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TRPC3 (canonical transient receptor potential protein 3) has been
suggested to be a component of cation channel complexes that
are targeted to cholesterol-rich lipid membrane microdomains. In
the present study, we investigated the potential role of membrane
cholesterol as a regulator of cellular TRPC3 conductances. Func-
tional experiments demonstrated that cholesterol loading activates
a non-selective cation conductance and a Ca*" entry pathway
in TRPC3-overexpressing cells but not in wild-type HEK-293
(human embryonic kidney 293) cells. The cholesterol-in-
duced membrane conductance exhibited a current-to-voltage
relationship similar to that observed upon PLC (phospholipase
C)-dependent activation of TRPC3 channels. Nonetheless, the
cholesterol-activated conductance lacked negative modulation by
extracellular Ca**, a typical feature of agonist-activated TRPC3
currents. Involvement of TRPC3 in the cholesterol-dependent
membrane conductance was further corroborated by a novel
dominant-negative strategy for selective blockade of TRPC3

channel activity. Expression of a TRPC3 mutant, which contained
a haemagglutinin epitope tag in the second extracellular loop,
conferred antibody sensitivity to both the classical PLC-activated
as well as the cholesterol-activated conductance in TRPC3-
expressing cells. Moreover, cholesterol loading as well as PLC
stimulation was found to increase surface expression of TRPC3.
Promotion of TRPC3 membrane expression by cholesterol was
persistent over 30 min, while PLC-mediated enhancement of
plasma membrane expression of TRPC3 was transient in nature.
We suggest the cholesterol content of the plasma membrane as a
determinant of cellular TRPC3 activity and provide evidence for
cholesterol dependence of TRPC3 surface expression.

Key words: canonical transient receptor potential protein 3
(TRPC3), Ca’* signalling, dominant-negative knockdown, lipid
microdomain, membrane cholesterol, non-selective cation
channel.

INTRODUCTION

Members of the canonical TRP (transient receptor potential) fam-
ily [TRPC (canonical TRP protein) subfamily] have repeatedly
been shown to form cation channels that lack voltage sensitivity
and are typically activated in response to stimulation of PLC
(phospholipase C)-coupled receptors [1,2]. Most TRPC isoforms
were reported to constitute pores that display significant perme-
ability for Ca®" ions and are therefore considered as pivotal ele-
ments of Ca** signalling in excitable [3,4] as well as non-excitable
tissue [5]. Recent investigations suggest that, in addition to its
Ca’" permeability, non-selective TRPC3 channels might govern
cellular Ca** homoeostasis via Na* entry and by utilizing a locally
coupled Na*/Ca®" exchange process [6].

TRPC3 as well as its close relative TRPC6 have been pro-
posed as ‘lipid-regulated’ ion channels, which are activated by
diacylglycerol [7]. Consistent with this, these TRPC channels
are considered as part of a signalling complex that includes PLC
and the inositol 1,4,5-trisphosphate receptor [8,9] and are targeted
to the specific lipid environment of lipid rafts and caveolae. Target-
ing to cholesterol-rich membrane microdomains has been reported
for TRPC1, TRPC3 and TRPC4 [10-12]. Moreover, reduction of
membrane cholesterol content by cyclodextrins, an intervention

that is typically associated with disruption of lipid raft structures,
was found to impair TRPC signalling processes [9,13]. Thus
TRPC channels appear sensitive to alterations in membrane struc-
tures that are dependent on membrane cholesterol content. Chole-
sterol and other microdomain-resident lipids may interact with
proteins on a level beyond simple platform formation. Indeed,
membrane cholesterol was found to determine functional pro-
perties of a variety of ion channels including nucleotide-gated
channels [14], P/Q-type calcium channels [15], epithelial so-
dium channels [16] and potassium channels [17-20]. Conse-
quently, membrane lipid composition was found to affect cellular
functions such as contractility [21,22] and cellular volume
regulation [23], and pathophysiological consequences of hyper-
cholesterolaemia have been linked to lipid modulation of channels
[24]. Membrane cholesterol content is likely to undergo changes
during tissue maturation and is associated with cellular functions,
as cultured cells that approach confluence were found to display
a substantial increase in membrane cholesterol concomitant with
altered protein tyrosine phosphorylation [25].

It is expected that ion channel proteins that are targeted to
specialized microdomains of the plasma membrane display parti-
cular sensitivity to membrane lipids and are subject to lipid-
dependent control of gating. Members of the TRPC family are
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prototypical examples of such raft-resident and lipid-sensitive ion
channels. Moreover, TRPC conductances were found to be regu-
lated by exocytotic insertion of channels into the plasma mem-
brane [26,27]. Since caveolae-mediated cellular targeting and
traffic of proteins are considered to be dependent on membrane
lipid composition [28], it is tempting to speculate about the
dependency of TRPC targeting on membrane cholesterol. Thus
TRPC channels may sense perturbations in membrane cholesterol
due to altered membrane structure and/or may serve as direct
sensors for cholesterol and/or other structural membrane lipids.
Here, we present for the first time evidence for activation of a
TRPC channel in response to increases in membrane cholesterol
content. We propose that cellular regulation of TRPC3 channel
surface expression is governed by a cholesterol-dependent mech-
anism.

