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Rein JL, Heja S, Flores D, Carrisoza-Gaytan R, Lin NYC,
Homan KA, Lewis JA, Satlin LM. Effect of luminal flow on doming
of mpkCCD cells in a 3D perfusable kidney cortical collecting duct
model. Am J Physiol Cell Physiol 319: C136 –C147, 2020. First
published May 13, 2020; doi:10.1152/ajpcell.00405.2019.—The cortical collecting duct (CCD) of the mammalian kidney plays a major
role in the maintenance of total body electrolyte, acid/base, and fluid
homeostasis by tubular reabsorption and excretion. The mammalian
CCD is heterogeneous, composed of Na⫹-absorbing principal cells
(PCs) and acid-base-transporting intercalated cells (ICs). Perturbations in luminal flow rate alter hydrodynamic forces to which these
cells in the cylindrical tubules are exposed. However, most studies of
tubular ion transport have been performed in cell monolayers grown
on or epithelial sheets affixed to a flat support, since analysis of
transepithelial transport in native tubules by in vitro microperfusion
requires considerable expertise. Here, we report on the generation and
characterization of an in vitro, perfusable three-dimensional kidney
CCD model (3D CCD), in which immortalized mouse PC-like
mpkCCD cells are seeded within a cylindrical channel embedded
within an engineered extracellular matrix and subjected to luminal
fluid flow. We find that a tight epithelial barrier composed of differentiated and polarized PCs forms within 1 wk. Immunofluorescence
microscopy reveals the apical epithelial Na⫹ channel ENaC and
basolateral Na⫹/K⫹-ATPase. On cessation of luminal flow, benzamilinhibitable cell doming is observed within these 3D CCDs consistent
with the presence of ENaC-mediated Na⫹ absorption. Our 3D CCD
provides a geometrically and microphysiologically relevant platform
for studying the development and physiology of renal tubule segments.
3D cortical collecting duct model; cell physiology; ENaC; fluid shear
stress; principal cell

INTRODUCTION

The collecting duct (CD) of the mammalian kidney plays a
major role in the maintenance of total body electrolyte, acid/
base and fluid homeostasis, and control of blood pressure (9,
41, 63, 65, 72, 91). The CD is divided into three major
segments: the cortical CD (CCD), the outer medullary CD
(OMCD), and the inner medullary CD (IMCD) (43). Satlin and
coworkers have long focused on the CCD (9, 11, 12, 76, 78, 79,
99), a heterogenous nephron segment within the aldosteroneCorrespondence: J. L. Rein (joshua.rein@mssm.edu).
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sensitive distal nephron (ASDN) composed of two major cell
populations, principal cells (PCs) and intercalated cells (ICs),
each with distinct functions. PCs mediate transepithelial Na⫹
and water reabsorption as well as basal K⫹ secretion (65).
These cells express the epithelial Na⫹ channel ENaC and the
secretory renal outer medullary K⫹ channel ROMK and
stretch/Ca2⫹-activated large conductance BK channel on the
apical plasma membrane. Transepithelial transport of Na⫹ and
K⫹ requires robust basolateral Na⫹-K⫹-ATPase activity. Water reabsorption by PCs is triggered by vasopressin-stimulated
insertion of the water channel aquaporin 2 (AQP2) into the
apical plasma membrane. ICs function in acid-base transport,
Na⫹ and Cl⫺ reabsorption, and K⫹ transport (direction determined by metabolic needs) (68, 72). Three subtypes of ICs
have been identified: 1) type A (H⫹ secretion via apical
H⫹-ATPase), 2) type B (HCO⫺
3 secretion and NaCl reabsorption via the apical Cl⫺/HCO⫺
exchanger
pendrin and the apical
3
Na⫹-dependent Cl⫺/HCO⫺
exchanger
NDCBE,
respectively),
3
and 3) non-A, non-B (transitional cell with mixed function), all
primarily energized by a H⫹-ATPase. Cells in the CD have
been proposed to interconvert between ICs and PCs (14, 57,
64). Notably, cultured CD cells can express PC specific, IC
specific, or both types of markers (3, 22), consistent with
evidence of plasticity between PC and IC phenotypes (14,
57, 64).
The gold standard for measuring renal transepithelial tubular
transport and examining the molecular physiology of proteins
mediating transport has been the technique of in vitro microperfusion of well-defined nephron segments isolated from
kidneys of mouse, rat, and rabbit (7, 8, 25). However, only a
few laboratories across the world are capable of carrying out
these technically demanding experiments. By contrast, twodimensional (2D) epithelial monolayers cultured under static
condition or isolated split open tubules have long been used to
study renal physiology and pathophysiology at the cellular
level but fail to recapitulate the complex microphysiological
environment that key segments of the nephron experience in
vivo. It is now well accepted that mechanical forces affect
structure, function, and differentiation of kidney tubular epithelial cells (9, 29, 76). As such, superfusate flow over 2D cell
monolayers, associated with fluid shear stress (FSS) and drag/
torque on cilia (51, 94), influences expression and activation of
solute transport proteins and improves the physiologic rele-
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vance of the model compared with static culture (21, 23, 32,
33, 67). However, increases in luminal flow rate in the ASDN,
as may be induced by extracellular volume expansion, diuretics, or a high K⫹ diet in mammalian cylindrical tubules in vivo
(10) and in vitro (100), lead to circumferential stretch (CS) (51)
as well as FSS and drag/torque on specialized apical protrusions in PCs and ICs (94), hydrodynamic forces which differentially regulate intracellular signaling pathways involved in
tubular transport (10, 23). Consequently, 2D culture cannot
predict in vivo tissue functions that arise in 3D geometries.
Three-dimensional (3D) kidney models are useful microphysiological systems for studying tissue development, physiology, and disease states (29, 30, 49, 50, 69). Recently, 3D
proximal tubule-on-chip models have been reported, which
demonstrate that renal epithelial cells seeded in channels embedded within an engineered extracellular matrix (ECM) and
exposed to continuous fluid flow exhibit improved phenotype,
morphology, and function compared with those in flat monolayers cultured under static or flow conditions on plastic or
ECM (30, 50). Building on this work, we have developed a
perfusable 3D kidney CCD model (3D CCD) that consists of a
straight channel embedded within an ECM that is seeded with
mpkCCD cells, a well characterized cell line resembling PCs
(4) (Fig. 1 and Supplemental Fig. S1; all Supplemental material
is available at https://doi.org/10.5281/zenodo.3891813). Analysis of these 3D CCDs reveals a tight epithelial barrier with a

