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Carrisoza-Gaytan R, Liu Y, Flores D, Else C, Lee HG, Rhodes G,
Sandoval RM, Kleyman TR, Lee FY, Molitoris B, Satlin LM, Rohatgi
R. Effects of biomechanical forces on signaling in the cortical collecting duct
(CCD). Am J Physiol Renal Physiol 307: F195–F204, 2014. First published
May 28, 2014; doi:10.1152/ajprenal.00634.2013.—An increase in tubular
fluid flow rate (TFF) stimulates Na reabsorption and K secretion in the
cortical collecting duct (CCD) and subjects cells therein to biome-
chanical forces including fluid shear stress (FSS) and circumferential
stretch (CS). Intracellular MAPK and extracellular autocrine/para-
crine PGE2 signaling regulate cation transport in the CCD and, at least
in other systems, are affected by biomechanical forces. We hypothe-
sized that FSS and CS differentially affect MAPK signaling and PGE2

release to modulate cation transport in the CCD. To validate that CS
is a physiological force in vivo, we applied the intravital microscopic
approach to rodent kidneys in vivo to show that saline or furosemide
injection led to a 46.5 � 2.0 or 170 � 32% increase, respectively, in
distal tubular diameter. Next, murine CCD (mpkCCD) cells were
grown on glass or silicone coated with collagen type IV and subjected
to 0 or 0.4 dyne/cm2 of FSS or 10% CS, respectively, forces chosen
based on prior biomechanical modeling of ex vivo microperfused
CCDs. Cells exposed to FSS expressed an approximately twofold
greater abundance of phospho(p)-ERK and p-p38 vs. static cells,
while CS did not alter p-p38 and p-ERK expression compared with
unstretched controls. FSS induced whereas CS reduced PGE2 release
by �40%. In conclusion, FSS and CS differentially affect ERK and
p38 activation and PGE2 release in a cell culture model of the CD. We
speculate that TFF differentially regulates biomechanical signaling
and, in turn, cation transport in the CCD.

stretch; fluid shear stress; flow; MAPK; prostaglandin E2; collecting
duct

INCREASES IN URINARY FLOW rate, as following volume expansion
or diuretic administration, subject epithelial cells in the distal
nephron, which includes the cortical collecting duct (CCD), to
fluid shear stress (FSS) and circumferential stretch (CS) acting
parallel and perpendicular, respectively, to the tubular wall, as
well as drag/torque on apical cilia of Na-absorbing principal
cells and microvilli/microplicae of acid-base-transporting in-
tercalated cells therein (8, 11, 23, 39). In the isolated perfused
CCD, these hydrodynamic forces are transduced into increases

in intracellular Ca2� concentration ([Ca2�]i) (23, 39) and
autocrine/paracrine release of PGE2 (13, 20), effectors that
activate iberiotoxin (IbTX)-sensitive apical voltage- and Ca2�-
activated BK channels in principal cells that mediate flow-
induced K secretion (FIKS) (5, 22, 23, 29, 30, 34, 40, 41).
Apical BK channels appear to be tonically inhibited under
low-flow conditions by MAPKs (17) and PKA (22), suggesting
that FIKS, if mediated by principal cells, requires release of
channel inhibition directly or indirectly by these kinases.

It is well established that the central cilium serves as a
mechanosensor, transducing mechanical manipulation (either
directly or induced by urinary flow) into an increase in [Ca2�]i

in renal epithelial cells (23, 26, 31–33). However, it is uncer-
tain as to whether FSS and/or CS is physiologically relevant in
vivo. The FSS experienced by renal distal tubular cells in the
native kidney is unknown. Also uncertain is whether the
15–20% increase in tubular diameter observed in microper-
fused CCDs subject to an acute increase in tubular flow rate
(23), if extrapolated to the full complement of CCDs in the
native kidney, is possible; the anticipated increase in renal
volume may be prevented by the nondistensible renal capsule.
However, in vivo multiphoton microscopy studies of Ca2�

fluorophore-loaded intact mouse kidneys revealed increases in
CD tubular diameter in response to increases in tubular flow,
although the magnitude of the increases in diameter was not
reported (37).

The purpose of the current study was to identify whether
FSS and/or CS is a physiologically relevant hydrodynamic
force in the distal nephron and to examine whether these
discrete forces activate distinct signaling pathways in the
distal nephron. To test this, we performed intravital imaging
in intact rodent kidney to measure the magnitude of flow-
induced increases in distal nephron diameter in vivo and,
based on these results, examined the effects of FSS and CS
applied to monolayers of CCD cells on activation of MAPK
and PGE2 signaling pathways, both reported to influence
FIKS in the CCD (17, 22).

