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Abstract

TRPP3, amember of the transient receptor potential (TRP) superfamily of cation channels,
isa Ca-activated channel permeable to Ca, Naand K. TRPP3 has been implicated in sour tasting in
bipolar cells of tongue and in regulation of pH-sensitive action potential in spinal cord neurons.
TRPP3 is also present in excitable and non-excitable cells of other tissues, including retina, brain,
heart, testis and kidney, with unknown functions. Here we examined the functional modulation of
TRPP3 channel by amiloride and its analogs, known to inhibit several ion channels and transporters
and respond to all taste stimuli, using Xenopus oocytes expression, electrophysiology and
radiotracer measurements. We found that amiloride and its analogs inhibit TRPP3 channd activities
with different affinities. Radiolabelled “*Ca uptake showed that TRPP3-mediated Catransport is
inhibited by amiloride, phenamil, benzamil and EIPA. Two-microelectrode voltage clamp
experiments reveal ed that TRPP3-mediated Ca-activated currents are substantially inhibited by
amiloride analogs, in an order of potency of phenamil > benzamil > EIPA > amiloride, with the ICs
values of 0.14, 1.1, 10.5 and 143 uM, respectively. The inhibition potency positively correlated
with the size of inhibitors. Using cell-attached patch clamping, we showed that the amiloride
analogs decrease the open probability and mean open time, but have no effect on single-channel
conductance. Study of inhibition by phenamil in the presence of previously reported inhibitor tetra-
pentylammonium indicates that amiloride and organic cation inhibitors compete for binding the
same site on TRPP3. TRPP3 may contribute to previously reported in vivo amiloride-sensitive

cation transport.

20z ‘9T |1MdV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 5, 2007 as DOI: 10.1124/mol.107.037150
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #37150

Introduction

TRPP3 (also called polycystin-L), initially cloned from human retina EST (Nomuraet al.,
1998;Wu et al., 1998), is a novel member of the transient receptor potential (TRP) superfamily of
cation channels. TRPP3 has two homologs, TRPP2 (or polycystin-2) and TRPP5 (or polycystin-
2L.2), which share amino acid sequence similarity of ~70%. TRPP2 is part of aflow sensor and its
mutations account for ~10% of autosomal dominant polycystic kidney disease (ADPKD), while the
function and physiological roles of TRPP5 remain unknown. TRPP3 islocalized to a subset of taste
receptor cellsin the tongue where it may play a crucial rolein sour tasting (Huang et al.,
2006;Ishimaru et al., 2006;LopezJimenez et al., 2006), and to neurons surrounding the central canal
of the spinal cord where it may account for the long-sought proton-dependent regulation of the
frequency of action potential (Huang et al., 2006). TRPP3 is present in neuronal or non-neuronal (eg
epithelial) cells of other tissues, such as kidney, heart, reting, testis, liver, pancreas, and spleen
(Basoraet al., 2002). In fact, TRPP3 is found in the ganglion cells of retina and collecting duct
epithelial cels of kidney. We recently also revealed that TRPP3 is present in photoreceptor cells of
mouse retina (unpublished data). However, the function of TRPP3 in retina has not been reported. It
Is thus interesting to determine whether there exists a common mechanism underlying its
physiological rolesin various tissues.

TRPP3 is a Ca-activated non-selective cation channel permeableto Ca, K, Na, Rb, NH4, and
Ba, inhibited by Mg, H, Laand Gd (Chen et al., 1999;L.iu et al., 2002). Based on its permeability to
monovalent organic cations (methlyamine, dimethylamine and triethylamine and tetra-
methylammonium) and inhibition by larger compounds tetra-ethylammonium, tetra-
propylammonium, tetra-butylammonium and tetra-pentylammonium, a pore size of ~7 A was
estimated (Dai et al., 2006). TRPP3 is not a voltage-gated channel but its channel properties show

significant voltage-dependence (Chen et al., 1999;L.iu et al., 2002). Interestingly, co-expression of
4
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TRPP3 with polycystin-1, alarge receptor-like membrane protein mutated in 80-85% of ADPKD,