differentiated and polarized phenotype. Specifically, our observations of immunodetectable apical ENaC and basolateral
Na⫹/K⫹-ATPase and benzamil (BZ)-inhibitable cell doming in
these 3D CCDs suggests that they support ENaC-mediated
transepithelial Na⫹ transport and can be used to explore the
molecular mechanisms responsible for regulation of transport
in this segment.
METHODS

Cell culture. mpkCCD cells were grown in modified Dulbecco’s
modified Eagle’s medium (DMEM):Ham’s F-12, 1:1 vol/vol (120
mM NaCl, 29 mM NaHCO3, 4.2 mM KCl, 1.1 mM CaCl2, 0.7 mM
MgSO4, 0.5 mM NaH2PO4, and 0.5 mM Na2HPO4), 20 mM HEPES,
pH 7.4, 20 mM D-glucose, and 2 mM glutamine, supplemented with
60 nM sodium selenite, 5 g/mL transferrin, 50 nM dexamethasone,
1 nM triiodothyronine, 10 ng/mL epidermal growth factor, 5 g/mL
insulin, 2% fetal calf serum, and 1% penicillin/streptomycin) (4) in
T-25 flasks up to passage 14 to limit genetic drift. Cells were passaged
~2–3 days after confluence when cells began to form domes. mpkCCD cells were selected since they show aldosterone- and vasopressin-sensitive upregulation of Na⫹/K⫹-ATPase, ENaC, and AQP2
expression and activity (4, 71) as well as secrete prostaglandin E2, a
paracrine/autocrine signaling factor in the CCD whose release is
enhanced in response to increases in FSS (23). The mpkCCD transcriptome (71), proteome (74, 80), and phosphoproteome (70) have
also been extensively studied.

