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Polycystins 1 and 2 mediate
mechanosensation in the primary
cilium of kidney cells
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Several proteins implicated in the pathogenesis of polycystic kidney disease (PKD) localize to cilia. Furthermore,

cilia are malformed in mice with PKD with mutations in TgN737Rpw (encoding polaris). It is not known, how-

ever, whether ciliary dysfunction occurs or is relevant to cyst formation in PKD. Here, we show that polycystin-

1 (PC1) and polycystin-2 (PC2), proteins respectively encoded by Pkd1 and Pkd2, mouse orthologs of genes

mutated in human autosomal dominant PKD, co-distribute in the primary cilia of kidney epithelium. Cells iso-

lated from transgenic mice that lack functional PC1 formed cilia but did not increase Ca2+ influx in response to

physiological fluid flow. Blocking antibodies directed against PC2 similarly abolished the flow response in wild-

type cells as did inhibitors of the ryanodine receptor, whereas inhibitors of G-proteins, phospholipase C and

InsP3 receptors had no effect. These data suggest that PC1 and PC2 contribute to fluid-flow sensation by the

primary cilium in renal epithelium and that they both function in the same mechanotransduction pathway. Loss

or dysfunction of PC1 or PC2 may therefore lead to PKD owing to the inability of cells to sense mechanical cues

that normally regulate tissue morphogenesis.
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Introduction
Autosomal dominant PKD is a common lethal monogenic
disorder, characterized by progressive development of fluid-
filled cysts in the kidney. Mutations in PKD1 and PKD2,
which respectively encode integral membrane proteins PC1
and PC2, account for all cases of autosomal dominant
PKD1–3. PC1 activates a G-protein signaling pathway by bind-
ing and activating heterotrimeric Gαi/o proteins4,5, which, in
turn, modulate voltage-gated Ca2+ and K+ channels5. PC2
functions as a Ca2+-permeable cation channel6–9. PC1 and PC2
are known to heterodimerize3,5,10. The mechanism by which
mutations in PKD1 and PKD2 lead to abnormal kidney develop-
ment, however, is yet unclear.

One clue to the pathogenesis of PKD is that, in addition to
PC2, two other proteins, cystin and polaris, mutant forms of
which are also associated with PKD11,12, localize to the primary
cilium of renal epithelial cells12–14. A cilium is a tiny hair-like
appendage about 0.25 µm in diameter that contains a micro-
tubule bundle as a core. Cilia, which extend from the surfaces of

many cell types and are found in many species, contribute to
fluid movement15, chemoreception16 and patterning of the
left–right body axis17. The primary cilium is a non-motile cil-
ium with a microtubule arrangement of 9+0; it is unique in that,
in almost all cases, only one primary cilium is expressed on the
apical surface of each epithelial cell. Kidney epithelial cells have
well developed primary cilia that extend into the tubular lumen.
The integrity of cilia in mice with mutations in Pkd2 is
unknown, but shortened cilia have been found in renal tubules
of mice with mutations in TgN737Rpw18. Mice with mutations
in TgN737Rpw or Pkd2 develop defects in left–right symme-
try19,20 in addition to PKD.

Although several proteins involved in PKD pathogenesis are
expressed in cilia, it is not clear whether or how ciliary dysfunc-
tion results in abnormal kidney development and cyst formation.
The contribution of PC1 to cilium function is not known. Recent
work has shown that the primary cilium of the kidney epithelium
mediates sensation of mechanical signals produced by apical
fluid shear stress and its transduction into an intracellular Ca2+
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signaling response21. Fluid shear stress is known to regulate tis-
sue morphogenesis and, in particular, lumen diameter in the vas-
culature22,23. Thus, we explored whether PC1 co-distributes with
PC2 in the primary cilium of kidney epithelium and whether
these polycystins collectively contribute to mechanosensation in
renal epithelial cells cultured from mice with targeted mutations
in Pkd1 and in cells from their wild-type littermates.

