes (13). These tubules can fuse directly with the cell
surface (known as “fast recycling”) or coalesce to form recy-
cling endosomes. The continual depletion of membrane pro-
teins from early endosomes generates spherical remnants en-
riched in fluid-phase cargo that gradually mature into late
endosomes, which ultimately deliver their content to lyso-
somes.

Although PTCs in vivo are highly endocytically active, little
is known about the identity of apical endocytic pathway com-
partments in cells derived from this renal segment. To inves-
tigate the organization of endocytic components in the PT, we
examined the distribution of known markers of endocytic
organelles (endogenously expressed or transiently transfected)
in our culture model (Fig. 3). To focus selectively on the
subpopulation of cells that express high levels of megalin/
cubilin, we incubated filters with apically added Alexa Fluor
555-albumin (40 �g/ml) for 30 min prior to fixation and
subsequent processing. Cells were imaged by confocal micros-
copy, and a single optical section for each marker is shown. To
more easily visualize total cellular albumin uptake, we show
maximal projections of the albumin fields.

To label early endosomes, we stained cells with antibodies
against EEA1 (Fig. 3A) or expressed the early endosome
marker GFP-Rab5 (Fig. 3B) in our cultures. Both of these
markers localized to numerous small punctate structures, con-

γ-GT albumin merge

Fig. 2. A subset of PT-derived cells internalize apical
albumin with high efficiency. Filter-grown PTCs were
incubated with 40 �g/ml Alexa Fluor 647-albumin
(pseudocolored green) added apically for 30 min, fixed,
and then processed to detect �-GT (red). An individual
optical section for �-GT, a maximum projection of
albumin distribution, and merged images are shown.
Note that cells with robust albumin internalization ex-
press comparatively low levels of �-GT. Scale bar, 10 �m.
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sistent with the known morphology of early endosomes. Next,
we examined the distribution of GFP-Rab4, a protein that
mediates fast recycling from early endosomes (34). Similar to
its localization in HeLa cells (25), GFP-Rab4 staining was
concentrated in juxtanuclear compartments (Fig. 3C). By con-
trast, GFP-Rab11a was present on discrete spherical compart-
ments with a broad range of sizes that were distributed ran-
domly throughout the cytoplasm (Fig. 3D). These compart-
ments are reminiscent of the AVs described in vivo and
sometimes contained internalized albumin. Finally, using the
marker GFP-transient receptor potential cation channel muco-
lipin subfamily, member 1, we identified late endosomes and
lysosomes (26, 37) (Fig. 3E). Similar to its distribution in other
cell types, this protein localized to small spherical structures
distributed throughout the cytoplasm.

Highly dynamic Rab11a-positive structures in PTCs mediate
cargo sorting. In the context of the traditional model for
endocytosis described above, the presence of Rab11a on large
spherical structures that resemble AVs and contain albumin

was surprising. In MDCK cells, Rab11a localizes to a con-
densed network of subapical recycling endosomes (8). More-
over, internalized fluid-phase markers have been reported to be
excluded from Rab11a-positive compartments in these cells (6,
23). To confirm this, we incubated polarized MDCK cells or
PTCs expressing SNAP-Rab11a with apically added FITC-
dextran for 20 min and then fixed and imaged the cells. As
shown in Fig. 4, Rab11a in MDCK cells was present in a
subapical cluster, as previously observed, and as expected, the
majority of internalized dextran localized to small punctate
compartments, consistent with early endosomes. In contrast, a
much larger fraction of internalized dextran was present in
Rab11a-positive compartments in PTCs [23.0 	 3.9% in PTCs
(n 
 8) vs. 6.6 	 1.6% in MDCK cells (n 
 17), P � 0.001
by rank-sum test; Fig. 4] These results are consistent with the
interpretation that apically internalized fluid-phase markers are
largely segregated from membrane proteins in earlier compart-
ments along the endocytic pathway in MDCK cells compared
with PTCs.
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PTCs. Filter-grown PTCs [transfected with
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tagged markers where indicated] were incu-
bated with 40 �g/ml Alexa Fluor 555-albu-
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bars, 10 �m. EEA1, early endosome antigen
1; TRPML1, transient receptor potential cat-
ion channel mucolipin subfamily, member 1.
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Ultrastructural analysis of AVs in rat kidney has revealed
tubules emanating from these structures, suggesting that AVs
may mediate sorting of membrane and fluid cargo (16, 17). To
test whether Rab11a-positive structures in PTCs also undergo
tubulation, we expressed SNAP-tagged Rab11a in PTCs by
transient transfection, incubated cells with tetramethylrhod-
amine-SNAP to label Rab11a-positive compartments, and im-
aged living cells. As shown in Supplemental Movie S1 (see
Supplemental Material for this article available online at the
Journal website), Rab11a-positive structures were highly dy-
namic and were observed to undergo fusion and fission. Figure 5
and Supplemental Movies S1 and S2 show a tubule forming
and dissociating from a Rab11a-positive structure. These data
are consistent with the interpretation that Rab11a is a marker of
the AV structures observed in vivo.