Fig. 1. Schematic illustrations of the kidney chip
taken after completion of each fabrication step
(A–I) used to create the 3D CCD model. ECM,
extracellular matrix. [Printed with permission
from ©Mount Sinai Health System.]
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3D model fabrication. 3D CCD models were housed within a
printed silicone gasket-on-chip (Fig. 1A and Supplemental Fig. S1A).
This gasket was produced by loading the silicone ink into a 30-ml
syringe, centrifuging to remove air bubbles, and printing through a
tapered 410-m nozzle (EFD Nordson, East Providence, RI) at a
print speed of 30 mm/s. The gasket was designed in SolidWorks
(Dassault Systèmes, Vélizy-Villacoublay, France) and printed onto
50 mm ⫻ 75 mm glass slides (Corning Inc., Corning, NY) using a
custom-designed 3D bioprinter equipped with a printhead mounted
onto a three-axis, motion-controlled gantry (Aerotech, Inc., Pittsburgh, PA). The silicone gasket was then cured at 80°C in a convection oven overnight and stored at room temperature. Stainless-steel
tubes (20.5G, Hamilton Company, Reno, NV) were then inserted
through the PDMS scaffold on opposite ends to serve as inlet and
outlet conduits (Fig. 1B and Supplemental Fig. S1B). A 510 m
stainless-steel pin (25G), i.e., a “tubule pin”, was inserted through
these conduits and spanned the length of the silicone border (Fig. 1C
and Supplemental Fig. S1C). The assembled construct was autoclaved
before use and assembled in a sterile field.
The reservoir housed within the chip was filled with a hydrogel
extracellular matrix (ECM) composed of a gelatin and fibrin network
crosslinked with transglutaminase (TG) and thrombin. Before this
procedure, a gelatin solution (15 wt/vol%) (Type A, 300 bloom from
porcine skin, Sigma-Aldrich, St. Louis, MO) was produced by adding
gelatin powder to 1⫻ phosphate-buffered saline without Ca2⫹ and
Mg2⫹ (PBS) at 70°C. The gelatin was fully dissolved by continuous
stirring at 70°C for 12 h, and its pH was adjusted to 7.5 using 1 M
NaOH. The solution was sterile filtered and stored at 4°C in aliquots
for future use. Next, a fibrinogen solution (40 mg/mL) was produced
by dissolving lyophilized fibrinogen (bovine plasma, Millipore, Burlington, MA) in sterile PBS at 37°C. The solution was held at 37°C for
1–2 h and stored at ⫺20°C. TG solution (60 mg/mL) was prepared by
dissolving lyophilized powder (Moo Gloo TI Formula, Modernist
Pantry, Eliot, ME) in PBS and mixing for 10 s. The solution was then
held at 37°C for 20 min and sterile filtered before using. A CaCl2
stock solution (250 mM) was prepared by dissolving CaCl2 in sterile
water. The thrombin stock solution was prepared by reconstituting
lyophilized thrombin (MP Biomedicals, Solon, OH) at 500 U/mL with
sterile PBS and stored at ⫺20°C. The final ECM solution was
produced by combining these constituents in 7.5 pH adjusted 1⫻ PBS
to yield concentrations of 25 mg/mL fibrinogen, 1 wt/vol% gelatin,
2.5 mM CaCl2, and 0.2 wt/vol% TG. This solution was then equilibrated at 37 °C for 15–20 min and pH adjusted to ~7.5 with 1 M
NaOH before use to improve optical clarity of the ECM (42). Before
ECM casting, sterile glycerol was applied to the tubule pin to
minimize adhesion. The ECM solution was then rapidly mixed with
thrombin at a ratio of 200:1, resulting in a final thrombin concentration of 3 U/mL and immediately placed within the chip reservoir such
that the tubule pin was fully immersed within the ECM (Fig. 1D and
Supplemental Fig. S1D). The chip was then covered by a plastic dish
to prevent evaporation and contamination and held at 37 °C for 1 h to
allow for fibrin polymerization and crosslinking of the fibrin/gelatin
network. Afterwards, the tubule pin was removed through the outlet
conduit, leaving a hollow channel embedded within the ECM-on-chip
(Fig. 1E and Supplemental Fig. S1E). To complete the chip assembly,
these constructs were encased between a machined stainless-steel base
and a thick acrylic lid that were clamped together by four screws that
formed a tight seal around the printed and infilled features.
The fabricated 3D chips were then connected to external cell
culture media reservoirs to enable media flow and cell seeding within
the channel. Unless prepackaged sterilely, each component described
below was autoclaved before use. A 10-ml syringe barrel and adapter
assembly (EFD Nordson, East Providence, RI) with a 0.20-m syringe filter (Corning Inc., Corning, NY) served as a media reservoir.
Microbore silicone tubing (0.50-mm inner diameter) (Cole-Parmer,
Vernon Hills, IL) connected the reservoir to the pump inlet, the pump
outlet to the chip inlet, and the chip outlet back to the reservoir (Fig.

1F and Supplemental Fig. S1F). The circuit was primed and perfused
with mpkCCD media containing 1% aprotinin (bovine lung, crystalline, Millipore, Burlington, MA), to prevent cellular degradation of
the ECM, with a peristaltic pump (P-70, Harvard Apparatus, Holliston, MA) using three-stop PharMed BPT tubing (0.25 mm ID)
(Cole-Parmer, Vernon Hills, IL). Polypropylene pinch clamps were
added to the silicone tubing to prevent uncontrolled flow when the
circuit was disconnected from the pump such as during cell culture
media changes. The 3D CCD model was then placed in the incubator
and perfused with media for 24 h before cell seeding (Fig. 1, G–I, and
Supplemental Fig. S1G–I) to fully saturate the ECM with media. The
media reservoir was equilibrated with atmospheric incubator conditions by means of a sterile filter on top of the reservoir. The printing
and pin-pullout technique to create a perfusable channel embedded
within the ECM as well as its subsequent perfusion of cell culture
media is highlighted in Supplemental Video S1.
To seed the channel with cells, mpkCCD cells were trypsinized
from flasks and concentrated in cell culture media to a density of ~2 ⫻
106 cells/mL. The cell suspension was then injected into the empty
channel through the outlet (Fig. 2, A and B) and the construct was kept
in the incubator at 37°C and 5% CO2 for 16 h without flow. The next
day, nonadherent cells were flushed out (Fig. 2C), and perfusion of
fresh media was begun at a continuous, unidirectional peristaltic flow
rate of 8.33 L/min, equating to a physiologic FSS for the CCD of 0.1
dyn/cm2 (51) as calculated by the Hagen-Poiseuille equation: Q ⫽
Pr4 8l, where Q is the volumetric flow rate (L/s), P is pressure
(Pa), r is the cylinder radius (m),  is the viscosity (cP), and l is the
cylinder length (m). Reservoir medium was changed every 2 days.
Experiments were performed 7 days after cell seeding.
Immunostaining. Cellular localization of PC-specific proteins in
cell monolayers grown on glass coverslips and within the 3D CCD
were examined by immunofluorescence and confocal microscopy
after 7 days of cell growth. Samples were fixed with 4% paraformaldehyde in PBS and stored in 0.05% sodium azide in PBS at 4°C until
processing. After storage, samples were washed in PBS for 1 h and
sectioned freehand with a razorblade into 1- to 2-mm thick slices.
Cells were permeabilized with 0.3% Triton X-100 for 10 min then
blocked with blocking solution (1% BSA, 10% FBS, and 0.1% Triton
X-100 in PBS) for 1 h. Primary antibodies (1° ab) (Table 1) were
diluted in ab solution (blocking solution diluted 1:10), incubated at
4°C overnight, and then washed for three times for 5 min in PBS. An
appropriate Alexa-Fluor 488-conjugated 2° ab (Thermo-Fisher,
Waltham, MA) (goat anti-rabbit IgG for ENaC␣, ENaC␤, and AQP2;
goat anti-chicken IgG for BK␣) was diluted in ab solution (1:250),
applied for 2 h, and then washed three times for 5 min in PBS.
Rhodamine phalloidin in PBS (1:500) was applied for 2 h and then
washed three times for 5 min in PBS. 4=,6-Diamidino-2-phenylindole
(DAPI) in PBS (1:10,000) was applied for 30 min then washed, and
samples were stored in PBS before imaging. Confocal microscopy
was performed with a Leica SP5 DM with HCX APO L U-V-I
⫻20/0.5 and ⫻40/0.8 water dipping objectives. Stacks of confocal
sections were obtained and processed using Leica Application Suite
(LAS AF) software (Leica Microsystems, Wetzlar, Germany). Before
3D rendering of the en bloc 3D CCD section, confocal images were
processed by applying an adaptive blind deconvolution algorithm
using a theoretical point spread function in AutoQuant X3 (v.X3.1.3.
Media Cybernetics, Rockville, MD), and 3D rendering was done in
Imaris (v.9.2.1. Bitplane, Concord, MA).
Electron microscopy. Transmission electron microscopy was performed after 7 days of cell growth to visualize cellular details of the
3D CCD at high resolution. Samples were fixed in 2% glutaraldehyde
for 16 h. Following a routine protocol, the sample was embedded in
an Epon-Araldite resin and cut into ultrathin (~60 – 80 nm) sections, in
which osmium tetroxide was used for enhancing the contrast. Samples
were imaged with a Tecnai G2 Spirit BioTWIN Transmission Electron Microscope.

