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Background: TRPC3 channels are inhibited by PKC and PKG, which also induce cerebellar LTD. We investigate if PKC- and
PKG-mediated modulation of cerebellar TRPC3 channels contributes to cerebellar LTD.

Results: TRPC3 channel-dependent currents are not significantly modulated by PKC or PKG.

Conclusion: TRPC3 channel modulation is unlikely to be involved in cerebellar LTD.

Significance: TRPC3 channels can be regulated in a cell-specific manner.

Canonical transient receptor potential (TRPC) channels are
widely expressed in the brain and play several roles in develop-
ment and normal neuronal function. In the cerebellum, Pur-
kinje cell TRPC3 channels underlie the slow excitatory postsyn-
aptic potential observed after parallel fiber stimulation. In these
cells TRPC3 channel opening requires stimulation of metabo-
tropic glutamate receptor 1, activation of which can also lead to
the induction of long term depression (LTD), which underlies
cerebellar motor learning. LTD induction requires protein
kinase C (PKC) and protein kinase G (PKG) activation, and
although PKC phosphorylation targets are well established, vir-
tually nothing is known about PKG targets in LTD. Because
TRPC3 channels are inhibited after phosphorylation by PKC
and PKG in expression systems, we examined whether native
TRPC3 channels in Purkinje cells are a target for PKG or PKC,
thereby contributing to cerebellar LTD. We find that in Pur-
kinje cells, activation of TRPC3-dependent currents is not
inhibited by conventional PKC or PKG to any significant extent
and thatinhibition of these kinases does not significantly impact
on TRPC3-mediated currents either. Based on these and previ-
ous findings, we propose that TRPC3-dependent currents may
differ significantly in their regulation from those overexpressed
in expression systems.

Canonical transient receptor potential (TRPC)? channels
belong to the superfamily of TRP channels that form cation
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channels that can be activated by a myriad of distinct mecha-
nisms (for review, see Refs. 1 and 2). Seven distinct genes code
for the seven subunits that make up the TRPC family,
TRPC1-7. In humans, TRPC2 is a pseudogene, and in rodents
it is mainly expressed in the vomeronasal organ where it is
thought to play a key role in pheromone detection (for a recent
review, see Ref. 3). The remaining TRPC subunits can be
divided into three groups comprising TRPC1, TRPC3/6/7, and
TRPC4/5 (TRPC1 is sometimes placed in the same group as
TRPC4/5). TRPC channels are activated in response to stimu-
lation of phospholipase C as well as phospholipase D (4-6),
although other activation mechanisms have also been reported
(7).

TRPC channels are widely expressed in the brain and have
been shown to promote key aspects of neuronal development
such as proliferation, differentiation, and morpho- and synap-
togenesis (for recent reviews, see Refs. 8 and 9). It is becoming
increasingly evident that TRPC channels also play important
roles in the fully developed brain. TRPC channels regulate pre-
synaptic neurotransmitter release (for reviews, see Refs. 9 and
10) and underlie the slow excitatory postsynaptic potentials
(EPSPs) observed in a number of neurons after release of brain-
derived neurotrophic factor or glutamate (10-13). Brain-de-
rived neurotrophic factor-mediated activation of TRPC
induced changes in dendritic spine density, which suggests that
they can influence synaptic plasticity and may hence be cru-
cially involved in processes such as memory formation (10, 14).
However, there is very little information about a distinct phys-
iological role of an identified brain TRPC channel in the behav-
ing animal. To date, the only behavioral function of a neuronal
TRPC channel is that of TRPC3 channels expressed in the cer-
ebellum, a part of the brain involved in motor execution, coor-
dination, and learning.

In the cerebellum TRPC3 is predominantly expressed in Pur-
kinje cells (soma and dendrites), the principal and only output
neuron of the cerebellar cortex. TRPC3 expression increases
during postnatal cerebellar development, thereby mirroring
Purkinje cell dendritic tree development (15). Importantly,
TRPC3 expression remains high in the adult, suggesting that
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TRPC3 channels have important physiological functions in the
fully developed cerebellum. Cerebellar Purkinje cells receive
two main excitatory synaptic inputs: climbing fiber input and
parallel fiber inputs. At the parallel fiber-Purkinje cell synapse
glutamate release from presynaptic parallel fibers generates
two distinct postsynaptic responses in Purkinje cells: fast EPSPs
mediated by AMPA receptors and slow EPSPs mediated by
TRPC3 channels after activation of mGluR1 (11-13).

Climbing fiber-Purkinje cell synapses and parallel fiber- Pur-
kinje cell synapses are thought to play a crucial role in motor
learning in the cerebellum. Simultaneous stimulation of climb-
ing fiber and parallel fiber inputs leads to the selective suppres-
sion of parallel fiber inputs; this phenomenon is termed long
term depression (LTD). Cerebellar LTD has been intensely
studied, and certain key events have to take place to induce LTD
at the parallel fiber-Purkinje cell synapse, including activation
of postsynaptic mGluR1 receptors at the parallel fiber-Purkinje
cell synapse. This ultimately leads to the internalization of
AMPA receptors at this synapse, thereby causing LTD of the
AMPA receptor-dependent fast EPSP (16, 17).

Induction of cerebellar LTD depends on the activity of a
number of distinct protein kinases, notably protein kinase C
(PKC; conventional PKCa and/or -3 (18)) and protein kinase G
(PKG). PKC has a number of distinct targets in cerebellar Pur-
kinje cells (19-21), and phosphorylation of Ser-880 on the
GluR2 subunit of AMPA receptors is necessary for internaliza-
tion of these receptors and, hence, LTD induction (22). PKG
has equally been shown to be involved in the induction of cer-
ebellar LTD, although its protein target(s) remains unclear.

A lot of effort has gone into understanding the mGluR1-de-
pendent regulation of AMPA receptors at the parallel fiber-
Purkinje cell synapse, but comparatively little is known about
the mGluR1-dependent TRPC3-mediated slow EPSC that is
also activated after parallel fiber stimulation. Importantly, it
is unknown whether or not the TRPC3-mediated slow EPSP is
involved in cerebellar LTD. In expression systems, TRPC3
channel activity is inhibited after phosphorylation by both PKC
(23, 24) and PKG (25), and the aim of this study was to investi-
gate if native TRPC3 channels are subject to modulation by
these protein kinases.

