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Abstract Transient receptor potential (TRP) polycystin 3
(TRPP3) is a member of the TRP superfamily of cation
channels. Murine TRPP3 has been reported to form an
acid-activated cation channel on the plasma membrane
when coexpressed with the polycystin 1-like protein 3
(PKD1L3); however, the function and biophysical prop-
erties of TRPP3-dependent channels have not yet been
characterized in detail. Here we show that overexpression
of murine TRPP3 channel in HEK293 cells, without
coexpression of PDK1-like proteins, leads to robust
channel activity. These channels exhibit a high single-
channel conductance of 184 pS at negative potentials, are
Ca2+-permeable, and relatively nonselective between cati-
ons. Whole-cell experiments showed a characteristic form
of voltage-dependent gating of TRPP3 channels, where-
by repolarization after depolarization caused large tran-
sient inward TRPP3 tail currents. Moreover, we found
that TRPP3 activity was increased upon cell swelling
and by alkalization. Taken together, our results demon-
strate that TRPP3, on its own, can act as a voltage-
dependent, pH- and volume-sensitive plasma membrane
cation channel.
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Introduction

Transient receptor potential (TRP) channels constitute a
superfamily of nonselective cation channels. Some, if not
all, members of the TRP superfamily are sensitive to
multiple stimuli such as temperature, taste compounds, and
mechanical and osmotic stress [18, 23, 28]. The transient
receptor potential polycystin (TRPP) channels form one of
the subfamilies of the TRP cation channel superfamily and
includes three homologous members: TRPP2 [also called
polycystin-2 (PC2) or polycystic kidney disease-2 (PKD2)],
TRPP3 [polycystin-L (PCL) or PKD2-like 1 (PKD2L1)],
and TRPP5 (PKD2L2) [5, 18, 28]. Although TRPP2 and
TRPP3 have been reported to be functional Ca2+-permeable
nonselective cation channels [1, 7], activities of these
channels seem to be modulated by TRPP1 (polycystin-1
or PKD1) and/or TRPP1-like proteins.

TRPP1 and its homologues are not considered TRP
channels because of their specific structure with 11
transmembrane-spanning helices (compared to the six
transmembrane segments in each TRP channel subunit)
and are assumed to function as receptors or scaffolding
proteins [4, 10, 17, 22]. For example, TRPP1 and TRPP2
form a receptor-ion channel complex, and mutations in both
TRPP1 and TRPP2 cause autosomal dominant polycystic
kidney disease (ADPKD) [24]. TRPP3 has recently been
proposed to form a putative sour receptor complex in taste
cells when coexpressed with PKD1L3, one of TRPP1-like
proteins [9, 10, 15]. Based on the TRPP3 expression pattern
in a diversity of tissues [21], however, the TRPP3 channels
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might also sense other physiological stimuli. We have
therefore studied the regulatory mechanisms of TRPP3
channel activity.

Human TRPP3 has been reported to form a constitutive-
ly active nonselective cation channel with a large single-
channel conductance and significant Ca2+ permeability in
the Xenopus oocytes expression system [1]. It has been
shown that TRPP3 channels are voltage-dependent [13] and
inhibited by monovalent cations larger than tetraethyl
ammonium [2] as well as by multivalent cations such as
Mg2+, Gd3+, and La3+ [1, 14]. In the case of murine TRPP3,
however, neither the single-channel conductance nor the
exact gating properties have been investigated so far. A
previous report suggested that TRPP3 is activated by strong
acidification in mammalian cells when coexpressed with
PKD1L3 [10]. Therefore, it is also noteworthy evaluating
electrophysiological properties of murine TRPP3 channels
itself.

In the present study, we characterized channel activity of
TRPP3 upon overexpression in human embryonic kidney
(HEK293T) cells. We show that, even in the absence of
TRPP1-like proteins, murine TRPP3 forms spontaneously
active nonselective cation channels in the plasma mem-
brane, which are sensitive to voltage and osmotically
induced cell volume changes.

Materials and methods

Cell culture and transfection

Human embryonic kidney cells, HEK293T, were grown in
Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal calf serum, 2 mM L-glutamine, 2 U/ml
penicillin, and 2 mg/ml streptomycin at 37°C in a humidity-
controlled incubator with 10% CO2. HEK293T cells were
transiently transfected with the murine TRPP3 gene (kindly
provided by Dr. H. Matsunami, Duke University Medical
Center) subcloned in the bicistronic pCINeo-IRES-GFP
vector [26] using a Mirus TransIT-293 transfection reagent
(Mirus, Madison, WI, USA) according to the manufac-
turers’ instruction. All experiments were carried out more
than 36 h after transfection.