Ⲑ
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Fig. 2. Epithelialization of the 3D CCD. A: an empty channel. B: mpkCCD cells in the channel immediately after cell seeding. C: cell growth 1 day after cell
seeding. D: epithelialized channel after 7 days (differential interference contrast microscopy at ⫻10. Scale bar ⫽ 100 m). E and F: cell growth in the 3D CCD
after 7 days imaged at different focal planes to demonstrate the three dimensionality of the cell growth around the circumference of the channel (phase contrast
microscopy at ⫻20. Scale bar ⫽ 100 m).

Histological staining. 3D CCDs were fixed with 4% paraformaldehyde in PBS and stored in 0.05% sodium azide in PBS at 4°C before
processing. After storage, 3D CCDs were washed in PBS for 1 h and
sectioned freehand with a razorblade into 1- to 2-mm thick slices.
Samples were embedded in paraffin wax, sectioned, and exposed to
Masson’s trichrome stain. Bright-field microscopy was performed
with a Zeiss Axio Imager.Z2M widefield microscope with a planapochromat/1.40 oil objective.
Diffusional permeability measurements. Epithelial integrity of the
3D CCD was evaluated by perfusion at 0.1 dyn/cm2 of 25 M 3- to
5-kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, St.
Louis, MO) in cell culture media in three channels with or without

Table 1. Primary antibodies used for immunofluorescence
1° Antibody

Source

Anti-acetylated ␣-tubulin (Lys40)
rabbit monoclonal IgG (1:800)
Anti-AQP2 rabbit polyclonal IgG
(1:50)
Anti-BK␣ chicken polyclonal
IgG (1:100)
Anti-ENaC␣ rabbit polyclonal
IgG (1:50)
Anti-ENaC␤ rabbit polyclonal
IgG (1:50)
Anti-Na⫹/K⫹-ATPase rabbit
monoclonal IgG (1:50)

Cell Signaling (no. 5335)
Alomone Laboratories (AQP-002)
Satlin Laboratory (101) (Aves
Laboratories)
StressMarq Biosciences (SPC-403)
StressMarq Biosciences (SPC-404)
Abcam (ab76020)

AQP2, aquaporin 2; ENaC, epithelial Na⫹ channel.

