
Complex Regulation of the TRPC3,6,7 Channel Subfamily by
Diacylglycerol and Phosphatidylinositol 4,5-bisphosphate

Loïc Lemonnier*,1, Mohamed Trebak†,1, and James W. Putney Jr
from the Laboratory of Signal Transduction, National Institute of Environmental Health Sciences –
NIH, PO Box 12233, Research Triangle Park, NC 27709

Summary
TRPC3, 6 and 7 channels constitute a subgroup of non-selective, calcium-permeable cation channels
within the TRP superfamily that are activated by products of phospholipase C-mediated breakdown
of phosphatidylinositol 4,5-bisphosphate (PIP2). A number of ion channels, including other members
of the TRP superfamily, are regulated directly by PIP2. However, there is little information on the
regulation of the TRPC channel subfamily by PIP2. Pretreatment of TRPC7-expressing cells with a
drug that blocks the synthesis of polyphosphoinositides inhibited the ability of the synthetic
diacylglycerol, oleyl-acetyl glycerol, to activate TRPC7. In excised patches, TRPC7 channels were
robustly activated by application of PIP2 or ATP, but not by inositol 1,4,5-trisphosphate. Similar
results were obtained with TRPC6 and TRPC3, although the effects of PIP2 were somewhat less and
with TRPC3 there was no significant effect of ATP. In the cell attached configuration, TRPC7
channels could be activated by the synthetic diacylglycerol analog, oleyl-acetyl glycerol. However,
this lipid mediator did not activate TRPC7 channels in excised patches. In addition, channel activation
by PIP2 in excised patches was significantly greater than that observed with oleyl-acetyl glycerol in
the cell attached configuration. These findings reveal complex regulation of TRPC channels by lipid
mediators. The results also reveal for the first time direct activation by PIP2 of members of the TRPC
ion channel subfamily.

The primary mode of activation of cannonical transient receptor potential (TRPC) channels is
believed to be through phospholipase C (PLC) [1–4]. In the case of a subgroup of TRPC
channels, specifically TRPC3, TRPC6 and TRPC7, the signal for their activation is thought to
be the diacylglycerol formed for phospholipase C-induced degradation of the plasma
membrane phospholipid, phosphatidylinositol 4,5-bisphosphate (PIP2) [2;4–6]. A growing
number of ion channels have been shown to be regulated in a more direct manner by PIP2 [7;
8]. In the vast majority of cases, this regulation involves either activation, or prevention of
rundown. A characteristic signature for PIP2 regulation, as well as a putative physiological
function for this mode of regulation, is the ability of agonists that activate PLC to inhibit channel
activity [8]; however, PLC does not inhibit TRPC channels, rather it causes their activation.
We thought it of interest therefore to investigate the role, if any, of PIP2 in regulation of TRPC7,
a representative member of this subgroup. Our results indicate that TRPC7, and to some degree
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also TRPC3 and TRPC6 channels in excised patches are potently activated by PIP2. This is to
our knowledge the first direct demonstration of direct PIP2 regulation of this important
subfamily of Ca2+-permeable channels.

Methods
Experiments were carried out with HEK293 cells stably expressing either TRPC3, TRPC6 or
TRPC7 [9–11]. Ca2+ measurements were carried out with TRPC7-expressing cells loaded with
Fura-2-AM and a cell imaging system (Intracellular Imaging, Inc., Cincinnati, OH) as
described previously [12]. For Fura-2 measurements, the ratio obtained by dividing the emitted
fluorescence from excitation at 340 nm by the emitted fluorescence measured after excitation
at 380 nm is reported as in indicator of changes in intracellular Ca2+ concentration. Briefly,
cells were loaded with 1 µM of Fura-2/AM for 30 minutes then washed and bathed in Hepes-
buffered saline solution (HBSS; in mM, 140 NaCl, 4.7 KCl, 10 CsCl, 2 CaCl2, 1.13 MgCl2,
10 glucose, and 10 Hepes, pH 7.4) for at least 10 min before Ca2+ measurements are made.