in human embryonic kidney (HEK) 293 cdlls resulted in TRPP3 trafficking to the plasma
membrane, where TRPP3 seemed to mediate Ca entry in the presence of a hypo-osmotic
extracellular solution (Murakami et al., 2005). Co-expression of mouse TRPP3 and polycystin-1L3,
an isoform of polycystin-1 with unknown function, but not the expression of TRPP3 or polycystin-
1L.3 alone, also target to the plasma membrane of HEK 293 cells and mediate pH-activated cation
conductance (Ishimaru et al., 2006). Whether the presence of polycystin-1L3, cell type and/or
species difference account for the observed opposite pH dependence of TRPP3 function remain to
be elucidated (Chen et al., 1999;Ishimaru et al., 2006). On the other hand, TRPP2 isaCa-
permeable non-selective cation channe involved in ER Ca homeostasis (Gonzalez-Perret et al.,
2001;Koulen et al., 2002), and together with polycystin-1, forms a channel complex which acts as
part of flow sensor in renal epithelial primary cilia (Nauli et al., 2003). Thus, like other TRP
members, TRPP2 and TRPP3 are likely to be part of cellular sensors (Clapham, 2003).

Amiloride (or N-amidino-3,5-diamino-6-chloropyrazinecarboxamide) and its analogs, such
as 5-(N-ethyl-N-isopropyl) amiloride (EIPA), benzamil and phenamil (Fig. 1A), have been
extensively used as probes for awide variety of transport systems (Kleyman & Cragoe, Jr., 1988).
Amilorideisawell known antagonist of ENaC, Na/Ca and Na/H exchangers, non-selective cation
channels, and voltage-gated K and Ca channels (Doi & Marunaka, 1995;Hirsh, 2002;Kleyman &
Cragoe, Jr., 1988;Kleyman & Cragoe, Jr., 1990;Murata et al., 1995; Sariban-Sohraby & Benos,
1986;Stoner & Viggiano, 2000; Tytgat et al., 1990). Interestingly, amiloride has been reported to
inhibit all types of taste responses (sweet, bitter, umami, salty and sour) (Gilbertson et al.,
1993;Lilley et al., 2004). In this study we examined the inhibitory effects of amiloride analogs on
TRPP3, using Xenopus oocyte expression in combination with whole-cell and single-channel

electrophysiology, as well as radiotracer uptake measurements.
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Materialsand Methods

Oocyte preparation

Capped synthetic human TRPP3 mRNA was synthesized by in vitro transcription from a
linearized template, using the MMESSAGE mMACHINE1L Kit (Ambion, Austin, TX, USA). Stage
V-V1 oocytes were extracted from Xenopus laevis and defolliculated by collagenase type | (2.5
mg/ml) (Sigma-Aldrich Canada, Oakville, ON, Canada) in the Barth’s solution (in mM, 88 NaCl, 1
KCl, 0.33 Ca(NOs) 5, 0.41 CaCl,, 0.82 MgSOs, 2.4 NaHCOs, 10 HEPES, and pH 7.5) at room
temperature for about 2 hr. Each oocyte was injected with 50 nl of RNase-free water containing 25
ng of TRPP3 mRNA 5-20 hr following defolliculation. An equal volume of RNase-free water was
injected into each control oocyte. Injected oocytes were incubated at 18°C in the Barth’s solution
supplemented with antibiotics, penicillin-streptomycin (Gibco, Invitrogen Corporation, Grans
Island, NY, USA) for 2-4 days prior to experiments. The animal experimentation was performed in

accordance with the University of Alberta regulation concerning animal welfare.

“>Ca uptake measur ement

Radiotracer uptake experiments were performed as previously described (Chen et al., 1999).
Briefly, the uptake solution was composed of the NaCl-containing solution (in mM: 100 NaCl, 2
KCl, 1 MgCl,, 10 HEPES, pH 7.5) plus 1 mM non-radiolabelled CaCl, and 1:1000 radiolabelled
“>Cawith specific activity of 2 pCi/ul (Amersham Pharmacia Biotech, Montreal, QC, Canada). 10
oocytes were incubated in 0.5 ml of the uptake solution, for 30 min with gentle shaking from time
to time. Uptake was terminated by washing oocytes in the ice-cold NaCl-containing solution.

Amiloride, EIPA, benzamil and phenamil were purchased from Sigma-Aldrich Canada.