Electrophysiology

Whole-cell and cell-attached recordings were performed
with an EPC-9 patch-clamp amplifier (HEKA Electronik,
Lambrecht, Germany) at room temperature. Patch master
software (HEKA Electronik) was used for command pulse
control and data acquisition, and WinASCD software
(provided by Dr. G. Droogmans, KU Leuven, Leuven,

Belgium ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/
winascd.zip) was utilized for data analysis. Currents were
filtered at 3 kHz and digitalized at 10 kHz. Patch
electrodes had a resistance of 2–3 MΩ when filled with
pipette solution. Liquid junction potential at the tip of the
electrodes was calculated with PClamp 9.2 software
(14.9 mV: Molecular Devices, Foster City, CA, USA)
and compensated with the Patch master software. The
access resistance (<10 MΩ) was electrically compensated
by 70% to minimize voltage errors. Salt bridges contain-
ing 3 M KCl were employed to minimize junction po-
tential changes at the reference electrode in ion selectivity
experiments.

The relative permeability for monovalent cations,
compared to Na+, was calculated using the following equa-
tion; PX =PNa ¼ gNa � Naþ½ �0

�
gX � X½ �0

� �� exp ΔVrev � F=RTð Þ,
where ΔVrev is Erev,X–Erev,Na, F and R are universal
constants, and T is the absolute temperature (293.15 K
corresponding to 20°C). γNa and γX are activity coeffi-
cients for Na+ and other monovalent cations, respectively.
For Ca2+ selectivity, we used the following equation;
PCa PCs ¼ gCs � Csþ½ �i

.
4� gCa � Ca2þ

� �
0

� �
� exp ΔVrev�ð

.

F=RTÞ � 1þ exp ΔVrev � F=RTð Þf g, where ΔVrev is
Erev,Ca–Erev,Na, γCs (0.76) and γCa (0.3) are the activity
coefficient for Cs+ and Ca2+, respectively [8]. To obtain
PCa/PNa, PCa/PCs was multiplied by PCs/PNa. For details of
equations, see a previous manuscript [12].

The amplitude of single-channel currents was measured
as the peak-to-peak distance in Gaussian fits of amplitude
histograms. Channel activity (NPo, where N is the number
of channels and Po is the open probability) at −60 mV was
calculated by dividing the mean current amplitude of
recordings lasting longer than 30 s by the single-channel
amplitude obtained from the same traces.

The pipette (intracellular) solution (290 mosmol/kg
H2O) in whole-cell recordings consisted of (in mM): 130
Cs-aspartate, 2 MgATP, 10 MgCl2, 1 ethylene glycol
tetraacetic acid (EGTA), 10 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), buffered at pH 7.3 with
CsOH. To prevent contamination by endogenous Mg2+-
inhibitable cation currents, this high-Mg2+ pipette solution
was utilized in all patch-clamp experiments. In some
experiments, to investigate the Ca2+ dependency of TRPP3
currents, EGTA was increased to 10 mM, either without
added Ca2+ or with addition of CaCl2 to obtain a free Ca2+

concentration of 1 μM. The free Ca2+ concentration was
calculated with WCabuf software (provided by Dr. G.
Droogmans, KU Leuven, Leuven, Belgium). The standard
isotonic bathing solution (300 mosmol/kg H2O) contained
(in mM): 130 NaCl, 1 MgCl2, 10 HEPES, 40 mannitol,
buffered at pH 7.4 with NaOH. This solution was also
utilized as pipette solution in cell-attached recordings. For
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ion selectivity experiments, MgCl2 was omitted from the
standard solution, and 5 mM ethylenediaminetetraacetic
acid was added. NaCl was replaced with CsCl or N-methyl-
D-glucamine (NMDG)–Cl in an equimolar fashion. For
determining Ca2+ selectivity, 65 mM CaCl2 was used
instead of 130 mM NaCl, and 65 mM mannitol was added
to compensate the osmolality. To test for acid sensitivity of
voltage-dependent activity of murine TRPP3 channels,
NaCl in the standard solution was replaced equimolarly
with Na-gluconate to prevent contamination by acid-
activated Cl− currents [11], and 25 mM citric acid was added
just before use, which resulted in pH 2.7. To check the effect
of alkalization (pH 9), 10 mM N-Tris(hydroxymethyl)methyl-
3-aminopropanesulfonic acid (TAPS) was added to the
standard solution. Cell swelling and shrinkage was carried
out using hypotonic (260 mosmol/kg H2O) and hypertonic
(350 mosmol/kg H2O) solutions made by changing the
concentration of mannitol in the standard isotonic solution.
The osmolality was measured with a vapor pressure
osmometer (model 5500; Wescor, Logan, UT, USA).