EXPERIMENTAL
Cell culture and transfections

HEK-293 (human embryonic kidney 293) cells stably expressing
C-terminally HA (haemagglutinin)-tagged TRPC3, designated as
T3-9 cells, were established and maintained as previously de-
scribed [29]. An extracellularly HA-tagged TRPC3 (exoHA—
TRPC3) construct was made by inserting a sequence encoding
YPYDVPD before the codons for Tyr’?*-Ala™ of human TRPC3,
thus creating a complete HA epitope YPYDVPDYA in the put-
ative second extracellular loop of the channel subunit. For some
experiments, T3-9 cells or HEK-TSA cells (T-cell surface antigen
201-expressing HEK-293 cells) were transiently co-transfected
with exoHA-TRPC3 and yellow fluorescent protein as an express-
ion marker using Transfast™ Transfection reagent (Promega,
Madison, WI, U.S.A.) according to the manufacturer’s instruc-
tions. The cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium; Sigma—Aldrich, Vienna, Austria) supplemented
with 10% (v/v) FCS (fetal calf serum; PAA Laboratories, Linz,
Austria) and 0.25 g/l Geneticin (G418 sulphate; PAA Labor-
atories). Some experiments were performed with wild-type HEK-
293 cells, which were cultured in the absence of Geneticin.

Saturation of MBCD (methyl-B-cyclodextrin) with cholesterol

Complexes of cholesterol and MBCD (Sigma—Aldrich) were pre-
pared by a modification of the method described by Klein et al.
[30]. Briefly, 25 ml of an aqueous solution of MBCD (45 mM) and
750 pl of isopropyl alcohol containing 45 mg of cholesterol was
heated to 80 °C. The cholesterol solution was added drop by drop
into MBCD solution while stirring. After dispersal of cholesterol,
the solution was allowed to cool to 37°C under constant stirring
and the volume was re-adjusted to 25 ml by adding distilled water.
Aliquots of 5 ml of the solution were placed in 50 ml centrifuge
tubes, frozen with liquid nitrogen and freeze-dried for 24-30 h.
The freeze-dried MBCD—cholesterol complexes were stored at
—20°C. Each aliquot was dissolved in 22.5 ml of buffer [PBS
containing (in mM): 137 NaCl, 2.7 KCl, 8 Na,HPO, - 2H,0 and
1.5 KH,PO,] to obtain an MBCD concentration of 10 mM prior
to experiments.

Neutral lipid analysis

T3-9 cells were grown to confluence for 48 h and incubated in
FCS-free DMEM in the presence or absence of cholesterol-satu-
rated MBCD (10 mM, 45 min). Cells were washed twice with ice-
cold PBS, scraped off in PBS and centrifuged at 4 °C. Subcellular
fractionation was performed by differential centrifugation by the
method of Lockwich et al. [9]. Briefly, cells were suspended in
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0.3 M NaOH, homogenized by sonication, and a plasma mem-
brane-rich fraction was obtained by removing larger cell frag-
ments, nuclei and mitochondria by centrifugation at 10000 g for
10 min at 4°C followed by a second centrifugation at 130000 g
for 1 hat4°C using a Sorvall AH-650 rotor. Lipids were extracted
in hexane/propan-2-ol (3:2, v/v) at 4°C (30 min, twice, using
4 ml of solvent), dried under argon and extracted a second time in
methanol/hexane (1:5, v/v) [31]. The hexane phase (containing the
neutral lipid fraction) was removed, dried, redissolved in mobile
phase [hexane, 2 % (v/v) ethanol and 0.005 % acetic acid] and
subjected to straight phase HPLC analysis (Lichrosphere 5 um
column; flow rate, 1 ml/min) with UV detection at 210 nm on
a Waters Alliance 2690 separation module. Quantification was
performed by peak area comparison with external standards.