Two-microelectr ode voltage clamp
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Two-microel ectrode voltage clamp was performed as described previoudly (Liu et al.,
2002;Li et al., 2003). Briefly, the two electrodes (Capillary pipettes, Warner Instruments, Hamden,
CT, USA) impaling Xenopus oocytes were filled with 3 M KCI to form atip resistance of 0.3 ~3
MQ. Oocyte voltages and whole-cell currents were recorded using an amplifier (Geneclamp 5008,
Axon Instruments, Union City, CA, USA) and pClamp 9 software (Axon Instruments), and stored
in a PC computer after AD/DA conversion (Digidatal320A, Axon Instruments). Currents and
voltages were sampled at intervals of 200 ps and filtered at 2 kHz using an 8 pole Bessd filter. In
experiments using a ‘ gap-free’ (continuous acquisition at a holding voltage) or ramp protocol (Fig.
2B, top), current/voltage signals were sampled at intervals of 0.2 or 200 ms, respectively. Standard

NaCl-containing solution contained (in mM): 100 NaCl, 2 KClI, 0.2 MgCl,, 10 HEPES, pH 7.5.

Patch clamp

The vitelline layer of oocytes was manually removed following incubation at room
temperature in a hypertonic solution (Barth’s solution plus 200 mM sucrose). Oocytes were then
transferred to a recording chamber with Barth’s solution and allowed to recover for 10 ~ 20 min
before clamping. Electrodes were filled with a pipette solution containing 123 mM K (in mM: 110
KCl, 13 KOH, 10 HEPES, and pH 7.4) to form tip resistance of 3 - 8 MQ. Single-channel currents
were recorded in cell-attached configuration using PC-ONE Patch Clamp amplifier (Dagan Corp.,
Minneapolis, MN, USA), DigiData 1322A interface, and pClamp 9 software. Recording started
after seal resistance reached at least 3 GQ2. Current and voltage signals were sampled every 200 us

and filtered at 2 kHz.

Statistics and data analysis
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Data obtained from the two-microelectrode voltage clamp and patch clamp experiments
were analyzed using Clampfit 9. For single-channel event detection, automatic level update was
used (with 10% contribution) and the threshold value was equal to 50% of the current amplitude.
Single-channel conductance values were obtained from Gaussian fits to density plots (all-point
histograms). The open probability times the number of channelsin the patch (NP, designated ‘open
probability' hereafter) and channel mean open time (MOT) values were obtained from currents
generated either by voltage pulses of 10 s per pulse or by gap-free recordings of 10 slong. For the
MOT analysis, recordings with single openings were used without filtering. Analyzed data were
plotted using Sigmaplot 9 (Jandel Scientific Software, San Rafadl, CA, USA) and expressed in the
form of mean = SE (N), where SE represents the standard error of the mean and N indicates the
number of oocytes (or oocyte patches) tested. Data filtering and curve fitting were performed using
Clampfit 9 and Sigmaplot 9, respectively. The diameters of amiloride and its analogs were
measured with Spartan 4 (Wavefunction Inc, Irvine, CA, USA). Concentration-dependent curves
were fitted with the 3-parameter Logistic equation: /1max = 1/[1 + ([B]/ICs0)™], where [B]
represents the concentration of amiloride or its analog and ny represents the Hill coefficient.
Comparison between two sets of data was analyzed by t-test or two-way ANOV A, and a probability

value (P) of lessthan 0.05 and 0.01 was considered significant and very significant, respectively.
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Results
Inhibition of TRPP3-mediated **Ca uptake by amiloride and its analogs

We first utilized radiotracer uptake assays to assess the whole-cell Catransport activitiesin
Xenopus oocytes. Oocytes injected with TRPP3 mRNA exhibited increased Ca entry, compared to
the control (H2O-injected) oocytes. In the presence of 500 uM amiloride, 100 uM EIPA, 10 uM
benzamil and 10 uM phenamil, *Ca uptake decreased from 79 + 9 to 46 + 4 (58% remaining), 27 +
4 (34%), 29 £ 5 (37%), and 38 + 4 (48%) pmol/oocyte/30 min (N = 6, P = 0.008), respectively (Fig.
1B). These compounds displayed little effects on the Ca transport of control oocytes, indicating that

TRPP3-mediated Catransport is significantly inhibited by amiloride and its analogs.