cells. Images were taken before perfusion then every 10 min for 1 h
during perfusion using widefield microscopy with a stage top incubator (Tokai Hit model WSKM, Shizuoka-ken, Japan) set to 37°C and
5% CO2 on a Leica DMi8 inverted widefield microscope with a Leica
DFC9000 GT sCMOS camera with a HC semi-apochromat Fluotar
⫻1.25/0.04 dry objective or HC PL Fluotar ⫻10/0.32 dry objective.
Diffusional permeability of the 3- to 5-kDa FITC-dextran was calculated by quantifying changes in fluorescence intensity over time using
1
I2⫺I1 d
the following equation: Pd ⫽
, as previously described
I1⫺Ib
t
4
(66), where Pd is the diffusional permeability coefficient, I1 is the
average intensity at an initial time point, I2 is an average intensity at
a later time point, Ib is background intensity (image taken before
perfusion of FITC-dextran), and d is the channel diameter. Image
acquisition and analysis were performed using Leica Application
Suite X.
Doming measurements. To study cell doming in the 3D CCD
model, a 1-mm channel segment at the chip inlet was imaged during
both perfusion under a FSS of 0.1 dyn/cm2 and under static conditions
for 1 h after stopping flow in the absence (control) or presence of
luminal 1 M BZ hydrochloride (Sigma-Aldrich, St. Louis, MO), an
inhibitor of ENaC (39), for 16 h. These experiments were repeated in
chips fabricated with an additional channel (300 m in diameter) that
was located adjacent to the 3D CCD (~2.5 mm center-to-center
separation distance), which served as a drainage channel open to
atmospheric pressure. Images were obtained with live cell phase
contrast and differential interference contrast microscopy with a HC
PL Fluotar ⫻10/0.32 dry objective, HC PL Fluotar L ⫻20/0.40 dry
objective, or HC PL Fluotar L ⫻40/0.60 dry objective. Image acqui-
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sition and analysis were performed using Leica Application Suite X.
Dome length and width were measured in the x- and y-dimensions and
the longer of the two was used to calculate radius. Dome height in the
z-dimension was determined to be the vertical distance from the plane
of focus in the cell monolayer adjacent to the dome to the plane of
focus containing the cells at the dome peak. Dome volume was
estimated using the volume formula for a segment of a sphere: V ⫽
1
h共3a2 ⫹ h2兲, where h is height of the segment (m) and a is ra6
dius of the segment base (m).
Statistical analysis. Data are presented as means ⫾ SE from individual experiments and as individual data points, as shown. Significance of differences was tested by unpaired Student’s t test (SigmaPlot 12.5, Systat Software, San Jose, CA) and statistical significance
was defined as P values ⱕ 0.05.
RESULTS

Cell seeding and longitudinal culture of 3D CCDs. After
introduction of mpkCCD cells into the lumen of the channel
embedded in ECM, cells grew to confluency, beginning at the
base of the channel, to circumscribe the entire open lumen over
a period of 3– 4 days (Fig. 2, C and D). The inner diameter of
these 3D CCDs ranged from 450 to 600 m, as determined by
the tubule pin size and cell height. We note that their diameter

is roughly an order of magnitude higher than that observed for
adult human (35–75 m) (26, 45, 104), rabbit (35– 40 m) (77,
95, 96), and mouse (25–30 m) CCDs (56). A time sequence
of the cell growth in the channel is provided (Fig. 2). By 5–7
days, epithelialized channels took on a cobblestone appearance
(Fig. 2, D–F), similar to that of the native CD (27, 28). Cell
height averaged 11.6 ⫾ 0.2 m in three channels at 7 days
(n ⫽ 16 or 17 cells/channel), consistent with in vivo human CD
cells (60) and significantly exceeded the cell height of
7.0 ⫾ 0.2 m of mpkCCD cells grown in 2D on glass coverslips at 7 days in the absence of flow (n ⫽ 12 cells/coverslip)
(P ⬍ 0.001). Transmission electron microscopy (TEM) of
mpkCCD cells in the 3D CCD at 7 days revealed apical
microvilli, adherent junctions (Fig. 3A), and basal infoldings
(Fig. 3B), characteristics of native PCs (77).
Localization of transport and structural proteins in the 3D
CCD. After formation of a confluent epithelium within the
model (⬎7 days) under the presence of continuous luminal
flow, cell morphology of the 3D CCD was characterized using
a combination of light, widefield fluorescence, and confocal
microscopy. mpkCCD cells in mature 3D CCDs adopted a
cuboidal morphology, as described for PCs of the CCD (58,
95). Cells lining the 3D CCD at 7 days appeared homogenous,

Fig. 3. Localization of structural proteins in the 3D CCD. A and B: transmission electron microscopy of mpkCCD cells in the 3D CCD demonstrating apical
microvilli (black arrow), adherent junction (white arrow), and basal infoldings (blue arrow). Scale bar ⫽ 800 nm. C: strong apical F-actin localization in mpkCCD
cells grown in the 3D CCD. Scale bar ⫽ 100 m. D: 3D reconstruction revealing a curved epithelial monolayer as identified by F-actin staining. Scale bar ⫽ 100
m. E: cells grown in the 3D CCD had immunodetectable cilia. Scale bar ⫽ 10 m. F: cells deposit collagen along the basal surface onto the extracellular matrix
(ECM) as identified by linear blue staining with Masson’s trichrome and visualized by light microscopy. Scale bar ⫽ 20 m.
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unlike native CCDs that contain both PCs and ICs. Epithelial
cell growth in a defined cylindrical compartment has been
reported to enhance cellular organization, polarization, and
actin alignment (52, 103). The apical actin cytoskeleton is
important for cell polarization and regulates the activity of
several transport proteins including AQP2 (32, 36, 81, 98),
ENaC (2, 31, 53), and BK channels (87, 92). Immunofluorescence microscopy performed on fixed 3D CCD sections revealed predominantly apical F-actin localization identified by
rhodamine phalloidin staining (Fig. 3C). Additionally, 3D
reconstruction of F-actin staining revealed a curved epithelial
monolayer (Fig. 3D). Note that many mpkCCD cells had
detectable apical cilia (Fig. 3E) and expressed apical AQP2,
the BK␣ subunit, ␣- and ␤-subunits of ENaC and basolateral
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Na⫹/K⫹-ATPase, consistent with the polarized phenotype of
mammalian PCs (Fig. 4). Secondary ab controls on 3D CCD
sections were negative for fluorescence (Supplemental Fig. S2).
The native tubular basement membrane consists of collagen IV,
laminin, and proteoglycans, which provide the principal structural
support of renal tubules (54). Among intact tubules studied in
vitro, the basement membrane is the main anatomic structure that
limits their distensibility (97). Because collagen was not a component of the ECM used in these 3D CCDs, we were able to
identify de novo collagen formation using Masson’s trichrome
stain, which revealed collagen deposition along the basal cell
surface around the entire circumference of the epithelialized
channel identified by blue staining, consistent with in vitro deposition of basement membrane by these cells (Fig. 3F).

