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Abstract Polycystic kidney disease 2-like 1(PKD2L1),
previously called transient receptor potential polycystin 3
(TRPP3), forms constitutively active voltage-dependent
nonselective cation channels in the plasma membrane.
The mechanism of regulation of PKD2L1 channels,
however, has been poorly understood. In the present study,
we found a bell-shaped alkaline pH dependence of
PKD2L1 channel activity at the single-channel and whole-
cell levels in patch-clamp recordings in HEK293T cells
overexpressing mouse PKD2L1: alkalization to pH 8.0-9.0
increased the PKD2L1 currents, but alkalization to pH 10.0
decreased them. Single-channel analysis revealed that
alkalization changed the open probability of PKD2L1
channels, but not their single-channel conductance. In
addition, the voltage dependence of PKD2LI channels
was negatively and positively shifted by treatment with
solutions of pH 8.0-9.0 and pH 10.0, respectively. These
results indicate that the voltage-dependent gating of
PKD2L1 channels was modulated by alkalization through
two different mechanisms. Interestingly, we observed
rebound activation of the PKD2L1 channel on washout of
the alkaline solution after PKD2L1 channel inhibition at
pH 10.0, suggesting that alkalization to pH 10.0 decreased
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PKD2L1 currents by inactivating the channels. Consis-
tently, the PKD2L1 tail currents were accelerated by
alkalization. These results suggest that alkalization is a
bimodal modulator of mouse PKD2L1 channels.
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Introduction

Polycystic kidney disease (PKD) 2-like 1 (PKD2LI)
(previously called polycystin-L or transient receptor poten-
tial (TRP) polycystin 3 (TRPP3) but renamed TRPP2 in the
newest nomenclature [28]) is a member of the TRP
superfamily of nonselective cation channels that sense
multiple stimuli such as temperature, taste compounds, and
mechanical and osmotic stress [14, 16, 24]. It has recently
been demonstrated that the mouse PKD2L1 channel that
colocalizes with a PKD-like gene family member, PKDIL3,
in a subset of taste receptor cells or human embryonic
kidney HEK293T cells, functions as a sour receptor, which
responds to washout of acidification [6-9, 11]. Although the
assembly of PKDIL3 and PKD2L1 is reported to be
essential for translocation of the functional sour receptor to
the plasma membrane [9, 10], more recently, it has been
reported that mutant mice lacking several transmembrane
domains of PKDI1L3 exhibit normal responses to acid in
behavioral and electrophysiological assays when compared
to wild-type mice [2, 12]. Therefore, it is controversial
whether PKD1L3 expression is involved in sour sensing.
Besides taste receptor cells, PKD2L1 channels are also
known to be expressed in excitable and non-excitable cells
in the brain, heart, skeletal muscle, retina, testis, kidney,
liver, pancreas, and spleen [1, 15, 23, 27]. It is unlikely that
PKD2L1 channels are coexpressed with PKDIL3 in all
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tissues, suggesting that PKD2L1 channels have other
functions. We have previously demonstrated that mouse
PKD2L1 channels form a constitutively active nonselective
cation channel with a large single-channel conductance,
voltage dependence, and significant Ca®" permeability in
PKD2L1-overexpressing HEK293T cells not transfected
with PKDIL3 [18]. In addition, the mouse PKD2L1
channel is reported to be inhibited by extracellular
acidification in a way that is similar to that of human
PKD2LI1 channels [3], suggesting that PKD2L1 channels
can directly respond to extracellular pH. However, how
extracellular pH modulates the gating of PKD2L1 channels
has not been analyzed.

In the present study, we therefore investigated the pH-
dependent gating of PKD2L1 channels. We show that
mouse PKD2L1 is an alkalization-activated channel with a
bell-shaped pH dependence. Interestingly, although the
PKD2L1 channel was inactivated by alkalization to
pH 10.0, washout of the alkaline solution resulted in
rebound activation of the PKD2L1 channel. These results
indicate a bimodal modulation of mouse PKD2L1 channel
gating by alkalization.