Inhibition of TRPP3-mediated whole-cell currents by amiloride analogs

We next employed the two-microel ectrode voltage clamp technique to examine the
inhibitory effects of amiloride and its analogs. In TRPP3-expressing oocytes, large inward currents
were evoked by adding 5 mM Cato the NaCl-containing solution at the holding potential of -50
mV. Currents were activated and reached a peak in 10 ~ 20 s after Ca was added and then
inactivated. The Ca-activated TRPP3 inward current was reduced in the presence of extracellular
amiloride a 100 uM (40.3 £+ 8.6% inhibition, P = 0.0001, N = 18) or 500 uM (85.9 + 11.3%
inhibition, P = 0.0005, N = 20) (seeeg Fig. 2A), but not at 10 uM (P = 0.2, N = 13), indicating a
rather low-affinity inhibition. Thisinhibition by amiloride was reversible as the inward current
recovered 8 ~ 10 min after washout (see representative tracing in Fig. 2A), whichisalso
approximately the time required for evoking a second activation of the channel following the first
activation (in the absence of amiloride) (Chen et al., 1999). Using a ramp voltage protocol, we
showed that amiloride also exhibitsitsinhibitory effect at other membrane potentials, as shown by

averaged current-voltage curves obtained in the presence and absence of amiloride (Fig. 2B).
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Because amiloride is alow-affinity inhibitor of the TRPP3 channel, we wondered whether
its analogs have similar effects on TRPP3. We tested the effects of EIPA, benzamil and phenamil,
which are formed by replacing one of the two amino groups in amiloride with more hydrophobic
side chains (Fig. 1A). We found that EIPA, benzamil and phenamil rapidly and reversibly block Ca-
activated TRPP3 channel activation at -50 mV as well as at other membrane potentials (Fig. 2C-F).
When currents obtained at -50 mV in the presence of various concentrations of amiloride and its
analogs were averaged and fitted with the Logistic equation (see Methods), we obtained the ICs
valuesof 143+ 8 (N =36), 10.5+2.2 (N=28),1.1+ 0.3 (N =30) and 0.14 £ 0.04 uM (N = 25)
for amiloride, EIPA, benzamil and phenamil, respectively (Fig. 2G). Thus, the inhibition potency
order is phenamil > benzamil > EIPA > amiloride, with the difference in affinity of roughly 10-fold
between two consecutive inhibitors.

Our previous data showed that large TAA compounds, known asinhibitors of non-selective
cation channels, inhibit TRPP3 (Dai et al., 2006). To gain ingght into whether these inhibitors bind
to the same site as amiloride analogs we examined inhibition of phenamil in the presence of tetra-
pentylammonium (TPeA). We found that the ICsp value for phenamil is4.30 + 0.02 uM in the
presence of 0.5 UM TPeA (the ICso value for TPeA was 1.3 uM), which is 30-fold higher than the
value in the absence of TPeA (Fig. 2H). These data suggest that the two classes of inhibitor
compete for the same binding site in TRPP3.

In the absence of Ca, the basal Na current was also reversibly inhibited by 100 - 500 uM
amiloride, 10 - 100 uM EIPA, 1 - 10 uM benzamil and 0.03 - 1 uM phenamil, with similar affinity
constants (Fig. 3) compared to the inhibition of Ca-activated currents (Fig. 2G). With 500 uM
amiloride, 100 uM EIPA, 10 uM benzamil or 1 uM phenamil, the basal Na currents of the TRPP3
channel were significantly and reversibly inhibited (Fig. 3A-C). The basal Na currentsin H,O-

injected oocytes were not significantly inhibited by 500 uM amiloride or 1 uM phenamil (data not

10
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shown). The ICsy values were 209, 19.5, 2.4 and 0.28 uM for amiloride, EIPA, benzamil and

phenamil, respectively (Fig. 3D).

Inhibition of single-channel activities of TRPP3 by amiloride analogs

To examine inhibitory effects of amiloride analogs on TRPP3 single-channel activities we
used the cell-attached mode of patch clamp. In the presence of 123 mM K in the pipette, TRPP3
channel openings were observed in 245 out of 296 patches in oocytes over-expressing TRPP3. With
linear regression in negative (-Vm: -20 ~ -120 mV) and positive membrane potentials (+V . +20 ~
+120 mV), we calculated that TRPP3 has alarger inward single-channel conductance (399 + 12 pS
at -Vm, N = 30) than outward conductance (137 + 10 pS at +V,, N = 26), presumably due to inward
rectification and the presence of asymmetrical concentrations of permeant ions on the two sides of
the membrane (Liu et al., 2002). No channéd openings of similar main conductance were observed
in H,O-injected control oocytes (N = 20).