Results
Localization of PC1 in mice with mutations in Pkd1
To explore the role of cilia in human cystic disease and the poten-
tial function of PC1 in the cilium, we localized PC1 in kidneys
from wild-type mice and mice homozygous with respect to a tar-
geted deletion of exon 34 (Pkd1tm1Jzh; herein called Pkd1del34/del34

mice) at embryonic day (E) 15.5. This is the stage at which cysts
are first seen in mice with mutations in Pkd1, most of which die
during late gestation24,25. PC1 co-localized with the specific cil-
iary axoneme marker acetylated α-tubulin in kidneys of wild-type
but not Pkd1del34/del34 mice (Fig. 1a). Because cells develop longer,
more visible cilia in culture than in vivo, we carried out similar
immunolocalization studies in cells isolated from embryonic kid-
neys on the basis of their expression of the collecting-tubule
marker Dolichos biflorus agglutinin (DBA; ref. 26). We confirmed
the purity of these cell populations by fluorescence-activated cell

sorting (Fig. 1b). The collecting tubule is a common site for cyst
development2,24,25,27 with high levels of expression of PC1 and
other polycystins27–29. Homozygous Pkd1del34/del34 mutants
develop cysts in the collecting tubules at E17.5; thus, the cells we
isolated at E15.5 were at a pre-cystic stage.

The DBA-positive epithelial cells that we isolated exhibited
well developed cilia when fully differentiated for 3–4 days in cul-
ture. Analysis of these cells using a highly specific, affinity-puri-
fied antibody against PC1 confirmed that PC1 co-distributed
with acetylated α-tubulin in wild-type but not Pkd1del34/del34

cells (Fig. 1c). We detected only cytosolic PC1 staining in mutant
cells, consistent with previous studies that have shown that dys-
functional PC1 is expressed in these cells25. Further analysis with
γ-tubulin, a specific marker of the basal body of the cilium, also
showed co-localization of PC1 in the basal body in wild-type but
not in Pkd1del34/del34 cells (Fig. 1d). Thus, PC1 seems to be a com-
ponent of the primary cilium.

Cells with mutations in Pkd1 do not activate flow-
induced Ca2+ signaling
The primary cilium of kidney epithelium has recently been
shown to mediate transduction of a mechanical flow stimulus
into a Ca2+ signaling response21, but the molecules that medi-
ate this process have not been identified. To explore whether

ciliary PC1 could contribute
to this response, we used fluid
shear stress to promote cilium
bending and associated Ca2+

signaling in cultured kidney
epithelial cells. Wild-type cells
were loaded with the Ca2+-
binding dye Fura-2, exposed
to the abrupt onset of fluid
shear (0.75 dyne cm–2) and
analyzed by microfluorimetric
ratio-imaging. On fluid stim-
ulation, we detected an imme-
diate rise in intracellular Ca2+

(from 144 ± 6 nM to 426 ±
59 nM; n = 30; P < 10–6)
throughout the cell popula-
tion, peaking roughly 10–20 s
after stimulation (Fig. 2a,b).
Ca2+ levels then rapidly
decreased but were main-
tained at moderate levels for
40–50 s before returning to
base line; this response may be
due to intercellular communi-
cation through specialized
gap junctions21. The Ca2+

response induced by flow in
these mouse embryonic kid-
ney epithelial cells was faster
than that observed in an estab-
lished canine kidney epithelial
cell line21; this difference may
be due to differences in the cell
types, species or experimental
conditions used for flow stim-
ulation. Notably, when we
exposed mutant cells that
lacked PC1 to an identical
flow stimulus, we detected lit-
tle or no Ca2+ influx (from

Fig. 1 Polycystin-1 was detected in the cilia of wild-type (wt) mouse embryonic kidney and collecting duct–derived

epithelial cells. a, PC1 (green) co-localized with a ciliary marker (acetylated α-tubulin, red) as indicated when a dual-

channel filter was used (yellow). The subcellular localization of PC1 in wild-type kidneys with and without PC1-blocking

peptide and in Pkd1del34/del34 kidneys is shown. b, Isolation of epithelia of collecting-duct origin using DBA as a marker.

FL-1 denotes DBA fluorescence intensity. The expressions of membrane markers were examined before sorting (P.0) and

after sorting at the fifth (P.5) and tenth (P.10) passages. c, When acetylated α-tubulin was used as a ciliary marker, PC1

clearly appeared in the basal body and the trunk of the cilia of wild-type but not mutant cells. Blocking peptides were

used in wild-type cells to show antibody specificity. d, Co-localization of PC1 with γ-tubulin, a marker for the basal body

of cilia, was seen in wild-type but not mutant cells. Original objective magnification: ×100.
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154 ± 7 nM to 163 ± 4 nM; n = 30; P > 0.1) in either the early or
late phase (Fig. 2a,b). Wild-type cells showed a specific sensitiv-
ity to low levels of shear stress similar to those observed in
proximal tubules (about 1 dyne cm–2; ref. 30) and other renal
tubules (0.71 dyne cm–2; ref. 21) in vivo. We did not observe
Ca2+ signaling in wild-type or mutant cells when we applied
higher levels of shear stress (15 dyne cm–2).