Materials and methods
Cell culture and transfection

Human embryonic kidney HEK293T cells were grown in
Dulbecco’s modified Eagle’s medium (Nissui, Tokyo,
Japan) supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin at 37°C in a
humidity-controlled incubator with 5% CO,. HEK293T
cells were transiently transfected with the mouse PKD2L1
gene using Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA, USA). PKD2L1-overexpressing HEK293T cells
were detached from the plastic substrate and cultured on
cover slips (Matsunami Glass, Osaka, Japan) before
electrophysiological experiments. All experiments were
carried out more than 36 h after transfection.

Electrophysiology

Whole-cell recordings were performed with an EPC-9 patch-
clamp amplifier (HEKA Elektronik, Lambrecht, Germany) or
an Axopatch 200 patch-clamp amplifier (Molecular Devices,
Sunnyvale, CA, USA) at room temperature. Patch master
(HEKA Electronik) or pClamp 9.2 (Molecular Devices) was
used for command pulse control and data acquisition, and
pClamp 9.2 and WinASCD software (kindly 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 2.9 and 1 kHz and

@ Springer

digitized at 10 and 5 kHz in the EPC-9 and Axopatch 200
amplifiers, respectively. Patch electrodes had a resistance of
2-4 M when filled with pipette solutions. The access
resistance (<10 MS2) was electrically compensated by 70%
to minimize voltage errors. To monitor voltage dependency
of PKD2L1 channels, step pulses were applied from —100 to
+160 mV in 20 mV increments with a post-pulse to
—100 mV.

The amplitude of single-channel currents was measured
as the peak-to-peak distance in Gaussian fits of the
amplitude histogram. Channel activity (NP,, where N is
the number of channels and P, is the open probability) at
—60 mV was calculated by dividing the mean current
amplitude of each recording lasting longer than 30 s by the
single-channel amplitude in the same trace.

The pipette solution consisted of 130 mM Cs-aspartate,
2 mM Na,ATP, 10 mM MgCl,, | mM EGTA, and 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), buffered at pH 7.3 with CsOH. The standard
bathing solution contained 130 mM NaCl, I mM MgCl,,
10 mM HEPES, and 40 mM mannitol, buffered at pH 7.4
with NaOH. To prepare acidic or basic solutions, HEPES
was replaced with MES (for pH 6.0), TAPS (for pH 8.0 and
9.0), or CAPS (for pH 10.0) at an equal concentration.

Statistics

Data are presented as means=S.E.M. of n observations.
Statistical differences of the data were evaluated by
Student’s ¢ test or one-way ANOVA with Tukey’s post-
hoc test and were considered significant at P<0.05.

Results

Effects of alkalization on single-channel activity
of PKD2L1 channels

Spontaneous single-channel PKD2L1 currents can be
recorded in whole-cell configurations because of the low
open probability of PKD2L1 channels at hyperpolarized
potentials [18]; we, therefore, first investigated alkaline
effects on PKD2L1 single-channel currents. Figure la
shows a typical holding current recorded at —60 mV under
different alkaline pH conditions in PKD2L1-overexpressing
HEK293T cells. Changing the pH of the bathing solutions
from 7.4 to 8.0 and 9.0 increased single-channel activity of
PKD2L1 channels in a pH-dependent manner. However,
the channel activity was inhibited by application of a
pH 10.0 solution. Interestingly, changing the bathing
solution back to pH 9.0 caused rapid and robust activation
of PKD2L1 channels followed by a slow recovery. In
contrast, control GFP-expressing cells did not show any
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Fig. 1 Alkaline sensitivity of PKD2L1 channels at the single-channel
level. a. Representative macroscopic currents recorded at —60 mV in
the whole-cell configuration. Application of alkaline solutions is
indicated by horizontal bars. b Time-expanded traces under different
alkaline conditions. Arrowheads indicate the closed (C) and open (O)
levels. The corresponding all-point amplitude histograms are shown
on the right. PDF probability density function. ¢, d Effects of
alkalization on the channel activity (NP,) (¢) and the single-channel
conductance (d) at —60 mV. The data are averaged from ten to 28
experiments. *P<0.05; NS, P>0.05

similar single-channel activity in response to alkaline pH
(data not shown). These results suggest that PKD2LI
channels are activated by alkalization but would be
inactivated under conditions more alkaline than pH 10.0.