EXPERIMENTAL PROCEDURES
Tissue and Slices Preparation

Sprague-Dawley rats (postnatal days P10-P15) and CB57/
BL6 mice (P11-P14) were killed by cervical dislocation, and
sagittal cerebellar slices of 200 or 300 wm thickness (for elec-
trophysiological recordings or immunohistochemical exper-
iments, respectively) were obtained as described in Glitsch

(5).

Cell Culture

HEK cells stably transfected with human TRPC3 (a kind gift
from Prof. J. Putney, NIEHS, National Institutes of Health) were
maintained at 37 °C, 5% CO,, in DMEM supplemented with
10% fetal bovine serum, 2 mm glutamine and 0.5 mg/ml G-418.
They were plated in 6-cm culture dishes; adherent cells were
subcultured at 70% confluency.
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Solutions and Drugs for Electrophysiology

The standard external bicarbonate-buffered solution (BBS)
contained 125 mm NaCl, 2.5 mm KCl, 26 mm NaHCO,, 1.25 mm
NaH,PO,, 2 mm CaCl,, 1 mm MgCl,, and 10 mm glucose (pH
7.4 when oxygenated with carbogen). This was supplemented
with 200 um Cd** for slices obtained from animals older than
P12 and in ramp experiments (see below). The standard intra-
cellular solution contained 145 mm CsCl, 10 mm HEPES, 1 mm
EGTA, 0.1 mm CaCl,, 4 mm Na-ATP, 0.4 mm Na-GTP, 4.6 mm
MgCl, (pH adjusted to 7.3 with CsOH); this was supplemented
with 4 ng of TRPC3 antibody for experiments looking at the
impact of TRPC3 antibody on (S)-3,5-dihydroxyphenylglycine
(DHPG)-mediated inward current. TRPC3 antibody was gen-
erous present from Prof. William Schilling (Cleveland, Ohio).

DHPG, tetrodotoxin, 2,3-dioxo-6-nitro-1,2,3,4,-tetrahydro-
benzo[f]quinoxaline-7-sulfonamide (NBQX; disodium salt),
and (—)-bicuculline methochloride (Bicuculline) were
obtained from Tocris Cookson (Bristol) and dissolved in water.
8-Bromo-cyclic GMP was purchased from Sigma. Fura 2-AM
was obtained from Molecular Probes, and phorbol 12-myristate
13-acetate (PMA), 4a-phorbol-12,13-didecanoate (referred to
in the text as inactive PMA control), and 1-oleoyl-2-acetyl-sn-
glycerol (OAG) were bought from Calbiochem whereas oka-
daic acid, Go6983, KT5823, N-[4-[3,5-bis(trifluoromethyl)-
1H-p  yrazol-1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-car-
boxamide (BTP2) and 2-aminoethoxydiphenylborane (2-APB)
were obtained from Tocris Cookson; all these drugs were dis-
solved in DMSO. Pyr3 was kindly given by Prof. Yasuo Mori
(Kyoto, Japan) and dissolved in DMSO. Drug stocks were sep-
arated into aliquots and frozen at —20 °C.

All slice experiments were carried out in the presence of 0.2
uM tetrodotoxin, 20 um NBQX, and 10 um bicuculline to block
synaptic currents; for PMA experiments investigating the
impact of PMA on frequency of miniature inhibitory synaptic
currents (mIPSCs), bicuculline was omitted from the extracel-
lular BBS. Drugs were directly dissolved in BBS; final drug con-
centrations and preincubation times are indicated in results for
each drug. The final DMSO concentration never exceeded 0.2%
(v/v).Pyr3 had to be sonicated after the addition of stock aliquot
to BBS.

Electrophysiology

Cerebellar Slices—Experiments were carried out as described
in Glitsch (5). Membrane currents were recorded for 3 min,
starting 2 min after establishing the whole-cell configuration
(except for experiments with TRPC3 antibody in which case
whole cell recordings were resumed 13 min after break-in to
allow sufficient time for the antibody to diffuse into the cell).
DHPG was applied after the first minute of whole cell recording
for 1 min and then washed out for the remaining minute of the
3-min recording; perfusion rates exceeded 7 ml/min. When
testing the effect of drugs on the DHPG-mediated inward cur-
rent, the drug of interest was present throughout the experi-
ment to avoid wash-out. Control and test experiments were all
carried out on different slices from the same animal; exceptions
are experiments in which the effect of PMA on mIPSC fre-
quency was tested. Here, control mIPSC frequency and test
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mIPSC frequency were obtained from the same cell; control
mIPSC frequency was recorded for 3 min (after 2 min in whole
cell configuration), then PMA was added, and mIPSC fre-
quency was recorded after 11 min in the presence of PMA;
experiments were repeated with slices that had been preincu-
bated in Go6983 for 50 min to test the effect of this compound
on PMA-mediated increase on mIPSC frequency. For current-
voltage relationships (IVs) of the TRPC3-mediated inward cur-
rent, ramps from —100 to +100 mV were given from the hold-
ing potential of —60 over 100 ms. Ramps were given under
control conditions and then after application of 50 um DHPG at
peak inward current; ramp used in the figure is leak-subtracted
(testramp — control ramp). Experiments were carried out in rat
cerebellar slices unless otherwise stated.

Human TRPC3 Stably Transfected HEK293 Cells—Cells
(either untreated or after preincubation with 1 um PMA for
10-15 min) were clamped at —40 mV, and membrane currents
were recorded over a 3-min period during which ATP (100 um)
was applied (for PMA experiments in the continued presence of
PMA). Peak ATP-currents were normalized to cell size by
dividing peak current by cell capacitance and normalized to
average control peak ATP response. Intracellular solutions
were the same as for cerebellar slice recordings, and extracellu-
lar solutions were the same as used for Ca>* imaging experi-
ments (see below). Pipettes had resistance of 3—4 megaohms,
and experiments were discarded if series resistance exceeded 12
megaohms at the end of the experiment.

