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Background: TRPV4 is a Ca2�-permeable channel that is expressed in a wide range of cells and tissues.
Results: TRPV4 is expressed in renal connecting tubule/collecting duct cells and is activated by fluid flow.
Conclusion: TRPV4 is critical as a flow transducer in the mammalian collecting duct system.
Significance: TRV4 may underlie mechanically sensitive phenomena in the distal nephron.

The TRPV4 Ca2�-permeable channel is sensitive to mechan-
ical stimuli. In the current study we have employed immunocy-
tochemical staining in kidney slices and functional assessments
(Ca2� imaging) in isolated, split-opened, tubule segments to
define TRPV4 sites of expression and flow-dependent function
in the collecting duct system. Staining patterns revealed strong
expression of TRPV4 along the entire collecting duct system
withhighest levels at the apical (luminal)/subapical regionof the
principal cells (PCs), the dominant cell type, with more diffuse
staining in intercalated cells (ICs). Using fluorescence Ca2�

imaging and the selective TRPV4 agonist, GSK1016790A, we
demonstrated functional TRPV4 channels in PCs and ICs of
split-opened cortical collecting ducts and connecting tubules.
The agonist was ineffective in inducing a rise in [Ca2�]i in the
absence of extracellular Ca2� or in tubules from TRPV4-defi-
cient animals. Most importantly, a 10-fold elevation in luminal
(apical) fluid flow induced a rapid and sustained influx of Ca2�

that was abolished by the TRPV channel inhibitor, ruthenium
red, or in tubules isolated from TRPV4 deficient animals. We
concluded that TRPV4 is highly expressed along the entire col-
lecting duct system where it appears to function as a sensor/
transducer of flow-induce mechanical stresses.

TRPV43 is a Ca2�-permeable cation channel that is widely
expressed in both excitable and nonexcitable cells. Although
the TRPV4 channel can be activated by a wide range of stimuli,
it has been shown to be particularly sensitive to physical alter-

ations of the cellularmicroenvironment as it can be activated by
variations in osmolality (1, 2), fluid shear stress/flow (3–6),
pressure (7), and moderate heat (8, 9). Hence, it is becoming
evident that the channel may play a critical role in sensing
and/or transducing changes in the microenvironmental physi-
cal state, at least in some cells.
TRPV4 is known to be expressed in the kidney (2). Although

it has been anticipated that the channel likely functions to reg-
ulate some aspects of fluid and electrolyte balance, it remains
perplexing that animals deficient in the TRPV4 gene do not
display particularly noted changes in fluid and electrolyte
excretion patterns (10). Recent studies, however, point to an
apparent role of TRPV4 as a sensor of fluid shear stress or fluid
flow in renal cells and tissues. Indeed, our laboratory recently
demonstrated that endogenous TRPV4 in M-1 collecting duct
cells is activated by increases in shear stress/fluid flow, a
response that is abolished following siRNA knockdown of
TRPV4 (3, 4). Furthermore, Suzuki and co-workers (14) have
shown that flow-dependent K� secretion, a Ca2�-dependent
process utilizing the maxi-K channel (11–13), is essentially
abolished in TRPV4 knock-out animals. These results are con-
sistent with earlier studies demonstrating that elevated flows in
both the isolated perfused connecting tubule (CNT) and the
immediate downstream segment, the cortical collecting duct
(CCD), display flow-induced activation of Ca2� signaling
and/or activation of luminal Ca2�-permeable channels (15, 16).
Hence, itmay be that TRPV4 plays a central role in flow-depen-
dent phenomena in the late distal tubule and collecting duct.
The purpose of the present study was to elucidate the sites of

expression and potential function of TRPV4 as a flow sensor/
transducer in the mouse collecting duct system. We show that
TRPV4 is expressed along the entire length of the collecting
duct system, fromCNT to papillary collecting duct, with prom-
inent expression near the luminal (apical) border of aquaporin-
2-expressing principal cells (PCs) and less pronounced expres-
sion levels in intercalated cells (ICs). Further, Ca2� imaging
studies in isolated split-opened CNT and CCD preparations
demonstrated specific activation of TRPV4 by the TRPV4 ago-
nist GSK1016790A in all cells. Most importantly, high flow
rates over the luminal surface led to a rapid and sustained influx
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of Ca2� into both PCs and ICs, a response that was abolished in
tubules isolated from animals deficient in the TRPV4 gene. It is
concluded that TRPV4 is expressed in the collecting duct sys-
tem where this channel appears to function as a central com-
ponent of a flow-sensor/transducer in these cells.

