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Abstract
Disturbances in Ca2+ homeostasis have been implicated in a variety of neuropathological
conditions including Parkinson’s disease (PD). However, the importance of store-operated Ca2+

entry (SOCE) channels in PD remains to be investigated. In the present study, we have scrutinized
the significance of TRPC1 in 1-methyl- 4-phenyl-1, 2, 3, 6 -tetrahyrdro-pyridine (MPTP)-induced
PD using C57BL/6 animal model or PC12 cell culture model. Both sub-acute and sub-chronic
treatments of MPTP significantly reduced TRPC1, and tyrosine hydroxylase levels, but not
TRPC3, along with increased neuronal death. Furthermore, MPTP induces mitochondrial
dysfunction, which was associated with reduced mitochondrial membrane potential, decreased
level of Bcl2, Bcl-xl, and an altered Bcl-xl/Bax ratio thereby initiating apoptosis. Importantly,
TRPC1 overexpression in PC12 cells showed significant protection against MPP+ induced
neuronal apoptosis, which was attributed to the restoration of cytosolic Ca2+ and preventing loss
of mitochondrial membrane potential. Silencing of TRPC1 or addition of TRPC1 channel blockers
decreased mitochondrial membrane potential, whereas activation of TRPC1 restored
mitochondrial membrane potential in cells overexpressing TRPC1. TRPC1 overexpression also
inhibited Bax translocation to the mitochondria and thereby prevented cytochrome c release and
mitochondrial mediated apoptosis. Overall, these results provide compelling evidence for the role
of TRPC1 in either onset/progression of PD and restoration of TRPC1 levels could limit neuronal
degeneration in MPTP mediated PD.
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INTRODUCTION
Neuronal protection or prevention of neuronal degeneration has been identified as
therapeutic targets for many neurodegenerative diseases. Parkinson’s disease (PD) is the
second most common neurodegenerative disease and afflicts ~1.8 % of the population by
age 65 years (1). The neuropathological hallmark of PD is an irreversible loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) and their terminals in
the striatum (2). Although, the majority (>85%) of PD cases are sporadic and the underlying
molecular causes are unknown, postmortem studies have showed the involvement of several
predisposing factors including viral infection and environmental toxins such as MPTP (3,4).
MPTP, a potent neurotoxin that selectively destroys the nigrostriatal dopaminergic neurons
in humans, sub-human primates, and lower animals, mimics PD like symptoms (5,6). MPTP
is a highly lipophilic molecule, which is able to cross the blood brain barrier (7). Once inside
the brain, the pro-toxin MPTP is rapidly converted into 1-methyl-4-phenylpyridinium ions
(MPP+), the active neurotoxin, by monoamine oxidase B (8). Furthermore, MPP+ is
selectively accumulated in dopaminergic neurons and is concentrated within mitochondria
where it acts to inhibit electron transport chain, decreases mitochondrial membrane
potential, and induces disturbances in Ca2+ homeostasis, which could eventually lead to
neuronal loss (9–11). However, precisely how these neurons die and the factors involved are
not yet established.

Changes in intracellular Ca2+ levels have been associated with both triggering/regulating
and inhibiting neuronal apoptosis (12). In most cell type’s release of ER Ca2+ leads to the
activation of store-operated calcium channels (SOCC), which initiates Ca2+ entry from the
external media via the store operated calcium entry (SOCE) mechanism (13). Although, the
molecular identity of the SOCE channel is not yet determined, TRPC1 has been
demonstrated to be activated by store depletion per se (14,15). Moreover, TRPC1 is
important for critical processes such as cell proliferation, axonal guidance, and apoptosis.
Besides TRPC1 is also ubiquitously expressed, including many regions of the brain such as
cerebral cortex, hippocampus, cerebellum, amygdale and in the substantia nigra (16–22),
which indicates that TRPC1 could have significance in the survival and function of neuronal
cells. Thus, the present study was undertaken to not only identify the possible role of TRPC1
in neuronal growth and survival particularly in PD, but also to establish the mechanism of
MPTP mediated neuronal loss. The data presented here demonstrate that MPTP induces
neuronal loss by decreasing TRPC1 levels followed by the initiation of apoptosis mainly by
disrupting mitochondrial membrane potential. Furthermore, TRPC1 overexpression
prevented MPP+-induced cellular death by preserving loss of mitochondrial membrane
potential, which in turns inhibits apoptosis.

MATERIALS AND METHODS
Animals

Male C57BL/6 mice, (1, 6 and 12 months) were obtained from Charles River Laboratories
(Wilmington, MA) and 8–10 month older male C57BL/6J mice were obtained from Jackson
Laboratory (Maine, USA). All animals were housed in a temperature controlled room under
a 12/12-hour light/dark cycle with ad libitum access to food and water. All animal
experiments were carried out as per the institutional guidelines for the use and care of
animals. All efforts were made to minimize animal suffering, to reduce the number of
animals used, and to utilize alternatives to in vivo techniques if available.
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MPTP treatment
MPTP was dissolved in sterile saline and injected intraperitoneally (i.p). All the mice were
subdivided into two groups (n=6; six mice in each group); each received different doses and
schedules of MPTP administration. Age groups (1, 6 and 12 months) received only subacute
MPTP injections, since sub-chronic MPTP treated mice (12 months) died during the
procedure. For Sub-acute MPTP treatment animals were further sub-divided into two groups
(n=6). Group I served as a control and received equivalent i.p. injections of saline. Group II
mice received 25 mg kg−1 of MPTP (i.p.) for 5 consecutive days at 24h intervals. Animals
were sacrificed 7 days after the last MPTP-injection. For Sub-chronic MPTP treatment
animals were also sub-divided into two groups (n=8). Group I served as a control and
received equivalent i.p. injections of saline, whereas group II mice received 15 mg kg−1 of
MPTP (i.p.) on 10 consecutive days at 24h interval. Animals were sacrificed 7 days after the
last MPTP-injection. The brain was removed from the skull and placed dorsal side up. Using
a scalpel blade, a coronal cut was made adjacent to the inferior colliculi approximately at
bregma −6.36 mm. A second cut was made approximately at bregma −2.54 mm, based on
the mouse brain atlas (23). The ventral midbrain was dissected to ensure that there was no
contamination of the hippocampus, cortex or cerebellum. Brain regions from 2–3 animals
were pooled for each experiment.