Single-cell size measurements

Single-cell size measurements were performed in whole-
cell patch-clamped HEK293T cells overexpressing TRPP3.
Cell images were visualized through a CCD camera
(TVCCD-200: Monacor, Bremen, Germany), captured with
a generic video capture PCI card, and recorded every 15 s
using InterVideo WinDVR (Corel, ON, Canada). The cross-
sectional area (CSA) of targeted cells was analyzed using
ImageJ software (version 1.38x: freeware at http://rsb.info.
nih.gov/ij/ provided by Dr. W. Rasband).

Ca2+-imaging

Intracellular Ca2+ was measured with a monochromator-
based imaging system consisting of a Polychrome IV
monochromator (Till Photonics, Martinsried, Germany) and
a Roper Scientific charge-coupled device camera connected
to a Axiovert 200M inverted microscope (Zeiss, Gottingen,
Germany). The monochromator and camera were controlled
by Metafluor software (Version 6.3; Universal Imaging,
Downingtown, PA, USA). Cells were loaded with Fura-2
acetoxymethyl ester for 20 min at 37°C. Fluorescence was
measured during alternating excitations at 340 and 380 nm.
After correction for the individual background fluorescence,
the ratio of fluorescence at both wavelengths (F340/F380) was
monitored. The standard bathing solution contained (in mM):
90 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 D-
glucose, and 110 mannitol, buffered at pH 7.4 with NaOH.
For high-Ca2+-containing solution, 90 mM mannitol was
replaced with 30 CaCl2.

Statistical analysis

Data are presented as means±SEM of n observations.
Statistical differences of the data were evaluated by paired
or unpaired Student’s t test and were considered significant
at P<0.05.

Results

Constitutively active TRPP3 channels are voltage-dependent

To characterize the functional properties of murine TRPP3
channels, we performed whole-cell patch-clamp recordings
of transiently GFP- and TRPP3-expressing HEK293T cells.
In TRPP3-expressing cells, we measured robust channel
activity after establishing the whole-cell configuration,
whereas no such currents were measured in GFP-expressing
cells (Fig. 1a). Although human TRPP3 is reported to be
Ca2+-activated [1], we could not observe any difference in
current properties when using pipette solutions containing
either 10 mM EGTA (with no added Ca2+) or 1 μM free
Ca2+ (Supplementary Fig. 1). Moreover, we did not detect
current activation upon addition of 5 mM Ca2+ in the
standard bathing solution (Supplementary Fig. 1). These
results suggest that Ca2+ does not regulate the basal activity
of murine TRPP3 channels. TRPP3-expressing cells
exhibited outwardly rectifying currents with large tail
currents after repolarization to −100 mV. The current–
voltage relationships for steady-state currents and tail
currents at each test pulse are shown in Fig. 1b. The
voltage-dependence of TRPP3 channels was estimated by
calculating the apparent open probability (Po) from tail
currents. Tail current amplitudes in function of the prepulse
potential were fitted using a modified Boltzmann equation
ðI ¼ Imax= 1þ exp � V � Vhalfð Þ=sð Þð Þ, where Vhalf is the
potential of half-maximal activation, s is the slope factor,
and Imax is the saturating tail current. As shown in Fig. 1c,
the constitutive activity of TRPP3 channels is voltage-
dependent with a Vhalf of +108.3±20.9 mVand a value for s
of 38.0±7.2 mV (n=16). The absolute value of the Vhalf is
time-dependent. During an experiment, we observe a
constant shift towards more positive potentials. This might
be the reason that in the cell-swelling experiments Vhalf

values are larger than shown in Fig. 1. Another difficulty
is the normalization of the individual tail currents to the
maximal tail current amplitude obtained from fitting to
the Boltzmann equation in each individual experiment
and the impossibility to reach plateau values in long-
lasting experiments. We therefore focus the discussion of
our results on the shifts in Vhalf rather than absolute
values.
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To further investigate the voltage dependency of TRPP3
currents, we applied step pulses following a depolarizing
pre-pulse to +120 mV. Whereas steady-state currents were
outwardly rectifying due to the above-described voltage
dependence, the current–voltage relationship for instanta-
neous TRPP3 currents showed strong inward rectification
(Fig. 1d and e). Given that intracellular Mg2+ ions are
known to cause inward rectifications of other channels,
including inwardly rectifying K+ channels [16] and certain
TRP channels [30, 32], we investigated rectification of

TRPP3 using Mg2+-free pipette solutions. However, inward
rectification and gating kinetics of TRPP3 were not
changed when intracellular Mg2+ was removed (Fig. 2). In
addition, even when we replaced Cs-aspartate by Na-
aspartate in the pipette solution, TRPP3 currents displayed
inward rectification (Fig. 2).