Biotinylation of cell surface membrane proteins
and immunoblotting

T3-9 cells were grown to confluence for 48 h and either pre-
incubated with cholesterol-saturated MBCD (10 mM, 45 min) in
FCS-free DMEM or stimulated with carbachol (200 uM, 1 min)
in Ca®*-free buffer (137 mM NaCl, 5.4 mM KCI, 10 mM Hepes,
10 mM glucose and 1 mM MgCl,). Cells were washed three times
with ice-cold PBS containing 1 mM MgCl, and 0.8 mM CaCl,
[DPBS (Dulbecco’s PBS), pH 8] and incubated on ice for 30 min
with 1 mg/ml EZ-Link Sulpho-NHS-SS-biotin [sulphosuccin-
imidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate; Pierce] in
DPBS. The biotinylation reaction was terminated by washing the
cells three times with ice-cold DPBS containing 100 mM glycine.
Cells were then washed twice with ice-cold PBS, scraped off
from the dishes in PBS and centrifuged at 4 °C. The pellets were
resuspended in 0.5 ml of ice-cold lysis buffer [SO mM Tris,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 60 mM n-octyl B-
D-glucopyranoside, 1 mM PMSF and protease inhibitor mixture
(Complete™; Roche Applied Science)] and incubated for 30 min
on ice. Cell lysates were sonicated and centrifuged at 10000 g for
10 min at4 °C. Clear lysates (500 ug of protein) were rotated over-
night at 4°C with 50 ul of streptavidin—agarose beads (Pierce).
The beads were recovered by centrifugation for 1 min at 10000 g
and supernatants were collected as intracellular protein fractions.
The pellets, representing surface-expressed proteins, were washed
three times with ice-cold lysis buffer, eluted from the streptavidin—
agarose beads in 50 ul of 2x Laemmli buffer [31a], incubated at
60 °C for 30 min and then analysed by SDS/PAGE and transferred
to nitrocellulose sheets. Nitrocellulose membranes were incu-
bated with TBST buffer (25 mM Tris, 137 mM NaCl, 2.7 mM
KClI, and 0.1 % Tween 20, pH 7.4) containing 5 % (w/v) Bio-Rad
blocking reagent overnight at 4°C and incubated with primary
rat monoclonal antibody against HA (1:1.000; Roche Applied
Science, U.S.A.) for 1h at room temperature (22°C). After
washing with TBST buffer, horseradish peroxidase-conjugated
anti-rat IgG was used as secondary antibody. Membranes were
detected via Chemi Glow™ West detection system and developed
using a Herolab RH-5.2 Darkroom Hood, equipped with an EASY
1.3 HC camera.

Measurement of intracellular Ca?*+

Cells were loaded with fura 2/AM (fura 2 acetoxymethyl ester;
Molecular Probes, Eugene, OR, U.S.A.) for 30 min at 37°C and
5% CO,. Thereafter, cells were washed and constantly perfused
during experiments with buffer containing either 137 mM NaCl,
5.4 mM KCl, 10 mM Hepes, 10 mM glucose and 1 mM MgCl,
(nominally Ca**-free) or 137 mM NaCl, 5.4 mM KCI, 10 mM
Hepes, 10 mM glucose, 1 mM MgCl and 1 or 2mM CaCl,
(+Ca*"). For some experiments, calcium in the solution was
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Figure 1

Acute administration of MBCD-saturated cholesterol induces a cation current in TRPC3-overexpressing HEK-293 cells

(A) Representative time courses of membrane currents recorded at — 70 mV showing acute stimulation of TRPC3-overexpressing HEK-293 cells (T3-9) by either cholesterol-saturated MBCD (left
panel) or 200 ..M carbachol (CCH; right panel) as indicated. (B) Representative current responses recorded using ramp-like voltage protocols in T3-9 cells after challenge with cholesterol (1) and
carbachol (2). Experiments were performed at room temperature. (G) Mean values for peak current density recorded in T3-9 cells are shown for cells exposed to cholesterol or carbachol in the
absence or presence of extracellular calcium. Values represent the means + S.E.M. (n = 5-17). Asterisks denote significant difference versus non-stimulated T3-9 cells. (D) Pairs of T3-9 whole-cell
current values measured at — 70 mV before and after administration of cholesterol or carbachol in the presence and absence of extracellular calcium.

replaced with barium (2 mM Ba*"). The free Ca®* concentration of
the nominally Ca**-free solutions was determined using a Ca*"-
sensitive electrode and was approx. 20 uM (15-30 uM). Exci-
tation light was supplied via a Polychrome II polychromator
(TILL Photonics, Grifelfing, Germany) and emission was de-
tected by a Sensicam CCD (charged-coupled device) camera
(PCO Computer Optics, Kehlheim, Germany). Ca*"-sensitive
fura 2/AM fluorescence was measured ratiometrically at 340 and
380 nm excitation wavelengths and emission was collected at
510 nm. Digital image recordings were analysed using Axon
Imaging Workbench (Axon Instruments, Foster City, CA, U.S.A.).
Experiments were performed at room temperature.