Immunohistochemistry
Animals were anesthetized with ether after 7 days of MPTP treatment and perfused
transcardially with phosphate-buffered saline (PBS) followed by paraformaldehyde (4%, w/
v) in PBS and post-fixed in paraformaldehyde. The fixed tissue was serially sectioned at 40
µm with a freezing microtome (Microm HM400, Richard Allen Scientific, Kalamazoo, MI)
throughout the entire midbrain region and used for immunohistochemical analysis of
tyrosine hydroxylase (TH), caspase 3, Bcl-xl (Cell Signaling Technology, Danvers, MA)
and TRPC1 (Santa Cruz Biotechnology, CA). A kit (Vector ABC Elite kit) from Vector
Laboratories (Burlingame, CA) was used along with 3′3′ diaminobenzoic acid as a
chromogen to develop the reaction in the presence of H2O2. For quantitative measurements,
persons blind to the treatment counted the number of tyrosine hydroxylase and TRPC1
positive neurons in the substantia nigra pars compacta (SNpc). Measurements from four to
six sections per brain were averaged to obtain one value per subject. For Nissl staining the
sections were mounted onto gelatin-coated slides and rehydrated for 45 min in 0.1M
phosphate-buffered saline (PBS), pH 7.2. The sections were incubated with the NeuroTrace
blue fluorescent Nissl stains (Molecular Probes, Eugene, OR) and mounted with Vectashield
mounting medium for fluorescence with DAPI.

Cell culture, MPP+ treatment, Transfection and Reagents
PC12 cells (adrenal gland; Pheochromocytoma) were obtained from American Type Culture
Collection (ATCC, Manassas, VA). They were maintained in poly-d lysine coated dishes
(BD Biocoat, MA) in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
heat-inactivated 10% horse serum (HS) (Gibco, MD) and 5% fetal bovine serum (FBS)
(Gibco, MD), 100 units/ml penicillin, 100 µg/ml streptomycin in a water-saturated
atmosphere of 5% CO2 at 37 °C. The cells were cultured in the presence of MPP+ for 24 h to
mimic PD like conditions. Following the above cell treatment protocol, cell viability was
measured by using the Vybrant MTT cell proliferation assay kit (Molecular Probes, Eugene
OR). Absorbance was read at 570 nm (630 nm as a reference) on a microplate reader
(Molecular Device, Sunnyvale, CA). Cell viability was expressed as a percentage of the
control culture. For adenoviral expression PC12 cells were infected with a MOI of 5 pfu of
AdTRPC1 (24). For transient transfection (TRPC1 shRNA & TRPC3 shRNA), cells were
transfected in OptiMEM with Lipofectamine reagent 2000 (Invitrogen, Carlsbad, CA) using
standard procedures and were used 48-h post-transfection (25).
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Western blot analyses
To perform Western blot analyses, crude membrane and cytosolic fraction were prepared
from tissues and PC12 cells by using Fraction PREP cell fractionation kits (Biovision, CA).
Mitochondrial fractions were isolated using mitochondrial isolation kits (Sigma-Aldrich).
Protein concentrations were determined, using the Bradford reagent (Bio-Rad), and resolved
on NuPAGE 4–12% Bis-Tris gel (Invitrogen, CA), transferred to polyvinylidene difluoride
(PVDF) membranes, and probed with respective antibodies. A 1:200 dilution of the primary
antibody was used to probe for TRPC1 (15) and TRPC3 (Sigma-Aldrich). The remaining
antibodies were used at a 1:1000 dilution except actin (1:5000, Calbiochem, NJ).
Peroxidase-conjugated respective secondary antibodies were used to label the proteins and
detected using ECL reagent and Bio-Rad Quantity One (CA) system.

Assessment of apoptosis
The vibrant apoptosis assay kit was used to assess apoptosis as per the manufacturer
instructions (Molecular Probes, Eugene, OR). This kit distinguishes apoptotic and necrotic
cells by lipid dye (YO-PRO-1) and propidium iodide (PI) staining. The cells were visualized
at 40× using a fluorescence microscope with filters appropriate for distinguishing
fluorescein (FITC) and rhodamine (TRITC) emission spectra. The dead and necrotic cells
show bright red rhodamine fluorescence, whereas apoptotic cells exhibit green fluorescence.
The total number of apoptotic and necrotic cells were counted, and the percentages of cells
exhibiting apoptosis/necrosis were calculated.

Confocal Microscopy
For immunofluorescence, PC12 cells were grown on coverslips, washed with PBS and fixed
for 30 min using 4% paraformaldehyde. The cells were then permeabilized using cold
methanol and blocked for 1 hour with horse serum (5% in PBS). For TRPC1 staining, cells
were treated with TRPC1 antibody at 1:100 dilution, washed and labeled with FITC-linked
anti-rabbit secondary antibody (1:100 dilutions). Confocal images were collected using an
MRC 1024-krypton/argon laser scanning confocal equipped with a Zeiss LSM 510 Meta
photomicroscope.