The kinetics of murine TRPP3 channel activation was
further investigated by analyzing the inward tail current
amplitude following depolarizing step pulses of different
duration to +120mV.As shown in Fig. 3, the peak tail currents

Fig. 1 Voltage dependence of
murine TRPP3 channel. a Rep-
resentative whole-cell currents
in GFP- and TRPP3-expressing
HEK293T cells. Step pulses
from −100 to +160 mV in
20 mV increments with a post-
pulse to −100 mV were applied.
b Current–voltage relationships
for steady-state currents (open
symbols) and instantaneous tail
currents (closed symbols) at
each test pulse in GFP- (circles;
n=4) and TRPP3-expressing
HEK293T cells (squares; n=
16). c Voltage dependence of
open probabilities (Po) obtained
by normalization of tail currents
to the maximal amplitude of
each individual cell obtained
from Boltzmann fits. The solid
line indicates the fitting curve.
The Vhalf was +108.3±20.9 mV.
d Representative whole-cell
currents elicited by step pulses
from −100 to +120 mV in 20 mV
increments with a pre-pulse to
+120 mV. e Current–voltage rela-
tionships for steady-state currents
(open) and instantaneous currents
(closed). Data are obtained from
five experiments. Dotted lines in
the different panels indicate the
zero-current level
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grew with increasing depolarization, and this time-dependent
increase could be described using a monoexponential
function with a time constant of 62.3±10.9 ms (n=12).

Ion selectivity and cation blockade of TRPP3 channels

The reversal potential for instantaneous TRPP3 currents
was around 0 mV (see Fig. 1e), indicating that the
current is cationic given the negative equilibrium poten-
tial for Cl_ (ECl −48 mV).

When extracellular Na+ was completely substituted with
Cs+, NMDG+, or Ca2+ reversal potentials were measured
using voltage ramps from +100 to −100 mV applied every
5 s. The reversal potentials with Na+, Cs+, NMDG+, or
Ca2+ as main extracellular cation were −8.5±0.8 mV (n=
12), −7.6±0.9 mV (n=9), −35.5±3.3 mV (n=9), or −2.0±
0.8 mV (n=7), respectively. From the shifts of the reversal
potential, we calculated the permeability ratios to Na+

(PX/PNa), which yielded the following permeability se-
quence 3.96±0.33 (Ca)>Cs (1.02±0.02)≈Na (1)>NMDG
(0.36±0.04). Results shown in Fig. 4a,b indicate that
murine TRPP3 channel is a Ca2+-permeable nonselective
cation channel.

Although TRPP3 is permeable to Ca2+ and Cs+,
exchanging Na+ for Ca2+ or Cs+ in the bathing solution
reduced inward currents in response to voltage ramps (see

Fig. 4a). We measured amplitudes of tail currents induced
by step pulses from +120 to −100 mV under these
conditions. Extracellular application of Ca2+ or Cs+ reduced
tail currents by 86% or 53%, respectively, compared with
Na+ (Fig. 4c,d). Although we observed strong inhibition of
TRPP3 tail currents by high Ca2+ concentration, the
amplitude was significantly different from NMDG+ indi-
cating that Ca2+ contributes to the current through TRPP3.

To further confirm Ca2+ permeability through TRPP3
channel, we performed Ca2+ imaging using Fura-2 in
HEK293T cells. We found that the basal Ca2+ level was
higher in TRPP3-expressing cells than in GFP-expressing
cells and that elevation of extracellular Ca2+ to 30 mM
caused a robust increase of intracellular Ca2+ in TRPP3-
transfected cells, but not in GFP-expressing cells (Fig. 4e,
n=25–26). These results indicate constitutive Ca2+ perme-
ability through TRPP3 channels.

Single-channel conductance of TRPP3 channels

Because of the low open probability of TRPP3 at negative
potentials and the large amplitude of the single channel
currents, we could reliably measure single-channel activity
in whole-cell recordings. Typical recordings of the
constitutive channel activity are shown in Fig. 5a. Similar
single-channel currents were never observed in GFP-

Fig. 2 TRPP3 exhibits inward
rectification under intracellular
Mg2+-free and symmetrical cat-
ionic conditions. a Representa-
tive whole-cell currents under
intracellular Mg2+-free (left) and
symmetrical cationic conditions
(right). Currents were obtained
from step pulses from −100 to
+160 mV in 20-mV increments
with a post-pulse to −100 mV. b
Current–voltage relationships
for steady-state currents (open
symbols) and instantaneous tail
currents (closed symbols) at
each test pulse under intracellu-
lar Mg2+-free (circles; n=6) and
symmetrical cationic conditions
(squares; n=4) and replacement
of Cl− by aspartate
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expressing cells (n=12; data not shown). The single-
channel slope conductance of TRPP3 channels at negative
potentials was 184±5 pS (n=8–16; Fig. 5b), indicating that
murine TRPP3 is a cation channel with a large single-
channel conductance.