Measurement of membrane currents

Patch pipettes were pulled from borosilicate glass (Clark Electro-
medical Instruments, Reading, U.K.), had a resistance of 3—5 MQ
and were filled with a solution containing 120 mM caesium meth-
anesulphonate, 20 mM CsCl, 10 mM Hepes, 1 mM MgCl, and
1 mM EGTA (pH adjusted to 7.4). Bath solutions were similar
to solutions described in the ‘Measurement of intracellular Ca®*’
subsection. For some experiments, cells were incubated with an
anti-HA antibody (for 1 h; 1:200 in bath solution) and constantly
perfused (1:200 in bath solution) during the experiment. Currents
were recorded using a List EPC7 (electronic patch clamp 7) ampli-
fier (List-Medical-Electronic, Darmstadt, Germany). Signals were

low-pass filtered at 1 kHz and digitized with 5 kHz. Voltage-clamp
protocols (voltage ramps from — 100 to +80 mV/0.6 V per s,
0.2 Hz, holding potential —70 mV) were controlled by pClamp
software (Axon Instruments). Experiments were performed at
room temperature.

Statistical analysis

Results were expressed as mean values + S.E.M. Differences were
considered statistically significant at P < 0.05 using Student’s ¢
test for unpaired values.

RESULTS

Cholesterol activates a cation conductance in
TRPC3-expressing cells

Measurement of membrane currents in HEK-293 cells stably
transfected to express TRPC3 channels (T3-9) revealed that acute
administration of cholesterol-saturated MBCD (10 mM), an
established tool for elevation of cellular cholesterol [32], induced
a whole-cell conductance in these TRPC3-overexpressing cells
(Figure 1A, left panel).

The current-to-voltage relationship of this membrane conduc-
tance was similar to that displayed by the typical TRPC3 currents
activated by carbachol in these cells (Figure 1B). Current densities
measured at — 70 mV during application of cholesterol amounted
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Figure 2 Combined stimulation of TRPC3-expressing HEK-293 cells with cholesterol and carbachol

(A) Time course of whole-cell current recorded at — 70 mV from a TRPC3-overexpressing HEK-293 cell (T3-9) during repetitive stimulation with 200 M carbachol (CCh), as indicated, after
incubation with cholesterol-saturated MBCD for 45 min. (B) Representative current responses recorded using ramp-like voltage protocols in T3-9 cells pre-incubated with cholesterol and challenged

with carbachol as indicated.

to approx. 20 % of the carbachol responses (Figures 1B and 1C).
Figure 1(B) shows representative current responses to voltage
ramps in T3-9 cells challenged with cholesterol (1) and carbachol
(2), both displaying slightly outward rectifying properties and
reversal potentials near zero as typically observed for TRPC3
currents under these conditions. Both carbachol- and cholesterol-
induced currents were virtually absent in wild-type HEK-293
cells, indicating a pivotal contribution of TRPC3 in these conduc-
tances. As evident from the time courses of current activation
(Figure 1A), acute administration of both compounds gave rise to
transient channel activation. Nonetheless, cholesterol-induced
currents tended to decline more slowly and reversibility of activ-
ation (deactivation) after cholesterol washout was slow and
incomplete, while carbachol-induced responses displayed fast in-
activation. Interestingly, the cholesterol-induced conductance ac-
tivation was barely sensitive to changes of extracellular Ca?"
concentration (from 20 uM to 2 mM), while carbachol effects
were significantly suppressed at elevated extracellular Ca®* [33]
as shown in Figure 1(C). The magnitude of the TRPC3-mediated
inward currents at physiological Ca** concentrations was similar
for both the lipid- and the PLC-induced activation as shown in
Figure 1(D). Thus divergent Ca*" sensitivity was observed for
cholesterol- and carbachol-induced activation of TRPC3.

Prolonged incubation of T3-9 cells (45 min) with cholesterol-
saturated MBCD induced substantially larger whole-cell currents
than acute administration (40 % of carbachol stimulation; Fig-
ure 1C). To verify the concept that MBCD—cholesterol-induced
conductance activation was due to cholesterol loading of the cells
[32], we performed control experiments with methyl-cyclo-a-
dextrin, a related compound that lacks affinity for cholesterol,
which provided evidence against cholesterol-independent effects
of the cyclodextrin. Cyclo-a-dextrin (10 mM, 45 min) did not ac-
tivate membrane conductances in T3-9 cells (n = 6, results not
shown). Moreover, MBCD-mediated loading of cell membranes
with cholesterol was monitored by HPLC analysis. Consis-
tent with previous studies [34], a clear increase in total cellular
cholesterol content (1.5-fold) and a prominent elevation of chol-
esterol in the plasma membrane fraction (3.2-fold; n =2) were
measured in cells exposed for 45 min to cholesterol-MBCD
(10 mM).

Repeated challenge of cells with carbachol resulted in declining
current responses, indicating that this transient activation of
TRPC3 is subject to desensitization.