Calcium Measurements
PC12 cells were cultured on glass bottom dishes for 24 h and were treated for another 24 h
with MPP. After incubation cells were incubated with 2 µM fura-2 (Molecular Probes) for
45 min at 37 °C under an atmosphere of 5% CO2-95% air. The cells were washed twice with
Ca2+ free buffer (10 mM HEPES, 120 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM
glucose, pH 7.4). For fluorescence measurements, the fluorescence intensity of Fura-2-
loaded control cells was monitored with a CCD camera-based imaging system (Compix)
mounted on an Olympus XL70 inverted microscope equipped with an Olympus 40× (1.3
NA) fluor objective. A monochrometer dual wavelength enabled alternative excitation at
340 and 380 nm, whereas the emission fluorescence was monitored at 510 nm with an Okra
Imaging camera (Hamamatsu, Japan). The images of multiple cells collected at each
excitation wavelength were processed using the C imaging, PCI software (Compix Inc.,
Cranbery, PA), to provide ratios of Fura-2 fluorescence from excitation at 340 nm to that
from excitation at 380 nm (F340/F380). Analog plots of the fluorescence ratio (340/380)
from an average of more than 50 cells are shown.

Measurement of mitochondrial membrane potential
Measurements of mitochondrial potential were carried out using lipophilic cation 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethyl-benzimidazolcarbocyanine iodide (JC-1) dye as per the
manufacture instructions (Molecular Probes, Eugene, OR). The dye undergoes a reversible
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change in fluorescence emission from green to red as the mitochondrial membrane potential
increases. Thus, the JC-1 monomer emits green cytoplasmic fluorescence in inactive
mitochondria, while the aggregated form emits a red fluorescence in mitochondria with high
membrane potential and functional capacity. PC12 cells were loaded with JC-1 (1 µg/ml) for
10 min in the same medium and conditions Confocal images were collected using an MRC
1024-krypton/argon laser scanning confocal equipped with a Zeiss LSM 510 Meta
photomicroscope. Images were analyzed using the J-image software. Mitochondria
depolarization is specifically indicated by a decrease in the red to green fluorescence
intensity ratio. Regions of interest stained by JC-1 were selected corresponding to at least
twenty individual cells per independent experiment.

Mitochondrial transmembrane potential was also measured using fluorescent cationic dye
rhodamine 123. It has been shown that the uptake of rhodamine 123 into mitochondria is a
function of mitochondrial transmembrane potential. Depolarization of mitochondrial
membrane potential results in the loss of Rh123 from the mitochondria and a decrease in
intracellular fluorescence (26). PC12 cells (4×104) were incubated with MPP+ (24 h)
followed by 20 min incubation with 10 µM of rhodamine123 at 37 °C in DMEM media. The
fluorescence signals of the dye were measured immediately at an excitation wavelength of
488 nm and an emission wavelength of 510 nm using a fluorescence microplate reader. At
the initial readings, FCCP (1.5 µM) and oligomycin (0.25 µg/mL) were added, in order to
make the maximum retention of Rh123, and the fluorescence signals were measured in
488/510 nm. The difference between the fluorescence monitored before and after the
addition of FCCP and oligomycin was used to evaluate the ψmit. The results were expressed
as percentage of increase or decrease above control fluorescence.

Statistical analysis
Data analysis was performed using Origin 7.0 (OriginLab, Northampton, MA). Statistical
comparisons were made using Student’s t test and analysis of variance (ANOVA) followed
by Duncan’s multiple range test (DMRT). Experimental values are expressed as means ±
S.D. Differences in the mean values were considered to be significant at p < 0.05.

RESULTS
Vulnerability of dopaminergic neurons in SNpc to MPTP

To define the role of age in amending neuronal loss in sub-acute MPTP treatment, we first
compared the MPTP-induced neuronal degeneration between 3 different aged mice with
respect to tyrosine hydroxylase (TH) expression. TH is the rate limiting enzyme of
dopamine synthesis, and is a marker for dopaminergic neurons (27). As indicated in Fig. 1a,
progressive loss in TH was only observed in the SNpc region of 6 and 12 month, but not in 1
month old MPTP-treated mice (Fig. 1a statistical analysis is shown in 1b). Age matched
mice injected with saline were used as their respective controls. Similarly, TRPC1 levels,
but not TRPC3 (data not shown), was decreased in 6 and 12 month old MPTP-treated mice.
Furthermore, a significant increase in TRPC1 levels was observed in 1 month old MPTP-
treated mice. Whereas, no change in actin protein levels was observed in all age group mice.
These results are consistent with other studies, which have demonstrated that older animals
are much more susceptible to MPTP than younger ones (28). Based on these results, we
chose to use 8–10 month old mice for the remaining studies.

To further establish the conditions, both sub-acute and sub-chronic MPTP treatment was
performed on C57BL/6J, 8–10 month old mice. Importantly, both sub-acute and sub-chronic
MPTP treatments showed a significant decrease in cytosolic TH levels along with a
reduction in TRPC1 levels in dopaminergic neurons of the SNpc (Fig. 1c). In contrast,
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TRPC3 levels were increased after MPTP treatment, whereas no change was observed in
actin levels. Quantification of the data indicated a more than 50% decrease in TRPC1 levels
under both sub-acute and sub-chronic conditions (Fig. 1d). Immunohistochemistry results
further confirmed the impact of MPTP treatment and the diminution of TRPC1 levels on the
degeneration process, where both TH (Fig. 1e, f, g & h) and TRPC1-positive neurons were
significantly decreased upon MPTP-treatment when compared to their respective controls
(Fig. 1e & f). Higher magnifications for plasma membrane TRPC1 staining are shown as
insets, which indicated the loss of TRPC1 membrane staining in both sub-acute and sub-
chronic treated mice. Nissl staining in the SNpc was also used, which showed that MPTP
treatment severely affect dopaminergic neurons. Neuronal morphology was significantly
altered; mainly the cells appeared shrunken with creased cell membranes along with
diffused Niss1 staining, which is consistent with neuropathology (Fig. 1i).