Macroscopic membrane ion currents in TRPC7-expressing cells were recorded using the patch-
clamp technique in its whole-cell configuration. The currents were acquired using
pCLAMP-9.2 (Axon Instruments) and analyzed offline using Origin 6 (Microcal) software.
The extracellular solution (osmolarity 310 mosmol/l) contained (in mM): 145 NaCl, 5 KCl, 10
HEPES, 1 MgCl2, 2 CaCl2, pH, 7.3 (adjusted with NaOH). The intracellular pipette solution
(osmolarity 290 mosmol/l) contained (in mM): 145 Cs-methanesulfonate, 10 BAPTA, 10
HEPES, 1 MgCl2, and 2.2 CaCl2 (70 nM free Ca2+ determined with Winmaxc 2.05 software,
http://www.stanford.edu/~cpatton/maxc.html [13]), pH 7.2 (adjusted with CsOH). Patch
pipettes were fabricated from borosilicate glass capillaries (WPI). The resistance of the pipettes
varied between 3 and 5 MΩ. Necessary supplements were added directly to the respective
solutions, in concentrations that would not significantly change the osmolarity. Changes in the
external solutions were carried out using a multibarrel puffing micropipette with common
outflow that was positioned in close proximity to the cell under investigation. During the
experiment, the cell was continuously superfused with the solution via a puffing pipette to
reduce possible artefacts related to the switch from static to moving solution and vice versa.

For the cell attached and inside-out patch-clamp experiments with TRPC3, TRPC6 and
TRPC7-expressing cells we used the following intracellular pipette and bath solutions,
respectively in mM: 140 KCl, 10 HEPES, 1 CaCl2, 1 MgCl2; and 120 KCl, 20 HEPES, 10
EGTA, 4.1 CaCl2, 1 MgCl2 (80 nM free Ca2+, determined as described above). Both solutions
were adjusted to pH 7.3 with KOH. Signals were low-pass filtered at 2 kHz, digitized at 20
kHz and then analyzed using the Clampfit 9.2 software (Axon Instruments).

In experiments with cell-attached or excised inside-out patches, control data were collected at
+60 mV (command potential of −60 mV) after sealing or after excision. PIP2, diacylglycerols
or MgATP were then added and data collection continued. Therefore statistical evaluations of
effects were based on paired t-tests. Detailed methods for collection and analysis of TRPC7
single channel data were described previously [14].

All reagents were purchased from Sigma (St. Louis, MO), except oleyl acetyl glycerol (OAG)
(Calbiochem, San Diego, CA) and PIP2 (Echelon Biosciences Inc., Salt Lake City, UT).