EXPERIMENTAL PROCEDURES

Isolation and Preparation of Split-opened Kidney Tubules—
Segments of CCD and CNT were isolated and prepared from
mouse kidney tissue as described previously (17, 18). Briefly, mice
were sacrificed byCO2 administration and immediately subjected
to cervical dislocation (the protocol was approved by the Institute
for Animal Care and Use Committee of The University of Texas
Health Science Center). Kidneys were immediately removed, cut
into transverse sections (�1mmthick), andplaced in ice-coldPBS
buffered with HEPES, pH 7.4.Medullary-cortical strips of tubules
were first pulled free from the slices withwatchmaker forceps and
then individual CCDdissected free from surrounding tissue in the
mid to upper cortical area under stereomicroscopic examination.
Sites of bifurcation of the CCD were used to identify upstream
CNT thatmerge into the CCD. Isolated tubules weremoved onto
5 � 5-mm coverslip glass chips coated with poly-L-lysine for
attachment. The glass coverslips with attached tubules were then
placed on a perfusion chamber mounted on the stage of an
inverted Nikon microscope (Eclipse Ti) and the tubule segments
split-open with two sharpened micropipettes, each attached to
micromanipulators. The split-opened tubules would roll out, flat-
ten, andattach to the treatedcoverslip allowingdirect access to the
apical (luminal) border of the cells. The tubule fragments were
then loaded with fura-2 and used within 1–2 h of isolation.
Immunocytochemistry of Kidney Tissue—Standard immuno-

histochemical procedures were utilized for evaluating TRPV4
expression sites in sections of mouse kidney. Briefly, animals
were anesthetized by isoflurane inhalation and kidneys pre-
pared by intracardiac perfusion with a clearing solution (20 ml,
0.1 M cacodylate buffer and 4% hydroxyethyl starch in ice-cold
PBS, pH7.4) followed immediately by a fixation solution (20ml,
4% paraformaldehyde and 0.1 M cacodylate buffer in ice-cold
PBS, pH 7.4). Kidneys were removed and placed in 4% parafor-
maldehyde overnight, thenmounted in tissue freezingmedium
(Tissue Tek) and frozen at �30 °C. Either sagittal or transverse
sections (typically 30 �m thick) were obtained, using an OTF
5000 cryostat (Bright Instrument). Sections were allowed to
warm to room temperature and washed in PBS. Sections were
then blockedwith 1%donkey serum and incubated overnight at
4 °C with primary antibody: anti-TRPV4 (1:500; Alomone),
anti-AQP2 tagged with ATTO 550 (1:200; Alomone), anti-
NCX (Na�:Ca2� exchanger, 1:500; Swant). Sections were sub-
sequently washed and incubated at room temperature for 3 h
with secondary antibody: Cy2 anti-rabbit (1:100–500 Jackson
ImmunoResearch) and Cy5 anti-mouse (1:500, Jackson Immu-
noResearch). The tissue was then mounted with VectaShield
mounting medium (Vector Laboratories) and imaged with a
NikonA1 confocal microscope in amanner similar to that used
before (3, 4).
Split-opened CCD tubules were isolated and prepared as

described above. Tubules on coverslip chips were fixed with 4%
paraformaldehyde for 20 min at room temperature, blocked

with 1% donkey serum, then incubatedwith primary antibodies
anti-TRPV4 (1:500; Alomone) and anti-AQP2 tagged with
ATTO 550 for 3 h at room temperature. Subsequently, tubules
were treated with secondary antibody Cy2 anti-rabbit and fluo-
rescein-labeled peanut agglutinin (PNA, 1:1000; Vector Labo-
ratories), an ICmarker, for 1–2 h at room temperature. Images
were acquired using a Nikon A1 confocal microscope, and
measurement of fluorescent intensity was performed with NIS
Elements imaging software.
Measurement of Intracellular Calcium—Ratiometric fluo-

rescence imaging of fura-2 was used to monitor intracellular
calcium levels, [Ca2�rsqb]i, in split-opened tubule preparations
using standard procedures as done extensively before (4, 17,
19). Briefly, tubule fragments on coverslip chips were loaded
with fura-2/AM (2 �M) for 40 min, washed, placed on the cov-
erslip bottom of an open perfusion chamber (0.5 ml), and
imaged with a InCa Imaging Work station (Intracellular Imag-
ing, Inc.) at 37 °C using a 20� Nikon Super Fluor objective.
[Ca2�]i was estimated from the fura-2 fluorescence by excita-
tion at 340 nm and 380 nm and calculating the ratio of the
emission intensities at 511 nm in the usual manner every 5 s.
Results are presented as the emission ratios and denoted F340/
F380. In some studies cells were subjected to intracellular fura-2
calibration and the ratios converted to intracellular calcium
activity as described by Grynkiewicz et al. (20) using methods
outlined previously (3, 4). For each treatment group, from3 to 6
split-opened tubule preparations were typically utilized from
which 5–12 cells were assessed for [Ca2�]i levels. The data are
typically presented as total number of cells analyzed for each
treatment group.
Flow Rate Protocols—Split-opened tubules were typically