MPTP induces apoptotic degeneration of dopaminergic neurons in SNpc
Mitochondrial membrane potential (ψmit) has been shown to play a critical role in cell death.
To establish if loss of mitochondrial membrane potential due to MPTP treatment increases
cell death, levels of pro- and anti-apoptotic proteins in both cytosolic and mitochondrial
fractions were assessed. As indicated in Fig. 2a and 2b, increased Bax and Bak
translocation/levels were observed in mitochondrial fractions in both sub-acute and sub-
chronic MPTP treatments. Consistent with this cytochrome c level were decreased in
mitochondrial fractions, with subsequent increase in the cytosolic fractions isolated from
MPTP-treated mice. Importantly anti-apoptotic proteins such as Bcl2 and Bcl-xl levels were
decreased in the mitochondrial fractions (Fig. 2a), indicating that MPTP initiates apoptosis.
To test whether caspases are involved in the mitochondrial-mediated apoptotic pathway,
cytosolic fractions of control and MPTP-treated SNpc were immunobloted for both
caspase-9 and its downstream partner caspase-3. Although, caspase-3 and caspase-9 along
with the presence of the two cleaved products of about 32–35 kDa were observed only in
sub-chronic MPTP treatment, a significant increase in pro-caspase levels (caspase 3 & 9)
were observed in sub-acute MPTP treatment. To further confirm these results
immunohistochemistry was performed on control and MPTP treated animals. As indicated
in Fig. 2c and 2e, a significant increase in the Bax expression was observed in both sub-
acute and sub-chronic MPTP treated animals. Similarly, levels of anti-apoptotic protein Bcl-
xl (Fig. 2d & 2e) and Bcl2 (data not shown) were decreased in the SNpc region upon MPTP
treatment.

Significance of TRPC1 in dopaminergic neurons survival
To validate our in vivo animal evidence and to determine the possible significance of
TRPC1 in mediating neuronal survival, we further evaluated whether similar conclusions
would be obtained in cell culture model. To address this, we first examined the effects of
MPP+ on membrane TRPC1 protein levels in PC12 cells. As depicted in Fig. 3a, no
significant changes were observed in membrane TRPC1 levels when incubated with 250 µM
MPP+ for an initial period of 6 h. However, prolonged incubation with MPP+ (12–24 h)
showed a significant decrease in TRPC1 protein and mRNA levels. In contrast, an increase
in TRPC3 mRNA levels, but no significant change in actin levels was observed indicating
that MPP+ specifically targeted TRPC1 (Fig. 3b). These results are in agreement with our
previous studies, where TRPC1 levels were decreased upon MPP+ treatment in SH-SY5Y
cells (22). Further, immunocytochemical studies showed that the TRPC1 was expressed in
the plasma membrane; whereas treatment with 250 µM MPP+ for 24 h significantly
decreased plasma membrane staining of TRPC1, with most of staining now observed in the
cytosol (Fig. 3c). Incubation of PC12 cells without the TRPC1 antibody did not show any
membrane staining (data not shown).
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To examine the effect of TRPC1 expression on the survival of PC12 cells, we transiently
overexpressed TRPC1 in PC12 cells and its role in MPP+ toxicity was determined. A
multiplicity of infection 5 for Adnovirus-TRPC1 was used to infect PC12 cells; we have
previously used this virus to overexpress TRPC1 in SH-SY5Y and human submandibular
gland (HSG) cells (22,24). Addition of MPP+ in control cells for 24 hours again decreased
TRPC1 levels which are consistent with the results demonstrated in Fig. 3a. In contrast,
TRPC1 levels were restored (similar to control) in MPP+ treated PC12 cells that overexpress
TRPC1 (Fig. 3d). Furthermore, MPP+ treatment significantly reduced TH level, whereas
TRPC1 overexpression prevented MPP+ mediated decrease of TH (Fig.3d). Re-probing the
same blots with anti-actin antibodies showed no decreases in actin protein levels, indicating
the specificity of the loss or gain of particular proteins (TRPC1 and TH) under these
conditions. To determine the effect of MPP+ on store-operated Ca2+ entry (SOCE), we
treated PC12 cells with thapsigargin (Tg, a SERCA pump blocker) in Ca2+-free medium. As
shown in figure 3e, PC12 cells treated with Tg showed a rapid release of Ca2+ from the ER,
followed by Ca2+ influx through the plasma membrane (upon addition of 1 mM Ca2+).
Importantly, a striking difference was observed in PC12 cells treated with MPP+, where the
amount of both Ca2+ release from the ER as well as Ca2+ influx across the plasma
membrane were decreased (traces indicate average data from at least 50 individual cells),
which could be due to the loss of TRPC1. To demonstrate that indeed TRPC1 is important
for SOCE in PC12 cells, overexpression of TRPC1 significantly increased SOCE. Although,
TRPC1 overexpressing cells treated with MPP+ showed a decrease in Ca2+ influx (as
compared with TRPC1 alone), this decrease was not significant than control untreated cells
(Fig. 3e). Furthermore, TRPC1+MPP+ treated cells showed an increased SOCE when
compared with control+ MPP+ treated cells, indicating that overexpression of TRPC1 can
restore SOCE.