Due to the high open probability, we could not reliably
measure single-channel TRPP3 activity at positive poten-
tials in the whole-cell configuration. However, we could
observe outward single-channel currents at potentials more
depolarized than +100 mV in six of 52 cell-attached
recordings, with a single-channel slope conductance at
positive potentials of 105±3 pS (Fig. 5c,d). Such single-

channel activity was never observed in GFP-expressing
cells (n=32). Whereas steady-state inward single-channel
TRPP3 currents were never detected in cell attached
patches, deactivating single-channel TRPP3 currents were
consistently observed at −100 mV following depolarizing
voltage steps that evoked outward current. The single-
channel amplitude at −100 mV in cell-attached recordings
was similar to that in whole-cell recordings, suggesting that
this channel activity is mediated by TRPP3 channels and
indicating that TRPP3 exhibits inward rectification at the
single-channel level.

Acid sensitivity of TRPP3 channels

Since it has been suggested that heteromultimers of
PKD1L3 and TRPP3 function as sour receptors [9, 10,
15], we examined effects of citric acid on TRPP3 channels.
In TRPP3-expressing cells, spontaneous single-channel
TRPP3 currents at a holding potential of −60 mV could
be reliably recorded in whole-cell conditions for more than
20 min (data not shown). Figure 6a shows a typical holding
current at −60 mV, illustrating the effect of adding solution
containing 25 mM citric acid (pH 2.7). Single-channel
TRPP3 currents disappeared during application of citric
acid, although a sharp transient inward current was
consistently observed. After restoration of normal pH, the
TRPP3 currents recovered. The transient acid-induced
current was blocked by 100 μM amiloride or by replace-
ment of NaCl with CsCl in bathing solutions (data not
shown, n=8 or 4, respectively) and was also observed in
non-transfected HEK293 cells, which indicates that it is
carried by the endogenously expressed acid-sensitive ion
channel (ASIC) [6]. As shown in Fig. 6b, c, tail currents of
TRPP3 channel were completely and reversibly inhibited
by acidification with citric acid. These results indicate that
strong acidification with citric acid suppresses TRPP3
currents. Surprisingly, alkalization to pH 9 strongly en-
hanced TRPP3 tail currents (Fig. 6d, e). These results
indicate that murine TRPP3 channels are sensitive to pH
changes. However, the effects of acidification and alkaliza-
tion are opposite to what has been reported for the TRPP3/
PKD1L3 complexes [9, 10].

Volume sensitivity of TRPP3 channels

It has been previously demonstrated, using Ca2+ imaging,
that hypotonic stimuli evoke transient increases in intracel-
lular Ca2+ concentration in HEK293 cells coexpressing
TRPP1 and TRPP3 [17]. However, no electrophysiological
data exists proving directly modulation of TRPP3 channels
by osmotic stimuli. Therefore, we focused on the effects of
cell volume changes on TRPP3 currents. Figure 7a shows
the correlation between TRPP3 currents and cell volume.

Fig. 3 Kinetics of voltage-dependent activation of murine TRPP3. a
Representative whole-cell current evoked by the indicated step pulses.
b Averaged tail current amplitudes from 12 experiments. The solid
line represents the monoexponential fit of peak tail current amplitudes,
which yielded a time constant of 62.3±10.9 ms in 12 experiments
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After application of hypotonic solution in TRPP3-express-
ing cells, TRPP3 currents recorded at −60 mV increased
gradually. The current changes were closely correlated to
changes in cell volume. Subsequent application of hyper-
tonic solution resulted in cell shrinkage and a concomitant
decrease in TRPP3 currents. In contrast, GFP-expressing

cells did not show similar channel activation after cell
swelling (data not shown).