Cholesterol-loaded cells responded to carbachol with further
transient increases in conductance as shown in Figure 2. The

© 2006 Biochemical Society

magnitude of carbachol-induced current increases was slightly but
not significantly smaller in cholesterol-loaded cells as compared
with controls, and currents deactivated in both situations rapidly
below 10 % of peak current densities within 1 min after washout.
Thus carbachol responses remained largely unchanged in chol-
esterol-loaded cells, indicating that cholesterol loading does not
significantly affect PLC-mediated conductance activation. Maxi-
mum current densities measured in the presence of cholesterol
plus carbachol (—70mV, 200 uM; 11.3+3.4 pA/pF; n=6;
results not shown) were not significantly different from those
obtained with 200 uM carbachol alone (10.2 £+ 1.6 pA/pF; n =6),
indicating that the two activating stimuli are likely to converge at
the same conductance.

Besides generating a measurable membrane conductance, chol-
esterol loading of T3-9 cells promoted entry of Ca?>" and Ba?", a
phenomenon that was not detectable in wild-type HEK-293 cells.
Elevation of extracellular Ca®>* from 20 uM to 2 mM induced
minute elevation of intracellular Ca** in wild-type HEK-293
cells, and the observed changes in intracellular Ca** were indistin-
guishable from controls (Figure 3A). In contrast, promotion of
Ca*" entry was clearly evident in cholesterol-loaded cells ex-
pressing TRPC3 (T3-9) (Figure 3B). Moreover, enhanced Ba*"
entry was observed in cholesterol-loaded T3-9 cells but not in
cholesterol-loaded wild-type HEK-293 cells (Figure 3C). Ca®*
imaging during acute administration of cholesterol-loaded MBCD
showed that stimulation of T3-9 cells by cholesterol did not lead
to a detectable mobilization of Ca** from internal stores within the
observation timeframe (results not shown). Although we cannot
exclude a slow depletion of intracellular Ca** by cholesterol, these
experiments indicate that cholesterol-dependent channel activ-
ation does not involve elevation of cellular inositol 1,4,5-tris-
phosphate levels and rapid depletion of intracellular Ca®*
stores.

Expression of exoHA-tagged TRPC3 confers anti-HA sensitivity to
both carbachol- and cholesterol-induced membrane conductances

The above-described membrane effects of cholesterol in TRPC3-
overexpressing cells strongly suggest that TRPC3 generates cation
channels that are regulated by cholesterol- as well as by PLC-
dependent signalling pathways.

To verify further the involvement of TRPC3 in the observed
conductance, we employed a novel technique for conditional
knockdown of TRPC3 conductances. A TRPC3 mutant that con-
tained an HA epitope in its second extracellular loop was tested for
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Figure 3 Membrane loading with cholesterol promotes basal Ca?* entry into T3-9 cells

Representative traces of Ca®*-sensitive fura 2/AM fluorescence ratios (Fsaysso) recorded in HEK-293 wild-type (wt) cells (A) and TRPC3-overexpressing HEK-293 cells (T3-9) (B) incubated in serum-
free medium in the absence (control; @) or presence () of cholesterol-saturated MACD (cholesterol; 10 mM, 45 min). During the experiments, cells were initially kept in Ca>+-free solution, and
Ca?*-containing solution was added to initiate calcium influx at the time point indicated. (C) Average of maximal Ca?* or Ba®* net influx signal derived from fura 2/AM imaging in wild-type
and T3-9 cells under control conditions (open bars) and loaded with cholesterol-saturated MABCD (filled bars). Values represent means + S.E.M. (n = 40-70).

its sensitivity to blockade by extracellularly applied anti-HA anti-
body. HEK-TSA cells were transiently transfected with the
exoHA-TRPC3 construct and displayed a typical non-selective
cation conductance upon stimulation with 200 uM carbachol
(Figure 4). This conductance was eliminated in cells pre-incu-
bated with anti-HA antibody (1:200, 30 min; Figures 4A and 4B).
We hypothesized that integration of this construct into TRPC3
multimers may transfer the anti-HA sensitivity of the mutant
protein to a large fraction of TRPC3-containing channel
complexes, even in cells expressing native or wild-type TRPC3
channels. As illustrated in Figure 5, expression of exoHA—
TRPC3 in T3-9 cells, which overexpress TRPC3, indeed resulted
in a profound sensitivity to anti-HA of both the carbachol-
and the cholesterol-induced membrane conductance. Importantly,
incubation with anti-HA antibody did not prevent carbachol
responses in sham-transfected T3-9 cells. It is of note that the
transfection itself resulted in increased basal leak conductance of
the cells, which was not affected by anti-HA incubation. Thus
expression of exo-epitope-tagged TRPC species appears to be
a suitable approach to confer antibody sensitivity to channels
formed by the respective species, and this method of ‘conditional
dominant-negative knockdown’ appears valuable to explore the
role of TRPC in specific membrane conductances. The present
results suggest TRPC3 as a subunit of cation channels that are
regulated by membrane cholesterol.