Results
As previously demonstrated [15;16], in HEK293 cells stably expressing TRPC7, application
of the membrane permeant diacylglycerol analog, oleyl-acetyl glycerol (OAG) activated
Ca2+ entry (Figure 1A). Pretreatment of the cells with the phosphoinositide lipid kinase
inhibitor, LY294002 [17;18] caused near total inhibition of the [Ca2+]i signal (Figure 1A). This
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inhibition does not likely result from a direct action on TRPC7 channels, because addition of
LY294002 after the Ca2+ signal had developed had little or no effect (Figure 1B); however,
removal of OAG from the bathing solution resulted in a decline in Ca2+ entry (data not shown).
The increased Ca2+ entry by OAG in TRPC7 expressing cells results from activation of a non-
selective TRPC7 cation current [15;16] (Figure 2A, B). This current was also strongly inhibited
by pretreatment with LY294002 (Figure 2A, B). This result is consistent with findings for other
ion channels known to be activated by, or to require PIP2 [8]. Application of LY294002 at
lower concentrations, which would specifically inhibit PI 3-kinase, had no effect on OAG-
activated Ca2+ signals (data not shown). However, addition of a water soluble PIP2 to the patch
pipette solution did not significantly activate TRPC7 currents, nor did it potentiate the effects
of OAG (Figure 2C). This is perhaps not surprising, as the micellar nature of dispersed
phospholipids may make their diffusion into cells through patch pipettes difficult. In addition,
if PIP2 is a necessary co-factor rather than an activator, there may be sufficient PIP2 present
in intact cells such that additional effects of added lipid are not observed. Thus, we next
examined the effects of PIP2 more directly by application of the lipid to excised patches
containing TRPC7 channels. As shown in Figure 3, excised patches from TRPC7-expressing
cells show limited spontaneous activity with low open probability (NPo = 0.011±0.003).
Application of 10 µM synthetic di-octanyl PIP2 resulted in rapid and reversible channel
activation (NPo = 0.487±0.232). The size of these single channel openings was similar to that
previously reported by us in cell attached configuration (69.8 ± 0.4 pS [14;16]). No such
channels were ever observed in non-transfected cells (5 patches, and 5 patches in our previous
study [16]). To obtain information on the kinetics of single channel behavior, we analyzed the
dwell time distributions for apparent open and closed times. We analyzed the kinetics of single
channel opinings in excised patches in the presence and absence of PIP2 and in cell-attched
patches activated by OAG. In cell attached mode without OAG, openings were too infrequent
for reliable analysis. The data were well fitted by the sum of two and three (for cell attached)
or four (excised patches) closed exponential components, corresponding to open and closed
states, respectively. Table 1 summarizes the time constants and corresponding relative
abundance for these states. Open time distributions showed a major, highly populated
component with a time constant of ~0.25 ms which is somewhat shorter than we observed for
overexpressed TRPC7 in DT40 lymphocytes [14]. Open time distributions did not differ
significantly among the three groups, indicating that the basic kinetic behavior of open TRPC7
channels is not altered by excision, or by interaction with OAG or PIP2. Closed time
distributions showed a range of components. In excised patches, the increase in NPo due to
PIP2 was associated with a decrease in the time constants of the three slower components.

The activation by PIP2 would likely reflect in part loss of PIP2 in the excised patches due to
rapid action of phosphatases. Thus, we next tested the effect of addition of MgATP, which
would serve as substrate for endogenous kinases to replenish PIP2 levels. As shown in Figure
4, ATP also robustly activated TRPC7 channel activity, although to a somewhat lesser degree
than PIP2 (Control NPo = 0.007±0.003; MgATP, 0.096±0.038). Figure 5 summarizes the
effects of both PIP2 and ATP from multiple experiments. Also shown in Figure 5 is the lack
of effect of the head group of PIP2, inositol 1,4,5-trisphosphate (IP3) (Control NPo = 0.012
±0.006; IP3, 0.0136±0.008). The statistics reflect the high degree of variability in NPo in ATP-
and PIP2-activated patches. Nonetheless, ATP increased NPo in 8 of 8 patches, and PIP2
increased NPo in 14 of 14 patches.

We also examined effects of PIP2 on TRPC6 and TRPC3, channels that are structurally similar
to TRPC7 and which are also activated by diacylglycerols [2;19]. HEK293 cells stably
expressing TRPC6 or TRPC3 showed single channel openings with conductances similar to
those reported by others (TRPC6, 60.8 ± 0.1 pS [20]; TRPC3, 70.2 ± 0.3 pS [21]). Figure 6
illustrates effects of PIP2 on TRPC6 single channel activity. TRPC6 channels were
reproducibly activated by bath application of either PIP2 (Control NPo = 0.0015±0.0005;
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PIP2, 0.0197±0.0072) or ATP (Control NPo = 0.0196±0.0103; ATP, 0.0729±0.0440), although
to a somewhat lesser extent than TRPC7. However, ATP increased NPo in 10 of 10 patches
and PIP2 increased NPo in 10 of 10 patches. In Figure 7 we show results of similar experiments
for TRPC3. TRPC3 was activated by PIP2 to a lesser extent than either TRPC7 or TRPC6
(Control NPo = 0.0105±0.0034; PIP2, 0.0232±0.0128), and not in all patches (5 of 9), and was
not significantly activated by ATP (Control NPo = 0.0032±0.0008; ATP, 0.0022±0.0010).