MATERIALS AND METHODS

Intravital Imaging of Rat Distal Nephron

Animal studies were conducted in conformity with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Animal Care and Use Committee at the
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Indiana University School of Medicine. Sprague-Dawley rats were
anesthetized with pentobarbital sodium (50 mg/ml; 0.15 ml/100 g).
The internal jugular vein was cannulated, and the left kidney was
exteriorized, placed onto a coverslip bottom dish filled with warm
normal saline, and imaged on an inverted multiphoton microscope
using a �60 water-immersion objective (NA 1.2) (4, 10). Studies
were performed using either a Bio-Rad MRC-1024MP Laser-Scan-
ning Confocal/Multiphoton scanner (Hercules, CA) attached to a
Nikon Diaphot inverted microscope (Fryer, Huntley, IL) or an Olym-
pus FV1000 microscope adapted for two-photon microscopy, as
previously described (10, 35). Hoechst 33342 was infused into ani-
mals intravenously (iv) to label nuclei, and small 3-kDa dextrans
conjugated to either Texas red or cascade blue fluorophores were
infused to mark the lumens of the tubule. Distal tubules were distin-
guished from proximal tubules as the latter are easily identified by
their robust internalization of fluorescent dextrans into endocytic
compartments (4, 10). The microvasculature was identified by the iv
infusion of a large 500-kDa fluorescein dextran (4, 10).

Imaging was initially performed to identify the greatest diameter of
the distal tubule. Thereafter, animals were injected iv with either 1
mg/kg furosemide (over 2 min) or isotonic saline (2% of total body
weight; �5 ml in a 250-g rat). A second 3-kDa fluorescent dextran
was rapidly infused while the same XY plane of visualization was
maintained. The change in diameter of the tubule, imaged before and
during the diuresis, was measured in each distal tubule using Meta-
morph v7 (Molecular Devices, Sunnyvale, CA). The change in diam-
eter was averaged for each tubule.

Cell Culture

Murine immortalized mpk CCD (mpkCCD) cells were grown in
DMEM:Ham’s F12 (with 60 nM sodium selenate, 5 �g/ml transferrin,
2 mM glutamine, 50 nM dexamethasone, 1 nM tri-iodothyronine, 10
ng/ml epidermal growth factor, 5 �g/ml insulin, 20 mM D-glucose,
2% fetal calf serum, and 20 mM HEPES) on 25 � 75-mm glass slides
or collagen type IV-coated silicone supports (Flexcell, Hillsborough,
NC). Experiments were performed once the cell monolayers reached
confluence (3–4 days on glass and 7 days on silicone). Cells were
used only up to passage 15 due to the risk of genetic drift.

Immunocytochemistry

To ensure that mpkCCD cells grown on glass and silicone supports
had achieved similar stages of differentiation at the time of study, cell
number/density and morphology were examined using an immuno-
fluorescence approach. Specifically, antibodies directed against occlu-
din and zonula occludins (ZO)-1 were utilized to localize these tight
junction proteins, rhodamine-phalloidin to identify F-actin, and 4,6-
diamidino-2-phenylindole (DAPI) to label nuclei. Confluent mono-
layer of cells were fixed with 2.5% paraformaldehyde diluted in PBS
at 4°C, permeabilized with 0.3% Triton X-100 at room temperature
(RT), and blocked with a 1% BSA/10% goat serum (GS) solution at
RT. Antibodies (see Reagents) were diluted in a 0.1% Triton X-100,
0.1% BSA, and 1% GS PBS solution applied overnight at 4°C, and
corresponding secondary antibodies were applied for 1 h at RT. After
each antibody incubation, monolayers were washed three times with
PBS-T (0.1% Triton X-100 in PBS) at RT for 5 min. Control
experiments were performed in the absence of primary antibody but in
the presence of secondary antibody. Cell monolayers were mounted
on glass slides with an antifade reagent and visualized with a Leica
SP5 DM Confocal Laser-Scanning Microscope.

Exposure of mpkCCD Cells to Hydrodynamic Forces

Confluent monolayers of mpkCCD cells, grown on glass slides (for
FSS) or collagen type IV-coated silicone supports (for CS), were
made serum and additive free for 2 h before exposure to FSS or CS.
At the conclusion of each experiment, control and experimental

(subject to FSS or CS) were fixed for immunofluorescence analyses or
protein lysate generated for immunoblotting.