We performed cell-attached recordings in the presence or absence of pipette amiloride from
patches of the same oocyte to minimize variations due to changes in the surface expression of
different oocytes. At both positive and negative voltages, amiloride (500 uM) significantly
decreased TRPP3 single-channel NP, but not the amplitude (Fig. 4). A two-way ANOV A analysis
revealed that 500 uM amiloride significantly inhibits NP, (P < 0.0001) and that NP, valueis
voltage-dependent (P < 0.0001), with higher NP, values a -V, (Fig. 4B). The MOT values were
also altered by extracellular amiloride (P = 0.002) and were voltage-dependent (P < 0.0001), with
higher MOT values at -V, (Fig. 4C). Of note, no effect on NP, and MOT was observed when 10
uM amiloride was added to the pipette solution, indicative of low-affinity inhibition by amiloride.
Similarly, we found that EIPA, benzamil and phenamil, exhibit inhibitory effects on NP, and MOT,

but not on the single-channel amplitude (Fig. 5-7). The inhibition by EIPA was concentration-

11
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dependent and the 1Csp values for EIPA inhibition on NP, were 13.7 £ 1.5 and 18.1+ 0.8 uM at -120

and +120 mV, respectively (P < 0.01, N = 20) (Fig. 5B). The ICs valueson MOT were 25 + 4 and
28 + 5 uM, respectively (P < 0.01, N = 20) (Fig. 5C). Those for benzamil on NP, were 0.5 £ 0.01
and 1.4+ 0.3 uM at 120 and +120 mV (P < 0.01, N = 11), respectively, while those on MOT were
0.8+ 0.03and 1.7 + 0.3 uM, respectively (P < 0.01, N = 13) (Fig. 6B and C). Phenamil exhibited
similar inhibition characteristics than its analogs but with higher potency. The ICs, values for
phenamil on NP, were 0.24 + 0.04 and 0.39 + 0.07 uM at -120 and +120 mV (P < 0.05, N = 26),
respectively, while those on MOT were 0.45 + 0.01 and 0.52 + 0.08 uM, respectively (P < 0.01, N =
19) (Fig. 7B and C). Theinhibition effects on NP,, MOT and mean current by 500 uM amiloride,
100 uM EIPA, 1 uM benzamil and 1 uM phenamil at -V, and +V , were compared (Fig. 8A-C). Of
note, we also examined the effects of intracellular amiloride analogs pre-injected 3 hr prior to
experiments. No significant effect was observed (data not shown), suggesting that they do not

exhibit smilar inhibition from the intracdlular side of the membrane.

12
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Discussion
As awell-known blocker of ENaC, Na/Ca and Na/H exchangers, non-selective cation

channels and voltage-gated K and Ca channels, amiloride also inhibits the responses to al taste
stimuli (Gilbertson et al., 1993;Lilley et al., 2004), currents induced by the expression of
polycystin-1 C-terminal fragments in Xenopus oocytes (Vandorpe et al., 2001), and those mediated
by TRPP2 channels reconstituted in lipid bilayer or over-expressed in sympathetic neurons
(Gonzalez-Perret et al., 2001;Delmas et al., 2004). Interestingly, recent reports showed that TRPP3
plays an important role in sour tasting and acid sensing (Huang et al., 2006;Ishimaru et al., 2006).
TRPP3 is concentrated in the apical membrane (facing taste pores) of bipolar cdlsin taste buds,
suggesting that it allows an initial cation influx triggered by low pH at the taste pore, which
activates surrounding voltage-gated cation channels vialocal membrane depolarization and then
leads to the firing of an action potential. In the whole length of the spinal cord, TRPP3 is present in
neurons that project into the central canal, suggesting that it may also trigger an initial cation entry
following a decrease in the canal pH (Huang et al., 2006). However, it remains unclear asto why
TRPP3 responds to two very different pH ranges in the tongue and spinal cord. It is possible that
polycystin-1L3 plays arole in acid sensing.