Ca2+ entry is required to initiate flow-induced Ca2+

signaling
To study whether the flow-induced Ca2+ increases were due to an
influx of extracellular Ca2+ or to release from intracellular Ca2+

stores, we repeated the experiment in medium depleted of Ca2+.
Under these conditions, the wild-type cells showed no response
to flow (Fig. 2c), indicating that the mechanosensory response
was mediated by Ca2+ influx across the plasma membrane.

To rule out the possibility that the mutant cells simply lost
their general ability to carry out Ca2+ signaling, we stimulated
the cells with a chemical receptor agonist, thrombin. Both
wild-type and PC1-deficient
cells responded to thrombin
by increasing cytosolic Ca2+

concentrations (Fig. 2d,f).
Thus, PC1-deficient cells
retained the ability to con-
duct Ca2+ but lost the ability
to sense fluid flow. When we
did the same study in the
absence of extracellular Ca2+

(Fig. 2e,f), we found that
intraorganellar Ca2+ buffering
had a more important role in
thrombin-induced activation
than in flow-induced activa-
tion of Ca2+ signaling. In fact,
the Ca2+ response to throm-
bin was significantly greater in

cells that lacked PC1 than in wild-type cells, either in the pres-
ence of extracellular Ca2+ (peak: 200 ± 27 nM in wild-type
cells versus 295 ± 40 nM in mutant cells; n = 16 each; P < 10–4)
or in its absence (peak: 175 ± 10 nM in wild-type cells versus
232 ± 24 nM in mutant cells; n = 15 each; P < 0.01). There was
no statistical difference in basal resting Ca2+ concentrations
between the groups (Fig. 2g).

The primary cilium is required for flow-induced Ca2+

signaling
To verify that the Ca2+ response to mechanical flow was due to
cilium activation, we carried out similar studies under growth
conditions that inhibit cilium formation in wild-type cells
(Fig. 3a–c). The collecting-duct epithelial cells differentiated and
formed well developed cilia after 3–4 days in culture (Fig. 3d). In
contrast, cells that were cultured for only 1 day in medium that
promotes differentiation (Fig. 3b) or cultured in medium that
promotes cell division (Fig. 3f) developed either short cilia or
no cilia at all (Fig. 3e) with occasional expression of PC1. Con-

Fig. 2 Polycystin-1 mediated

mechanical flow–induced extracel-

lular Ca2+ influx. a, A temporal rep-

resentation of cytosolic Ca2+

responses to mechanical flow in

three wild-type (wt) and one

Pkd1del34/del34 cell populations in

the presence of extracellular Ca2+.

In most cases, the response peaked

about 10 s after the flow was

applied. Original objective magnifi-

cation: ×20. b,c, The averages of

flow-induced changes in cytosolic

Ca2+ for both wild-type (wt) and

Pkd1del34/del34 cells in the presence

(b; n = 30 for each genotype) or

absence (c; n = 18 for wild-type; 12

for Pkd1del34/del34) of extracellular

Ca2+. d,e, Compared with wild-type

(wt) cells, Pkd1del34/del34 cells had a

greater Ca2+ response to 1 µM

thrombin agonist in the presence

(d) or absence (e) of extracellular

Ca2+. f, The peaks of cytosolic Ca2+

relative to baseline Ca2+ level were

averaged for both wild-type (wt)

and Pkd1del34/del34 cells in the pres-

ence (n = 16 for each genotype) or

absence (n = 15 for each genotype)

of extracellular Ca2+. g, Baseline

cytosolic Ca2+ levels between wild-

type (wt) and Pkd1del34/del34 cells

were compared (n = 27 for each

genotype).
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sistently, the flow-induced peak cytosolic Ca2+ levels were sig-
nificantly lower in both partially differentiated cells
(165 ± 3 nM; n = 6; P < 0.05) and proliferating cells
(164 ± 9 nM; n = 6; P < 0.05) than in fully differentiated cells
at 4 days with well developed cilia (366 ± 74 nM; n = 6). These
observations suggest that PC1 must be present for a well
formed cilium to sense flow and produce a Ca2+ signaling
response. We did not observe a significant difference in cilia
length between wild-type (12.2 ± 0.5 µm; n = 184) and mutant
cells (12.8 ± 0.7 µm; n = 83) in their fully differentiated state.