The robust activation of TRPC7 channels by PIP2 or ATP in excised patches was somewhat
surprising given that these regulators are expected to be present constitutively in cells. In fact,
as shown in Figure 8, NPo of TRPC7 channels in cell attached mode, when PIP2 and ATP
would presumed to be present, was very low. Addition of a maximal concentration of OAG
significantly increased NPo (8 of 9 patches), but to a much lower level than with either ATP
or PIP2 in excised patches (Control NPo = 0.0003±0.0002; OAG, 0.0122±0.0067).
Furthermore, constitutive activity of TRPC7 channels in cell attached mode was considerably
less than in excised patches. Finally, we tested the effects of OAG in excised patches;
surprisingly, as shown in Figure 8, we observed no TRPC7 channel activation by OAG in this
recording configuration (Control NPo = 0.0080±0.0023; OAG, 0.0077±0.0020). Addition of
OAG to patches previously activated with PIP2 or ATP also showed no increase in activity
(data not shown).

Discussion
A wide variety of ion channels and plasma membrane transporters are known to be regulated
by the acidic phospholipid, PIP2 [7;8]. Generally, this modulation is a positive one. Since
PIP2 is constitutively present in the membrane of cells and can be decreased by activation of
PLC-coupled receptors, this may provide a means for negative regulation of ion channel
signaling pathways. That appears to be the case for a number of channels in the TRP
superfamily that are activated by PIP2 and negatively regulated by PLC [22–29]. However,
until the present study there have been no published findings on PIP2 regulation of TRPC
channels, which are known to be activated by PLC [30–33]. Our findings indicate that all three
members of the TRPC3,6,7 subgroup of TRPC channels are, to varying degrees, sensitive to
activation by PIP2 in excised patches. We focused on the regulation of TRPC7, as a
representative of the TRPC3,6,7 subgroup, which was of the three most strongly activated by
PIP2.

In a recent report, Kwon et al. [34] investigated binding of various inositol phospholipids to
TRPC6, and determined that PIP3 bound with highest affinity to a site in the C-terminal
cytoplasmic region. These authors concluded that PIP3 acts by displacing an inhibitory
calmodulin from this site, although no experiments involving direct application of
phospholipids were reported. It cannot be determined at present if the regulation by PIP3
described by Kwon et al. represents the same mode of regulation we have observed for PIP2.
The failure of low concentrations of LY294002 to affect TRPC7 activation argues against a
role for PIP3. In addition, the results in Figure 2 show that activation in excised patches by
PIP2 is reversible. Thus, if the mechanism of activation involves displacement of calmodulin,
that calmodulin must remain available in excised patches for rebinding upon removal of
PIP2. There is evidence for regulation of voltage-dependent Ca2+ channels by tethered
calmodulin [35], but it is not known whether a similar situation exists for TRPC channels.

The members of this subgroup were originally thought to be activated directly by
diacylglycerols, because TRPC6 channel activation was observed by direct application of
synthetic diacylglycerols to channels in excised patches [19]. However, this does not
necessarily mean that activation is direct, only that if intermediate mediators are involved, they
may be retained in the excised patch. A striking finding in the current study was that excision
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of patches containing TRPC7 channels resulted in loss of regulation by diacylglycerols and
the acquisition of a strong activation by PIP2.2

We have previously suggested that the activation of TRPC3 channels by OAG did not likely
reflect a direct action of OAG on the channels. This was based on two observations. First, OAG
activation of TRPC3 required the tyrosine kinase activity of the proto-oncogene, src, while
constitutive activity of the channels did not have this requirement [36]. Second, when TRPC3
channels were translocated to the plasma membrane due to activation of the epidermal growth
factor receptor, the newly translocated channels showed normal constitutive activity, but were
incapable of responding to OAG [37]. The loss of responsiveness of TRPC7 channels to OAG
following excision in the current study is thus consistent with our hypothesis, and may result
from the loss from the patch of a factor or factors required for OAG to act. This may also
explain in part the somewhat variable rundown of TRPC7 currents we previously observed in
whole-cell mode [16]. The loss of such a factor or factors may result in the unusual degree of
activation by PIP2, but this idea cannot be tested until these factors are identified. However,
consistent with this interpretation, we failed to observe any activation of TRPC7 channels by
inclusion of PIP2 in patch pipettes while recording currents in whole-cell mode (Figure 2C).
Differences in losses of PIP2 and other regulatory factors may also explain the differences
between our findings and those in the earlier study by Hofmann et al. [19] if their patches,
taken from CHO-K1 cells, more efficiently retained PIP2 and diacylglycerol-regulated
components. Consistent with this idea, Hofmann et al. reported that they saw no effect of
PIP2 on TRPC6 channels [19]. The more efficient depletion of PIP2 from the HEK293 cell
membranes may thus be fortuitous in revealing the potent activation of TRPC7 channels by
PIP2 and the loss of regulation by diacylglycerols.