In the present study we investigated the modulation of the TRPP3 channel function by
amiloride and its analogs (phenamil, benzamil and EIPA), using whole-cell and single-channel
electrophysiology and radiotracer uptake measurements. These compounds inhibited both the Ca-
activated and basal, TRPP3-mediated cation transports in Xenopus oocytes. In radiotracer uptake
experiments, oocytes are not voltage clamped (to negative membrane potentials, eg -50 mV), any
significant Ca entry will immediately lead to membrane depolarization, which slows down further
Caentry. Thus, Caentry should not be sufficient in these experiments to induce TRPP3 channel

activation and should reflect the basal TRPP3 channel activity. In cell-attached experiments,

13
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because Ca was absent in the pipette solution, single-channel activities correspond also to the basal
TRPP3 function. In fact, so far we have not been able to conclude as to whether Ca (5 mM) in the
cell-attached pipette can induce activation of TRPP3 channels present in the patch. An important
difference to the whole-cell voltage clamp may be that the Ca entry through the tiny membrane
patch under the pipette does not cause sufficient increase in the local intracellular Ca concentration
in the proximity of the patch to activate these few TRPP3 channels, due to fast diffusion of Caions.

Amiloride analogs are 2-3 fold more effective, as judged by 1Cs values, in blocking the Ca-
activated current than the basal current. This might be due to the possibility that amiloride analogs
are more potent inhibitors for the current carried by Caions which are about 5 times more permeant
to TRPP3 than Na (Chen et al., 1999). Another possibility isthat the proportion of current already
inhibited by 1 mM Mg in the solution differs between the basal and activation conditions. These
inhibitors reduce the NP, and MOT, but not the single-channel conductance. Because no rapid
‘flickery’ block was observed, our data suggest that these inhibitors ater channel gating by binding
to asite(s) on the channel protein outside the pore pathway, instead of competing with permeant
ions such as Caand Na.

Interestingly, the hydrophobicity of the side chain, the molecular diameter, and the
inhibition potency of these analogs follow the same order, phenamil > benzamil > EIPA > amiloride
(Fig. 8D), which is different from one for ENaC (phenamil > benzamil > amiloride > EIPA) and
Na/H exchanger (phenamil > EIPA > amilorde, benzamil) (Kleyman & Cragoe, Jr., 1988),
suggesting that these membrane proteins have different binding kinetics or structures for the
inhibitors. It is possible that the binding cassette in TRPP3 has a hydrophobic environment that
promotes binding of ligands of higher hydrophobicity or that the size of the binding cassetteis
closer to that of phenamil than the other inhibitors. We previously estimated that TRPP3 channel

possesses a pore diameter of ~7 A and abinding cassette of at least 13 A for organic cation
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inhibitors (Dai et al., 2006). In that study we revealed that the largest inhibitor TPeA, with a size of

~13 A, is most potent among the other organic cation inhibitors tested. We also found that these
inhibitors, except tetra-butylammonium, reduce NP, and MOT, but not the single-channel
conductance. This raises the possibility that amiloride analogs and organic cation inhibitors share
the same binding site. This is supported by our finding that the ICs value for phenamil augments by
30-fold in the presence of 0.5 uM TPeA.

Renal Nareabsorption is crucial for Na and body fluid homeostasis. Amiloride-sensitive Na
reabsorption constitutes a major ion transport pathway in the principal cells of cystic and non-cystic
collecting tubules (Hirsh, 2002). It was reported that amiloride-sensitive non-selective channels
with unclear molecular identities may contribute to Na reabsorption in distal tubules, collecting
ducts, cultured A6 kidney cells, hippocampus and Ehrlich-L ettre-ascites tumour cells (Chu et al.,
2003;Lawonn et al., 2003). Interestingly, TRPP3 is present in the apical region of renal principal
cells (Basoraet al., 2002) and part of Na reabsorption in collecting ducts was reported to be
mediated by amiloride-sensitive non-sel ective cation channels (Vandorpe et al., 1997), suggesting
that TRPP3 may contribute to renal Na reabsorption. Of note, although TRPP3 channels over-
expressed in Xenopus oocytes exhibit high unitary conductance and low sensitivity to amiloride
inhibition, these parameters for in vivo TRPP3 channels in kidney and other organs might be
substantially different because of possible presence of tissue-specific modulatory protein subunits.
Thus understanding effects of amiloride on the TRPP3 channel may help to determineits
physiological rolesin kidney and other tissues.