Ca2+ entry through PC2 initiates flow-induced Ca2+

signaling
Because PC2 is a Ca2+-permeable cation channel7,8 and a binding
partner of PC1 (refs. 3,10), we evaluated its role in flow-induced
Ca2+ influx. In agreement with some recent findings13, we found

that PC2 co-localized with acetylated α-tubulin (Fig. 4a), γ-
tubulin (Fig. 4b) and PC1 (Fig. 4c) in wild-type cells, but not in
Pkd1del34/del34 cells. To examine the functional importance of
PC2 in mediating the cellular response to flow, we used various
antibodies raised against PC1 and PC2 (Fig. 5a) in wild-type
cells. Consistent with the results obtained from the mutant cell
experiments, an antibody raised against PC1 (Fig. 5b) blocked
the normal response of wild-type cells to flow stimulation.
Application of antibody against the extracellular domain of PC2
also completely prevented flow-induced Ca2+ influx (Fig. 5d,e),
whereas treatment with a control antibody against the intracellu-
lar domain of PC2 (p96525) had no effect (Fig. 5c). We verified
the specificities of the antibodies against PC1 and PC2 using
inducible 293T cell lines stably overexpressing PC1 or PC2 as
well as electrophysiological analyses of PC2 channels in wild-
type cells (Fig. 6).

Ca2+ influx induces
intraorganellar Ca2+ release
mediated by ryanodine
receptors
To explore whether the influx of
Ca2+ through PC2 triggered intraor-
ganellar Ca2+ release, we examined
whether ryanodine or InsP3 recep-
tor channels were involved in the
response (Fig. 7a). We used a high
concentration of caffeine to block
ryanodine receptors and to empty
intraorganellar Ca2+ pools sensitive
to ryanodine31. We also used ryan-
odine to specifically block ryan-
odine receptors, which in turn
would inhibit Ca2+-induced Ca2+

release31. Caffeine (Fig. 7b) and
ryanodine (Fig. 7c) each blocked the
increase in cytosolic Ca2+ in
response to flow in Ca2+-containing
medium. The peak increases in
cytosolic Ca2+ were 187 ± 5 nM in
cells treated with ryanodine
(P < 0.005; n = 12) and 177 ± 4 nM
in cells treated with caffeine
(P < 0.01; n = 6) compared with 461
± 76 nM in control cells (n = 12).
Thus, release of intracellular Ca2+

through ryanodine receptors had
an important role in polycystin-
mediated flow-induced signaling in
these embryonic kidney cells.

To explore the possibility that
InsP3 receptors were also involved
in flow-induced intraorganellar
Ca2+ release, we carried out similar
studies using cells treated with
selective inhibitors of G-proteins,
phospholipase C and InsP3 recep-
tors (GDPβS, U73122 and 2-APB,
respectively). None of these chemi-
cals had a statistically significant
effect on flow-induced cytosolic
Ca2+ signaling relative to controls
(Fig. 7d–f). The peak levels of
cytosolic Ca2+ for the control
groups and those treated with

Fig. 3 Responses to mechanical flow stimulation require fully developed cilia. a, A temporal pseudocolor of

cytosolic Ca2+ response to flow stimulation in fully differentiated (control), partially differentiated

(12–24 h) and non-differentiated cells. b,c, Averaged Ca2+ responses to flow in partially differentiated (b)

and non-differentiated (c) cells were compared with a control group (n = 6 each). d–f, Double labeling of PC1

(green) with either acetylated α-tubulin or α-tubulin (red) in fully differentiated cells (d), in poorly differenti-

ated cells that had short or no cilia (e) and in cells grown in the proliferation medium (f). PC1 was occasionally

detected in cilia of poorly differentiated cells but never in cells grown in the proliferation media. Blue, DAPI

(4′-6-diamidino-2-phenylindole) staining of cell nuclei. In some cases, cells in mitotic phase were observed (f).
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GDPβS, U73122 or 2-APB were 494 ± 51 nM (n = 12),
506 ± 71 nM (n = 12), 413 ± 53 nM (n = 6) and 441 ± 42 nM
(n = 12), respectively (P > 0.5 for all versus control).