We then investigated the function of TRPC1 mediated Ca2+ influx in PC12 cells. TRPC1
has been shown to play a key role in cell proliferation and survival (21,22,29), thus we
anticipated that perhaps TRPC1 would be necessary for the survival of these cells. To
confirm our hypothesis we assess viability (using MTT assay) on control and TRPC1
overexpressing cells, which were treated with MPP+. Cells treated with MPP+ showed a
significant decrease in cell survival as compared with control untreated cells (Fig. 3f). In
contrast, TRPC1 overexpressing cells showed resistance to cell death induced by MPP+ and
showed increased survival. Importantly, overexpression of ΔTRPC1 (truncated TRPC1 after
S5 (aa 567–793)), which has been shown to decrease SOCE (30), showed no protection
against MPP+-induced cell death. These results confers that TRPC1 mediated Ca2+ influx is
necessary for cell survival upon MPP+-induction. Furthermore, TRPC1 silencing also
showed a decrease in cell survival (Fig. 3f), whereas no significant decrease was observed in
TRPC3 silenced PC12 cells. Although, TRPC3 silenced cells treated with MPP+ showed a
decrease in cell survival, this decrease was not significantly different from control MPP+

treated cells (Fig. 3f).

TRPC1 protects the cells against MPP+ mediated death by preserving mitochondrial
membrane potential

Mitochondrial dysfunction is an early event induced by MPTP. Thus, we investigated the
role of TRPC1 overexpression on MPP+ mediated mitochondrial membrane potential
(Δψmit) using either rhodamine 123 or JC-1 dyes. We used JC-1, since it is capable of
entering selectively into mitochondria and can reversibly change its color from green to red
as the membrane potentials increases, whereas cells with low Δψmit, maintain or re-acquire
monomeric form of JC-1, thus showing only green fluorescence. Thus the ratio of red versus
green fluorescence is an indicative of change in Δψmit. Consistent with previous report (18)
cells treated with MPP+ demonstrated a decreased ratio (red/green), indicating a decrease in
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mitochondrial membrane potential (Fig. 4a & 4b). In contrast, overexpression of TRPC1
increases this ratio (compared to MPP+ treated cells), suggesting that TRPC1 overexpression
restores membrane potential and could inhibit mitochondrial dysfunction.

To have more conclusive evidence we also used rhodamine 123 to elucidate the role of
TRPC1 in regulating MPP+ mediated loss of Δψmit. As expected, MPP+ treatment resulted
in reduction of Δψmit as compared with control untreated cells (Fig. 4c). In contrast, cells
overexpressing TRPC1 showed significant increase in membrane potential than MPP+ alone
treated cells. However, MPP+-induced mitochondrial depolarization was not significantly
different in TRPC3 shRNA transfected cells. Importantly, activation of TRPC1 by carbachol
(CCh) or thapsigargin (Tg) significantly enhanced the membrane potential in TRPC1
overexpressing cells, but not in control cells (Fig. 4d). Addition of CCh or Tg in control
cells without MPP+ treatment did show any significant loss in Δψmit (data not shown).
Furthermore, blocking of TRPC1 channel activity either by La3+ (TRPC1 channel blocker)
or 2-APB (which indirectly effect TRPC1 function), inhibited TRPC1 mediated restoration
of Δψmit (Fig. 4e). To demonstrate if silencing of TRPC1 itself leads to loss in mitochondrial
membrane potential, we silenced TRPC1 (using sh-TRPC1 for 48 hours; Fig. 3g) and
mitochondrial membrane potential was determined. Although, loss of TRPC1 by itself did
not cause any significant change in the Δψmit, addition of MPP+ in TRPC1 knockdown cells
showed a significant decrease in mitochondrial membrane potential at every time point
tested when compared with MPP+ alone (4–24 hours) (Fig. 4f). Interestingly, treatment of
MPP+ for 4–8 hours (condition which does not decrease TRPC1 levels, Fig. 3a) in control
cells also showed a significant decrease in Δψmit, which was further decreased in TRPC1-
silenced cells, indicating that knockdown of TRPC1 increases susceptible to MPP+ mediated
toxicity. Together, the results presented here suggest that TRPC1 restores MPP+ mediated
loss in Δψmit, which could be critical for the protection of neuronal cells.

TRPC1 overexpression protects PC12 cells against MPP+ induced apoptosis
A change in membrane potential usually alters the equilibrium between the pro- and anti-
apoptotic proteins in the mitochondria. Therefore, we sought to confirm the anti-apoptotic
effects of TRPC1 by studying the proteins involved in the mitochondrial-mediated apoptotic
process. The apoptotic pathway is largely mediated through Bcl2 family proteins, which
include both pro-apoptotic members such as Bax, Bak, and BNIP3 that promote
mitochondrial permeability and anti-apoptotic members such as Bcl2 and Bcl-xl that inhibit
their effects (31). The disruption of mitochondrial transmembrane potential and the
subsequent cytochrome c release have been considered as the early phenomena in the
apoptotic process (32). As expected, addition of MPP+ for 24 hrs, showed elevated Bax
translocation from cytosol to the mitochondria (Fig. 5a & 5b), along with subsequent
decrease in mitochondrial Bcl2 and Bcl-xl protein levels (Fig. 5b). The ratio of Bcl-xl to Bax
is shown in Fig. 5c, which again indicates that MPP+ treatment increases pro-apoptotic
proteins. The Bax translocation into mitochondria and release of cytochrome c upon MPP+