FSS. Monolayers of cells grown on glass slides or collagen type
IV-coated glass slides were placed in a laminar flow chamber (Gly-
cotech), maintained at 37°C, and subject to shear of 0.4 dyne/cm2 for
varying durations using phenol red-free, serum-free DMEM/F12. This
level of FSS was selected as we have previously reported that CCDs
experience a FSS of �0.4 dyne/cm2 when perfused at a fast physiological
flow rate of 5 nl·min�1·mm�1 (23). FSS was calculated based on
Poiseulle’s law; � 	 �
 	 6�Q/a2b, where � 	 wall stress (dyne/cm2),

 	 shear rate (per s), � 	 apparent viscosity of the fluid (media at 37°C 	
0.76 cP), a 	 channel height of a rectangular flow chamber (cm), b 	
channel width of a rectangular flow chamber (cm), and Q 	 volumetric
rate (ml/s). Static control cells were exposed to the same solutions and
duration as sheared cells, but without exposure to FSS.1

Stretch. Monolayers of cells on silicone supports to be stretched
were placed in a vacuum-assisted Flexcell FX 5000T System (Flex-
cell), housed in a humidified 37°C incubator injected with 95% O2 and
5% CO2, while control unstretched cells were housed in an identical
incubator without the Flexcell system. Equal volumes of fresh serum-
and additive-free DMEM/F12 media were placed in the wells con-
taining the mpkCCD cells. Cells were exposed to either constant 10%
equibiaxial stretch for 30 min or maintained under static/unstretched
conditions. This time interval was chosen as in vitro microperfused
tubules subject to an acute increase in luminal flow rate exhibit an
increase in tubular diameter (to �15–20%) and onset of sustained
FIKS within 10 min (22, 23, 40). Media and cells were collected at the
end of each experiment for measurement of PGE2 concentration
following the protocol of the PGE2 EIA Assay Kit (Cayman Chem-
ical) (13); this value was normalized to total cellular protein.

Immunoblotting To Assess Mechanoactivation of MAPK

Western blot analysis was performed as previously described (12).
Cell protein lysates (30–50 �g) were isolated, resolved electropho-
retically, and transferred to Immobilon filters (Millipore, Billerica,
MA). Filters were blocked in 5% nonfat dry milk and 0.1% Tween
and immunoblotted with a primary antibody (see Reagents). After
washing, blots were incubated with a horseradish peroxidase-conju-
gated secondary antibody (Sigma, St. Louis, MO), and bands were
visualized by a West Pico enhanced chemiluminescence kit (Pierce,
Rockford, IL). After the membrane was stripped and blocked, the blot
was incubated with an anti-total protein-specific antibody and visual-
ized using the same methods as the primary antibody. Densitometric
analysis was performed on the pERK and total ERK doublet, while
two densitometric analyses were performed on the p38 signal: 1) the
single bottom band, identical in molecular weight to that of total p38
and 2) both bands. Both analyses were performed because p38 has
four known isoforms of varying molecular weights: �, �, 
, and .
The anti-p38 antibody we used in the study recognizes �, �, and 
.

Cell Viability

Cells were trypsinized, collected, centrifuged, and then resus-
pended in 2 ml of serum-free media. A 0.4% solution of trypan blue
(Corning/Cellgro, Tewskbury, MA) diluted in serum-free media was
incubated with 0.2 ml of the cell suspension. The total numbers of
cells and viable cells were counted by a hemocytometer from two

1 While one might suggest that a low FSS would be a more appropriate control
than static conditions, we propose that comparison of high vs. no FSS is also
justified because biomechanical signaling in renal epithelial cells occurs only after
FSS exceeds a threshold. For example, we have reported in split-open mammalian
CCDs that an increase in superfusate flow from 0 to 3.2 �l/s failed to generate a
[Ca2�]i response. However, an increase in superfusate flow from 3.2 to 25 �l/s
triggered a significant increase in [Ca2�]i in both principal and intercalated cells
(23). Because, 0 and 3.2 �l/s generated equivalent responses, we considered that
the static condition was an adequate control.
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samples of the cell suspension and averaged. Viability was expressed
as the percentage of viable cells to the total number of cells.

Reagents

Antibodies (final concentration) used included rabbit anti-ERK (1:
1,000, Cell Signaling), rabbit anti-pERK (1:1,000, Cell Signaling), rabbit
anti-p38 (1:500, Cell Signaling), rabbit anti-p-p38 (1:500, Cell Signal-
ing), rabbit anti-ZO-1 (1:100, Abcam), rabbit anti-occludin (1:50, Ab-
cam), and goat anti-rabbit conjugated to horseradish peroxidase (1:5,000,
Sigma) for immunoblotting or goat anti-rabbit conjugated to Alexa 488
(1:200, Molecular Probes) for immunofluorescence. Other labels used for
immunolabeling were rhodamine-phalloidin (1:40, Molecular Probes)
and ProLong Gold Antifade Reagent with DAPI (Molecular Probes).
Intravital reagents included 500-kDa fluorescein dextran, cascade blue/
fluorescein- or Texas red-labeled 3-kDa dextrans, and Hoechst 33342
(Life Technologies/Molecular Probes).