Fluorescence Ca®* Imaging Experiments

Experiments were carried out as described in Glitsch (5). In
experiments in which cells were preincubated with Go6983 and
8-bromo-cGMP, these drugs were added to the Fura-2-AM-
containing incubation solution and also to the recovering
medium to ensure continued presence and minimize potential
washout or loss. For PMA incubations (including the inactive
control), the drug was only added 5-10 min after the actual
experiment to prevent down-regulation of PKC. Application of
50 uM OAG was performed at 100 s of recording, and cells
remained in new solution until the end of the recording. Fluo-
rescence changes were analyzed as the ratio of fluorescence
excited at 356 nm over fluorescence excited at 380 nm (F,5,/
Fsq0)- All experimental conditions for a given series of experi-
ments were carried out on the same day using the same passage
of cultured cells to avoid differences in results due to differ-
ences between cell passages.

Solutions for Ca** Imaging Experiments

Standard external solution contained 145 mm NaCl, 10 mm
HEPES, 2.8 mm KCl, 2 mm CaCl,, mm 2 MgCl,, and 10 mm
glucose (pH 7.35 with NaOH).

Immunohistochemical Staining and Confocal Microscopy

For PKC translocation experiments, slices were left in BBS
with 0.2 um tetrodotoxin, 20 uM NBQX, and 10 um bicuculline
in either the presence (test) of absence (control) of PMA for
5-10 min. Both control and test slices were fixed immediately
after treatment in 4% paraformaldehyde for 1 h. After washing
with 10 mm PBS, slices were transferred to a cryoprotectant
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(30% sucrose in PBS), resectioned using a cryostat (10-pum sec-
tions), then mounted on slides and rehydrated with PBS. Sec-
tions were blocked with 2% bovine serum albumin (BSA) and
1% normal goat serum for 2 h at room temperature. Sections
were washed and treated with primary PKCe polyclonal rabbit
antibody (Santa Cruz Biotechnology) at a dilution of 1:500 in
carrier (0.2% BSA, 0.1% normal goat serum) for 3 h at room
temperature. The sections were washed 3 X 15 min, then incu-
bated in secondary antibody at 1:1000 dilution in PBS (Alexa
Fluor 568 coupled goat anti-rabbit IgG antibody) for 1.5 h at
room temperature. Sections were washed, mounted in
Vectashield fluorescent mount (Vector Laboratories), and
viewed with a Leica confocal microscope.

Quantification of Staining

Image] was used for quantification of fluorescence of mem-
brane as opposed to cytosolic area of Purkinje cells after stain-
ing with PKC antibody. A small region of interest was placed on
the periphery of the cell, and maximal fluorescence intensity
was measured and then compared with maximal fluorescence
intensity of the same region of interest placed in the cytosol of
the cell. An increase in the ratio of membrane fluorescence/
cytosolic fluorescence was then used as an indicator for move-
ment of PKC to the membrane.

Statistical Analysis

ANOVA or Student’s t tests were used for statistical analysis
(Instat 2.03 software and SPSS 12.0 for Windows), and differ-
ences were considered significant for p < 0.05. Results are
shown as average * S.E.

RESULTS

It is well established that in mouse cerebellum the channels
underlying the mGluR1-mediated slow EPSC are dependent on
TRPC3 (11, 12). To confirm that this is also the case in rat
cerebellum, we investigated the current-voltage relationship of
the mGluR1-mediated current in rat Purkinje cells by applying
the mGluR1 agonist DHPG (50 um) to rat cerebellar slices and
giving voltage ramps at peak inward current (see “Experimental
Procedures”). We found that the DHPG-dependent current
had a near-linear current-voltage profile that is typical for
TRPC3 currents reported in the literature (26 -28) (Fig. 1A).
We next investigated if the specific TRPC3 channel blocker
Pyr3 (29) was able to interfere with the DHPG-mediated inward
current. In rat Purkinje cells, the DHPG-mediated current was
significantly suppressed after preincubation of cerebellar slices
in 10 um Pyr3 compared with DHPG-mediated currents in
slices that were not pretreated with Pyr3 (~35% inhibition; p =
0.0066, unpaired Student’s ¢ test). Repetition of these experi-
ments but this time in mouse cerebellar Purkinje cells yielded a
similar suppression of the DHPG-mediated inward current
(~47%; Fig. 1B) that was not significantly different from the
inhibition observed in rat Purkinje cells (p = 0.3484; unpaired
Student’s ¢ test). We also tested the ability of two further TPRC3
channel blockers, BTP2 and 2-APB. Both led to a significant
reduction in peak DHPG-mediated current (Fig. 1C).

It was recently shown that TRPC3 antibodies can inhibit
TRPC3-mediated currents when applied to the intracellular
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FIGURE 1. The mGluR1-mediated slow EPSC in juvenile rat cerebellar
slices is TRPC3-dependent. A, shown is the current-voltage relationship of
the DHPG-induced inward current (/5,p¢) (20 uM DHPG in P15 rat). B, DHPG-
mediated inward current (Ipypg) (50 um DHPG) was significantly blocked in
the presence of 10 um Pyr3 (Pyr) both in juvenile rat (P12-14; left pair of black
bars; n = 5 for control (ct/) and 6 for Pyr3) and in juvenile mice (P12-14; right
pair of gray bars; n = 3 for both control and Pyr3). Iy @amplitudes in the
presence of Pyr3 were normalized (norm.) to average control amplitude in
absence of Pyr3. There was no significant difference in the extent of Pyr3-
mediated block between rat and mouse (p = 0.3484; unpaired Student’s t
test). Preincubation in Pyr3 was 40 min. C, DHPG-mediated inward current
(Ioupg) (50 um DHPG) was significantly blocked by 15 um BTP2 (left two col-
umns; n = 4 for control (ctl) and 6 for BTP2 (BTP)) and by 10 um 2-APB (APB;
right two columns; n = 3 for each control and test; p = 0.0481, unpaired Stu-
dent’s t test). D, DHPG-mediated inward current (/ppe) (50 um DHPG) was
significantly blocked by intracellular TRPC3-antibody (TRPC3-Ab); n = 5 for
control (ctl) and 4 antibody experiments. Ip,,pc amplitudes in the presence of
TRPC3 antibody were normalized (norm.) to average control amplitude in the
absence of the antibody. Intracellular solution was supplemented with 4
ng/ml TRPC3 antibody. Reduction in current amplitude is significant (p =
0.0013; unpaired Student’s t test).