Fig. 4. Immunolocalization of relevant transport proteins in the 3D CCD. The 3D CCD expressed apical epithelial Na⫹ channel (ENaC␣) (A), ENaC␤ (B), large
conductance BK␣ (C), aquaporin 2 (AQP2) (D), and basolateral Na⫹/K⫹-ATPase (E), consistent with native mammalian principal cells. ECM, extracellular
matrix.
AJP-Cell Physiol • doi:10.1152/ajpcell.00405.2019 • www.ajpcell.org
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Cell monolayer integrity. To confirm that the epithelized
channels generated a tight monolayer, as is expected of the
native mammalian CCD, we compared the diffusional permeability across empty and epithelialized channels. Empty channels and epithelialized channels after 7 days were perfused at
0.1 dyn/cm2 with 3- to 5-kDa FITC dextran over 1 h. In empty
channels, the fluorescent dye rapidly diffused into the surrounding ECM. In sharp contrast, the fluorescent dye was
largely restricted to the lumen of the epithelialized channels
over this same time period (n ⫽ 3) (Fig. 5A). The measured
diffusional permeability of 3- to 5-kDa FITC dextran was
significantly higher in the empty channel (n ⫽ 3) compared
with the epithelialized channel (n ⫽ 3), i.e., Pd ⫽ 52.2 ⫾ 13.1
m/min without cells versus 1.9 ⫾ 0.9 m/min with cells (P ⫽
0.01) (Fig. 5, B and C).
Doming. Cell doming is a unique feature of cultured epithelial cells that likely arises due to vectorial transport of Na⫹,
H⫹, and water (44, 46, 47, 61, 83) and the subsequent accumulation of water underneath the cell monolayer (86).
mpkCCD cells grown in 2D monolayers on glass coverslips
form domes. However, cells grown under the same conditions
on ECM, which is highly permeable to water, do not exhibit
doming (Fig. 6A). To examine doming under 3D culture
conditions on-chip, we first exposed the 3D CCDs to luminal 1
M BZ during flow and static conditions. No doming was
observed in any 3D CCD subjected to continuous fluid flow.

However, doming was observed within 30 min of cessation of
flow in all control 3D CCDs and in most of the BZ-treated 3D
CCDs held at 37°C in 5% CO2 (Fig. 6B). The mean number of
domes/mm 3D CCD was lower in BZ-treated 3D CCDs
(1.29 ⫾ 0.42 domes/mm 3D CCD; n ⫽ 7) compared with
controls (3.25 ⫾ 0.48 domes/mm 3D CCD; n ⫽ 4; P ⬍ 0.01).
Among the 3D CCDs that developed domes, the mean calculated dome volume was 4.57 ⫾ 1.73 nl in controls (n ⫽ 4)
compared with 0.55 ⫾ 0.29 nl in BZ-treated 3D CCDs; n ⫽ 5;
P ⫽ 0.01). As a primary function of PCs is to absorb Na⫹ via
ENaC, we speculate that doming arises due to ENaC-mediated
Na⫹ reabsorption and subsequent water absorption in a closed
system.
We next explored the influence on dome formation of adding
to our chip a drainage channel, anticipated to decrease hydrostatic pressure buildup within the ECM-on-chip, under the
same flow and static conditions (Fig. 6C). Doming was observed after of cessation of flow in all control 3D CCDs and
most of the epithelialized channels adjacent to a drainage
channel (Fig. 6D). The mean number of domes/mm 3D CCD
did not differ between controls and drainage 3D CCDs after
cessation of flow (3.25 ⫾ 0.48 versus 2.5 ⫾ 0.96 domes/mm
3D CCD; P ⫽ 0.51) (Fig. 6E). However, despite similar dome
number and domes/mm 3D CCD, mean dome volume was
lower in the drainage 3D CCDs that demonstrated dome
formation (n ⫽ 3) compared with controls after cessation of

Fig. 5. Epithelial integrity assessed with 3- to 5-kDa FITC-dextran over 1 h. A: representative phase-contrast and widefield fluorescent images. Scale bar ⫽ 100
m. B: histogram of mean fluorescence across the channel cross section showing tight barrier function to perfused 3- to 5-kDa FITC-dextran over 1 h. C: the
diffusional permeability of the FITC-dextran was lower in epithelialized versus empty channels. Individual data points as well as means ⫾ SE are shown. *P ⫽
0.01 versus “empty.”
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Fig. 6. Analysis of possible mechanisms underlying cell doming. A: mpkCCD cells grown on glass as 2-dimensional (2D) monolayers under static conditions
formed domes spontaneously upon reaching cell confluence while cells grown on 2D ECM under static conditions did not (phase-contrast microscopy at ⫻10).
Scale bar ⫽ 100 m. B: in the 3D CCD, dome formation occurred in the absence of flow but did not occur with exposure to flow. Scale bar ⫽ 100 m. C:
schematic comparing the control to the drainage 3D CCD. D: the percentage of 3D CCDs with domes was not different among groups 1 h after stopping flow.
E: the number of domes/mm 3D CCD was lower with 1 M benzamil (BZ) compared with the control and drainage 3D CCDs. *P ⬍ 0.01 vs. control. F: the
mean dome volume was lower with 1 M BZ or a drain vs. control 3D CCDs. *P ⬍ 0.01 vs. control. Individual data points as well as means ⫾ SE are shown
in E and F. [Printed with permission from ©Mount Sinai Health System.]