Our findings thus indicate two potentially opposing roles for PIP2 and PLC for regulation of
TRPC channels. In the process of receptor signaling to TRPC7 channels, PLC degrades PIP2
to produce the channel activator, diacylglycerol. Yet in so doing the necessary co-factor,
PIP2, may be diminished, possibly resulting in inhibition of the channels. However, we
previously reported that in TRPC7-expressing HEK293 cells activation of PLC through
muscarinic receptors did not inhibit OAG-activated TRPC7 channels [10]. Thus, either the
requirement for PIP2 is satisfied by low levels of PIP2, or possibly the lipid kinases can keep
pace with the PLC thereby maintaining PIP2 at necessary levels.
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Figure 1. The inositol lipid kinase inhibitor, LY294002, inhibits Ca2+ entry responses of TRPC7-
expressing HEK293 cells to OAG
A: Time course of average fluorescence ratio in TRPC7-HEK cells loaded with Fura-2 and
pretreated (LY, n=55, 2 independent experiments) or not (Con, n=74, 2 independent
experiments) with 100 µM LY294002. LY294002 was added 5 minutes prior to the beginning
of data collection and was present throughout. Cells were exposed to 30 µM OAG as indicated
by the horizontal bar. Results are presented as mean ± SEM, and are representative of a total
of 6 independent experiments. B: The protocol was similar to that for A, except LY294002
was added after activation of Ca2+ entry by OAG, as indicated (n=20, from one experiment,
representative of four).
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Figure 2. Effects of LY294002 and PIP2 on whole-cell TRPC7 currents
A: Average time courses (mean ± SEM) of whole-cell current development at −100 and +100
mV in TRPC7-expressing HEK293 cells pretreated (LY, solid circle, n=5) or not (Con, open
circle, n=5) with 100 µM LY294002 for 5 minutes before break-in, and then exposed to 30
µM OAG as indicated by the horizontal bar. As in A, LY294002 was maintained in the bath
during the whole course of the recording. B: Current-voltage relationships for OAG-activated
TRPC7 currents. The IV relationships are representative of TRPC7-HEK cells pretreated (LY)
or not with 100 µM LY294002 and then sequentially exposed to a control (gray traces) or a 30
µM OAG-containing solution (black traces). C: Average time courses (mean ± SEM) of whole-
cell current development at −100 and +100 mV in TRPC7-expressing HEK293 cells activated
by 30 µM OAG. Shown are average current from Control experiments (Con, open circles,
n=5), and from experiments in which the pipette solution contained 100µM PIP2 (PIP2, solid
circles, n=5).
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Figure 3. PIP2 activates TRPC7 channels in inside-out patches
A: Histogram summarizing TRPC7 channel open probability over time at +60 mV during
repeated applications of a 10 µM PIP2-containing solution. The figure is representative of
results obtained in 12 independent inside-out patches. B: Examples of currents recorded in an
inside-out patch clamped at +60 mV and exposed to a standard (Con, top panel) or a 10 µM
PIP2-containing solution (bottom panel). “c” and “o” denote respectively the closed and open
states. C and D: All-points histograms summarizing single channel amplitudes at +60 mV in
the inside-out configuration before (Control) and after addition of 10 µM PIP2.
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Figure 4. MgATP activates TRPC7 channels in inside-out patches
A: Histogram summarizing TRPC7 channel open probability over time at +60 mV when
challenged with 1 mM MgATP. The figure is representative of results obtained in 9 independent