Cholesterol and carbachol promote surface expression
of TRPC3

Cholesterol-induced activation of TRPC3 displayed a striking
insensitivity to changes in extracellular Ca** and a rather slow
and persistent component of activation, which is in clear contrast
with channel activation via PLC stimulation. This may be ex-
plained by the involvement of distinct mechanisms of TRPC3
conductance activation. As recent studies suggested regulated in-
sertion of TRPC channels into the plasma membrane as a key
mechanism of TRPC activation [27], we set out to test for possible
effects of cholesterol loading on plasma membrane expression of
TRPC3 by cell surface biotinylation experiments (Figures 6A and
6B). Surface presentation of TRPC3 was significantly enhanced
in T3-9 cells exposed to cholesterol-saturated MBCD. The
cholesterol-induced promotion of plasma membrane presentation
of TRPC3 was comparable with that observed after stimulation of
the cells with carbachol in low extracellular Ca>*. Interestingly,
carbachol-induced translocation of TRPC3 into the biotinylated
fraction of cellular proteins was reduced by approx. 30 % in the
presence of extracellular Ca®* (results not shown), while chol-
esterol-induced translocation was fairly insensitive to extra-
cellular Ca’*. Cholesterol-induced promotion of surface express-
ion of TRPC3 was persistent, i.e. clearly detectable after 45 min
of incubation, while carbachol elicited only a transient increase

© 2006 Biochemical Society



152 A. Graziani and others

A B
PA pA/pF
6
o cCh
-100
4 exoHA-TRPC3 4

=200

=300

+ anti-HA

exoHA-TRPC3 (control)

T T T

3 min

control + anti-HA

Figure 4 ExoHA-tagged TRPC3 cation channels are sensitive to anti-HA antibody

(A) Representative time course of carbachol (CCh; 200 .«M)-induced current recorded at — 70 mV in an HEK-TSA cell transfected to express exoHA-TRPC3. Experiments were performed with cells
pre-incubated for 30 min in the presence or absence of anti-HA antibody (1:200). (B) Comparison of carbachol-induced current densities measured at —70 mV in exoHA-TRPC3-expressing
cells after pre-incubation in the absence and presence of anti-HA antibody. Values represent the means + S.E.M. (n=6-8). The asterisk denotes significant difference versus control.
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Figure 5 Cholesterol-induced TRPC3-mediated currents in exoHA-tagged
TRPC3-expressing cells are sensitive to anti-HA antibody

Shown are mean carbachol- and cholesterol-induced current densities recorded in T3-9 cells
transiently transfected with exoHA-tagged TRPC3. Responses in T3-9 wild-type cells are shown
for comparison. The cells were kept in Ca2*-freg solution when stimulated with carbachol, and
in Ca?*-containing solution when challenged by acute administration of cholesterol-saturated
MBCD. Carbachol- and cholesterol-mediated conductances in T3-9 cells transiently transfected
with exoHA-tagged TRPC3 were significantly inhibited by pre-incubation with anti-HA antibody
(1:200, 30 min), while carbachol-induced currents in T3-9 cells were not affected by anti-HA
antibody. Values represent the means + S.EIM. (n=7-10). Asterisks denote significant
differences versus carbachol- and cholesterol-induced conductance in the absence of antibody.

in TRPC3 immunoreactivity in the biotinylated protein fraction,
typically detectable within 2—5 min after agonist stimulation. As
enhanced membrane presentation of TRPC3 in response to PLC
activation was recently demonstrated to be effectively suppressed
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by BFA (brefeldin A) [27], we used this tool to investigate
the contribution of TRPC3 membrane recruitment to cholesterol-
induced Ca’" entry. BFA inhibited TRPC3 membrane presen-
tation in cholesterol-loaded cells (Figure 6A) and markedly sup-
pressed cholesterol-induced Ca** signals as shown in Figure 6(C).
These results suggest that cholesterol-induced activation of
TRPC3 conductances and TRPC3-mediated Ca*" entry involves,
atleast in part, the recruitment of TRPC3 to the plasma membrane.

DISCUSSION

In the present study, we present evidence for a novel function
of TRPC3 in terms of lipid sensitivity. We show that a cellular
TRPC3 conductance is promoted at elevated membrane chol-
esterol content. In addition, we report on a novel strategy for
the analysis of the physiological function of TRP proteins. We
demonstrate suppression of TRPC3 channels by expression of
a conditional dominant-negative species, which renders TRPC3
channels sensitive to blockade by specific antibodies.