The mouse orthologue of TRPP3 isdeleted in krd (kidney and retinal defects) mice,
resulting in defectsin kidney and retina (Keller et al., 1994;Nomuraet al., 1998). TRPP3 may be
one of the candidates linked to unmapped human genetic cystic disorders such as dominantly

transmitted glomerulocystic kidney disease of post-infantile onset, isolated polycystic liver disease,
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and Hajdu-Cheney syndrome/serpentile fibula syndrome (Nomuraet al., 1998). Although no

evidence showed the TRPP3's direct involvement in ADPKD or ARPKD, arolefor TRPP3in
cystogenesisis not excluded, as an interaction between TRPP3 and polycystin-1 exists (Murakami
et al., 2005). Co-expression of TRPP3 together with polycystin-1 resulted in the expression of
TRPP3 channels on the cell surface, whereas TRPP3 expressed alone was retained with the ER
(Murakami et al., 2005). Monolayers formed by ARPKD principal cells of human fetal renal
collecting ducts exhibit remarkably higher transepithelial Na reabsorption than control monolayers
(Rohatgi et al., 2003;Olteanu et al., 2006). Interestingly, thisincreased Na movement is partially
inhibited by amiloride with relatively low affinity. In contrast, the amiloride-sensitive Na
reabsorption is decreased in principal cellsisolated from bpk ARPKD mice (Veiziset al., 2003).
Because the protein mutated in these ARPKD cells does not resemble an ion channel or transporter,
we speculate that it may regulate the surface membrane expression and/or function of to-be-
identified channels or transporters that are permeable to Nawith low sensitivity to amiloride. The
regulation could be through physical binding or indirectly through a cascade pathway that links a
PKD protein to an ion channel or transporter. Interestingly, cyst growth can be interfered in animal
and in vitro studies by a number of compounds, in particular, by the use of amiloride and its analogs
(Ogborn, 1994).

In summary, TRPP3 may account for amiloride-sensitive cation currents in some tissues and
play critical physiological rolesin both neuronal and non-neuronal cells, eg in brain, retinaand

kidney, by mediating amiloride-sensitive, pH-dependent cation fluxes.
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L egendsfor Figures
Fig. 1. Effects of amiloride analogs on the uptake mediated by TRPP3 expressed in Xenopus
oocytes. A. Chemical structures of amiloride and its analogs (from CHEMnetBASE,

http://www.chemnetbase.com, for amiloride, EIPA and benzamil; from Sigma,

http://www.sigmaal drich.com, for phenamil). B. Uptake of radioactive *Camediated by TRPP3

channd using the standard NaCl-containing solution, plus 1 mM non-radiolabelled CaCl, and
radiolabelled *Ca, in the presence and absence of 500 uM amiloride, 10 uM phenamil, 10 uM
benzamil or 100 uM EIPA, respectively. Shown data are averages from six independent
measurements. Control uptake level was obtained using H,O-injected oocytes. **' indicates very
significant inhibition: P < 0.01.

Fig. 2. Effects of amiloride analogs on the Ca-activated whole-cell currents mediated by
TRPP3 channdl. A. The TRPP3-mediated whole-cell currents obtained using the

two-microel ectrode voltage clamp. Currents carried by Na and Ca were measured at —50 mV in the
presence of the standard NaCl-containing solution (‘'Na) = Ca (5 mM) £ amiloride (500 uM). The
duration between consecutive applications of 5 mM Cawas 10 min, for the TRPP3 channels to
recover (samein C and E). 'Na + Ca = the NaCl-containing solution + 5 mM CaCl,. ‘Amiloride’ =
500 uM amiloride. B. Averaged current-voltage relationships (I-V curves) in the presence or
absence of 500 uM amiloride (N = 16), obtained using a voltage ramp protocol (top). C. Effects of
benzamil on the TRPP3-mediated whole-cell currents under voltage clamp (-50 mV). D. Averaged
I-V curvesin the presence or absence of 1 uM benzamil (N = 15). E. Effects of 0.3 uM phenamil on
the whole-cell currents at -50 mV. F. Averaged |-V curvesin the presence or absence of 0.3 uM
phenamil (N = 13). G. Averaged concentration-dependent curves for amiloride, EIPA, benzamil

and phenamil (N = 36, 32, 30 and 28, respectively). Curves are fits with the Logistic equation (see
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Methods). H. Concentration-dependent curves for phenamil in the presence (solid triangle, N = 32)
or absence (open triangle, same asin pand G) of TPeA (0.5 uM).