Discussion
Collectively, our data indicate that ciliary PC1 and PC2 act in
concert with ryanodine receptors to mediate transduction of an
extracellular mechanical stimulus into a Ca2+ signaling
response inside kidney epithelial cells. The requirement for
extracellular Ca2+ indicates that the initial response to mechan-
ical stimulation is the influx of Ca2+ across the plasma mem-
brane, whereas the results obtained with ryanodine and
caffeine suggest that the intraorganellar Ca2+ buffering system
may mediate downstream signaling. Heterologous expression
of PC2 alone has been known to result in augmented intraor-
ganellar Ca2+ release8,9, but PC2 channels can also be translo-
cated to the plasma membrane in the presence of proteosome
inhibitors and PC1 (refs. 8,10).

In this study, we found expression of both PC1 and PC2 on
the cilia of mouse embryonic kidney cells and antibodies spe-
cific for PC2 appeared to block Ca2+ entry, suggesting a predom-
inant role of PC2 in flow-induced Ca2+ influx, at least in these
cells. We therefore propose that PC1, with its large extracellular
domain32, may sense the bending of the primary cilium induced
by fluid flow, functioning as a mechano-fluid stress sensor.
Resultant conformational changes of PC1 transduce the
mechanical signal into a chemical response by activating tightly
associated PC2 Ca2+ channels. This local Ca2+ influx in the cil-
ium subsequently triggers intraorganellar Ca2+ release inside the
cytoplasm through Ca2+-induced Ca2+ release (Fig. 8). Changes
in intracellular Ca2+ concentration may then alter various cell
functions, including gene expression, growth, differentiation
and apoptosis, thus altering tissue and organ development.

It is notable that, compared with normal epithelia, cells with
mutations in Pkd1 have greater intracellular Ca2+ responses to
thrombin stimulation. The underlying mechanisms for this are
currently unknown. Thrombin receptors are typical seven-

transmembrane G-protein-coupled receptors33,34 and may be
coupled to Gi in epithelial cell lines34. PC1 also has been shown
to act as an activator of heterotrimeric Gi and Go proteins that,
in turn, regulate the activities of plasma membrane cation chan-
nels through the release of Gβγ subunits5. The flow-induced
cytosolic Ca2+ increase does not seem to be mediated by G-pro-
teins, however, as inhibitors of G-proteins had no effect on this
process. This is consistent with our previous finding that the acti-
vation of G-proteins by PC1 is antagonized by PC2 when PC1
and PC2 are co-expressed5. The augmented Ca2+ signaling

Fig. 4 Polycystin-2 was detected in the cilia of wild-type (wt) collecting

duct–derived epithelial cells. a, PC2 clearly appeared to co-localize with acety-

lated α-tubulin in wild-type but not in mutant cells. Blocking peptides were

used in wild-type cells to show antibody specificity. b, Double labeling of PC2

with γ-tubulin, a marker for the basal body of cilia. PC2 signal was seen in the

wild-type but not mutant cells. c, Co-distribution of PC1 and PC2 was observed

in two wild-type cells. Original objective magnification: ×100.

a

b

c

a b c

d e

Fig. 5 Polycystin-2 in flow-induced Ca2+ signaling. a, Topology of PC1

and PC2 with epitopes for antibodies against PC1 and PC2 indicated.

b–e, Antibodies against PC1 (p96521) and against PC2 (p57 and p58)

at dilution 1:50, but not an antibody raised to the intracellular

domain (p96525), blocked responses to flow. Control, no antibody

added. n = 12 for each group.
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response to thrombin observed in the mutant cells may therefore
reflect an imbalance in G-protein signaling due to mutant PC1
which, in turn, promotes enhanced Ca2+ release or transport by
means of a different molecular pathway. We have also shown that
PC1 does not activate Gq5, a G-protein involved in intraorganel-
lar Ca2+ release through the InsP3 receptor. Consistent with these
results, we found no evidence for the involvement of the InsP3
receptor in response to flow.

Since the Pkd1del34 mouse model was generated24, several
mouse models with mutations in Pkd1 have been estab-
lished25,35–37. The phenotype associated with the Pkd1del34 muta-
tion is similar to but slightly milder25,37 than those associated with
other Pkd1 mutations in terms of kidney and pancreatic cysts,
perinatal lethality, hydrops fetalis and polyhydroamnios in the
homozygotes24,25 and liver disease in the heterozygotes38. The rela-
tively mild phenotype seems to be a mutation-specific effect that

may be related to high levels of mutant PC1 in
Pkd1del34/del34 mice; high levels of PC1 are also
found in kidneys of many individuals with
autosomal dominant PKD28,39,40. Recent
genotype–phenotype correlation studies in
individuals with PKD also showed that 5′
PKD1 mutations seem to result in more severe
phenotypes than do 3′ mutations41. Some
extrarenal phenotypes, such as hemorrhage
and congestive heart failure, have been found
only in some mice with mutations in Pkd1,
which may be due to the nature of the muta-
tion and the specific background mouse
strains. In view of the data presented here, we