We analyzed how alkaline pH regulates PKD2L1
channels. Figure 1b shows time-expanded holding traces
with the corresponding all-point amplitude histograms
under different pH conditions. As shown in Fig. lc,
alkalization to pH 8.0 and pH 9.0 increased the channel
activity (NP,) in a pH-dependent manner. In contrast, the
single-channel conductance did not change in response to
alkaline pH (Fig. 1d). These results suggest that alkalization
modulates the gating of PKD2L1 channels.

Next, we investigated pH dependence of the rebound
activation of PKD2L1 channels after removal of alkaliza-
tion. A bathing solution of either pH 7.4 or pH 9.0 was
applied after exposure to a pH 10.0 solution to quantify
activity of the PKD2L1 channel. Figure 2a shows typical

traces of PKD2L1 channel rebound activation under
different pH conditions. Following application of a
pH 10.0 bathing solution that decreased the single-channel
activity of PKD2L1 channels, changing the bathing
solution back to pH 7.4 or pH 9.0 induced rebound
activation of PKD2L1 channels with equivalent peak
current amplitudes, as summarized in Fig. 2b. In contrast,
when we analyzed the time required to reach the peak
current after washout, it was found that the rebound
activation of PKD2L1 channels at pH 7.4 was much faster
than that at pH 9.0 (Fig. 2c). These results suggest that
alkalization inactivates the PKD2L1 channel.

Effects of alkalization on the voltage dependence
of PKD2L1 channels

PKD2L1-expressing HEK293T cells are reported to exhibit
outwardly-rectifying currents with large tail currents after
repolarization to —100 mV [18]. To confirm the effects of
alkalinity on the voltage dependence of PKD2L1 channels,
we measured the tail currents of PKD2L1 channels under
various alkaline conditions. As shown in Fig. 3a, applica-
tion of pH 8.0 and pH 9.0 solutions increased PKD2L1 tail
currents in a pH-dependent manner, but alkalization to
pH 10.0 decreased the tail currents. PKD2L1 tail currents
were enhanced to a greater degree 1 min after changing the
solution from pH 10.0 back to pH 9.0 than after application
of only the pH 9.0 solution. Finally, in cells exposed to a
pH 7.4 solution for 4 min following exposure to a pH 10.0
solution, tail currents recovered to the initial amplitude seen
with exposure to just pH 7.4. This result was consistent
with the data for PKD2L1 holding currents at —60 mV (see
Fig. 1a).

The voltage dependence of PKD2LI1 channels was
estimated by calculating the apparent open probability
(P,) from tail currents. Tail current amplitudes as a function
of the prepulse potentials were fitted using the Boltzmann
equation:

I=1TInx/ (1 +exp(—(V = Vhat) / 5)),

where V¢ is the potential of half-maximal activation, s is
the slope factor, and I,,,x is the saturating tail current.
Global fits of apparent P, to the equation at different pH
values are shown in Fig. 3b. Voltage dependence of
PKD2L1 channels was shifted leftward by alkalization to
pH 8.0 and pH 9.0. However, alkalization to pH 10.0
caused a rightward shift of the voltage dependence.
Interestingly, changing the pH of the bathing solution from
10.0 back to 9.0 for 1 min shifted the curve of voltage
dependence drastically to the left. The voltages for half-
maximal activation (Vj,,¢) were 231.9+16.3 mV at pH 7.4
(n=10), 195.5+6.8 mV at pH 8.0 (n=6), 177.3£4.2 mV at
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Fig. 2 pH dependence of the a
rebound activation of PKD2L1
channels after removal of a

pH 10.0 bathing solution. a
Representative macroscopic
currents of rebound PKD2L1
channel activation under pH 7.4
(left) and pH 9.0 (right)
conditions. The currents were
recorded at —60 mV in whole-
cell conditions. Application of
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pH 9.0 (n=10), 208.1+12.5 mV at pH 10.0 (n=10), 138.9+
1.7 mV during reperfusion of a pH 9.0 solution (n=10), and
235.6+£21.3 mV after washout at pH 7.4 (n=10).