side (30); this finding was confirmed by Dr. Diana Kunze and
Prof. William Schilling.® We, therefore, included the inhibitory
TRPC3 antibody in our intracellular solution and repeated
DHPG applications under these conditions. There was a signif-
icant reduction of the DHPG-mediated inward current when
the intracellular solution contained the TRPC3 antibody com-
pared with control experiments in which the intracellular solu-
tion did not contain the antibody (Fig. 1D). The incomplete
block of the slow EPSC by inclusion of TRPC3 antibody likely
reflects incomplete perfusion of the elaborate dendritic tree
with the antibody. Taken together these findings demonstrate
that the DHPG-mediated inward current in rat cerebellar Pur-
kinje cells depends on TRPC3-containing channels, like its
murine counterpart.

Human TRPC3 channels contain three identified phospho-
rylation sites that are targeted by PKC and PKG. Trebak et al.
(23) demonstrated that phosphorylation of TRPC3 by PKC
blocked channel activation and that Ser-712 was the phospho-
rylation site for PKC; mutation of this residue (S712A) pre-
vented PKC from inhibiting TRPC3 activation, suggesting that
S712 was the only target for PKC-dependent inhibition of
human TRPC3 channels. Moreover, PKC activity may promote
PKG-mediated inhibition of TRPC3 channels (31), and hence,

3 D. Kunze and W. Schilling, unpublished observation.
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PKC activity may inhibit TRPC3 activity through two inde-
pendent mechanisms.

We, therefore, wanted to test the effect of activation of con-
ventional PKC on DHPG-activated TRPC3-mediated inward
currents by applying DHPG (50 uMm) to rat cerebellar slices
under control conditions (Fig. 24, left panel), in the presence of
an inactive PKC activator analog (Fig. 24, middle panel; 1 um)
and in the presence of the conventional PKC activator PMA
(Fig. 24, right panel; 1 um). The amplitude of the DHPG-medi-
ated inward current was very similar for the different condi-
tions (Fig. 2A4). Because there was no significant difference
between DHPG-mediated TRPC3-dependent inward currents
under control conditions or in the presence of the inactive PKC
activator analog (—916.3 = 233 pA for control conditions, n =
8; —729.6 = 115 pA for inactive PMA analog, n = 7; p = 0.5049,
unpaired Student’s £ test), results for these two conditions were
pooled. There was no significant difference in the amplitude of
the DHPG-mediated inward current under control conditions
and after exposure to 1 um PMA (Fig. 2B; p = 0.3622, unpaired
Student’s ¢ test), suggesting that PKC activation did not inter-
fere with TRPC3-mediated inward currents in native Purkinje
cells. To confirm that the PMA we used could trigger PKC
translocation to the plasma membrane and hence activation of
PKC under our experimental conditions, we exposed cerebellar
slices for 5-10 min to 1 um PMA and compared PKC localiza-
tion in Purkinje cells treated this way with PKC localization in
Purkinje cells that had not been exposed to PMA. There was a
clear translocation of PKC from the cytoplasm to the plasma
membrane in PMA-treated Purkinje cells (Fig. 2C, left two pic-
tures), and this translocation of PKC to the plasma membrane
was highly significant (Fig. 2C, right panels; p < 0.0001).

It was possible that activation of mGluR1 with DHPG led to
maximal stimulation of PKC or that PKC was constitutively
active, which could explain why we failed to see an effect of
PMA on the amplitude of the TRPC3 current. We hence inves-
tigated the effect of PKC inhibitors, which should prevent PKC
activation and should, therefore, give rise to a larger inward
current after DHPG application than under control conditions
(i.e. in the absence of the PKC inhibitor). We preincubated cer-
ebellar slices in the PKC inhibitors calphostin (0.5 um) and/or
Go06983 (1 um) and then repeated DHPG applications. There
was no difference in the amplitude of the DHPG-mediated
inward current between control conditions and the presence of
calphostin and Go6983 or Go6983 alone (Fig. 2D; p = 0.4626,
unpaired Student’s ¢ test).

We next considered that translocation of PKC may not nec-
essarily translate into activation of the enzyme, and it was pos-
sible that the PKC inhibitors used were not active in our hands.
We, therefore, tested the drugs (PMA as PKC activator and
Go6983 as PKC inhibitor) in HEK cells stably expressing
TRPC3 (23). In this system we activated TRPC3 channels by
application of 50 um OAG and studied OAG-mediated Ca>"
influx into TRPC3-expressing HEK cells; an increase in intra-
cellular Ca®>" concentration reflects the activation of TRPC3
channels. We carried out OAG applications under control con-
ditions (Fig. 3A, left panel) after preincubation with PMA for
5-10 min (Fig. 3A, middle panel) and after treatment of cells
with 1 um Go6983 after PMA incubation and OAG application
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FIGURE 2. Lack of inhibition on mGluR1-mediated TRPC3 currents in rat Purkinje cells after activation of protein kinase C. A, raw traces show TRPC3
currentin response to application of 50 um DHPG under control conditions (left graph) after preincubation in an inactive PMA-analog (1 um; preincubation time
13 min; middle graph) and after preincubation in the PKC activator PMA (1 um; preincubation time 14 min; right graph). B, aggregate data compare the size of
the DHPG-mediated TRPC3 current (/p,pg) Under control (ct/) conditions (including inactive PMA analog; n = 16; white column) and after exposure to PMA (n =
15; black column). Current amplitude was normalized to average control current amplitude. There was no significant difference between current amplitudes
under control and test conditions (p = 0.3622, unpaired Student’s t test). Average preincubation timein 1 um PMA was 15.3 = 1.3 min (n = 15 cells) and in the
inactive PMA analog, 14.1 = 1.2 min (n = 7 cells). C, right, representative images show distribution of PKC under control conditions and after incubation with
PMA (5-10 min) in 2 Purkinje cells; scale bar = 50 um and applies to both images; left, shown is a significant increase in membrane fluorescence ratio in Purkinje
cells exposed to PMA compared with control Purkinje cells, demonstrating movement and, hence, activation of PKC upon exposure to PMA (n = 9 for PMA
exposed cells and n = 6 for control cells; p < 0.0001, unpaired Student’s t test). D, aggregate data compare the size of the DHPG-mediated TRPC3 current under
control conditions and after preincubation with 0.5 um calphostin (cal) and 1 um Go6976 (Go), or just 1 um Go6976 for 45.2 + 2.9 min (n = 8 for control and 9
for PKC inhibitor-exposed cells; p = 0.4626, unpaired Student’s t test). All drugs under investigation were present during the OAG applications to avoid
wash-out of the drugs.