studied in a control isotonic medium containing 150 mMNaCl,
5 mM KCl, 2 mMMgCl2, 1 mM CaCl2, 10 mMHEPES, and 5 mM

glucose at pH 7.4. Medium with 0 Ca2� was identical except
CaCl2 was removed and replaced with 1 mM EGTA in the con-
trol solution. To test the effect of elevating fluid flow rate over
the split-opened tubule, the normal perfusion rate through the
chamber (volume �0.5 ml) was rapidly switched from the con-
trol flow rate of 1.5 ml/min (control flow rate) to 15 ml/min
(high flow rate) with the gravity-feed perfusion system. Because
thiswas done in an open chamber fluid shear stress could not be
calculated because unstirred layers would be present and lam-
inar flow may not be achieved.
In some studies, the effect of fluid shear stress on [Ca2�]iwas

evaluated directly. Shear stress in the collecting duct systemcan
range from �0.5 dyne/cm2 to �20 dynes/cm2 with typical val-
ues near 1–10 dynes/cm2 (see Refs. 4, 26). To evaluate the
response of our split-opened tubule to “physiological” shear
stress (1 and 3 dynes/cm2), we performed a few experiments in
fura-2-loaded split-opened CCDs studied in a parallel plate
chamber (LFR-25 chamber; C & L Instruments). Split-opened
tubules were attached to the bottom coverslip (poly-L-lysine-
coated) of a parallel plate chamber and placed on an inverted
microscope which allowed monitoring of [Ca2�]i as described
previously (see Refs. 4, 41). Flow rates through the chamber
were controlled by a peristaltic pump to set the shear stress
level.
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Chemicals—The following drugs and chemicals were used in
the study: GSK1016790A (GSK101; Santa Cruz Biotechnology,
stock solution, 10 �M in dimethyl sulfoxide), ruthenium red
(RuR; Sigma-Aldrich, in PBS), and EGTA (Sigma).
Data are presented as mean values � S.E. Student’s t test or

ANOVA was used to test for statistical significance, as appro-
priate, with p � 0.05 considered significant.

RESULTS

Identification of TRPV4 Sites of Expression—To identify the
sites of expression of TRPV4 in the collecting duct system,
mouse kidney sections were immunostained for TRPV4, AQP2
(a marker of PCs), and NCX (Na�:Ca2� exchanger, a marker of
the immediate upstream segment of the CNT, the distal convo-
luted tubule (DCT)) (21, 22). As shown in the thick sections (30
�m) in Fig. 1A, TRPV4 was strongly expressed in both the cor-
tex andmedulla. However, stainingwas restricted to theAQP2-
positive segments throughout the medulla and cortex. No
TRPV4 staining was observed in the earlier nephron segments
from glomerulus toDCT.An expanded view of the outer cortex
revealed strong staining in both the CNT and CCD as shown in
Fig. 1B. The figure shows a bifurcated AQP2-positive segment
reflecting two CNTs merging into one CCD. As is apparent,
TRPV4 was expressed in both segments and displayed strong
co-localization with AQP2, reflecting the PC, as demonstrated
by the merged image (Fig. 1B,Merge). In addition, a few cells in
the merged image stained lightly for TRPV4, but not AQP2, as
evident by the green pattern of staining, reflecting localization
of TRPV4 in ICs. Further, in an outer cortical view of an appar-
ent CNT (weak NCX staining, AQP2-positive), an adjacent
DCT was identified by the strong NCX-positive and AQP2-
negative staining (Fig. 1C), but did not show any evidence of
TRPV4 expression.
To verify the TRPV4 specificity of our antibody for TRPV4,

in separate studies we have demonstrated that our antibody
(directed at the C terminus, Alomone Laboratory anti-TRPV4)
recognized an appropriate double band (�100 kDa) for TRPV4
in TRPV4-transfected HEK cells, but not in nontransfected
HEK cells (19). Immunocytochemistry and functional assays
confirmed identification of TRPV4 only in the TRPV4-express-
ing cells. Further, in a separate study, a previously characterized
second anti-TRPV4 antibody targeting the N terminus of TRPV4
was used to stain mouse kidney thin sections (5 �m) (4). Using a
thin section, strong anti-TRPV4 binding of this second antibody
was apparent along the luminal border of a CCD as shown in Fig.
1B (Inset). Finally, in kidney sections fromTRPV4 knock-out ani-
mals no apparent anti-TRPV4 binding was detected (Fig. 1D).
Hence, TRPV4 expression appears to be limited to all AQP2-pos-
itive segments of the collecting duct system.
Functional Assessment of TRPV4 Expression—To provide a