treatment was demonstrated in the subcellular fractionation using anti-Bax and anti-
cytochrome c antibodies. Also the APAF1 protein level in cytosolic fractions was
significantly higher in MPP+ treated cells than untreated control cells. Importantly, Bax
translocation to the mitochondria and cytochrome c release were significantly attenuated in
TRPC1 overexpressing cells. Furthermore, TRPC1 overexpressing cells showed restored
levels of mitochondrial Bcl2 and Bcl-xl and decreased cytosolic APAF1 levels when
compared with MPP+ treated cells, while no significant changes were observed in actin
levels (Fig. 5a & 5b). Cumulatively, these results suggest that the reduction in Bax
translocation and cytochrome c release due to TRPC1 overexpression limits the activation of
other downstream members of the apoptotic cascade.
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To confirm that indeed TRPC1 protects PC12 by apoptosis, we used vibrant staining, which
differentiates between necrotic and apoptotic mediated cell death. A concomitant increase in
cells undergoing apoptosis (shown by YO-PRO-1 staining) was observed in cells treated
with MPP+ (Fig. 5d; average data are shown in Fig. 5e). In contrast, cell death through the
necrotic pathway was insignificant when compared with control without MPP+ treatment
(Fig. 5d, e). These results are consistent to previous findings showing that MPP+ causes cell
death via the apoptotic pathway (33,34). Importantly, PC12 cells overexpressing TRPC1
showed a remarkable decrease in cell death via apoptosis upon MPP+ treatment, whereas no
significant difference was observed in cell death via necrosis (Fig. 5d & 5e). Taken together
these results suggest that TRPC1 protects neuronal cells against apoptosis induced by MPP+.

DISCUSSION
Ca2+ homeostasis plays a central role in neuronal signaling. Disturbances in neuronal Ca2+

homeostasis have been implicated in variety of neuropathological conditions including PD
(35,36). The ER provides a large intracellular Ca2+ store which releases Ca2+ under various
conditions. Store operated Ca2+ entry is a mechanism devised by the cells to ensure optimal
refilling of the internal Ca2+ stores and to maintain a prolonged increase in cytosolic Ca2+

upon stimulation that is vital for protein synthesis, cell growth and proliferation. However,
no information is available on the identity of the channel(s) and its role in neuronal survival
has not been established, even though abnormal functioning of SOCE channels has been
linked to several diseases (37). Previous studies have shown that TRPC1 is important for
SOCE (14,15) and thus could help in neuronal survival. Moreover the importance of TRPC1
in cell survival is supported by other observations. First, up-regulation of TRPC1 increases
cell proliferation and restricts apoptosis in keratinocytes (29). Second, down regulation or
inhibition of SOC channels resulted in enhancement of ER depletion-induced apoptosis in
prostate cancer cells and osteoclasts (38,39). However, the mechanisms that underlie the
protective effect of TRPC1 on neuronal degeneration especially in PD have not been
identified.

Using MPTP, which is one of the best in vivo models for PD (40,41), we have elucidated the
role of TRPC1 in degeneration of dopaminergic neurons. The systemic administration of
sub-acute and sub-chronic MPTP led to the death of dopaminergic neurons in the SNpc,
which was confirmed by the level of TH and Nissl staining. The level of TH was
significantly decreased in SNpc after MPTP treatments demonstrating the neurodegenerative
effects of MPTP. Also, our results indicate that MPTP and MPP+-treatments significantly
decrease TRPC1 levels and TRPC1-mediated Ca2+ influx. This decrease was not a
generalized affect, since actin or TRPC3 levels were not decreased upon MPTP and MPP+-
treatments. TRPC3 levels on the other hand, were actually increased, which could be due to
compensatory mechanism, but still failed to show protection upon MPP+ treatment.
Moreover, TRPC3 silencing did not show any loss in cell survival; however, at present we
cannot rule out the significance of TRPC3 in neuronal survival. Importantly, MPP+ not only
decreases TRPC1 levels in the plasma membrane but also effects its localization.
Interestingly, TRPC1 overexpressing cells showed a significant increase in membrane
TRPC1 levels, Ca2+ influx and consequently showed more resistance to MPP+-induced cell
death. In contrast, silencing of TRPC1 decreased cell survival. Interestingly, deletion of
TRPC1 pore region (ΔTRPC1567–793) that fails to bring Ca2+ (30), also failed to protect
cells upon MPP+ treatment. Based on these findings, we postulated that the decrease in
membrane TRPC1 levels upon MPTP and MPP+-treatment would contribute to altered Ca2+

homeostasis thereby leading to cell death. In addition, ER stress caused due to improper
Ca2+ homeostasis (decreased SOCE) may contribute further along with inhibition of
mitochondrial respiration, since Ca2+ is also critical for energy metabolism in the
mitochondria. This is substantiated by a recent report, which demonstrated that ER stress
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can produce mitochondrial dysfunction by affecting various components of cytochrome c
oxidase (42). Based on our results, we hypothesize that TRPC1 overexpression would
facilitate replenishment of the ER Ca2+ pool following MPP+ treatment, thus minimizing/
inhibiting cell death. Our proposition is consistent with recent study from Chigurupati et al
(43) and they reported that MPP+-induces cell death by depleting ER Ca2+ pool and Herp
(Homocysteine-inducible ER stress protein) overexpression confers protection by blocking
ER Ca2+ depletion. However additional experiments will be needed to validate our
hypothesis.

Mitochondrial dysfunction is strongly implicated in the pathogenesis of PD, either as a cause
or downstream hallmark of dopaminergic degeneration (44). Once inside the neurons, MPP+

rapidly accumulates in the mitochondrial matrix and inhibits mitochondrial respiration and
disrupts its membrane potential (Δψmit). Using live imaging technique we show that MPP+

causes a reduction in the basal Δψmit in PC12 cells, which is consistent with animal studies
that also showed decrease in Δψmit upon MPTP treatment. Furthermore, overexpression of
TRPC1 in PC12 cells restores loss of Δψmit and silencing of TRPC1 decreases Δψmit in
response to MPP+ treatment. This could be due to maintaining the Ca2+ homeostasis in
TRPC1 overexpressing cells, since treatments aimed to block TRPC1 function also showed
a decrease in Δψmit. Furthermore, maintaining of ER Ca2+ homeostasis by TRPC1 could
prevent translocation of Bax into mitochondria. Thus inhibiting the release of cytochrome c
from mitochondria, which will block it’s binding to APAF1-caspase-9-dATP complex
thereby inhibiting the activation of caspases (45). Alternatively, Ca2+ entry via TRPC1
could also facilitate mitochondrial function since Ca2+ is needed for proper functioning of
mitochondria (46).