(Fig. 3A, right panel). There was a clear decrease in OAG-re- this PMA-dependent decrease in TRPC3-mediated current was

sponsiveness of PMA-treated TRPC3-expressing HEK cells.
Importantly, exposure of TRPC3-expressing HEK cells to the
PKC inhibitor Go6983 after PMA incubation restored the orig-
inal OAG responsiveness (Fig. 3B). There was no significant
difference in the activation kinetics of the intracellular Ca>"
signal (p = 0.2621, ANOVA test), but the peak Ca2t signal was
significantly reduced after PMA treatment compared with con-
trol conditions or after preincubation in the Go6983 after PMA
application (Fig. 3C; p = 0.0034, ANOVA test). To confirm that
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also seen after receptor stimulation (which is how TRPC3 cur-
rents were evoked in the slice preparation), we carried out
whole cell patch clamp experiments in the stably transfected
HEK?293 cells in which we evoked TRPC3-dependent currents
in response to ATP application, taking advantage of endoge-
nous P2Y receptors coupling to phospholipase C. The whole
cell current was significantly reduced in PMA-treated com-
pared with control cells (Fig. 3D; p = 0.0007, unpaired Student’s
t test).
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FIGURE 3. Inhibition of TRPC3 currents by protein kinase C in expression system. A, representative fluorescence Ca?* imaging traces recorded from
HEK298 cells stably transfected with human TRPC3 show increases in intracellular Ca>* concentration after application of 50 um OAG under control conditions
(ctl, left graph), after preincubation in 1 um PMA (7 min), and after exposure of cells to PMA (n = 6 min) that had also been exposed to the PKC inhibitor Go6983
(Go) for 70 min; increases in intracellular Ca?* concentration are monitored as changes in fluorescence ratio (AF) as described under “Experimental Proce-
dures.” Dotted lines show fluorescence signals in cells that were considered to be non-responders. B, aggregate data show that there is a clear decrease in
OAG-responsive (resp.) cells after incubation of TRPC3-transfected cells with 1 um PMA (5-10 min; black bars indicate PMA-incubated cells, and white bars
indicated control cells); this decrease can be reversed by preincubating cells with 1 um Go6983 (65-75 min in Go6983; 5-10 min in PMA; gray bar). Numbers of
OAG-responsive cells (cells that responded to OAG application with increase in intracellular Ca®" concentration) are: for control conditions, 13/17 (76.4%); for
PMA, 13/33 (39.4%); for PMA+G06983, 17/24 (70.8%). C, aggregate data show that PMA treatment of TRPC3-expressing cells did not significantly interfere with
timing of peak Ca?* signal (measured as time lapsed between application of OAG and peak fluorescence signal; left three columns of the bar chart; p = 0.2621,
ANOVA test). Peak Ca®™ signal (measured as peak fluorescence signal compared with base line; right three columns of the bar chart) was significantly decreased
after preincubation with PMA alone (p = 0.0034; ANOVA test). White columns, control (ctl) conditions (n = 13); black columns, after exposure to PMA only (n =
13); gray columns, exposure to PMA after pretreatment with Go6983 (n = 17). All drugs under investigation were present during the OAG applications to avoid
wash-out of the drugs. D, aggregate data from four control (ct/) and 5 test (PMA) HEK293 cells stably transfected with human TRPC show that TRPC3 whole cell
current (WCC) responses to ATP application (100 um) are significantly inhibited after preincubation in PMA (10-15 min); p = 0.0007, unpaired Student's t test.
Two cells did not respond to ATP with an inward current after PMA preincubation.

We then wanted to ensure that the drugs were effective not A B
only in cell cultures but also in the rat cerebellar slice prepara- control + PMA 3007
tion that we had used in the previous experiments. Activation of L <
PKC leads to increased spontaneous inhibitory neurotransmit- 2st:200 PA g 2007
ter release (measured in the form of increased mIPSC fre- E 1004
quency) at the interneuron-Purkinje cell synapse in mouse cer- Go +PMA S
ebellum (32). We, therefore, investigated if the concentration of T | I
PMA used in our previous slice experiments was sufficiently J200 PA 0- < g%
high to trigger an increase in mIPSC frequency and whether the 2 sec DE; a

concentration of the PKC inhibitor Go6983 used in our slice

. .. FIGURE 4. PMA and Go6983 are active in the juvenile rat slice preparation at
experiments could counter these effects. Application of 1 um ) P

the concentrations used in previous slice experiments. A, representative raw

PMA for 11 min resulted in a robust and significant increase in
mIPSC frequency in rat cerebellar slices (Fig. 44, the top panels
show the results of one representative Purkinje cell; Fig. 4B, the
black bars show aggregate data; p = 0.016, paired Student’s ¢
test). This increase could be prevented when slices were prein-
cubated (40 min) in 1 uM Go6983 after PMA addition (record-
ings were resumed 11 min after PMA application in the contin-
ued presence of both Go6983 and PMA) (Fig. 44, the bottom
panels show the results of one representative Purkinje cell;
Fig. 4B, the gray bars show aggregate data; p = 0.868; paired
Student’s ¢ test). Intriguingly, we also found that there was a
significant reduction in mIPSC frequency between slices
preincubated in 1 uM Go6983 and slices under control con-
ditions. In the Go6983-treated slices, mIPSC frequency was