functional assessment of TRPV4 in the collecting duct system,
CNT and CCD tubule segments were hand-dissected and split
open to gain access to the luminal cell border as done before
(17, 18, 23). Using fluorescence ratiometric imaging of the
Ca2�-sensitive probe, fura-2, [Ca2�]i was monitored and pre-
sented as the ratio F340/F380 (or [Ca2�]i in summary figures) as
described previously (3, 4). To activate TRPV4 selectively, we
took advantage of the TRPV4 agonist, GSK101, to demonstrate

specific activation of TRPV4 (19, 24). As shown in Fig. 2A, addi-
tion of 50 nM GSK101 to the split-opened CCD induced a sus-
tained rise in [Ca2�]i consistent with activation of TRPV4. The
GSK101-induced time course of [Ca2�]i was relatively slow,
typically reaching a peak value within 1–6 min. The results are
consistent with our earlier characterization of GSK101 in
TRPV4-transfected HeLa cells and in the M-1 collecting duct
cells which endogenously express TRPV4 (19, 25). Comparison
of the responses of individual cells from a single split-opened
CCD demonstrates variable responses from cell to cell that are
likely reflective of the individual properties and TRPV4 expres-
sion levels of different cells from a single tubule (Fig. 2B).
Regardless, the average response to GSK101 addition was very
substantial with [Ca2�]i increasing from a control value of near
90 � 5 nM to 476 � 35 nM at the peak (Fig. 2E). Further, the
response to GSK101 was poorly reversible uponGSK101 wash-
out (Fig. 2C) and was typically only apparent upon exposure of
cells to low concentrations of GSK101 and for short exposure
times, although this concept remains to be fully tested.
Finally, to provide further insight into the actions ofGSK101,

GSK101 was added when extracellular Ca2� was removed, 0
[Ca2�]. Indeed, in the absence of extracellular Ca2�, GSK101
addition did not produce an increase in [Ca2�]i (Fig. 2D) dem-
onstrating that GSK101 addition led to activation of Ca2�

influx and not release from intracellular Ca2� stores (Fig. 2D).
These results are consistent with our earlier studies in TRPV4-
HeLa cells showing that the response to GSK101 was depend-
ent upon the presence of extracellular Ca2� (19). Most impor-
tantly, in tubules isolated from animals lacking TRPV4, the
response to GSK101 was completely abolished (Fig. 2, C, Trace
2, andE). Hence, the effect ofGSK101 appears to reflect specific
activation of TRPV4, with subsequent Ca2� influx, with little or
no component of Ca2� release from stores.
Flow-induced Activation of TRPV4 in CCD and CNT—Be-

cause TRPV4 is expressed and functional within the collecting
duct system,we turned to evaluatewhether itmay be important
in flow-dependent Ca2� signaling in selected tubule segments,
namely the CCD and CNT. To evaluate the effect of fluid flow,
the [Ca2�]i responses to increases in the flow rate over the split-
opened tubule luminal surface were assessed. The effect of
increasing the flow rate by 10-fold, from a low control value of
1.5 ml/min to 15 ml/min (high flow or flow), through our open
chamber (0.5-ml volume), was evaluated for all flow studies. As
shown for the representative example in Fig. 3A, high flow rates
induced an immediate and sustained rise in [Ca2�]i. After
returning the flow rate to control conditions, the response to a
second flow stimulus showed a similar rise in [Ca2�]iwith little
evidence of desensitization (Fig. 3A).
To determine whether the flow-induced responses were in

the physiological range expected for collecting duct, a few
studies were performed with a defined fluid shear stress (SS)
using a parallel plate chamber as done before (see Refs. 4, 26).
Indeed, as shown in Fig. 3D, SS at 1 and 3 dynes/cm2 induced
a progressive rise in [Ca2�]i with increasing SS levels. The
response at 3 dynes/cm2 was sustained and similar in mag-
nitude to that observed in the open chamber, thereby verify-
ing that the responses to SS in the physiological range are
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reflective of that observed with high flow in the open cham-
ber in the current study.
Repeating the study in CCD fromTRPV4 knock-out animals

(Fig. 3A,Trace 2) or in the presence of theTRPV inhibitor, RuR,
in CCD fromWT animals (Fig. 3B), largely abolished the flow-
induced response. On average, the flow-induced increase in
[Ca2�]i did not show a significant increase in CCD from WT

animals, when treated with RuR, and in CCD from animals
deficient in TRPV4 (Fig. 3C). These data provide strong evi-
dence that TRPV4 underlies the flow-induced increase in
[Ca2�]i, at least in CCD.
To determine whether the CNT was similarly sensitive to

flow, some studies were repeated in split-opened CNT. As
shown for the representative example in Fig. 4A, elevation of