Statistics

Data are given as means � SE (n 	 number of slides or silicone
supports). Statistical analyses were performed using paired t-tests for
the intravital imaging studies and unpaired t-tests for cell culture
experiments (SigmaPlot, version 11.0).

RESULTS

High TFF Is Accompanied by CS In Vivo

To discern the magnitude of CS experienced by the distal
nephron in the native kidney in response to a diuresis, we
performed multiphoton intravital microscopy of rodent kidneys

before and after intravenous injection of saline or furosemide.
Small-molecular-weight dextrans (3-kDa), conjugated to either
Texas red or cascade blue, are freely filtered by the glomerulus
and are endocytosed by the proximal tubule, which are then
easily identified by the accumulation of the fluorophore at the
brush border (Fig. 1). Tubules that do not endocytose the
dextran but label brightly with Hoechst (nuclei) are distal
tubules (Fig. 1) (10). In three rats, volume expansion with
saline led to a 46.5 � 2.0% increase in tubular diameter, from
18.3 � 2.7 to 25.6 � 4.2 �m (P � 0.05). In another three rats,
administration of 1 mg/kg furosemide led to a 170 � 32%
increase in tubular diameter from 11.6 � 0.7 to 30.0 � 3.1 �m
(P � 0.05) (Fig. 1). These data indicate that an acute increase
in urinary flow rate in the distal nephron, generated by saline or
furosemide administration, leads to CS in the native kidney
with an intact capsule.

mpkCCD Monolayer Integrity

Because the cellular supports for FSS experiments (rigid
glass) differed from those used for stretch (flexible collagen
type IV-coated silicone), we sought to define growth condi-
tions that would ensure that all mpkCCD cell monolayers
studied were morphologically similar. Cells grown on silicone
supports grew more slowly than those grown on glass. To
ensure that a comparable degree of cellular differentiation was
achieved in cells on glass and silicone before study, nuclei
were stained with DAPI and counted within a defined field

Fig. 1. Two-photon imaging of superficial
rat kidney before and during intravascular
saline expansion or furosemide administra-
tion. Distal tubules are identified by the
bright labeling of the nuclei therein with
4,6-diamidino-2-phenylindole (DAPI; blue)
and the absence of endocytosis of dextran
conjugated to Texas red. A: before volume
expansion, the mean diameters for tubules 1
and 2 were 25.5 � 1.4 and 21.9 � 2.9 �m,
respectively. B: after intravascular volume
expansion with a 5-ml saline bolus, a 3-kDa
fluorescein dextran (green) was rapidly in-
fused. The bars in A are superimposed onto
the image of the same tubules after volume
expansion in B, showing the significant in-
creases in diameter of both tubules. C and D:
a similar experiment was performed, except
that this rat was injected with 1 mg/kg furo-
semide instead of saline. C: before furo-
semide, the diameter of the distal tubule in
the focal plane shown and identified by the
orange bar was 11 �m. D: after furosemide
infusion, the diameter of the distal tubule
increased to 36 �m.
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under a �63 objective. Based on these analyses, cell number
was found to be similar in monolayers grown for 3–4 days on
glass and 7 days on silicone. To confirm that cell size, tight
junction complex, and actin cytoskeleton were also similar in
monolayers subject to FSS and CS, and to test whether FSS or
CS differentially induced localization of tight junctional pro-
teins, immunolabeling was performed for occludin, ZO-1, and
F-actin. Under static (no FSS or CS) conditions, the plasma
membrane localization of occludin (Fig. 2, A and C) and ZO-1
(Fig. 2, E and G) did not differ between cells grown on glass � 4
days or collagen IV coated-silicon � 7 days. Neither FSS nor
CS altered the localization of occludin (Fig. 2, B and D) or
ZO-1 (Fig. 2, F and H) compared with static controls. Simi-
larly, the location of F-actin in the apical membrane was
similar in cells grown on glass (Fig. 2I) and silicone (Fig. 2K),
and neither FSS nor CS affected its apical localization (Fig. 2,
J and L). F-actin at the basolateral membrane also did not differ
between cells grown on glass (Fig. 2M) and silicone (Fig. 2O)
under static conditions; however, FSS induced an increase in
basolateral stress fibers (Fig. 2N) while CS enhanced F-actin
expression at the lateral membranes (Fig. 2P), suggesting that
discrete biomechanical forces lead to unique structural cell
responses.