A strong correlation between SOCE and apoptosis was found by Jayadev et al. (47)
indicating that lack of Ca2+ entry initiates apoptosis. In contrast, excessive increase in
cytosolic Ca2+ via the voltage gated L-type Ca2+ channels have also been shown to lead to
neuronal loss (48), thus a tight balance in Ca2+ homeostasis is important to maintain
neuronal survival. Our results clearly show that loss of dopaminergic neurons in PD was
mainly due to apoptosis, which was confirmed using PD animal models. Upon MPTP –
induction, pro-apoptotic Bax and Bak proteins were increased in mitochondrial fractions,
which can initiate mitochondrial-mediated cell death by sequestering anti-apoptotic
members such as Bcl2 and Bcl-xl. Bax and Bak protein have been shown to function in
concert as essential gateways to intrinsic cell death pathways operating at mitochondria (49).
In response to stress Bax is translocated to the mitochondria, which results in
permeabilization of the outer mitochondrial membrane and release of pro-apoptotic factor
cytochrome c into the cytosol, thereby leading to the activation of various caspases (50).

Our cell culture studies showed that overexpression of TRPC1 decreases Bax activation,
reduced cytochrome c leakage, and promote cell survival. Bax expression is known to be
critical for neuronal apoptosis, since Bax−/− mice do not undergo apoptosis (51). The
mechanism by which Bax induces apoptosis is still unclear, but evidence suggests that Bax
translocation could play a significant role. Pan et al. (52) showed that depletion of
intracellular Ca2+ storage can accelerate the Bax translocation from cytosol to mitochondria
and since TRPC1 is important for refilling of the ER pool and maintaining Ca2+

homeostasis, thus it could inhibit MPP+ mediated Bax translocation and prevent the
activation of other downstream molecules. Although, exactly how TRPC1 overexpression
protects these cells from apoptosis is presently unknown, we propose two possibilities by
which TRPC1 could protect these cells against MPP+ induced apoptosis. First it can prevent
the activation and translocation of Bax, by restoring ER-Ca2+ homeostasis and
mitochondrial membrane potential, thereby reducing the leakage of cytochrome c. The
second possibility is TRPC1 could inhibit apoptosome complex formation, which is also
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dependent on external Ca2+, thereby inhibiting the activation of downstream caspases.
Although, both the possibilities are valid, our results indicate that regulation of
mitochondrial membrane potential is critical in TRPC1 mediated protection. However at
present we cannot rule out the other possibility and further research is needed to confirm/
refute this hypothesis.