FIGURE 1. Immunohistochemical staining of mouse kidney sections from WT (A–C) and TRPV4 knock-out (D) mice. A, low magnification transverse
section (30 �m) along the cortical-medullary access showing staining patterns for TRPV4 (anti-TRPV4, Cy2-labeled secondary antibody, green) and AQP2
(anti-AQP2 directly labeled with ATTO 550, red). TRPV4 expression sites co-localize with AQP2-positive tubules in both the cortex (C) and medulla (M) as evident
in the Merge image (yellow), but also displayed lower staining in AQP2-negative cells (green). Labeling of other nephron segments was not detectable,
confirming labeling by TRPV4 along the entire collecting duct system. B, staining of an outer cortical slice showing TRPV4 and AQP2 staining along a CCD. Note
the upstream bifurcation reflecting convergence of two CNT into the CCD. TRPV4 is expressed in both CNT and CCD. The Inset shows a thin section (5 �m) from
another kidney that is stained with a second anti-TRPV4 antibody (anti-TRPV4-N) as characterized previously (4). Note the strong staining along the apical
(luminal) region of the CCD and into the apparent bifurcation (possible CNT). L indicates the tubule lumen. C, outer cortical section showing AQP2-positive
segment (CNT or CCD) and an NCX-positive and AQP2-negative tubule (DCT). TRPV4 expression is apparent in the AQP2-positive segment, but not in the
apparent DCT segment. D, cortical slice from a TRPV4 knock-out animal. Note lack of TRPV4 staining in the AQP2-positive CCD (and CNT). *, p � 0.05. Scale bars:
100 �m (A), 20 �m (B), 20 �m (C).
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flow rate induced a rise in [Ca2�]i. The magnitude and time
course of the response were similar to those observed for the
CCD. Likewise, addition of the TRPV4 agonist, GSK101 (50
nM), induced a potent increase in [Ca2�]i. The responses were
similar between theCNT andCCDas evidenced in the example
in Fig. 4B. In this study a split-opened CCD and CNT from the
same tubule (the CCD andCNT at a bifurcation were both split
open and studied simultaneously) were evaluated simultane-
ously where it is apparent that the response toGSK101was very
similar between the two segments. On average, the magnitude
of the maximal responses to flow and GSK101 for CNT did not
differ significantly from that observed in CCD (Fig. 4C).
Response to Flow in PCs versus ICs—The PCs and ICs of the

collecting duct system are known to display very different prop-
erties and functions which could lead to markedly altered
expression and functional levels of TRPV4. Indeed, as shown in

the immunocytochemical staining images of a split-opened
CCD, the expression levels of TRPV4 vary greatly among cells,
particularly between PCs and ICs (Fig. 5A). Using AQP2 as a
marker of PCs, it is apparent from the immunocytochemical

FIGURE 2. Effect of the TRPV4 agonist, GSK101 (50 nM), on [Ca2�]i in split-
opened CCD. A, average [Ca2�]i response to GSK101 in one CCD (10 cells). B,
response of individual cells in CCD from A showing variable time course and
magnitude of [Ca2�]i response to GSK101. C, [Ca2�]i response to GSK101in
CCD from WT (Trace 1) and TRPV4 KO (Trace 2) animals demonstrating aboli-
tion of GSK101 effect in CCD from TRPV4 KO animal. Also note limited revers-
ibility of the GSK101 response (Trace 1). D, representative example showing
removal of extracellular Ca2�, 0 [Ca2�]i, abolishing the GSK101 response. E,
summary of GSK101 effect on [Ca2�]i in CCD from WT animals (WT, n � 40)
and from animals deficient in TRPV4 (TRPV4 KO, n � 14). *, p � 0.05. Error bars,
S.D.

FIGURE 3. Effect of high flow rates (Flow) over the luminal surface of split-
opened CCD on [Ca2�]i. A, representative traces showing [Ca2�]i changes
upon increasing the luminal flow by 10-fold in CCD from WT and TRPV4 defi-
cient (TRPV4 KO) animals. B, effect of RuR (3 �M) on the flow response showing
inhibition by the general TRPV channel inhibitor with subsequent recovery
upon RuR washout. C, summary of [Ca2�]i changes with high flow in CCD from
WT animals showing inhibition of the response in the presence of RuR (3 �M,
n � 44), compared with control (Flow, n � 59). The flow-induced response is
abolished in CCD from TRPV4 KO animals (TRPV4 KO, n � 35). Error bars, S.D. D,
effect of defined fluid SS on [Ca2�]i of split-opened CCD. Average [Ca2�]i
traces (mean trace � S.E.) showing the response to increasing SS from near 0
to 1 dyne/cm2 and 3 dynes/cm2 (n � 13). The response to higher levels of SS
(3 dynes/cm2) show a sustained increase in [Ca2�]i, similar to that observed to
flow in the open chamber (A). *, p � 0.05.
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staining patterns that TRPV4 is strongly expressed in AQP2-
positive PCs. However, low levels of TRPV4 expression are also
apparent in the APQ2-negative ICs (Fig. 5, A and B). The
AQP2-negative cells were verified as ICs based on PNA label-
ing, a marker of ICs (Fig. 5A, last panel).
To better assess the localization of TRPV4 within PCs and