flow (0.69 ⫾ 0.56 nl vs. 4.57 ⫾ 1.73 nl; n ⫽ 4; P ⫽ 0.01) (Fig.
6F). The latter results were similar to those observed in
BZ-treated 3D CCDs.
DISCUSSION

We have developed an innovative microphysiological system to generate CCDs in a 3D geometry in which cells are
placed within a cylindrical lumen and subjected to continuous
luminal fluid flow. The pin-pullout technique (1, 16, 89)
provides a simple way to create a straight channel embedded
within a hydrogel matrix. Upon seeding with the appropriate
cells, we generated a 3D CCD model that simulates the renal
tubular microenvironment and allows for the study of the
geometric and hydrodynamic effects on cell function (30, 50).
Our 3D CCDs exhibited a tight epithelial barrier with a
differentiated and polarized phenotype. Specifically, we identified immunodetectable cilia and appropriate polarized expression of apical channels (ENaC, BK, and AQP2) and basolateral
Na⫹/K⫹-ATPase, characteristics of the native mammalian PC.
Cells exhibited predominant apical F-actin, consistent with
previous studies in tubular epithelial cells exposed to FSS (20,
32). Furthermore, the capacity of the 3D CCDs for ENaCmediated Na⫹ absorption and water transport are supported by
our observation of BZ-inhibitable doming in epithelialized
channels exposed to static and closed system conditions.
Cell doming is a characteristic unique to epithelial cell
monolayers that occurs spontaneously in 2D culture (46). This
phenomenon has been proposed to reflect cellular differentiation, cellular polarization, and vectorial transport of Na⫹, H⫹,

and water (44, 46, 47, 61, 83). Doming occurs from the
accumulation of water underneath the epithelial cells (86).
Some cells respond to the increased tension by small-scale
elastic deformations while other cells undergo large-scale superelastic deformations mediated by dilution of the cellular
actin pool (44). Increased pressure within the dome eventually
ruptures adhesive junctions between cells leading to water exit.
Concomitantly, the dome collapses and cells return to their
original shape (44). Mechanisms and characteristics of doming
have been most extensively studied with Madin-Darby canine
kidney (MDCK) cells, an immortalized epithelial cell line
reflective of the distal nephron. Dome formation may be
triggered by an increase in intracellular pH (19) upon reaching
cell confluency by stat3-mediated induction of the Na⫹/H⫹
exchanger NHE3 (83, 84). Domed cells were shown to have
high intracellular cAMP levels (19, 47) and generate a prostaglandin dependent decrease of Cl⫺ in dome fluid (48). Additionally, doming has been reported to be dependent on extracellular Na⫹ (85), stimulated by aldosterone (38, 61) and
inhibited with coadministration of spironolactone (38).
Lastly, aldosterone generates alkaline dome fluid through
increased activity of apical Na⫹/H⫹ exchange and Cl⫺/
HCO⫺
3 exchange (62).
The absence of cell doming under flow in our 3D CCD
model is consistent with a 2D MDCK cell model that showed
flow inhibition of dome formation was dependent on cilia and
Ca2⫹ influx (13). While we did not observe doming among
mpkCCD cells grown on our 2D ECM, the observation of
doming in the 3D CCD when flow was stopped prompted us to
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explore possible mechanisms. Prior experiments with endothelial vascularized microphysiological systems showed improved
cell adhesion using fibrin-based ECMs as well as lower cell
delamination when empty drainage channel(s), akin to lymphatic drainage in vivo, are incorporated into organ-on-chip
models (102). Accordingly, we introduced a drainage channel
within our model and observed significantly smaller dome
formation in the adjacent epithelialized channel, consistent
with stabilized epithelial adhesion and reduced epithelial delamination. Additionally, we hypothesized a role for ENaCmediated Na⫹ reabsorption as a mechanism participating in
dome formation. ENaC has been studied in dome formation of
other kidney and non-kidney cell lines. In MDCK cells, NHE3
and ENaC␣ protein expression was increased from day 1 to
day 5 following growth to cell confluence (84), ENaC␤ protein
expression was required for dome formation in rat mammary
cells (106), and 10 nM to 10 M amiloride and 10 nM BZ
reduced dome formation in cultured keratinocytes (6). In our
3D CCD, BZ decreased dome number and size. The inhibitory
effects of BZ and a drainage channel on cell doming suggests
multiple mechanisms for this phenomenon in the 3D CCD,
which involves both Na⫹ transport and epithelial delamination.
In isolated in vitro microperfused CCDs, ENaC-mediated
Na⫹ reabsorption is stimulated by high tubular flow rates (55,
79). Hence, perfusion of the 3D CCD at high luminal flow rates
would be expected to stimulate Na⫹ absorption into the ECM.
Water reabsorption in the native mammalian CD is dependent
on the high interstitial osmolality, established in part by Na⫹
reabsorption, in the setting of apical AQP2 on PCs (59, 75, 82).
We speculate that ENaC-mediated Na⫹ reabsorption can lead
to fluid reabsorption into the ECM, as has been demonstrated
in cultured mCCDcl1 cells grown on Transwells (24). When
luminal flow ceases in 3D CCDs without drainage channels,
the resulting luminal hydrostatic pressure drop is expected to
give rise to a back pressure exerted by the “absorbed” volume
in the ECM, which induces epithelial delamination and doming
into the lumen. By contrast, in the presence of a drainage
channel, this back pressure is quickly dissipated thereby mitigating delamination and doming phenomena. Our observations
that BZ decreases dome number and size are consistent with a
role of ENaC in facilitating volume absorption into the ECM.
Future studies that compare cell doming under low and high
flow rates may provide new insights regarding the flow regulation of ENaC in our 3D CCD model.
Transepithelial Na⫹ transport in isolated in vitro microperfused tubules can be quantified indirectly by measuring transepithelial voltage or directly by measuring Na⫹ concentrations
in samples (nanoliters) of collected tubular fluid by helium
glow photometry, ion chromatography, microfluorimetry, or
electrophysiologically with ion-selective microelectrodes. To
date, the quantification of solute transport in microphysiological models has largely focused on proximal tubules, but analyses of Na⫹ transport are limited. Using a multilayer microfluidic device with primary cultures of rat IMCD cells, the
osmolarity of apical effluent increased upon exposure to basolateral vasopressin and the apical Na⫹ concentration decreased
upon exposure to basolateral aldosterone, suggestive of water
and Na⫹ reabsorption (34). Apical effluent was collected over
1 h and osmolarity and Na⫹ concentration were determined
using an osmometer and an inductively coupled plasma emission spectrometer, respectively. In proximal tubule and thick