Identification of a cholesterol-sensitive TRPC3 conductance

It is well established that the cholesterol content and/or the chol-
esterol/phospholipid ratio of biological membranes represents
a key determinant of membrane functions [35], and alterations
in cholesterol homoeostasis have been implicated in the patho-
genesis of a variety of diseases, including cardiovascular dysfunc-
tions [36] as well as neurodegeneration [37] and Alzheimer’s
disease [38]. Importantly, cholesterol is not uniformly distributed
in biological membranes but is strictly organized, including asym-
metry regarding leaflet distribution and accumulation within
specific microdomains [39-42]. Membrane cholesterol is con-
sidered essential for the generation of specific types of membrane
architecture and apparently enables accumulation as well as seg-
regation of signalling proteins within the plasma membrane
[15,16,21-24]. The TRPC channel proteins TRPC1, TRPC3 and
TRPC4 have been identified as residents of a specific subset of
membrane microdomains, which contain the cholesterol-binding
scaffold protein caveolin-1, termed caveolae [9,11,12]. From
these reports, it appears likely that membrane cholesterol might
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Figure 6 Effects of carbachol and cholesterol on plasma membrane presentation of TRPC3 and analysis of the effects of BFA on membrane presentation and

function of TRPC3

(R) T3-9 cells were either stimulated with carbachol (CCh; 200 1M, 1 min) in Ca®*-free buffer or incubated with FCS-free DMEM containing cholesterol-MACD (10 mM, 45 min), or with FCS-free
DMEM containing cholesterol-MBCD subsequent to a pre-incubation with BFA (10 .g/ml, 60 min). HA-TRPC3 abundance in total lysates (150 1g; input) and biotinylated fractions (PM, plasma
membrane fraction) was measured by immunoblotting with anti-HA antibody. Results are representative of three individual experiments. (B) Statistical analysis of the TRPC3 immunoreactivity
detected in biotinylated fractions of controls, in cells after stimulation with carbachol or cholesterol and in BFA-treated cells stimulated with cholesterol (BFA + cholesterol). * Indicate values
that are significantly different from control; ** indicates significant difference versus cholesterol stimulation. () Inhibition of cholesterol-induced Ca®*+ signalling by BFA. Representative traces
of Ca%*+-sensitive fura 2/AM fluorescence ratios (Fsap,3s0) recorded in TRPC3-overexpressing HEK-293 cells pre-incubated in FCS-free medium in the absence (control; @) or presence (A) of
cholesterol-MBCD (10 mM, 45 min) subsequent to pre-incubation with BFA (10 .g/ml, 60 min) (BFA, filled triangles).

affect TRPC channels, as suppression of caveolae-associated
signalling processes by reduction of membrane cholesterol has
been reported for TRPC1-mediated Ca** signalling [9,13,43].
The present study demonstrates that an increase in membrane
cholesterol content results in activation of a TRPC3 cation
conductance. An experimental increase in cellular choles-
terol content was accomplished by exposure of cells to an MBCD-
cholesterol complex, an agent that enables modulation of cellu-
lar cholesterol levels [34]. Besides classical liposome-mediated
control of cellular cholesterol, cyclodextrin-mediated cholesterol
loading has been established as a suitable approach to elevate
the cholesterol content of cell membranes [32]. For both strat-
egies, cholesterol-independent effects of the vehicle, such as
effects due to modification of membrane phospholipid com-
position, need to be considered and evaluated. Thus we performed
control experiments with cyclo-«-dextrin, a structural analogue
of MBCD, which specifically lacks affinity for cholesterol.
The results of these control experiments provided evidence
against dextrin-mediated effects on TRPC3 other than cholesterol
shuttling. Analysis of neutral lipid content in subcellular fractions
of cholesterol-loaded HEK-293 cells confirmed the efficiency of
MpBCD-mediated cholesterol loading, which produced an approx.
3-fold increase in plasma membrane cholesterol as compared with
control cells. It is of note that comparable increases in cellular
cholesterol content have been observed in pathophysiologically
relevant animal models [44,45], indicating that the experimentally
introduced changes in cellular cholesterol are likely to be of
pathophysiological relevance.

We suggest that increased cellular cholesterol levels represent
an activating stimulus for a non-selective cation channel that in-

volves the TRPC3 protein. In Ca’" imaging experiments, chol-
esterol loading clearly promoted bivalent cation entry, indicating
that the cholesterol-activated conductance is able to control cel-
lular Ca’>* homoeostasis. This may be of significance in patho-
physiological situations that are associated with disturbed chol-
esterol homoeostasis and tissue accumulation of cholesterol such
as diabetes and neurodegenerative diseases [44,46,47].