ICs, we compared the apical-basal linear fluorescence intensity
profile levels of TRPV4 (anti-TRPV4 staining) across PCs ver-
sus ICs. The intensities were normalized to the maximum
intensity levels for PCs, the dominant TRPV4-expressing site.
The intensity profiles for TRPV4 are shown in the graph in Fig.
5B for one PC and one IC as indicated in the figure. As evident
from the intensity profiles, TRPV4 expression is dominant in
the apical/subapical region of the PC. This is particularly appar-
ent from the side view images in the figure (a and b sections in
Fig. 5A). In contrast, expression levels in ICs are much lower
and typically displayed dispersed distribution patterns
throughout the cells as the intensity profile demonstrates.
The functional response of PCs versus ICs was subsequently

evaluated. Both PCs and ICs responded to increased flow rates

and to GSK101 addition. Typically, the IC response to flow was
less than that observed in the PC (Fig. 6A) with the average
response nearly 25% lower (Fig. 6B). The change in [Ca2�]iwas
reduced from 72 � 7 nM in PCs to 51 � 5 nM in ICs (p � 0.057
for 	[Ca2�]i data and p � 0.05 for 	F340/F380; data not shown).
Likewise for the GSK101 response: the GSK101 response was
less in the IC compared with PC. As shown by the example in
Fig. 6C, addition of GSK101 at low levels induced an increase in
[Ca2�]i in both PCs and ICs from the same tubule, but the IC
response was depressed. The mean response of the ICs was
nearly 40% lower than that of the PCs (Fig. 6D). Hence,
although TRPV4 is clearly still functional in the ICs, it appears
to have a reduced activity, likely as a result of the low expression
levels of TRPV4 in the ICs.

DISCUSSION

In the current study we investigated the sites of expression
and function of TRPV4 in themammalian renal collecting duct
system.We provide new evidence that TRPV4 is expressed and
functional within the collecting duct system. Our immunocy-
tochemical staining patterns demonstrate strong expression of
TRPV4 along the entire collecting duct, from the connecting
tubule through the papillary collecting duct (Fig. 1). TRPV4
labeling was not detected with our anti-TRPV4 antibody in
other segments of the nephron, including the immediate
upstream segment of the CNT, the DCT (Fig. 1). Further,
within the collecting duct system, TRPV4 was strongly
expressed in the AQP2-positive cells, i.e. the PC, with strongest
staining near the apical membrane (luminal membrane) and
subapical region, confirming our earlier assessment (4) and that
of Heller and co-workers (27). It was also shown that whereas
TRPV4 co-localized with AQP2 in the subapical region of PCs,
TRPV4 expression was typically further enhanced over that of
AQP2 toward the apical cell membrane (Fig. 5A, Merge). Fur-
thermore, low levels of TRPV4 expression were detected in the
ICs, but the staining patterns were more diffuse (Fig. 5B).
Finally, it is noted that the identified sites of TRPV4 expression
in our study differ from that reported by Tian et al. (28) where
their antibody demonstrated strong staining starting in the thin
ascending limb and continuing along the thick ascending limb,
DCT, and entire collecting duct system, particularly in the basal
aspects of the IC. Why there is a difference in staining patterns
is not known but likely reflects different specificities of the anti-
bodies employed in the two studies. Our functional assess-
ments in WT and TRPV4 KO tissue, however, are consistent
with our observed pattern of staining in the current study (see
below).
Our assessment of the patterns of TRPV4 localization are

supported by our functional studies in split-opened CCD and
CNTwherewe demonstrated that the selective TRPV4 agonist,
GSK101, induced a potent stimulation of Ca2� influx (Fig. 4). It
is noteworthy that GSK101 was identified as a selective agonist
of TRPV4 in a recent small molecule screening study (24). Sub-
sequently, we (19) and others have confirmed the agonist spec-
ificity (5, 29). We now show in the current study that GSK101
activates Ca2� influx in CCD, but only in CCD from WT ani-
mals and not in CCD from animals lacking TRPV4. Further-
more, the effect of GSK101 on [Ca2�]iwas observed to be most