ascending limb models, no detectable difference was observed
in reservoir Na⫹ and Cl⫺ concentrations after 4 days of
continuous perfusion. Transport was detected using integrated
electrodes to perform electrical impedance spectroscopy upon
exposure to a transepithelial NaCl gradient (105). Specific
channel or transporter inhibitors were not used to further
characterize the transport pathways involved.
Among proximal tubule models, methods to quantify glucose reabsorption have included 1) direct measurement of
serial media reservoir samples (50) or microfluidic effluent (17,
33), 2) the use of the fluorescent glucose analog 2-NBDG to
detect changes in intracellular (90, 93) or basolateral (69, 88)
fluorescence intensities over time, and 3) the use of 2-deoxyglucose to determine glucose uptake with a colorimetric assay
(37) either in the presence or absence of Na⫹ glucose cotransporter 2 (SGLT2) inhibitors or ouabain, an inhibitor of Na⫹/
K⫹-ATPase. Besides glucose transport, secretory and reabsorptive functional assays have been reported in which the
ammonia (73, 93), albumin (30, 33, 35, 50, 69), para-aminohippurate (93), and indoxyl sulfate (35, 93) are analyzed using
fluophores, colorimetric assays, or radioactive tracers.
In its current configuration, our 3D CCD model does not
allow for sequential and reproducible measurements of transepithelial voltage. When metal electrodes were placed within
the ECM to carry out such measurements, we found that that
the electrical current was short circuited. Efforts are now
underway to develop a new technique for quantifying transepithelial ion transport as well as the flow-dependent effects of
ENaC-mediated Na⫹ reabsorption and K⫹ secretion using in
situ microelectrodes, functional fluorescent reporter dyes, and
direct measurement of ion concentrations in the microfluidic
effluent and reservoir media.
Looking ahead, our 3D CCD model is well suited for
studying physiologically relevant hydrodynamic forces that
may regulate cell function in vivo, akin to in vitro microperfused mammalian tubules. As the native CD is a unique
nephron segment with a heterogeneous cell population, our 3D
CCDs provide a unique microphysiological model for studying
cell-specific contributions to transport and autocrine/paracrine
signaling. However, comparisons between our 3D CCDs and
isolated in vitro microperfused tubules should be made with
caution. Our current 3D CCD is solely composed of PC-like
mpkCCD cells and lacks ICs, which in the native epithelium
regulate PC function via autocrine/paracrine signaling by factors such as ATP and prostaglandin E2 (40). We do not yet
know which, if any, autocrine/paracrine signaling factors are
generated in the 3D CCD. Additionally, our model may serve
as a novel platform to develop cell culture models of hydronephrosis, cystic kidney diseases, and other pathologies associated with circumferential tubule dilation, where existing
models are largely limited to convex stretch applied to 2D
epithelial monolayers or 3D cell cultures without fluid flow
(15, 18).
In summary, our 3D CCD model offers a geometrically
appropriate cell-culture model to study, under physiologically
relevant conditions, cellular function characteristic of the native mammalian CCD, a segment whose functions in fluid,
electrolyte, and acid/base homeostasis (9) and inflammation (5)
continue to be discovered. 3D CCDs composed of unique cell
types should allow us to define contributions of specific cell
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populations and discrete hydrodynamic forces, prevalent in the
native epithelium, to cell-specific function in the ASDN.
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