The identification of TRPC3 channels as the cholesterol-
sensing element underlying the observed membrane conductance
is based on three lines of evidence: (i) cholesterol-induced
activation of cation channels was observed exclusively in TRPC3-
overexpressing cells but not in wild-type HEK-293 cells, which do
not display detectable TRPC3 protein expression (M. Poteser and
K. Groschner, unpublished work); (ii) the current to voltage char-
acteristic measured for the cholesterol-activated membrane con-
ductance in TRPC3-overexpressing cells was reminiscent of that
typically measured for the PLC-dependent TRPC3 conductance
expressed in these cells [33,48]; (iii) a conditional dominant-
negative construct of TRPC3 inhibited the cholesterol-activated
conductance. Thus we suggest that TRPC3 is able to generate a
cholesterol-sensitive cation conductance.

A novel strategy for conditional knockdown of cellular
TRPC channel activity

One line of evidence supporting our concept of a cholesterol-
sensitive TRPC3 complex in which TRPC3 is part of the ion-con-
ducting structure was provided by experiments using a TRPC3
mutant that contains an HA epitope in the second extracellular
loop (exoHA-TRPC3) for conditional knockdown of TRPC3
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channels. Incubation of T3-9 cells, transfected to express exoHA—
TRPC3, with anti-HA antibody completely suppressed the PLC-
activated conductance. Our results are consistent with the
assumption that exoHA-TRPC3 is incorporated into TRPC3
channel complexes and transfers a specific anti-HA sensitivity
to these channels, thereby acting as a ‘conditional’ (antibody-
dependent) dominant-negative species. We suggest this approach
as auseful test for physiological functions of native TRPC channel
complexes.

Mechanism of cholesterol-dependent activation of cellular
TRPC3 conductances

Cholesterol-induced TRPC3 activation displayed insensitivity to
changes in extracellular Ca** along with an unusually prominent
persistent component. As these features are different from those of
PLC-dependent activation of the channels, we considered a mode
of conductance activation different from that initiated by PLC
stimulation. Indeed, carbachol-induced current activation was
clearly detectable in cholesterol-loaded cells. Thus the receptor
agonist apparently generates an activating stimulus distinct from
that of cholesterol. It is of note that carbachol-induced current
activation displayed a pronounced transient component, while
cholesterol elicited only small transient responses upon acute
administration. These observations prompted us to speculate
about the involvement of multiple activating mechanisms, which
may be differently affected by cholesterol and carbachol. PLC-
dependent activation of TRPC conductances may involve direct
gating of plasma membrane channels by either protein—protein
interactions or binding of second messengers as well as enhanced
surface presentation of the channels, which has recently been
suggested as a key process in activation [27]. Here, we identified
increased surface expression of TRPC3 molecules as a prominent
event associated with cholesterol-induced TRPC3 activation.
Interestingly, we observed that the cholesterol-induced TRPC3
translocation and insertion into the plasma membrane were fairly
stable over time and insensitive to the Ca®" concentration in
the extracellular solution, while PLC-mediated translocation was
transient and substantially suppressed by extracellular Ca**. BFA
was found to suppress both cholesterol-induced increases in
TRPC3 membrane expression as well as Ca’* entry; it is therefore
tempting to speculate that the control of membrane recruitment
of TRPC3 as the main mechanism of the observed cholesterol
effects. Nonetheless, our results do not exclude the existence of
additional effects of cholesterol on TRPC3 channel gating, which
may play a prominent role in PLC-dependent TRPC3 activation.
It is of note that direct effects of cholesterol on ion channel
gating have recently been described for other channel species such
as voltage-gated K* channels [49,50], and sequence analysis of
TRPC3 revealed that the protein hosts seven potential cholesterol-
binding motifs (cholesterol recognition amino acid consensus,
[51,52]), with some of these motifs located in transmembrane
spanning regions. Control of surface presentation of TRPC3 was
suggested to involve rapid vesicular trafficking and an exocytosis-
like mechanism [27], processes that are probably depen-
dent on membrane cholesterol [53-55]. Thus cholesterol-
dependent facilitation of vesicular transport and/or membrane
fusion events may be considered as key processes underlying
lipid-mediated channel activation. It remains to be clarified if
cholesterol activates TRPC3 conductances exclusively via effects
on regulated membrane insertion/retrieval of TRPC3 or by pro-
motion of both TRPC3 membrane presentation and modulation
of channel gating.

The present demonstration of cholesterol regulation of TRPC3-
mediated cation transport suggests a novel sensor function of

© 2006 Biochemical Society

TRPC proteins, which enables the integration of receptor-depen-
dent stimuli and information on cellular lipid homoeostasis.
In view of the potential role of TRPC3 heteromers as native
cation channels in various cellular systems, we suggest that the
cholesterol dependence of TRPC3 conductances is an important
link between lipid metabolism and cellular ion homoeostasis.
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