Fig. 7 Ca2+-induced Ca2+ release was required for flow-

induced Ca2+ responses. Two pathways that lead to

intraorganellar Ca2+ release were examined (a). Paral-

lel experiments on fluid shear stress with and without

treatment of caffeine (b) or ryanodine (c) showed that

emptying the ryanodine-sensitive pool or inhibition of

ryanodine receptors (RyR), which are activated by

increases in the cytosolic Ca2+ concentration under

normal physiological conditions, significantly inhib-

ited increases of cytosolic Ca2+ in response to flow.

d–f, Inhibitors of heterotrimeric G-proteins (d), phos-

pholipase C (e) or InsP3 receptors (f) did not inhibit the

Ca2+ signal. n = 6 for caffeine and U73122 treatments;

n = 12 for all others.

Fig. 6 Specificity of antibodies against polycystins. a, Western-blot analyses

showed that the antibody against PC1 recognized a high molecular-weight

PC1 band in induced but not in uninduced PC1 stably transfected 293T cells.

b–d, The direct effects of antibodies against PC2 on channel activities were

shown by outside-out patches excised in wild-type cells and by western

blots and immunoprecipitation studies. The changes in open state proba-

bility (Po) of the PC2 channels were measured at –110 mV before and after

addition of p96525 (b; n = 4), p57 (c; n = 7) and p58 (d; n = 5) at a dilution of

1:50, 1:50 and 1:500, respectively. The calibration bar represents negative

inward current.
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propose that the inability to
respond to flow contributes to
cyst formation but that alter-
ation in other downstream or
parallel signaling pathways may
be responsible for modification
of the phenotypes.

Polaris and cystin, which are
mutated in two mouse models
for PKD that are not related to
human disease, have recently
been localized to primary cilia
in cultured renal epithe-
lia12,14,18. Although the func-
tion of cystin is unknown,
polaris seems to be critical for
ciliogenesis, as mice with
mutant polaris develop short-
ened cilia or no cilia in kidney
epithelia. In light of our finding
that cells with mutant PC1 are
seemingly normal but do not
sense fluid flow, we propose that
the structural and functional
integrity of the primary cilium
is critical for normal kidney cell
differentiation and organ mor-
phogenesis. Defects in either
may be key events in tubule
dilatation and cyst formation.
The mechanism behind this
developmental control may be
analogous to the mechanism by
which normal blood vessels sense fluid shear stress and sponta-
neously remodel the vascular wall and change the lumen diameter
to maintain a nearly constant fluid shear stress throughout the vas-
culature22,23. Similarly, cells that lack PC1 and flow-induced Ca2+

influx may respond as if the stress levels were constitutively high,
resulting in tissue remodeling and a compensatory increase in the
diameters of renal tubules and other ciliated ducts1,2 (biliary and
pancreatic), which are the cardinal features of PKD.

Methods
Embryonic kidney cell culture. We generated timed pregnancies by inter-
crossing mice heterozygous with respect to both the Pkd1del34 allele24 and
the temperature-sensitive SV40 large T antigen (Charles River). As
described previously24,25, Pkd1del34 was created by replacing exon 34 of
Pkd1 with a neomycin resistance gene, which results in a frame shift short-
ly after exon 33. This mutation is predicted to result in a truncated PC1
protein of 3,532 amino-acid residues lacking the C-terminal half of the
transmembrane domains and the entire C-terminal intracellular domain.
We isolated kidneys from Pkd1del34/del34 or wild-type E15.5 embryos, disso-
ciated them with collagenase and plated them out in Dulbecco’s modified
Eagle medium containing 2% fetal bovine serum, 0.75 µg l–1 interferon-
γ, 1.0 g l–1 insulin, 0.67 mg l–1 sodium selenite, 0.55 g l–1 transferrin,
0.2 g l–1 ethanolamine, 36 ng ml–1 hydrocortisone, 0.10 µM 2,3,5-triido-
L-thyronine, 100 units penicillin-G (base) in combination with 0.30 mg
ml–1 additional glutamine, 100 µg streptomycin sulfate and 0.1 mM citrate
to maintain penicillin potency. We obtained all cell culture supplements
from Invitrogen except for interferon-γ, hydrocortisone and 2,3,5-triido-
L-thyronine, which we obtained from Sigma. We determined the geno-
types of these cells as described previously24. For cell sorting, we grew cells
to confluence for 3 d at 37 °C. After trypsinization, we incubated 106

cells ml–1 with 10 µg ml–1 DBA (Vector Lab) and carried out cell sorting as
described42. We added 11.0 g l–1 sodium pyruvate to maintain cell viability
in suspension media. We only used cells from passages 3–18 after sorting.
Unless otherwise stated, we purchased all chemicals from Sigma.