inside-out patches. B: Representative traces of currents recorded in an inside-out patch clamped
at +60 mV and exposed to a control (top panel) or 1 mM MgATP-containing solution (bottom
panel). “c” and “o” denote respectively the closed and open states. C: All-points histograms
summarizing single channel amplitudes at +60 mV in the inside-out configuration before (Con)
and after addition of 1 mM MgATP (ATP).
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Figure 5. Summarized properties of TRPC7 channels
Histograms summarizing TRPC7 single channel activity at +60 mV in the inside-out
configuration when challenged with 1 mM MgATP (n=9 patches), 10 µM PIP2 (n=12 patches)
or 10 µM IP3 (n=4 patches) (C = Control). Results are presented as mean ± SEM.
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Figure 6. TRPC6 channels in inside-out patches are activated by PIP2
A and B: All-points histograms summarizing single channel amplitudes at +60 mV in the
inside-out configuration before (A, Control) and after addition of 10 µM PIP2 (B, PIP2). C:
Examples of TRPC6 currents recorded in an inside-out patch clamped at +60 mV and exposed
to a standard (top panel) or 10 µM PIP2-containing solution (bottom panel). “c” and “o” denote
respectively the closed and open states. D: Histograms summarizing TRPC6 single channel
activity at +60 mV in the inside-out configuration when challenged with 1 mM MgATP (n=5
patches), 10 µM PIP2 (n=8 patches) or 10 µM IP3 (n=5 patches). Results are presented as mean
± SEM.
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Figure 7. TRPC3 channels in inside-out patches are not significantly affected by PIP2
A and B: All-points histograms summarizing single channel amplitudes at +60 mV in the
inside-out configuration before (A, Control) and after addition of 10 µM PIP2 (B, PIP2). C:
Examples of TRPC3 currents recorded in an inside-out patch clamped at +60 mV and exposed
to a regular (top panel) or a 10 µM PIP2-containing solution (bottom panel). “c” and “o” denote
respectively the closed and open states. D: Histograms summarizing the variations of TRPC3
single channel activity at +60 mV in the inside-out configuration when challenged with 1 mM
MgATP (n=5 patches), 10 µM PIP2 (n=10 patches) or 10 µM IP3 (n=5 patches). Results are
presented as mean ± SE.
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Figure 8. Effects of OAG on TRPC7 channel activity in cell attached and excised patch
configurations
Histograms summarizing effects of 30 µM OAG (Con = controls) on TRPC7 single channel
activity (Po = open probability) at +60 mV in the cell attached or excised, inside out patch
configuration. Shown are averages ± SEM for 9 experiments for cell attached patch, and 10
experiments for excised patch.
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Table 1
Time constants (abundance) for open closed states of single TRPC7 channels activated by OAG in cell attached mode,
and with or without addition of PIP2 in excised patches.

TRPC7 (cell attached + OAG) TRPC7 (excised) TRPC7 (excised + PIP2)

τ open (ms) 0.258 ± 0.099 (69.7 ± 4.1%) 0.257 ± 0.106 (70.8 ± 4.3%) 0.284 ± 0.102 (64.4 ± 4.0%)
1.29 ± 0.15 (30.3 ± 4.5%) 1.46 ± 0.18 (29.2 ± 4.4%) 1.48 ± 0.13 (35.6 ± 4.3%)

τ closed
(ms)

0.220 ± 0.079 (40.7 ± 2.2%) 0.213 ± 0.105 (37.2 ± 3.0%) 0.212 ± 0.082 (45.5 ± 2.4%)

2.19 ± 0.08 (32.9 ± 1.6%) 2.67 ± 0.11 (26.9 ± 1.8%) 1.69 ± 0.12 (30.0 ± 2.4%)
15.8 ± 0.1 (26.52 ± 1.6%) 24.4 ± 0.15 (20.3 ± 1.9%) 8.98 ± 0.21 (20.3 ± 2.4%)

212 ± 0.15 (15.6 ± 1.7%) 56.2 ± 0.8 (4.2 ± 2.1%)
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