S
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data show that application of 1 umPMA to rat cerebella slices leads to an increase
in mIPSC amplitude (top left, control mIPSC frequency; top right, mIPSC frequency
after exposure to PMA for 11 min; data were obtained from one cell). This increase
in mIPSC frequency can be inhibited by pretreatment of slices with 1 um Go6983
(Go) (bottom left) mIPSC frequency after exposure of slices to 1 um Go6983 for 40
min; bottom right, mIPSC frequency after additional exposure to 1 um PMA for 11
min; data were obtained from one cell). Top and bottom traces were recorded
from two different Purkinje cells. Experiments were carried out in the absence of
bicuculline. B, aggregate data show that under control (ct/) conditions applica-
tion of 1 um PMA leads to a significant increase in mIPSC frequency (n = 4;p =
0.016, paired Student's t test), whereas application of 1 um PMA after preincuba-
tion to 1 um Go6983 (Go) prevents an increase in mIPSC frequency (p = 0.868 for
mlIPSC frequency in Go6983 compared with mIPSC frequency in Go693 and PMA,
paired Student’s t test).

only 38.9 = 8.8% that of control mIPSC frequency (n = 4 for
control and Go6983-pretreated cells; p = 0.0086; unpaired
Student’s ¢ test).
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FIGURE 5. Lack of inhibition on mGluR1-mediated TRPC3 currents in rat
Purkinje cells after activation of protein kinase G. A, raw traces show
TRPC3 current in response to application of 50 um DHPG under control con-
ditions (left graph) or after preincubation in 1 mm 8-bromo-cGMP (cGMP; 43
min; right graph). B, aggregate data compare the size of DHPG-mediated
TRPC3 current (/p4ps) under control conditions (ctl; white column; n = 6) and
after preincubation with 1 mm 8-bromo-cGMP (cGMP; preincubation for
41.4 = 3.8 min; n = 5). Current amplitude was normalized to average control
current amplitude. There was no significant difference between current
amplitudes under control and test conditions (p = 0.5073, unpaired Student’s
t test). C, aggregate data compare the size of DHPG-mediated TRPC3 current
(Ionpg) under control conditions (white column; n = 6) and after preincubation
in the protein kinase G inhibitor KT5823 (KT, 1 uMm, preincubation for 62 + 5.8
min; n = 4). Current amplitude was normalized to average control current
amplitude. There was no significant difference between current amplitudes
under control and test conditions (p = 0.8950, unpaired Student'’s t test). All
drugs under investigation were present during the OAG applications to avoid
wash-out of the drugs.

Taken together, these findings show that the lack of effect of
activators and inhibitors of PKC (PMA and Go6983, respec-
tively) was not due to a lack of effect of the drugs in the slice
preparation. Hence, native TRPC3-containing channels in cer-
ebellar Purkinje cells are not subject to inhibition by PKC
phosphorylation.

We then considered the possibility that Purkinje cell TRPC3
channels can be modulated in their activity by PKG (25) in a
manner that is independent of PKC. Kwan et al. (25) showed
that TRPC3 was phosphorylated by PKG at two distinct resi-
dues, Thr-11 and Ser-263. PKG-dependent phosphorylation of
TRPC3 was reduced in TRPC3 channels in which either Thr-11
or Ser-263 had been mutated (T11A and S263Q, respectively),
demonstrating that both phosphorylation sites were targeted
independently by PKG (25). We carried out experiments like
those described for Fig. 2, but this time we exposed cerebellar
slices to 1 mm 8-bromo-cGMP, a membrane-permeable cGMP
analog, to activate PKG after application of DHPG. There was
no effect of activation of PKG on the amplitude of DHPG-in-
duced TRPC3-mediated inward currents (Fig. 5); Fig. 54 shows
representative current traces under control (left panel) and test
(right panel) conditions; Fig. 5B shows aggregate data of 6 con-
trol experiments and 6 experiments after preincubation in
8-bromo-cGMP (average incubation time 41.4 = 3.8 min; p =
0.5073, unpaired Student’s ¢ test). We also found no effect of the
PKG inhibitor KT5823 (2 uM) on the DHPG-induced TRPC3-
mediated inward current (Fig. 5C; preincubation with KT5823
for 62 = 5.8 min; p = 0.895, unpaired Student’s ¢ test), suggest-
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FIGURE 6. Inhibition of TRPC3 currents by protein kinase G in expression
system. A, representative fluorescence Ca®" imaging traces show increases
in intracellular Ca®* concentration in HEK298 cells stably transfected with
human TRPC3 after application of 50 um OAG under control conditions (left
graph) and after preincubation in 1 mm 8-bromo-cGMP (65 min); increases in
intracellular Ca>" concentration are monitored as changes in fluorescence
ratio (AF), as described under “Experimental Procedures.” Dotted lines show
fluorescence signals in cells that were considered to be non-responders. B,
aggregate data show that there is a clear decrease in OAG-responsive cells
after incubation of TRPC3-transfected cells with 1 mm 8-bromo-cGMP (60-75
min). C, aggregate data show that 8-bromo-cGMP treatment of TRPC3-ex-
pressing cells does not significantly interfere with timing of peak Ca®* signal
(measured as time lapsed between application of OAG and peak fluorescence
signal; left part of the bar chart; p = 0.8694) or peak Ca>* signal (measured as
peak fluorescence signal compared with base line; right part of the bar chart;
p = 0.2838, unpaired Student’s t test). White columns, control (ctl; n = 38)
conditions; black columns, after exposure to 8-bromo-cGMP (n = 31). All
drugs under investigation were present during the OAG applications to avoid
wash-out of the drugs.

ing that TRPC3 channels in Purkinje cells are not subject to
inhibition after PKG activation.