Immunolocalization of PC1 and PC2. We sectioned mouse embryonic kid-
neys (E15.5) to a thickness of 5 µm and grew tubular epithelial cells to vari-
ous degrees of confluence. After fixation, we incubated samples overnight at
4 °C with a purified antibody against PC1 (1:1,000 dilution) and then with
secondary antibody against rabbit labeled with fluorescein isothiocyanate
(1:500 dilution) for 1 h at room temperature. For double labeling, we co-
labeled antibodies to the cilia markers α-tubulin or γ-tubulin (1:10,000)
with the antibody against PC1 and then secondary antibody against mouse
labeled with Texas Red (1:500 dilution) as described previously28.

Ca2+ microfluorimetry. We grew epithelial cells for at least 2 d in the
absence of interferon-γ to induce optimal differentiation. We formulated a
non-fluorescent, CO2-independent medium for Fura-2 Ca2+ imaging
(pH 7.3), which contained 1.26 mM CaCl2, 0.81 mM MgSO4, 5.37 mM
KCl, 0.44 0mM KH2PO4, 137 mM NaCl, 0.34 mM Na2HPO4, 5.55 mM D-
glucose, 2.0 mM L-glutamine, 1.0 mM sodium pyruvate, 20.0 mM HEPES
buffer and 1% bovine serum albumin. We used the same buffer without
CaCl2 and MgSO4 as Ca2+-free buffer with 1 mM of ethylene glycol tetra-acetic
acid (EGTA). In some experiments, we incubated cells with caffeine (30 mM),
ryanodine (30 µM), GDPβS (10 µM), U73122 (10 µM) or 2-APB (10 µM) for
45 min before flow activation. In other experiments, we incubated cells with
antibodies against PC1 or PC2 at a dilution of 1:50 for at least 45 min. We then
washed cells at least three times with phosphate-buffered saline.

The experimental setup for flow has previously been described in
detail21. Briefly, we incubated cells for 30 min with the Ca2+ sensitive probe
Fura2-AM (5 µM) at 37 °C. We then washed cells three times to remove
excess Fura2-AM and placed them in a perfusion chamber with a thickness
of 0.0254 cm and width of 1.0 cm (GlycoTech). The chamber was posi-
tioned under a Nikon Diaphot microscope equipped with a CCD camera
using IPLab software for Macintosh. We captured paired Fura images every
5 s at excitation wavelengths of 340 nm and 380 nm. After equilibration in
the microscopy media for at least 10 min, we then stimulated the primary
cilia of these cells at a fluid shear stress of 0.75 dyne cm–2. We radiometri-
cally calculated the Ca2+ level relative to the baseline value using Rmin and
Rmax values of 0.3 and 6.0, respectively.

Fig. 8 Schematic diagram of mechanisms of fluid shear stress and Ca2+ signaling in mouse embryonic kidney cells. Cilia

act as antennae to sense fluid movement. PC1, with its large extracellular domains, acts as a sensory molecule for fluid

shear stress that transmits the signal from the extracellular fluid environment to PC2, which, in turn, produces sufficient

Ca2+ influx to activate intracellular ryanodine receptors (RyR) through Ca2+-induced Ca2+ release (CICR). The resulting

local increase in the cytosolic Ca2+ concentration then regulates numerous molecular activities inside the cell that con-

tribute to tissue development.
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Methods for quantification of agonist-induced Ca2+ influx and release
have been described previously in detail31. Briefly, we loaded cells with
5 µM of Fura-2 AM (Molecular Probes) in HEPES buffer (pH 7.4) con-
taining 132 mM NaCl, 4.2 mM NaHCO3, 5.9 mM KCl, 1.4 mM MgSO4,
1.2 mM Na2HPO4, 1.6 mM CaCl2, 11 mM dextrose and 10 mM HEPES
buffer. We removed CaCl2 from the Ca2+-free buffer and supplemented it
with 1 mM EGTA. After equilibration for 15 min, we exposed cells to
1 µM of a hexapeptide thrombin receptor agonist (Bachem). The emitted
fluorescence was filtered at 500 nm, and the ratio of the emitted light at
excitation wavelengths 340 nm and 380 nm was calculated automatically
as a measure of intracellular Ca2+.