Next, we investigated effects of pH during washout on
voltage dependence of PKD2L1 channels. As shown in
Fig. 4, perfusion of a pH 7.4 bathing solution for 30 s after
application of a pH 10.0 solution enhanced the tail
currents of PKD2L1 channels and caused a leftward shift
of the voltage dependence. The value for V},r was 133.5+
1.1 mV after washout with a pH 7.4 bathing solution
(n=8), which is similar to that for rebound activation at
pH 9.0. These results suggest that alkaline pH modulates
the voltage-dependent gating of PKD2L1 channels,
although the shift of V},,¢ is not dependent on the pH of
the washing solution.

Dual action of PKD2L1 channels by alkalization

We further analyzed the pH dependence of PKD2LI1
channels by calculating relative tail currents obtained using
a prepulse of +160 mV at various pHs, normalizing to the
initial tail currents at pH 7.4 in each series of experiments.
Figure 5 summarizes the pH dependence of PKD2L1 tail
current amplitudes. The tail currents of PKD2L1 channels
were increased by alkalization, although application of a
pH 10.0 solution decreased the tail currents. The rebound
activation of PKD2L1 channels after washout of the
pH 10.0 solution was observed at not only pH 7.4 but also
pH 9.0. The amplitudes of tail currents were equivalent 30 s
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and 1 min after washout at pH 7.4 and pH 9.0, respectively.
In addition, we observed that the tail currents recovered to
their initial levels 4 min after exposure to a bathing solution
of pH 7.4. We acquired PKD2L1 tail currents during
rebound activation at different times because the rebound
activation of PKD2L1 channels at pH 7.4 was faster than
that at pH 9.0 (see Fig. 2c). In contrast, acidification to
pH 6.0 completely inhibited the PKD2L1 currents at the
single-channel and whole-cell levels (Fig. 5; Figs. S1 and
S2), which is similar to previous results at pH 2.9 [18].

Another effect of alkalization on PKD2L1 tail currents
was observed: the deactivation time course of the
PKD2L1 tail currents was accelerated in response to
alkalization (Fig. 6a; see Fig. 3a and Fig. 4a). When the
tail currents were plotted on a semilog scale, it was found
that the deactivation process of PKD2L1 channels was
comprised of two components (Fig.6a inset). Therefore, to
assess the effects of alkalinity on deactivation, time
constants (7) were calculated by fitting the tail currents
from a prepulse of +160 mV to a two-exponential
function. As shown in Fig. 6b, alkalization to pH 9.0
and pH 10.0 significantly decreased the fast time constant,
but not the slow time constant. This result could be
explained by the idea that alkalization caused a faster
transition to inactivation.

Given the different sensitivities of tail current amplitudes
and time constants to alkalization, alkalization has two
disparate actions, an activating effect and an inhibitory
effect, on PKD2L1 channel activity.
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Fig. 3 Modulation of the voltage dependence of PKD2L1 channels in
response to alkalization. a Representative whole-cell PKD2L1
currents under different pH conditions. The currents were recorded
1 min after each perfusion, except for the current recorded 4 min after
reapplication of the pH 7.4 solution. b The activation curves for
PKD2L1 channels at the following pH values: pH 7.4 (open circles,
n=10), pH 8.0 (open squares, n=6), pH 9.0 (open triangles, n=10),
pH 10.0 (open inverted triangles, n=10), pH 9.0 after pH 10.0 (closed
triangles, n=10), and pH 7.4 after pH 9.0 (closed diamonds, n=10).
The apparent open probability (P,) as a function of voltage was
determined as explained in the results section. Solid lines represent
Boltzmann functions fitted to the data

Discussion

We have previously reported that mouse PKD2L1 channels
are spontaneously active nonselective cation channels with
a large single-channel conductance and voltage-dependent
activation. In addition, it has been demonstrated that
PKD2L1 channels are regulated by cell volume and pH
[18]. However, the regulation of PKD2LI1 channels by
alkalization has been poorly understood.