To examine how cell volume changes modulate TRPP3
currents, we analyzed TRPP3 single-channel properties
during cell volume changes. Figure 7b shows typical traces
with the corresponding amplitude histograms. We found

Fig. 4 Ion selectivity and con-
ductivity of murine TRPP3. a
Representative whole-cell cur-
rents were obtained using ramp
pulses of 100 ms from +100 to
−100 mV in different bathing
solutions containing Na+, Cs+,
NMDG+, or Ca2+ as the only
permeant cation species. Inset
zooms in on the reversal poten-
tials. b Summarized relative
cation permeability to Na+. c
Representative whole-cell cur-
rents showing changes of the tail
current amplitude by different
cations in the same conditions as
(a). Currents were recorded us-
ing step pulses from +120 to
−100 mV. d Summarized rela-
tive cation conductivity to Na+.
e Averaged ratiometric intracel-
lular Ca2+ response to a rise in
extracellular Ca2+ concentration
in GFP- and TRPP3-transfected
cells (n=26 and 25, respectively)
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that cell swelling increased the channel activity (NPo) of
TRPP3 channels in a reversible manner (Fig. 7c). Single-
channel amplitudes at −60 mV were not significantly
altered during cell volume changes (Fig. 7d). These results
suggest that cell volume changes regulate the open
probability of TRPP3 channels, but not the single-channel
conductance.

Next, we investigated the modulation of the voltage
dependence of TRPP3 channels by osmotic stimuli at the
whole-cell level. As shown in Fig. 8, cell swelling
increased outward currents at more positive potentials than
+100 mV and the corresponding tail currents at −100 mV,
whereas cell shrinkage had the opposite effect (Fig. 8a–c).
As shown in Fig. 6d, the voltage dependence of TRPP3
channels was shifted leftward and rightward by cell
swelling and cell shrinkage, respectively. The voltage for
half-maximal activation (Vhalf) changed from 194.6±
6.0 mV (n=8) over 119.3±3.4 mV (n=8) to 217.2±
6.0 mV (n=4) in isotonic, hypotonic, and hypertonic
conditions respectively. Thus, changes in cell volume affect
the voltage-dependent gating of TRPP3 channels.

It has been previously demonstrated that cell swelling
activates TRPV4 via phospholipase A2 (PLA2)-dependent
formation of arachidonic acid [33]. To test whether a
similar mechanism may mediate the influence of cell
volume on TRPP3, we first tested the effect of a
nonselective PLA2 inhibitor, 4-bromophenacyl bromide
(pBPB), on TRPP3 activity. In TRPP3-transfected cells
pretreated with 100 μM pBPB for 30 min, we could no
longer detect TRPP3 channel activity (data not shown).
Moreover, we found that application of 10 μM arachidonic
acid increased the TRPP3 tail currents and shifted the
voltage dependence of TRPP3 channels. Vhalf changed from
154.7±0.9 mV before to 107.9±1.0 mV after application of
arachidonic acid, respectively (n=6; Fig. 9).

Discussion

This study is the first characterization of electrophysio-
logical properties of murine TRPP3 channels using
whole-cell patch-clamp recordings. When murine TRPP3

Fig. 5 Single-channel activity
of murine TRPP3 channel in
whole-cell (a and b) and cell-
attached (c and d) recordings. a
Representative single-channel
activities at negative potentials
between −40 and −100 mV as
indicated. The closed level in
each recording is indicated by a
dotted line. b Current–voltage
relationships for unitary current
amplitude (i). The single-chan-
nel slope conductance at nega-
tive potentials was 184±5 pS in
eight to 16 experiments. c Rep-
resentative single-channel activ-
ities at positive potentials
between +100 and +140 mV and
at −100 mV as indicated. d
Current–voltage relationships
for the unitary current amplitude
(i). The single-channel slope
conductance at positive poten-
tials was 105±3 pS in three to
five experiments
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was overexpressed in HEK293T cells, we could observe
spontaneously active nonselective TRPP3 channel activ-
ity. The TRPP3 channel exhibited large single-channel
conductance, significant Ca2+ permeability, and voltage-
dependent activation. Moreover, we found that cell
swelling increased TRPP3 currents, whereas cell shrink-
age reduced them.

It has been reported that human TRPP3 forms a
nonselective cation channel when it is expressed in
Xenopus oocytes [1–3, 14], planar lipid bilayers [13], or
mammalian cells [25]. The human TRPP3 channel is
considered to be Ca2+-activated [1], although no functional
consequence of this Ca2+ regulation has been reported [25].
In the present study, changes in the intracellular or
extracellular Ca2+ concentration were without any effect,
suggesting that murine TRPP3 is not regulated by Ca2+.

Identification of the Ca2+-binding sites responsible for
Ca2+-induced activation of human TRPP3 may help to
understand the apparent difference with murine TRPP3. It
has been demonstrated that an EF-hand in human TRPP3 is
not the determinant for the Ca2+-activation [13].