As noted above, albumin is thought to dissociate from
megalin/cubilin in early endosomal compartments. We there-
fore asked whether albumin exits Rab11a-positive compart-
ments in concert with a known fluid-phase marker (rhodamine-
dextran). PTCs expressing SNAP-Rab11a were labeled with
SNAP-Cell 505, incubated for 30 min with 40 �g/ml Alexa
Fluor 647-albumin and 1 mg/ml rhodamine-dextran, and
chased for 30 min. Cells were imaged in real time to visualize
membrane dynamics. As shown in Supplemental Movies S3–
S5, albumin and dextran were largely colocalized and readily
detected in rapidly moving Rab11a-positive structures, as well
as in tubular carriers containing both cargoes. While we spec-
ulate that these tubular carriers emanate from Rab11a-positive
compartments, we were unable to unambiguously identify
individual fission events.

Dextran Rab11a Merge
PT
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Fig. 4. Fluid-phase markers are not enriched in Rab11a-positive compartments in MDCK cells. Filter-grown MDCK cells (top) or PTCs (bottom) expressing
S-nitroso-N-acetyl-penicillamine (SNAP)-Rab11a were labeled with tetramethylrhodamine (TMR)-Star and incubated with apically added FITC-dextran
(1 mg/ml) for 20 min, fixed, and then examined by confocal microscopy. In contrast to the readily observed accumulation of dextran in Rab11a-positive
compartments in PTCs, dextran has little access to this compartment in MDCK cells. Scale bar, 7.5 �m.

Rab11a 0s                         3s                          7s

13s                       17s                        24s

Fig. 5. Rab11a-positive compartments in PTCs
are highly dynamic. PTCs cultured on MatTek
dishes were transfected with cDNA encoding
SNAP-tagged Rab11a. After 2 days, cells were
incubated with Cell-SNAP TMR-Star to label
the SNAP tag, washed, and then imaged by
live-cell microscopy to visualize Rab11a dy-
namics. Rab11a localizes to multiple variously
sized spherical compartments that are highly
dynamic. Left: a representative cell. Scale bar,
7.5 �m. Right: time-lapse (0–24 s) images of a
tubule emanating from the Rab11a-positive
structure enclosed in the box in the image at
left. Scale bar, 1 �m. (Movie from which these
images are derived is available in Supplemental
Material.)
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Next, we assessed whether membrane and fluid-phase
cargoes are sorted in Rab11a-positive compartments. We
transfected PTCs with plasmids encoding Rab11a-SNAP
and GFP-tagged truncated megalin (GFP-minimegalin),
which retains the capacity to bind albumin (12, 32). Cells
were incubated for 20 min at 37°C with Alexa Fluor 647-
albumin and then imaged immediately (0 h) or after a 3-h
chase (Fig. 6). GFP-minimegalin was detected at low levels
on the cell surface and concentrated intracellularly in
Rab11a-positive compartments. The distribution of this
protein was qualitatively similar at 0 and 3 h, as expected
for a protein at steady state (Fig. 6A). Quantitation of
maximally projected confocal stacks confirmed this result:
67 	 5.5% of the total GFP-minimegalin was present in

Rab11a-positive compartments at 0 h vs. 63 	 2.9% at 3 h
(Fig. 6B). In contrast, more albumin was present in com-
partments containing Rab11a and GFP-minimegalin at 0 h
than 3 h (Fig. 6B). Quantitation revealed a statistically
significant drop in the total amount of albumin in Rab11a-
positive compartments over this time period (from 35 	
4.6% to 16 	 1.6%, P � 0.02). Similarly, the amount of
albumin colocalizing with GFP-minimegalin decreased
from 33 	 5.1% to 21 	 2.6% (P 
 0.025). Supplemental
Movies S6 –S8 illustrate the rapid dynamics of these cargoes
in PTCs and confirm that heterologous expression of Rab11a
in PTCs does not qualitatively alter the distribution or
dynamics of GFP-minimegalin or albumin (see Supplemen-
tal Movie S9).
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Fig. 6. Segregation of megalin and albumin in PTC Rab11a-positive compartments. A: PTCs grown on MatTek dishes were transfected with plasmids
encoding mCherry-Rab11a and GFP-minimegalin. Cells were incubated with 40 �g/ml Alexa Fluor 647-albumin for 20 min, and confocal images of
random fields were acquired immediately (0 h) or after a 3-h chase. Maximum projections of albumin, GFP-minimegalin, and Rab11a distribution, as well
as merged images, are shown. Scale bar, 5 �m. B: amount of total cellular GFP-minimegalin in Rab11a-positive compartments and amount of albumin
in Rab11a- or GFP-minimegalin-positive compartments in 6 images for each time point. Values are means 	 SE. *P 
 0.014; **P 
 0.025 by Student’s
t-test. Whereas distribution of GFP-minimegalin does not change, albumin segregates from both markers during the chase period.
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DISCUSSION

Despite the essential role of apical endocytosis in PT func-
tion, little is known about how the endocytic pathway is
organized and regulated in PTCs. We have examined the
organization of endocytic markers in primary cultures of PT.
We found that Rab11a-positive compartments are dynamic
structures that receive membrane and fluid-phase cargo inter-
nalized from the apical surface of PTCs. In contrast, apical
endocytosis is far less robust in immortalized cells derived
from other kidney segments. The unique morphology and
function of Rab11a-positive compartments may reflect the high
endocytic demands of PTCs compared with cells in more distal
segments of the kidney tubule.