Fig. 3. Effectsof amiloride analogs on the TRPP3-mediated basal Na currents. A and B.
Representative current recording at -50 mV in an oocyte expressing TRPP3 in the presence or
absence of amiloride (500 uM) (A) or phenamil (1 uM) (B). ‘NMDG’ indicates the ‘Na solution in
which Nawas replaced by the equimolar N-Methyl-D-glucamine. C. Basal Na currents at -50 mV
inhibited by 500 uM amiloride, 100 uM EIPA, 10 uM benzamil or 1 uM phenamil, in oocytes
expressing TRPP3 or H,O-injected oocytes. D. Averaged concentration dependence of normalized
basal Na currents at -50 mV for various amiloride analogs. The ICs, values were estimated to be
155+ 0.01 (N = 23), 12.2+ 0.01 (N = 18), 2.43+ 0.01 (N = 22) and 0.28 + 0.04 uM (N = 22) for
amiloride, EIPA, benzamil and phenamil, respectively.

Fig. 4. Effects of amiloride on TRPP3 single-channel properties. The cell-attached mode of the
patch clamp technique was used in these experiments. A. Representative recordings (left) and the
corresponding density plots (right) at indicated voltages in the presence pipette 123 mM K
(Control) £ 500 uM amiloride. The closed levels are indicated by horizontal dashed lines. Shown
traces were Gaussian filtered at 200 Hz, using Clampfit 9. The tracings in the presence or absence
of amiloride were from the same oocytes. B. Averaged (N = 8) NP, values at various V,, +
amiloride (500 uM). A two-way ANOVA analysis produced P < 0.0001 for amiloride and V ,, and
P =0.008 for the amiloride x V, interaction. C. Effects of amiloride on MOT. P = 0.002 for
amiloride, P < 0.0001 for V,, and P =0.01 for the amiloride x V, interaction. D. Averaged single-
channel amplitudes obtained in the presence or absence of amiloride (500 uM) (N = 15, P> 0.05).
Fig. 5. Effectsof EIPA. A. Representative recordings (left) at -120 mV in the presence of 123 mM
K (contral) in the pipette, plus 0, 0.5, 5, 10, 20, 50 or 100 uM EIPA, and the corresponding density

plots (right). The tracings at different EIPA concentrations were from the same oocytes. B.
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Concentration-dependent curves for the inhibition of NP, by EIPA at -120 mV and +120 mV,
respectively. Data were averaged from 20 determinations. The curves are fits by the Logistic
equation. C. Concentration-dependent curves for the inhibition of MOT by EIPA (N = 20).
Fig. 6. Effects of benzamil. A. Representative recordings (left) at -120 mV in the presence of
benzamil at various concentrations and the corresponding density plots (right), from the same
oocytes. B and C. Concentration-dependent curves for the inhibition of NP, (N= 24) and MOT (N=
20) by benzamil at —120 and +120 mV, respectively. Each point was averaged from 13
determinations.
Fig. 7. Effectsof phenamil. A. Representative recordings (left) at +100 and -120 mV in the
presence of phenamil at various concentrations and the corresponding density plots (right), from the
same oocytes. B and C. Concentration-dependent curves for the inhibition of NPy (N = 26) and
MOT (N = 19) by phenamil at =120 and +120 mV, respectively.
Fig. 8. Effectsof amiloride analogs on TRPP3 single-channel parameters. 500 uM amiloride,
100 uM EIPA, 1 uM benzamil and 1 uM phenamil were used in the cell-attached experiments. A
and B. Inhibition of NP, and MOT at -V, (N = 15-26) and +V,, (N = 11-20). C. Inhibition of mean
currentsat -120 mV (N = 15-26) and +120 mV (N = 11-20). D. I1Cs, values for amiloride and its
analogs as a function of their molecular size. Ca-activated whole-cell currents were used to
determine the | Cs; values averaged from 36, 25, 30 and 28 measurements for amiloride, EIPA,
benzamil and phenamil, respectively. The diameters of amiloride, EIPA, benzamil and phenamil are

9.9, 12.0, 13.8 and 14.2 A (unfolded mode!), respectively.
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