To verify that the drugs were active under our experimental
conditions, we tested their efficacy in TRPC3-expressing
HEK298 cells. There was a clear reduction in the number of
OAG-responsive TRPC3-expressing HEK cells after preincu-
bation of cells with 1 mm 8-bromo-cGMP (Fig. 6A for individual
fluorescence signals recorded under control conditions (left
panel) and test conditions (right panel); see Fig. 6B for aggre-
gate data). There was no significant difference in the develop-
ment of the intracellular Ca®" signal or the peak Ca>" signal
under the different conditions tested (Fig. 6C). We tried to con-
firm that KT5823 could prevent the 8-bromo-cGMP-induced
decrease in OAG-responsive TRPC3-transfected HEK cells but
found that KT5823 either interfered with the fluorescent dye or
gave rise to elevated Ca>" levels on its own (data not shown).

Finally, we carried out experiments in which we exposed cer-
ebellar Purkinje cells to the phosphatase inhibitor okadaic acid
to test for a role of phosphatases in regulating TRPC3 channel
activity. It has been shown that in the cerebellum protein phos-
phatases are crucial for the induction of cerebellar LTP and that
phosphatase activity is involved in motor learning (33, 34). We
found that there was no significant difference between the
DHPG-mediated TRPC3-dependent inward current elicited
under control conditions or after preincuabtion in 1 um oka-
daic acid (supplemental Fig. 1; p = 0.3336, unpaired Student’s ¢
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test), suggesting that phosphatase inhibition did not impact on
TRPC3 channel activity.

DISCUSSION

They key finding of this study is that native TRPC3-depen-
dent currents elicited in cerebellar Purkinje cells are unlikely to
be targets of conventional PKC or PKG, which is in contrast to
PKC- and PKG-dependent inhibition of recombinant TRPC3
channels expressed in HEK293 cells (23-25). The discrepancy
between these and our findings can be explained in four ways.

First, it may be that the channel(s) underlying the mGluR1-
mediated inward current in rat Purkinje cells are not mediated
by TRPC3. Although an essential role for TRPC3 has been
clearly demonstrated for the murine slow EPSC, there is no
genetic evidence for involvement of TRPC3 in the rat slow
EPSC. We addressed this issue in Fig. 1 and provide evidence
for an important role of TRPC3 in the mGluR1-mediated slow
EPSC in rat Purkinje cells that complements previously pub-
lished findings. We have demonstrated previously that the slow
DHPG-dependent EPSC does not require Ca>" release from
intracellular Ca>" stores but is activated in response to stimu-
lation of G,-coupled mGluR1, suggesting that it is mediated by
TRPC channels rather than by Ca*"-activated or store-oper-
ated channels (15). We have also shown that TRPC3 is strongly
expressed in rat cerebellar Purkinje cells and that its expression
increases in parallel with Purkinje cell dendritic tree develop-
ment (15). Crucially, TRPC3 is the only TRPC subunit in rat
cerebellum that increases during development, and its levels
remain high in the adult (15), suggesting that TRPC3 is involved
in adult cerebellar function.

This study shows that the rat mGIluR1-mediated inward cur-
rent is reduced by Pyr3, a highly selective blocker of TRPC3
channels (Fig. 1B), and by BTP2 and 2-APB, two pharmacolog-
ically distinct blockers that are equally used to interfere with
TRPC3 channel activation (Fig. 1C). Furthermore, the rat
mGluR1-mediated slow EPSC was significantly inhibited by
inclusion of an inhibitory TRPC3 antibody (Fig. 1D) that was
shown to inhibit native TRPC3 channels in rabbit artery myo-
cytes (30). All these lines of evidence strongly suggest crucial
involvement of TRPC3 in rat cerebellar slow EPSC.

The second possibility to explain the lack of effect of phos-
phorylation on rat TRPC3 is that PKC- and PKG-dependent
inhibition of TRPC3 channels may only apply to human TRPC3
channels. An alignment of the rat and human sequence (sup-
plemental Fig. 2) shows that the first PKG phosphorylation site
of the human TRPC3 sequence (human T11) is absent from the
rat TRPC3 sequence, which might account for the lack of effect
of PKG in rat cerebellar Purkinje cells. However, the second
PKG phosphorylation site (human Ser-263) is present in both
human and rat TRPC3 sequences, and importantly, the area
around it is highly conserved. The same is true for the PKC
phosphorylation site (human Thr-712). It would, therefore,
seem unlikely that the lack of inhibition of native rat TRPC3
channels after PKC and PKG stimulation was due to differential
folding of the TRPC3 protein, which might restrict access of
kinases to their phosphorylation sites. However, we cannot rule
out that TRPC3 channels were phosphorylated in our experi-
ments and that phosphorylation of TRPC3 in the rat does not

FEBRUARY 24, 2012 +VOLUME 287+NUMBER 9

TRPC3 Regulation in Cerebellum

lead to inhibition of the channels. Again, similarities in the
sequences would suggest that this is unlikely to be the case; the
TRPC3 subunits have an almost identical amino acid
sequences, and it seems implausible that phosphorylation of the
rat and human channel should affect the human but not the rat
channel.

Third, it is possible that PKC and PKG are restricted from
phosphorylating TRPC3 channels in rat cerebellar Purkinje
cells because they are not physically near the channel protein.
TRPC channels have been shown to be integrated in caveolar
lipid rafts that create a unique protein microenvironment,
which is thought to facilitate interactions between TRPC chan-
nels and proteins involved in their regulation (35-37). It could
be that the TRPC3 protein microenvironment in cerebellar
Purkinje cells lacks PKC and PKG. Hence, the lack of inhibition
of TRPC3 channels after activation of PKC and PKG would be
the result of a lack of vicinity of TRPC3 channels to these two
kinases, i.e. lack of opportunity rather than lack of ability to
phosphorylate the channels. Overexpression of TRPC3 chan-
nels in an expression system, however, may result in less specif-
ic/controlled insertion of channels in the plasma membrane so
that their phosphorylation by kinases is more easily
accomplished.