We used standard protocols to isolate primary cultures of
PTCs. The resulting cell populations formed polarized mono-
layers with intact tight junctions and laterally localized E-
cadherin. Moreover, ultrastructural analysis revealed the pres-
ence of subapical vacuolar structures consistent with those
described previously in the PT. However, while our cells
elaborated a few microvilli, they lacked the regular and highly
differentiated brush border observed in vivo. Isolated PTCs
expressed endogenous megalin, and subpopulations of cells
could be distinguished on the basis of their expression of high
levels of �-GT (consistent with S2/S3-derived cells) or robust
internalization of albumin (consistent with S1-derived cells).

We characterized the distribution of classical markers for
endocytic compartments in PTCs. Whereas the morphology of
early and late endosome/lysosome markers was not grossly
different from that of other cell types, we found that the
recycling endosome marker Rab11a localized to variously
sized spherical compartments distributed throughout the cell.
These structures are highly reminiscent of the AVs described in
vivo and observed in our ultrastructural analysis. In contrast to
this distribution, Rab11a is found primarily associated with the
juxtanuclear recycling endosome and/or the trans-Golgi net-
work in nonpolarized cells (35, 36) and with a subapical
compartment termed the apical recycling endosome in polar-
ized MDCK cells (8).

Rab11a-positive structures in PTCs were highly dynamic
and were observed to undergo cycles of fusion and fission.
Moreover, fluid-phase markers (rhodamine-dextran) and fluo-
rescent albumin (which dissociates from megalin in acidic
endosomal compartments) readily accessed these compart-
ments. This is in contrast to observations in MDCK cells,
where fluid markers are efficiently segregated from membrane
proteins in early endosomes and are largely excluded from
recycling endosomes (6, 23).

In vivo perfusion studies in rat kidney have determined that
fluid-phase markers are internalized into tubular structures that
may represent early endosomes and later appear in AVs (3, 9,
30). We attempted to determine whether internalized albumin
and dextran appear in EEA1-positive early endosomes prior to
reaching Rab11a-positive compartments, but our results were
inconclusive. Thus it remains unclear whether there is a linear
progression of cargo from early endosomes to Rab11a-positive
compartments in our PTC cultures.

The differences we observed between cells from the PT and
cells derived from other kidney segments have important
consequences for our understanding of how this pathway is
regulated in response to physiological need. In contrast to most

other polarized epithelial cells [with the exception of interca-
lated cells of the kidney (22)], the PT is highly specialized for
apical endocytosis. High apical endocytic capacity in the PT is
required for the efficient internalization of filtered proteins,
vitamins, and other solutes. Although the mechanism is un-
clear, we speculate that the unique size and geometry of
Rab11a-positive compartments that we observed in PTCs en-
hance the segregation efficiency of internalized fluid and mem-
brane cargoes to maintain robust PT apical endocytic capacity.

Importantly, many of the features essential for maintain-
ing PT function are preserved in commonly used immortal-
ized PTC lines. For example, apical endocytosis in OK and
LLC-PK1 cells, derived from opossum and porcine kidney,
respectively, is robust relative to basolateral internalization,
similar to that observed in our primary cell culture model
(unpublished data). Rab11a has been localized to the subapical
region of OK cells (1), where recent higher-resolution images
suggest that it is present in variously sized spherical compart-
ments (7). Interestingly, these compartments become enlarged
upon inhibition of class III phosphoinositide 3-kinase, and
release of this block triggers rapid formation of tubular struc-
tures containing albumin (7).

The conclusions of our studies are limited by several tech-
nical shortcomings. 1) Our cell cultures are relatively flat and
lack a prominent brush border, suggesting that they have
dedifferentiated to some extent. While our PTCs maintain a
robust apical endocytic capacity, the regulation of this pathway
likely does not exactly replicate that in vivo. For example,
ultrastructural analysis of our cells did not reveal the prominent
network of subapical tubules described in vivo (3, 17, 30). This
network is also absent in immortalized PT-derived cell lines. 2)
While we confirmed by Western blotting that PTCs express
endogenous Rab11a (not shown), we were unable, using mul-
tiple approaches, to confirm that the Rab11a-positive compart-
ments we visualized correspond to the AVs described in vivo.
3) Although we focused on “low-expressing” cells in our
imaging studies (in high-expressing cells, Rab11a was distrib-
uted throughout the cytoplasm), it is possible that overexpres-
sion of Rab11a alters the normal sorting recycling pathway in
our PTC cultures. Despite these caveats, our results provide
important new information about the unique organization and
function of the apical endocytic pathway in PTCs. Future
studies are required to determine how the unique morphology
of AVs facilitates efficient sorting and recycling to maintain PT
function.
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