Generation of affinity-purified antibodies. To generate antibodies
against PC1 or PC2, we used a segment of the extracellular first PKD
domain of mouse PC1 (residues 866–882) for p96521 (ref. 43); part of
the first extracellular loop of mouse PC2 (residues 278–428) for p57 and
p58 (ref. 44); and the N-terminal intracellular tail of mouse PC2
(residues 44–62) for p96525 (ref. 45). We immunized New Zealand white
rabbits with 0.1 mg of the corresponding synthetic peptides or affinity-
purified, maltose-binding protein–polycystin fusion proteins (for p57
and p58). We purified all polyclonal antibodies using fusion protein- or
peptide-bound affinity columns. Specificities of these antibodies were
confirmed by western blotting or immunostaining; the PC1 antibodies
recognized the same molecular-weight band on western blot and the
same PC1-positive cells as a previously published antibody against PC1
(ref. 46). We created both PC1 and PC2 stable cell lines according to
manufacturer’s protocols (Invitrogen).

Electrophysiology. We carried out the electrophysiological studies
using the outside-out mode of the patch-clamp technique. Pipette solu-
tion contained 100 mM KCl, 0.1 mM CaCl2, 10 mM HEPES buffer,
5 mM EGTA, pH 7.5. When filled with this internal solution, the pipette
tip resistances were 5–10 MΩ. We used seals with resistances of >5 GΩ
in single-channel experiments and measured currents with an integrat-
ing patch-clamp amplifier. Single-channel currents were filtered at
3 kHz through an 8-pole Bessel filter. The bath solution contained
100 mM KCl, 10 mM HEPES buffer, pH 7.5. The voltages were applied
and single-channel currents digitized (150 µs per point) and analyzed
using Digidata converter and programs based on pClamp (Axon Instru-
ments). We calculated open probability (Po) from 30-s segments of cur-
rent records in patches containing only one functioning channel,
because we observed only one current level in these recordings. We ana-
lyzed several hundred or more events using half-amplitude threshold
criteria for generating each data point. The experiments were carried
out at 23 °C. In about 20% of the recordings, we observed subconduc-
tance states and brief openings of the main conductance. Because the
changes in the main conductance events were the most relevant effects
of the antibodies, we excluded channel activity resulting from the sub-
states and events shorter than 1 ms. We used K+ rather than Ca+2 as the
charge carrier, because K+ produced larger current amplitudes that
allowed us to achieve a more accurate measurement of the changes in
the opening probability elicited by the antibodies.

Data analysis and statistics. We calculated cytosolic free Ca2+ concen-
trations using the formula [Cyt Ca2+] = Kd × ((R – Rmin) / (Rmax – R)) ×
(Fmax at 380 nm / Fmin at 380 nm) where Kd denotes apparent dissocia-
tion constant of Fura2 indicator (145 nM), R is the ratio of 510 nm
emission intensity when excited at 340 nm to 510 emission intensity
when excited at 380 nm, Rmin and Rmax are ratios at zero and saturating
(10 mM) Ca2+ concentrations, respectively, and Fmax and Fmin are the
fluorescence intensity excited at 380 nm at zero and saturating free
Ca2+ concentrations, respectively. At the end of the Fura-2 experi-
ments, we incubated cells with calcium-free solution containing
140 mM potassium, 2 mM EGTA and 10 µM ionomycin (at pH 8.6 to
optimize the ionomycin effect) for about 5 min. This allowed us to
obtain the minimum signal ratio and values of Rmin and Fmax at
380 nm. We then supplied excess Ca2+ to the cell by adding 10 mM
CaCl2 to determine the maximum signal ratio. After the 340-nm and
380-nm signals were stable (roughly 3 min), we obtained the values of
Rmax and Fmin at 380 nm. All of the fluorescence measurements were
then corrected for autofluorescence.

All values for statistical significance represent mean ± s.e., and each data
set was verified to be normally distributed before analysis. We carried out
comparisons between means using paired Student’s t-test. For all compar-
isons, we carried out power analyses to enable reliable conclusion, and coef-
ficient variances were below 10%. All comparisons with negative results had
statistical powers of ≥0.8, and statistical significance implies P < 0.05.
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