FSS Stimulates MAPK in mpkCCD Cells

Because 1) an increase in tubular fluid flow rate activates
BK channel-mediated FIKS and 2) ERK and p38 MAPK
tonically suppress apical BK channel activity in principal

cells (17), we sought to test the hypothesis that FSS influ-
ences ERK and p38 phosphorylation in mpkCCD cells. To
examine this, cells grown on glass slides or collagen IV-
coated glass slides were exposed to static conditions (con-
trol) or to a physiological level of FSS (0.4 dyne/cm2) for
variable time intervals (1– 60 min), and Western blotting
was performed to detect phospho-ERK (pERK), phospho-
p38 (p-p38), total ERK, and total p38. FSS rapidly stimu-
lated phosphorylation of ERK, within 3 min in cells grown
on glass slides, a response that was sustained for up to 60
min of FSS (Fig. 3, A and B). In cells grown on collagen
IV-coated glass slides, FSS did not induce pERK expression
at 10 min, but by 30 min FSS, expressed �60% more pERK
than static cells (Fig. 3C). Similarly, FSS led to a rapid
increase in abundance of phosphorylated p38 (Fig. 4, A and
B) in mpkCCD cells grown on glass slides (Fig. 4, A and B)
and collagen IV-coated glass slides (Fig. 4C).

CS Differentially Affects MAPK Activation in mpkCCD Cells

Since our ex vivo microperfusion (23) and in vivo intravital
experiments (Fig. 1) identified an increase in CS with an
increase in tubular fluid flow rate and diuresis, respectively, we
sought to examine whether CS stimulated the same signaling
pathways induced by FSS. mpkCCD cells grown on collagen
IV-coated silicone supports � 7 days were exposed to con-
stant, nonpulsatile stretch (10%) for 30 min, a stretch stimulus
similar in magnitude to that observed in the ex vivo microper-
fused CCD (and associated with activation of FIKS). Immu-

Fig. 2. Immunolocalization of occludin, ZO-1, and
F-actin in murine cortical collecting duct (CCD;
mpkCCD) cells exposed to fluid shear stress (FSS;
0.4 dyne/cm2, 30 min) or circumferential stretch
(CS; 10% equibiaxial stretch, 30 min). The tight
junction protein occludin (A–D) and associated pro-
tein zonula occludens (ZO)-1 (E–H) localize to the
plasma membrane of cells grown on glass (for FSS)
or collagen IV-coated silicone supports (for CS) and
show no change in localization after FSS or CS.
Apical F-actin (I–L) localization in cells grown on
glass or silicone was also not altered by FSS or CS.
In contrast, mpkCCD cells showed prominent baso-
lateral F-actin stress fibers after FSS (N), but en-
hanced membrane localization after CS (P).
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noblotting of cell lysates isolated from stretched and static cells
with antibodies directed against pERK and p-p38 revealed that
stretch was without significant effect on pERK expression (Fig. 5).
When evaluating all phosphorylated isoforms of p38, CS did
not affect net p-p38 expression compared with unstretched
controls (Fig. 6, A and B). However, analysis of the low-
molecular-weight p-p38 band alone revealed a 43.0 � 3.6%
reduction in expression (Fig. 6C) (*P � 0.05) while expres-
sion of the high-molecular-weight band of p-p38 tended to
increase (6.6 � 2.8 fold; P � 0.1) in stretched cells. These

data suggest that stretch 1) does not affect the net expression
of p-ERK or p-p38, but that stretch 2) stimulates selective/
differential dephosphorylation and phosphorylation of unique p38
isoforms.

To address the concern that CS could lead to cell death and
nonspecific signaling activation, mpkCCD cells were subjected
to CS, as described in MATERIALS AND METHODS, and then
exposed to trypan blue (an intravital dye) for assessment of cell
viability (total viable cells/total cells). The cell viability in
control (89.0 � 1.2% viable cells/insert; n 	 6 inserts) and
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Fig. 3. FSS (0.4 dyne/cm2) induces pERK
steady-state expression in mpkCCD cells
grown on glass or collagen type IV-coated
glass. A: representative Western blots of lysates
of mpkCCD cells, grown on glass slides and
exposed to FSS (�) or static (�) conditions for
1–60 min and probed for phosphorylated and
total ERK. B: densitometric analysis of West-
ern blots showing the mean of at least 4 indi-
vidual experiments. Phosphorylation of ERK
was apparent by 3 min of FSS. C: representa-
tive immunoblot (right) of protein lysate orig-
inating from mpkCCD cells grown on collagen
IV-coated glass slides and exposed to FSS (�)
or static (�) conditions for 10 or 30 min and
probed for phosphorylated and total ERK. Den-
sitometric analysis (left) demonstrates similar
expression of p-ERK in static (n 	 3) and FSS
(n 	 3)-exposed cells at 10 min, but steady-
state abundance of p-ERK was significantly
greater (*P � 0.05) in FSS-exposed (n 	 4)
than static (n 	 4) cells at 30 min. Values are
means � SE. *P � 0.05 vs. static.
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stretched (90.7 � 0.8% viable cells/insert; n 	 6 inserts) cells
did not differ.