The human TRPP3 channel shows constitutive activity
and a large single-channel conductance (67–399 pS),
depending on the ionic conditions [2, 25]. For human
TRPP3, the reported Ca2+ permeability is higher than
the permeability for small monovalent cations such as
Na+ [1]. In line herewith, we measured a single-channel
slope conductance of murine TRPP3 channels of 184 pS
at negative potentials and an ion selectivity sequence
Ca2+≫Cs+≈Na+≫NMDG+. We observed a different se-
quence (Na+>Cs+>Ca2+) for the ion conductivity of murine
TRPP3 channels. This is consistent with previous data on

Fig. 6 Murine TRPP3 channels
are inhibited by acidification. a
Representative macroscopic
currents at −60 mV in whole-
cell recordings. The typical en-
dogenous acid-sensitive current
is shown in inset (same cell).
Applications of acidic solutions
containing 25 mM citric acid are
indicated by horizontal bars.
Note that basal holding currents
changed during acidification,
which we attribute to acid-acti-
vated Cl− currents. b Represen-
tative whole-cell currents before
and during acidification. Cur-
rents were obtained from step
pulses from −100 to −140 mV in
20-mV increments with a post-
pulse to −100 mV. c Current–
voltage relationships for instan-
taneous tail currents at each test
pulse before (circles) and during
acidification (squares). Data are
obtained from five experiments.
d Representative whole-cell
currents before and during alka-
lization. Currents were obtained
from step pulses from −100 to
+160 mV in 20-mV increments
with a post-pulse to -100 mV. e
Current–voltage relationships
for instantaneous tail currents at
each test pulse before (circles)
and during alkalization
(squares). Data are obtained
from eight experiments
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human TRPP3 channels, which showed an inverse correla-
tion between ion conductivity for monovalent cations and
ion radius [2], and a smaller single-channel conductance for
Ca2+ than for Na+ [25]. Furthermore, the present study
shows that the current–voltage relationship for instanta-
neous tail currents of murine TRPP3 channels was inwardly
rectifying. The rectification was not due to asymmetrical
cationic conditions because replacing Cs-aspartate with Na-
aspartate in pipette solutions resulted in a similar current–

voltage relationship. Rather, the result suggests that the
pore of murine TRPP3 exhibits intrinsic inward rectifica-
tion. We observed inward-rectifying single-channel TRPP3
currents in cell-attached patches, which is in accordance
with previous data for human TRPP3 [14]. Thus, with
respect to single-channel conductance, ion selectivity, and
rectification, the murine TRPP3 channel exhibits similar
pore properties than the human TRPP3 channel. However,
pore mutation experiments would be needed to fully

Fig. 7 Effects of osmotic swell-
ing on single-channel TRPP3
activity. a Representative time
courses of relative cross-sec-
tional area (CSA; upper panel)
and inward currents at −60 mV
(bottom panel). Experiments
were performed in the whole-
cell configuration. Inset: time
course of the corresponding
channel activities (NPo). Appli-
cations of hypotonic and hyper-
tonic solutions are indicated by
horizontal bars. The measured
CSA of a single cell was nor-
malized to the CSA immediately
before application of hypotonic
solution. b Time-expanded
traces during different osmotic
stimuli designated by 1, 2, and 3
in (a). Arrowheads indicate the
closed level. The corresponding
all-points amplitude histograms
are shown on the right. PDF
Probability density function. c
and d Effects of osmotic stimuli
on NPo (c) and single-channel
amplitudes (d) at −60 mV. The
data are averaged from six to ten
experiments
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establish that the overexpressed TRPP3 actually forms the
ion-conducting pore of the channels that underlie the
macroscopic and single-channel currents.

We also observed voltage-dependent activation of
murine TRPP3 channels. Here, repolarization after depo-
larization caused large transient inward TRPP3 tail currents.
The channel activities calculated from tail currents were
increased with stronger or longer depolarizations. We found
that murine TRPP3 channels exhibit a voltage dependence
with a low apparent gating charge (<1 equivalent charge),
comparable to the small gating charges found in other
voltage-dependent TRP channels [19, 20, 29, 31]. Despite
the growth of inward tail currents following increasingly
depolarizing steps, we observed only small activation of
outward TRPP3 currents. We could exclude the possibility
that the small outward currents reflect inhibition by
intracellular Mg2+ because outward currents remained small
even when Mg2+-free pipette solutions were used. The
human TRPP3 channel is reportedly activated by hyperpo-
larization [14] in contrast to our current findings with the
murine TRPP3 clone. The reason for this discrepancy is
not known.