FIGURE 4. Effect of increased flow (Flow) and GSK101 (50 nM) on the
[Ca2�]i response of split-opened CNT. A, representative example showing
effects of flow on [Ca2�]i of CNT. B, representative example showing effects of
GSK101 on [Ca2�]i of CNT versus that observed in a typical CCD. The CNT and
CCD are from the same split-opened tubule segment that extends from CNT
to CCD. C summary analysis comparing the response to [Ca2�]i fluorescence
ratio changes with GSK101 activation in CCD (n � 40) and CNT (n � 21) and
with flow in CCD (n � 59) and CNT (n � 35). Error bars, S.D.
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potent in PCs with an increased stimulation of [Ca2�]i com-
pared with that in ICs. These results are consistent with our
immunocytochemical analysis showing strong expression of
TRPV4 in PC, but weak expression in IC, as heretofore noted.
Hence, the combined immunocytochemical and functional
analysis point to expression of functional TRPV4 along the
entire collecting duct system with strongest expression in the
apical/subapical region of the PCs.
The function ofTRPV4within the kidney remains an activate

area of investigation. Satlin and co-workers recently demon-
strated in isolated perfused CCD from rabbit that increased
perfusion flow rates induced Ca2� influx (16). Furthermore,
these investigators tested elevated flow rates over the luminal
surface of split-opened rabbit CCD and demonstrated a sus-
tained [Ca2�]i response in both PCs and ICs. Our studies
directly confirm these results in split-opened mouse CCD. In
addition, we demonstrate in a parallel plate SS study that the

Ca2� response to physiological SS (3 dynes/cm2) (4, 26) in CCD
is similar to that observed for high flow in our open chamber,
thereby verifying the physiological nature of our findings.
Hence, these results directly support our studies and the role
for TRPV4 in this process where we demonstrate flow-induced
activation of Ca2� influx in both PC and IC via a TRPV4-medi-
ated process. Our studies further demonstrate that TRPV4
serves a similar function in the CNT (Fig. 4) implicating TRPV4
as a key flow-dependent process in the entire collecting duct
system. However, the extent of this function may differ from
cell type to cell type, andpossibly from tubule segment to tubule
segment, because it is clear in our studies that the noted alter-
ations in TRPV4 expression between PCs and ICs lead to par-
allel functional alterations in the magnitude of flow- and
GSK101-induced Ca2� influx (compare Fig. 5 with Fig. 6).
Nonetheless, this flow-dependent function may be a common
control mechanism for TRPV4 because we have previously

FIGURE 5. Immunofluorescent localization of TRPV4 within split-opened CCD. A, fluorescence confocal image of split-opened CCD showing localization of
binding of anti-TRPV4 (TRPV4 panel, green) and anti-AQP2 (AQP2 panel, red). Each panel shows an en face view (a), a longitudinal side view (b), and a vertical side
view (c). The orange lines indicate the plane of the image slice. The Merge TRPV4-AQP2 panel shows strong co-localization of TRPV4 with AQP2 reflecting
expression of TRPV4 in PCs. Cells that are AQP2-negative, showing weak TRPV4 labeling, are reflective of ICs. In the Merge TRPV4-AQP2-PNA panel, cells are also
labeled with PNA (blue), a marker of IC, clearly defining the AQP2-negative cells as ICs. In addition, the longitudinal side view of the Merge TRPV4-AQP2 panel
indicates more intense labeling of TRPV4 over AQP2 at or near the luminal border, indicative of a luminal membrane function. Longitudinal side views of PCs
in the TRPV4 panel further demonstrate strong TRPV4 binding near the apical (luminal) border and throughout the subapical region and lateral regions, with
weak binding through the basal aspects of the PCs. However, ICs (two in TRPV4 panel) also show modest levels of TRPV4 expression throughout the apical and
basal regions of the cells. B, expanded cross-section of the longitudinal side view from A, TRPV4 panel, showing the anti-TRPV4 intensity profiles across the PCs
and ICs. Intensity profiles were obtained along the white lines shown in the figure for one PC (1) and one IC (2). The intensity profiles are normalized to the
maximal intensity of TRPV4 in the PC (as 100). As apparent, in ICs the intensity level for TRPV4 is only 15–20% of that observed in PCs. Scale bar: 5 �m.
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shown a fluid SS-dependent activation of TRPV4 in M-1 cells
and in TRPV4-transfected HEK cells (3, 4) as others have like-
wise demonstrated in certain vascular endothelial cells (5, 6,
30). Hence, TRPV4 may be central to regulating downstream
effector pathways that are flow- and Ca2�-dependent such as
the previously noted flow-dependent K� secretory process
of the early collecting duct segments (13, 14) as we have shown
for the M-1 collecting duct cells (25). This concept is directly
supported by the studies of Suzuki and co-workers where flow-
dependent K� secretion in the mouse isolated perfused CCD is
abolished in CCD isolated from TRPV4 knock-out animals
(14).
Although TRPV4 would appear to play a role in flow-depen-