CS Suppresses PGE2 Release

We have previously reported that mpkCCD cells release
PGE2 into the media bathing cells in response to FSS of 0.4
dyne/cm2 (13). Next, we tested whether CS leads to a
similar release of PGE2 into the media as observed in
sheared cells. mpkCCD cells were exposed to the same 10%
stretch stimulus for 30 min as described above, and PGE2

concentration was measured in the media bathing the cells.
As summarized in Fig. 7, PGE2 release, normalized to total

cellular protein obtained from the well, was �40% lower in
cells exposed to CS (0.59 � 0.05 pg·ml�1·�g protein�1;
#P � 0.05) than that measured in unstretched static cells (1.00 �
0.11 pg·ml�1·�g protein�1). These results suggest that CS
inhibits PGE2 release from renal epithelial cells, a response
opposite to that elicited by FSS.

DISCUSSION

An acute increase in tubular fluid flow rate in the isolated
perfused CCD leads to an increase in tubular diameter
(�15%), [Ca2�]i, epithelial sodium channel (ENaC)-mediated
Na reabsorption, and FIKS. Flow activation of ENaC is due
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Fig. 4. FSS (0.4 dyne/cm2) induces p-p38
steady-state expression in mpkCCD cells
grown on glass or collagen type IV-coated
glass. A: representative Western blots of ly-
sates of mpkCCD cells, grown on glass slides,
exposed to FSS (�) or static (�) conditions for
1–60 min and probed for phosphorylated and
total p38. B: densitometric analysis of Western
blots showing the mean of at least 4 individual
experiments. Phosphorylation of p38 was ap-
parent within 3 min of FSS. C: representative
immunoblot (right) of protein lysate originat-
ing from mpkCCD cells grown on collagen
IV-coated glass slides and exposed to FSS (�)
or static (�) conditions for 10 or 30 min and
probed for phosphorylated and total p38. Den-
sitrometric analysis (left) demonstrates that
p-p38 expression was significantly greater
(*P � 0.05) in FSS-exposed cells compared
with static cells at 10 (n 	 3) and 30 min (n 	
4). Values are means � SE. *P � 0.05 vs.
static.
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to an increase in channel open probability, mechanotrans-
duced through the second transmembrane region of the
�-subunit (1, 6); this flow-stimulated increase in ENaC
activity may be tempered by flow-induced autocrine/para-
crine signaling by extracellular nucleotides (38), PGE2 (13),
or endothelin-1 (24).

FIKS is a secretory flux mediated by the stretch- and
Ca2�-activated BK channel (21, 23, 39, 40). The BK channel
in principal cells is tonically inhibited by MAPK, p38, and
ERK (17) as well as PKA (22). These observations suggest that
hydrodynamic forces generated by increases in tubular fluid
flow, which include FSS, CS, and drag/torque on apical cilia of
Na-absorbing principal cells, activate/inhibit cell-specific sig-
naling pathways that influence apical BK channel function. It is
well established that mechanical manipulation of the cilium, as
occurs with an increase in luminal flow rate (36), leads to an
increase in Ca2� influx (23, 26, 31–33), a signal expected to
activate the BK channel. However, studies in IMCD3 cells in
culture reveal that FSS induces phosphorylation (and activa-
tion) of ERK (12), an effector anticipated to inhibit the BK
channel. The role of CS in renal tubular biology, signaling, and
regulation of transepithelial transport remains relatively unex-
plored and was the focus of this investigation. Our results
indicate that CS is a physiologically relevant mechanical force
in the distal nephron in vivo in response to volume expansion
or administration of loop diuretics and that CS and FSS
differentially affect signaling pathways (MAPK and PGE2

release) in mpkCCD cells, a model of the principal cell. While
the focus of this manuscript has been on biomechanical sig-
naling in principal cells, the CCD is composed of both princi-
pal and intercalated cells, both of which possess apical BK

channels. We acknowledge that hydrodynamic forces in the
CCD may differentially affect signaling in intercalated and
principal cells, a possibility that was not addressed in this
investigation.