In summary, we have used both animal and cell culture models to establish the significance
of TRPC1 in PD. Our results indicate that plasma membrane TRPC1 is down regulated upon
treatment with MPTP and MPP+. Moreover, decrease of TRPC1 function upon MPTP/
MPP+ treatment makes the cells more vulnerable to apoptosis, mainly due to reduced
mitochondrial membrane potential, increased activation of Bax translocation, thereby
increases cytochrome c leakage followed by the activation of downstream apoptotic pathway
(see model in Fig. 5f). Importantly, overexpression of TRPC1 shows increased protection by
preventing MPP+-mediated loss of mitochondrial membrane potential and inhibiting Bax
translocation. Taken together our results suggest that TRPC1 expression and function is
important for dopaminergic neuronal survival. However since TRPC1 overexpression did
not completely rescue Δψmit and apoptosis, it may not be the sole reason for neuronal death
and future research is needed to tease out the details of TRPC1 mediated protection against
MPTP/MPP+.
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Figure 1. Sub-acute and sub-chronic treatments of MPTP decreased TRPC1 and TH levels in
SNpc
(a) Western blot on crude membranes and cytosolic fractions prepared from substantia nigra
of age different (1, 6 & 12 months) control (C) and sub-acute MPTP treated mice (M). The
upper blot (crude membranes that are representative of 2–3 independent experiments) was
probed with anti-TRPC1 antibodies, the lower portion of the same blot was probed with
anti-actin antibodies and the middle blot (cytosolic fraction) was probed with anti-tyrosine
hydroxylase (anti-TH) antibodies. (b) Bar graph indicating the quantitative analysis of
TRPC1 protein.*, values that are significantly different from their respective controls
(p<0.05). (c) Western blot performed on crude membranes and cytosolic fraction prepared
from substantia nigra of control (C; 8–10 month older), and sub-acute or sub-chronic MPTP
treated mice (M). The crude membranes were probed with anti-TRPC1 and anti-TRPC3
antibodies and the lower portion of the same blot was probed with anti-actin antibodies.
Cytosolic fraction was probed with anti-TH antibody. (d) Bar graph indicating the
quantitative analysis of TRPC1 protein from 3–4 independent experiments.*, values that are
significantly different from their respective controls (p<0.05). (e) TRPC1-immunoreactivity
in the substantia nigra pars compacta (SNpc). Mice were received either saline (control) or a
sub-acute or sub-chronic MPTP treatment (× 20). Bar graph indicating the quantitative
analysis of TRPC1-immunopositive neurons is shown in (f). *, indicates values that are
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significantly different from their respective controls (p<0.05). (g) TH-immunoreactivity in
the SNpc, mice were received either saline (control) or a sub-acute or sub-chronic MPTP
treatment (× 20). (h) Bar graph indicates the quantitative analysis of TH-immunopositive
neurons.*, denotes values that are significantly different from their respective controls
(p<0.05 using date from 3–4 independent experiments). (i) Nissl staining of SNpc. Mice
were received either saline (control) or sub-acute MPTP treatment (× 63).
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Figure 2. MPTP induces cell death by initiating apoptosis
(a) Western blot performed on mitochondrial fraction prepared from substantia nigra of
control and sub-acute or sub-chronic MPTP treated mice. The blots were probed with anti-
cytochrome c, anti-Bax, anti-Bak, anti-Bcl2 and anti-Bcl-xl antibodies. (b) Western blot
performed on cytosolic fraction prepared from substantia nigra of control and sub-acute or
sub-chronic MPTP treated mice. The blots were probed with anti-cytochrome c, anti-caspase
3, anti-caspase 9 and anti-actin antibodies. The immunostaining of Bax (c), and Bcl-xl (d)
are shown in SNpc both with and without MPTP treatment. Bar graphs indicating the
quantitative analysis of Bax and Bcl-xl immunopositive neurons are shown in (g). *,
indicates values that are significantly different from their respective controls (p<0.05)
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Figure 3. TRPC1 overexpression promotes cell survival
(a) Western blot on crude membranes prepared from PC12 cells treated with MPP+ (250
µM) in a time-dependent manner (0, 6, 12, 18, and 24 h). The upper blot was probes with
anti-TRPC1 antibody, and the lower blot was probed with anti-actin antibody. (b)
Representative RT-PCR analysis of TRPC1, TRPC3, and actin using their respective
primers (quantification of the bands is shown in the figure). (c) Localization of endogenous
TRPC1 protein in control and MPP+-treated PC12 cells. (d) Western blot on crude
membranes and cytosolic fraction prepared from control PC12 cells, MPP+-treated cells and
TRPC1 over-expressing cells (transiently transfected with Ad-TRPC1 encoding virus for 24
h) treated with MPP+ for 24 h. The crude membranes blots were probed with anti-TRPC1
and anti-actin antibodies. The cytosolic fraction blot was probed with anti-TH antibody.
Blots from crude membranes and cytosolic fraction are representative of two independent
experiments. (e) Calcium imaging was performed in the presence of thapsigargin (2 µM) in
control, Control+ MPP+, TRPC1 overexpressing cells, and TRPC1 over-expressing cells
treated with MPP+. Calcium entry was measured by the addition of 1mM calcium and traces
shown here are the mean of 50–60 cells. (f) MTT assays performed on control PC12 cells,
MPP+-treated cells, TRPC1 silenced cells, TRPC1 over-expressing cells treated with MPP+,
ΔTRPC1 transfected cells treated with MPP+ and TRPC3 silenced cells treated with MPP+.
Values not sharing a common superscript differ significantly at p<0.05 (DMRT). (g)
Western blots of control and TRPC1 sh-RNA (24–48 hours) probed with TRPC1 or actin
antibodies.
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Figure 4. Calcium influx via TRPC1 improves mitochondrial membrane potential upon MPP+

treatment
(a) JC-1 dye was used to measure the mitochondrial membrane potential of control PC12
cells, MPP+-treated and TRPC1 overexpressing cells treated with MPP+. Pictures shows
bright field, green channel fluorescence, red channel fluorescence and green/red merge
images of JC-1 in PC12 cells (b) Ratios of fluorescence intensities in the red and green
channels of the control PC12 cells, MPP+-treated cells and TRPC1 over-expressing cells
treated with MPP+. (c) Mitochondrial membrane potential was evaluated by the capacity of
mitochondria from PC12 cells to take up the fluorescent cationic dye Rh123. (d) Cells were
incubated with MPP+ in the presence or absence of TRPC channel agonist carbachol,
thapsigargin, and (e) TRPC channel antagonists 2-APB and La3+. CCh, Tg, La3+ and 2APB
were added 10 minutes prior to the addition of MPP+. Values not sharing a common
superscript differ significantly at p<0.05 (DMRT). (f) The effect of TRPC1 knockdown and
MPP+ treatment in TRPC1 knockdown cells on mitochondrial membrane potential; the bar
graph represents three combined experiments. *, indicates values that are significantly
different from their respective controls (p<0.05)

Selvaraj et al. Page 19

Cell Calcium. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. TRPC1 promotes cell survival by restoring mitochondrial membrane potential and
inhibiting apoptosis
Western blot performed on cytosol (a) and mitochondrial fraction (b) of control PC12 cells,
MPP+-treated cells and TRPC1 overexpressing cells treated with MPP+. Cytosolic fractions
were probed with anti-Bax, anti-cytochrome c, anti-Apaf1 and anti-actin antibodies. The
mitochondrial fractions were probed with anti-Bax, anti-cytochrome c, anti-Bcl2 and anti-
Bcl-xl antibodies. (c) Bcl-xl/Bax ratio. Blots from cytosolic and mitochondrial fractions are
representative of three independent experiments. (d) Marker for apoptosis (YO-PRO-1) and
necrosis (PI) were used to stain control PC12 cells, MPP+-treated cells and TRPC1 over-
expressing cells treated with MPP+. Fluorescence images were taken immediately using 40×
objectives and the red and green cells were counted along with total number of cells. (e)
Mean bar graph from 500–1000 cells in each group. *, denotes values significantly different
from its counterpart (p<0.05 values are from at least 4 independent experiments). (f)
Proposed model for the role of TRPC1 in MPTP/MPP+ mediated cell death.

Selvaraj et al. Page 20

Cell Calcium. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