The gating behavior of TRPP3 is somewhat reminiscent
of that of the human ether-à-go-go-related gene (HERG)
K+ channels, which play an important role in the repolar-
ization of the heart [27, 34]. Indeed, both TRPP3 and
HERG are activated by depolarization yet carry little
outward current. However, upon repolarization, both
channels enable large tail currents. In the case of HERG
channels, inward rectification is due to a rapid C-type
inactivation mechanism that prevents outward current
during depolarization. During subsequent repolarization,
HERG channels recover rapidly from inactivation but
deactivate slowly, resulting in a large tail currents.
Although C-type inactivation has not yet been described
in TRP channels, it is tempting to speculate that a similar
mechanism may be at work in TRPP3 channels. Indepen-
dent of the underlying mechanism, the gating behavior of
TRPP3 could be important in excitable cells, where TRPP3
channels would carry a depolarizing current during the
repolarizing phase of an action potential.

We furthermore investigated whether cell volume
changes affect murine TRPP3 currents and found a strong
increase. Cell swelling shifted the voltage dependency to

Fig. 8 Volume sensitivity of
murine TRPP3 channel at the
whole-cell level. a Representa-
tive whole-cell currents in re-
sponse to osmotic stimuli.
Currents were obtained from
step pulses from −100 to
+140 mV in 20-mV increments
with a post-pulse to −100 mV. b
Current–voltage relationships
for steady-state currents under
isotonic (circles; n=8), hypo-
tonic (squares; n=8), and hy-
pertonic (triangles; n=4)
conditions. c Current–voltage
relationships for instantaneous
tail currents at each test pulse
under osmotic stimuli. d Voltage
dependence of Po during differ-
ent osmotic conditions. Solid
lines represent a Boltzmann
function fit to the data. The
shifts in Vhalf were +75.3±
4.8 mV (leftward) for changes
from isotonic to hypotonic and
−22.6±4.7 mV (rightward) for
changes from isotonic to hyper-
tonic conditions, respectively
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more negative potentials, while cell shrinkage caused a
positive shift of the voltage-dependent activation. Similarly,
activation of several TRP channels is correlated with a shift
of the voltage-dependent activation curve [20, 30]. There
was a clear delay between the changes in extracellular
osmolality and the resulting alterations of TRPP3 channel
activity, indicating that the TRPP3 channel does not act as a
direct sensor of osmotic strength. In contrast, there was a
tight correlation between cell volume and TRPP3 currents,
suggesting that TRPP3 channels are directly or indirectly
modulated by cell volume changes. PLA2-dependent
signals such as arachidonic acid are known to be involved
in the activation of TRPV4 by cell swelling [33, 35]. A
similar mechanism may be at work during swelling-induced
activation of TRPP3 channels, as application of arachidonic
acid enhanced TRPP3 channel activity, whereas inhibition
of PLA2 using pBPB inhibited channel activity. Further
studies are required to understand how murine TRPP3
channel is modulated by arachidonic acid.

It has been reported that coexpression of murine TRPP3
with PKD1 (TRPP1)-like proteins results in a translocation
of TRPP3 channels from the ER to the cell surface and
formation of functional cation channels that are sensitive to

stimuli such as cell swelling and sour taste compounds [10,
17]. In the present study, however, we observed osmotic
regulation on TRPP3 channels without coexpression of
human TRPP1. Therefore, we conclude that murine TRPP3
channel by itself is functionally regulated by cell volume
changes, although our data do not exclude that coexpres-
sion of TRPP1 might increase the volume sensitivity of
murine TRPP3 channels. In addition, we demonstrated that
strong acidification with citric acid inhibited TRPP3
currents. This result is consistent with the previous data
showing that low extracellular pH decreases the basal
human TRPP3 conductance [1]. Moreover, we found that
alkalization caused an increase in tail currents of murine
TRPP3 channel. As such, the behavior of murine TRPP3
channels is completely opposite to sour receptors reported
in PKD1L3/TRPP3 coexpressing cells [10]. These results
mandate further investigation into the regulation of murine
TRPP3 channels by PKD1 (TRPP1)-like proteins.

In summary, here, we demonstrate that murine TRPP3 is
a constitutively active, voltage-dependent and Ca2+-perme-
able nonselective cation channel, whose activity is modu-
lated by pH and cell volume. The physiological role of
TRPP3 remains to be unraveled.

Fig. 9 Effects of arachidonic
acid on murine TRPP3. a Rep-
resentative whole-cell currents
before, during, and after appli-
cation of 10 μM arachidonic
acid. Currents were measured
during step pulses from −100 to
+160 mV in 20-mV increments
with a post-pulse to −100 mV. b
Corresponding current–voltage
relations c Current–voltage rela-
tionships for instantaneous tail
currents at each test pulse under
different conditions. d Voltage
dependence of Po. Solid lines
represent a Boltzmann function
fit to the data. Vhalf before and
during application of arachi-
donic acid was 154.7±0.9 or
107.9±1.0 mV, respectively.
Data are obtained from six
experiments
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