Although interest in the mechanoregulation of renal epithe-
lial cell function has been increasing, little is known about the
hydrodynamic forces prevailing in vivo in the native kidney.
Micropuncture studies in the rat kidney have demonstrated that
the tubular compliance (slope of the relationship between
tubular diameter and intratubular pressure) of proximal and
distal tubules differs in that it is linear in the former and a
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Fig. 6. Stretch (10%) differentially affects p-p38 expression. A: representative
Western blots of lysates of mpkCCD cells exposed to 10% CS for 30 min or
to static conditions. B: densitometric analysis (includes both bands of p-p38) of
Western blots showing the individual and means � SE data for 3 individual
experiments. CS did not alter the net steady-state phosphorylation of p38.
C: densitometric analysis of the low-molecular-weight band of p-p38 demon-
strates a significant reduction in p-p38 expression in CS-exposed cells vs. static
cells. Values are means � SE (*P � 0.05. vs. static). The absence of SE bars
indicates that SE is smaller than the symbol.
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curvilinear in the latter (8); in the distal tubule, tubular diam-
eter doubled in response to a 5-mmHg increase in tubular
pressure but then increased by ever smaller amounts with
progressively larger increases in tubular pressure. Utilizing a
micropuncture approach, these same investigators further dem-
onstrated that isotonic saline infusion caused a very small
change in proximal tubular diameter (�10%) but a much larger
change to distal tubular diameter (�40%) (11). While infor-
mative, results of micropuncture studies must be interpreted in
the context that function and integrity of the tubule may be
compromised when it is punctured (and injected with dye, oil,
etc.). To better define hydrodynamic forces prevailing in vivo,
we and others are now utilizing the less invasive approach of
multiphoton microscopy to perform intravital imaging in intact
rodent kidney. In fact, Kang et al. (15) used a quantitative
imaging approach to study basic renal functions in the mouse
and confirmed that furosemide administration produced a rapid
increase in distal tubular diameter; however, the investigators
did not quantify this change. The current study now extends the
observations to demonstrate the magnitude of CS that can
occur in the native rodent kidney distal nephron in response to
volume expansion (46.5 � 2.0%) or a furosemide-induced
diuresis (170 � 32%) (Fig. 1). A possible limitation of these
findings, compared with those determined utilizing micropunc-
ture, is that we are unable to completely exclude the possibility
that some distal nephrons may be partially or minimally col-
lapsed at the beginning of the experiment, before furosemide or
saline infusion, thus making the percent change in diameter
after the intervention even greater. We attempted to mitigate
these concerns by 1) permitting animals access to food and
water ad libitum, 2) immediately infusing a saline/Hoechst
solution (�400 �l) bolus (to label nuclei) followed by a 300-�l
saline flush after lines are placed, and 3) overall, minimizing
the time to perform the entire experiment to �1 h. These
interventions at the beginning of the experiment would tend to
equalize the volume status of all rodents and, therefore, limit
the collapse of tubules.

We speculate that rapid expansion of distal tubular diameter
may be accomplished by the apparent collapse of the micro-
vasculture, as well as some tubules, presumably proximal

tubules (identified by their punctate endocytic uptake of the red
dextran), after saline expansion and furosemide injection,
which likely allows for the volume of the neighboring distal
tubules to increase in the absence of an increase in total renal
volume. In fact, the compression of peritubular capillaries by
expanding tubules has been proposed to occur in the mice
administered furosemide (28). Additional intravital imaging
studies focused on the proximal tubule and peritubular capil-
laries will be necessary to rigorously examine this notion.

In vitro studies of epithelial cells, including proximal tubule
cells, demonstrate that mechanical stimuli activate various
intracellular and autocrine/paracrine signaling pathways and
lead to rearrangement of the cytoskeleton or focal contacts (9).
We have previously shown in a cell culture model of IMCD3
cells that FSS stimulates MAPK (ERK, p38, and JNK) signal-
ing which, in turn, stimulates phosphorylation of cytosolic
phospholipase A2 and cyclooxygenase (COX)-2 expression
(12, 13). The net effect of FSS activation of these cellular
pathways is robust secretion of PGE2 which, we demonstrate,
in ex vivo microperfused rabbit CCDs, inhibits Na absorption
and stimulates K secretion (13).

We now show that PGE2 secretion/release was stimulated by
FSS, but suppressed by CS. Net steady-state abundance of
pERK and p-p38 were unchanged by CS; however, we found
that CS selectively suppressed the abundance of the lower
molecular weight isoform of p-p38 while tending to enhance
the expression of the higher molecular weight p-p38. In addi-
tion, FSS induced actin stress fibers at the basolateral mem-
brane, but CS tended to relocate actin to the lateral membrane.
These studies illustrate that biomechanical forces differentially
effectuate intracellular and paracrine signaling, as well as
cytoskeletal organization, in the distal nephron.