Fourth, it is possible that PKC and PKG only phosphorylate
and inhibit a subset of TRPC3 channels in rat cerebellar Pur-
kinje cells. Given the relatively large variability of current
amplitudes in response to DHPG between Purkinje cells, we
cannot rule out that a comparatively small proportion of
TRPC3 channels (around 20% at most) was subject to inhibition
after phosphorylation by PKC/PKG and that this inhibitory
effect on TRPC3 channels was obscured by the variance in the
response. Regardless, the majority of the DHPG-induced cur-
rent was unaffected.

The apparent lack of effect of phosphorylation on native
TRPC3-containing channels has interesting implications. It has
been shown that loss of the so-called moonwalker phosphory-
lation site in cerebellar Purkinje cells led to up-regulation of
TRPC3 channel function in moonwalker mice (11). We dem-
onstrate that in rat cerebellar Purkinje cells, neither enhancing
nor inhibiting conventional PKC activity interferes with
TRPC3-mediated currents. This suggests that in rat the moon-
walker phosphorylation site does not mediate acute regulation
of TRPC3-mediated currents. It is, however, possible that the
site influences TRPC3 channel activity in the long term. Some
voltage-gated K* channels are translocated to the plasma
membrane in a phosphorylation-dependent manner (38 —40),
as are aquaporins (41) and AMPA receptors (for review, see
Refs. 42 and 43). It is hence feasible that in moonwalker mice
lack of phosphorylation of the channel protein leads to aberrant
translocation of more channel protein to the plasma mem-
brane, resulting in larger whole cell currents in moonwalker
than wild type mice. Alternatively, it could be that the moon-
walker phosphorylation site controls subunit composition of
the DHPG-activated TRPC channel, as was demonstrated for
synaptic NMDA receptors (44). In this model lack of phosphor-
ylation of the moonwalker DHPG-activated channel would
result in insertion of TRPC channels with a distinct subunit
composition, resulting in altered channel properties. The larger
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whole cell current observed in the moonwalker mouse in this
scenario would be the result of a longer mean open time and/or
larger conductance of the ion channel pore.

Another implication of this study is that channels may dis-
play distinct properties in native cells compared with expres-
sion systems and that there may even be differential regulation
of the same channel by different enzymes in different native
cells. TRPC3 channels are known to be activated in response to
phospholipase C stimulation; however, neither mouse nor rat
slow EPSCis inhibited after pharmacological block of phospho-
lipase C in cerebellar Purkinje cells (5, 45, 46). Instead, another
class of phospholipases, phospholipase D, was found to regulate
activation of the (rat) slow EPSC (5). This suggests that cerebel-
lar TRPC3 channels differ in their activation mechanism from
TRPC3 channels in other systems. A recent review highlights
the importance of the source and species of diacylglycerol in
phospholipase-dependent regulation of TRPC3 channels (47),
pointing out that different types of diacylglycerol may have
varying affinities for TRPC3. Interestingly, we found that 100
uM OAG failed to activate any significant inward current in
both mouse and rat Purkinje cells (data not shown). OAG acti-
vation is thought to be a hallmark of TRPC3 channels and a lack
of activation of TRPC3 channels in native systems after OAG
application is usually explained in terms of OAG-mediated
PKC activation and subsequent inhibition of TRPC3 channels
(47). This study, however, finds that conventional PKC does not
necessarily inhibit TRPC3-mediated currents, and hence, a lack
of effect of OAG in the rat cerebellar slice preparation is
unlikely to be due to OAG-mediated PKC activation and sub-
sequent TRPC3 inhibition. Importantly, similar results were
found for cerebellar granule cells in which OAG failed to trigger
TRPC3-dependent growth cone-turning (48). Hence, OAG
may not open TRPC3 channels in all native systems.

All these findings together suggest that TRPC3-containing
channels in (rat) cerebellar Purkinje cells may not be regulated
by the same enzymes as TRPC3 channels in expression systems
or other native systems. This discrepancy could reflect hetero-
meric TRPC channel expression rather than TRPC3 homomers
in Purkinje cells. Neither rat nor mouse slow EPSCs were com-
pletely inhibited by 10 uM Pyr3, a concentration routinely used
to block TRPC3 channels, but the extent of the block was the
same for both preparations. Furthermore, both BTP2 and
2-APB only partially inhibited the slow EPSC. The incomplete
block of the current may indicate that the channels underlying
the slow EPSC in (juvenile) rats (and mice) may not be homo-
meric TRPC3 channels but heteromeric TRPC channels con-
taining TRPC3 (as suggested in Ref. 13). In the TRPC3 knock-
out mouse the slow EPSC was completely suppressed (12),
which can be interpreted as TRPC3 being the only subunit con-
tributing to the channel underlying the slow EPSC. Although
this result clearly demonstrates that TRPC3 subunits are essen-
tial for the channel protein (e.g. form channel pore), it does not
rule out a role for other subunits in modulating the properties
of the channel protein. Likewise, the fact that the moonwalker
mouse showed increased responses to DHPG does not necessi-
tate that the channel is a homomer, but the same result might
also be observed with a heteromeric channel protein. Hence, it
is possible that the DHPG-dependent slow EPSC in rodent Pur-
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kinje involves heteromeric rather than homomeric TRPC3
channels. Experiments showing TRPC3 phosphorylation and
inhibition by PKC and/or PKG were carried out in HEK293
cells overexpressing TRPC3 homomers. It is feasible that
TRPC3 heteromers, unlike TRPC3 homomers, are not subject
to phosphorylation after activation of PKC and/or PKG or that
phosphorylation of heteromeric TRPC channels containing
TRPC3 does not result in channel block.

Asdiscussed above it is also possible that Purkinje cells create
a specific microenvironment for TRPC3 channels that prevents
inhibition of these channels by PKC or PKG. Future experi-
ments will need to address whether the slow EPSC in Purkinje
cells is mediated by TRPC3 homo- or heteromers and whether
there are regional differences in TRPC3-mediated currents in
Purkinje cells (e.g. dendrites versus soma or proximal dendrites
versus distal dendrites). If the channel is a TRPC3 homomer,
our results demonstrate that the same channel protein can be
differentially regulated depending on the cell type in which it is
expressed.
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