In the present study using patch-clamp experiments at
the single-channel and whole-cell levels, we first showed
dual effects of alkalization on the PKD2L1 channel. That is,
alkalization to pH 8.0-9.0 increased the PKD2L1 currents,
but alkalization to pH 10.0 decreased the currents,
indicating a bell-shaped pH dependence of PKD2L1
channels. At the whole-cell level, the voltage dependence
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Fig. 4 The rebound activation of PKD2L1 channels after reapplica-
tion of pH 7.4 solutions has a voltage shift similar to that after pH 9.0
reperfusion. a Representative whole-cell PKD2L1 currents under
different pH conditions. The currents were recorded 1 min after each
perfusion, except for the current recorded 30 s after reapplication of
the pH 7.4 solution. b The activation curves for PKD2L1 channels at
the following pH values: pH 7.4 (open circles), pH 9.0 (open
triangles), pH 10.0 (open inverted triangles), and pH 7.4 after
pH 10.0 (closed circles). Solid lines represent Boltzmann functions
fitted to the data. The voltages for half-maximal activation (V},,r) were
244.8+19.4 mVat pH 7.4, 178.4+1.9 mV at pH 9.0, 191.5+4.2 mV at
pH 10.0, and 133.5+1.1 mV 30 s after reperfusion of a pH 7.4
solution. The data are obtained from eight experiments

of PKD2L1 channels was shifted leftward in a pH-
dependent manner, but the voltage shift was canceled by
alkalization to pH 10.0. These shifts reflect changes in the
open probability of PKD2L1 channels due to alkalization.
Consistent with this, single-channel analysis demonstrated
that alkalization modulated the open probability of
PKD2L1 channels, but not the single-channel conductance.
These results suggest that alkalization bimodally modified
the gating properties of PKD2L1 channels.

The distinct effects of alkalization on PKD2L1 channels
suggest the complexity of channel gating kinetics. In the
present study, we observed a bell-shaped pH dependence of
PKD2LI currents, suggesting that alkalization induced not
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Relative tail currents
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Extracellular pH

Fig. 5 pH-dependent regulation of the tail currents of PKD2LI1
channels. The tail currents from a prepulse of +160 mV at various pHs
were normalized to the tail currents for the first pH 7.4 application in
the same series of experiments. Closed circles indicate the relative tail
currents of PKD2L1 channels during the first application of bathing
solutions with different pH. Open circles show the relative tail
currents during rebound activation of PKD2L1 channels 0.5 and 1 min
after exchanging the pH 10.0 bathing solution with pH 7.4 and 9.0
solutions, respectively. The open square indicates the relative tail
currents of PKD2L1 channels 4 min after the second application of the
pH 7.4 bathing solution. The data are averaged from three to 18
experiments. *P<0.05 compared to the first tail current at pH 7.4; "P<
0.05 compared to the first tail current at the corresponding pH

only the activation but also the inactivation of PKD2L1
channels. Indeed, the deactivation time course of PKD2L1
tail currents was accelerated in response to alkalization.
Based on the result showing that PKD2L1 tail currents
were comprised of two components, we hypothesized the
following model which has three states: a closed state (C),
an open state (O), and an inactivated state (I).