Alexander et al. (3) tested whether varying levels of stretch
and durations of stretch regulated MAPK activation and PGE2

release utilizing primary cultures of rabbit proximal tubule
cells. This group found that increasing duration and degree of
stretch stimulated ERK phosphorylation, cPLA2 phosphoryla-
tion, and PGE2 release (3), implying that rabbit proximal
tubular cells behave differently than our murine CCD cells.
Technical considerations limit direct comparison of the former
results with those in the current investigation, since Alexander
et al. grew their cells on type I collagen, used a uniaxial
elongation chamber (Flexercell Strain Unit) to subject their
cells to 30 rounds of cyclic stretch/min, and exposed the cells
from 2 to 20% stretch (3). Note that our studies show that
pERK was unaffected and PGE2 was suppressed by CS. The
conditions we chose to deliver CS (10% constant equibiaxial
stretch � 30 min) are based on our ex vivo and in vivo
observations of the effects of increases in tubular flow in the
distal nephron.

Studies in cultured renal epithelial cells have shown that FSS
triggers signaling events, such as increases in [Ca2�]i, through
mechanical deformation of the actin cytoskeleton and focal
adhesion complexes (2). Duan et al. (9) demonstrated that FSS
promotes cytoskeletal reorganization in proximal tubular cells
by 1) redistributing stress fibers from the basolateral membrane
to the apical surface and 2) forming new apical junctional
complexes. In contrast, we found that F-actin stress fiber
expression increased at the basolateral surface of mpkCCD
cells in response to FSS and lateral surfaces of the cell-cell
interface of CS exposed cells. However, neither FSS nor CS
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Fig. 7. Stretch (10%) suppresses PGE2 release by mpkCCD cells. mpkCCD
cells grown on collagen type IV-coated silicone supports for 7 days were
exposed to no or 10% CS for 30 min. The PGE2 concentration was measured
in the media bathing the cells and normalized to the total amount of cellular
protein lysate. Individual and means � SE (*P � 0.05 vs. static) data are
shown in �8 experiments. The absence of SE bars indicates that SE is smaller
than the symbol.
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significantly altered localization of tight junctional proteins.
We speculate that FSS- and CS-induced reorganization of the
cytoskeleton reflects downstream activation of effectors in-
cluding focal adhesion kinase (FAK) (19) and MAPK path-
ways, as described by Peng et al. (18) in an osteoblastic cell
line.

Obstructive uropathy, a cause of acute kidney injury, is
associated with tubular stretch, intratubular pressure, and ele-
vated urinary PGE2, which contributes to postobstructive di-
uresis by suppressing renal Na transporter and aquaporin ex-
pression (16, 25, 27). Studies presented in this paper suggest
that CS of the CCD reduces PGE2 secretion, which differs
from the observation in the hydronephrosis model. This differ-
ence may be explained by the fact that multiple biomechanical
forces, other than CS, come into play in obstructive uropathy,
such as hydrostatic pressure, which were not studied in the
present investigation. In fact, several investigators have dem-
onstrated that increases in intrarenal pressure stimulate COX-2
expression in interstitial cells, but not in the collecting duct, to
induce PGE2 expression (7, 27). Therefore, because of the
complexity of cell types and mechanical forces present in the
hydronephrotic kidney, it is difficult to directly extrapolate our
current findings to the hydronephrosis model. However, we
speculate that CS inhibits tubular PGE2 secretion while other
cell types (i.e., interstitial cells) generate more PGE2, leading
to the net effect of high PGE2 concentrations in hydronephro-
sis.

In summary, our findings of 1) CS in the intact mammalian
kidney in the face of increases in distal tubular flow and 2)
differential effects of FSS and CS on MAPK activation and
PGE2 release in mpkCCD cells challenge the notion previously
put forth by ourselves and others that FSS and cilia-mediated
mechanotransduction are the sole physiologically relevant hy-
drodynamic forces in the distal nephron in vivo. Indeed, CS is
a particularly attractive candidate for a biomechanical force
regulating CCD function, as its effect on p-p38 abundance
(reduction in the low-molecular-weight band) may account for
activation of BK channel-mediated K secretion in CCDs sub-
ject to an increase in tubular fluid flow. However, we acknowl-
edge that the net effect of an increase in tubular fluid flow on
epithelial cell function in the distal nephron will represent the
integration of pathways activated by FSS, CS, as well as
drag/torque on the apical cilia and microvilli/microplicae of
principal and intercalated cells, respectively, therein.
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