dent phenomena in the collecting duct system, other channels
may underlie or participate in this process. Most notable is
another member of the TRP family, TRPP2, which was shown
to be briefly and transiently activated by small increases in flow
rates over the cell surface of mouse embryonic kidney cells (31,
32). However, in CCD the TRPP2 channel is expressed on the
luminal membrane at the base of the primary cilia of the PCs,
but apparently is not expressed in the ICs because they lack cilia
(33, 34). However, as shown in the current study both PCs and
ICs respond to increases in flow displaying a sustained increase
in [Ca2�]i levels, ruling out TRPP2 as the primary source of
flow-induced Ca2� influx. Further, it has most recently been
demonstrated that TRPP2 must associate with TRPV4 to form
amechanosensitive channel (35, 36), a finding that further sup-

ports the concept of a central role for TRPV4 in mechanical
sensing/transduction. Hence, it may be that TRPV4 is the dom-
inant channel type in responding to high flow rates, such as
shown in the current study, although the exact relation between
these two channel isoforms or other channels in flow-induced
phenomena remains to be elucidated.
The role of TRPV4 in responding to SS or fluid flow may be

that of a sensor or a transducer of mechanical stresses. TRPV4
was originally coined as a “sensor” of mechanical stimuli
because its activity was sensitive to osmotic cell swelling (1, 2).
It is becoming apparent, however, that the channel may func-
tion more in the mode as a transducer of mechanical stresses.
This is particularly evident in recent studies where it was dem-
onstrated that mechanical activation of TRPV4 was dependent
upon activation of underlying signaling pathways, including
both the phospholipase A2/arachidonic acid pathways and the
phospholipase C/diacylglycerol/PKC pathway (3, 9, 37–39).
Indeed, activation of TRPV4 by hypotonic swelling is strongly
dependent upon activation of phospholipase A2 and the pro-
duction of downstream epoxyeicosatrienoic acids, such as
5
,6
-EET, where inhibition of phospholipase A2 or down-
stream cytochrome P450 markedly inhibits activation of
TRPV4 (9, 40). Likewise, we have pointed to a role of phospho-
lipase C, especially with SS-induced activation of TRPV4,
where phospholipase C inhibition inhibits mechanical activa-
tion of TRPV4 (3). Most recently, we demonstrated a new role
for purinergic signaling through the P2Y2 receptor- phospho-

FIGURE 6. Effect of flow (Flow) and GSK101 on [Ca2�]i response in PC versus IC of split-opened CCD. A, representative traces of flow on [Ca2�]i in PCs and
ICs. B, summary of the effect of flow on changes in [Ca2�]i showing a marginally reduced response in IC relative to PC (n � 34 for PC; n � 17 for IC).*, p � 0.057
(p � 0.05 for 	F340/F380). C, representative traces showing the effect of low levels of GSK101 (3 nM) on [Ca2�]i of PCs and ICs. D, summary of the effect of GSK101
on changes in [Ca2�]i showing a reduced response in ICs relative to PC (n � 32 for PC; n � 13 for IC). *, p � 0.05.
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lipase C pathway in CCD that may play a central role in activat-
ing TRPV4 by flow (17). Indeed, our initial studies demonstrate
that ATP applied to split-opened CCD/CNT leads to activation
of the P2Y2 receptor and, in turn, TRPV4. This signaling is
markedly blunted in tubules from P2Y2 receptor knock-out or
TRPV4 knock-out animals. Hence, TRPV4 appears to function
more as a downstream transducer of mechanical stress, rather
than a sensor, where it functions to transduce an upstream
stress-induced signal into a change in Ca2� influx and a Ca2�

signal.
In summary, the current study provides strong support for

the concept that TRPV4 is strongly expressed in the collecting
duct system of the mammalian kidney with differential expres-
sion profiles in the two cell types, the PCs versus ICs. TRPV4
was found to co-localize with AQP2 in the PCs with strong
expression at the apical (luminal) membrane and subapical
regions of the cell. Application of the selective TRPV4 agonist
indicates functional channels in both the PCs and ICs, results
consistent with the immunocytochemical staining patterns.
Finally, TRPV4 is activated by increased fluid flow rate over the
luminal cell surfaces where it appears to function as a trans-
ducer of mechanical stresses.
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