ki o)
C — — 1
L i

In this model, PKD2L1 channels are thought to exhibit
slow deactivation and fast inactivation kinetics after
activation; repolarization after depolarization causes a fast
transition to an open state followed by slow channel closing
and fast inactivation, which forms large tail currents. In the
present study, we observed that alkalization increased
PKD2LI1 currents, indicating that alkalization caused the
transition of the PKD2L1 channels from a closed state to an
open state. In contrast, we demonstrated that alkalization
decreased the fast time constant, but not the slow time
constant, suggesting that alkalization accelerated the
inactivation kinetics without changing the closing kinetics,
resulting in faster tail currents being observed at pH 9.0 and
pH 10.0. On the other hand, the shift from an inactivated
state to an open state could be fast because reapplication of
pH 9.0 and pH 7.4 solutions induced quick rebound
activation of the PKD2L1 channel at single-channel and
whole-cell levels following channel inactivation at pH 10.0.
In addition, the time lag for reaching the peak current after
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exchanging the pH 10.0 bathing solution with the pH 9.0 one
was longer than that after washout with pH 7.4. These results
suggest that PKD2L1 channels easily undergo transition to an
inactivated state from an open state in response to alkaliza-
tion. Although the inactivation mechanism of PKD2LI1
channels is not well understood, it might be the C-type
inactivation reported in human ether-a-go-go (HERG) K"
channels because the gating mechanism of PKD2L1 channels
is similar to that of HERG channels [21, 22]. Additional
structural analyses are required to clarify the mechanism by
which alkalization inactivates PKD2L1 channels.

It has been proposed that thermal and chemical stimuli
act on voltage-dependent TRP channels by altering the
voltage dependence of activation [13, 20, 25, 26]. The
voltage-dependent TRP channels are generally activated
upon strong membrane depolarization. Upon chemical or
thermal stimulation, the activation curve of these channels
is negatively shifted from depolarized potentials toward
physiological potentials. In PKD2L1 channels, we have
previously reported that changes of cell volume caused a
shift of the voltage-dependent gating [18]. In the present
study, we have also demonstrated that the voltage-
dependent activation curve of PKD2L1 channels was
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Fig. 6 Effects of alkalization on the time course of PKD2LI tail
currents. a Representative deactivation of tail currents from a prepulse
of +160 mV under different pH conditions. The tail current was
normalized to each peak amplitude. Solid and dotted curves represent
actual data and their two-exponential fits. /nset: The difference
between the inward current and the steady-state current at pH 10.0
was normalized to the peak current and plotted against time in the
semilog plot. b Fast and slow time constants (7y and 7;) of deactivation
of tail currents in response to alkalization. The data are obtained from
20 experiments. *P<0.05; NS, P>0.05
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modified by alkalization. Although the negative shift of
half-maximum activation (¥},4r) upon rebound activation of
PKD2L1 channels was still small compared to that seen
with stimulation of other voltage-dependent TRP channels
[13, 20, 25], we observed the rebound activation of
PKD2L1 channels at =60 mV in the single-channel
analysis. This result indicates that the enhancement of
PKD2L1 channel activity by alkalization would be effective
within the physiological voltage range.

It has been recently demonstrated that other TRP
channels such as TRPA1 and TRPV1 expressed in dorsal
root ganglion neurons are activated by alkalization [4, 5],
suggesting that the activation of these channels by
alkalization is associated with noxious pain. In the present
study, the effective pH range in alkalization-induced
activation of PKD2L1 channels was pH 8.0-9.0, which
is nearly equivalent to the alkaline pH range reported for
TRPA1 and TRPV1 channel activation. This suggests that
the alkaline regulation of PKD2L1 channels could
contribute to their physiological or pathophysiological
functions. In addition, since it is well-known that the
interaction of a variety of stimuli modulates the gating of
some voltage-dependent TRP channels [17, 19], it is
possible that unknown stimuli shift the pH dependency of
PKD2L1 channels toward the physiological range. More
detailed analyses using mice lacking PKD2L1 channels
are expected to shed light on the physiological or
pathophysiological importance of alkalization-induced
PKD2L1 activation.
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