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Transient Receptor Potential Vanilloid Subtype 1 Mediates
Cell Death of Mesencephalic Dopaminergic Neurons In Vivo
and In Vitro
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Intranigral injection of the transient receptor potential vanilloid subtype 1 (TRPV1; also known as VR1) agonist capsaicin (CAP) into the
rat brain, or treatment of rat mesencephalic cultures with CAP, resulted in cell death of dopaminergic (DA) neurons, as visualized by
immunocytochemistry. This in vivo and in vitro effect was ameliorated by the TRPV1 antagonist capsazepine (CZP) or iodo-
resiniferatoxin, suggesting the direct involvement of TRPV1 in neurotoxicity. In cultures, both CAP and anandamide (AEA), an endog-
enous ligand for both TRPV1 and cannabinoid type 1 (CB1) receptors, induced degeneration of DA neurons, increases in intracellular
Ca 2� ([Ca 2�]i ), and mitochondrial damage, which were inhibited by CZP, the CB1 antagonist N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) or the intracellular Ca 2� chelator BAPTA/AM. We also found that
CAP or AEA increased mitochondrial cytochrome c release as well as immunoreactivity to cleaved caspase-3 and that the caspase-3
inhibitor z-Asp-Glu-Val-Asp-fmk protected DA neurons from CAP- or AEA-induced neurotoxicity. Additional studies demonstrated that
treatment of mesencephalic cultures with CB1 receptor agonist (6aR)-trans 3-(1,1-dimethylheptyl)-6a,7,10,10a-tetrahydro-1-hydroxy-
6,6-dimethyl-6H-dibenzo[b,d] pyran-9-methanol (HU210) also produced degeneration of DA neurons and increases in [Ca 2�]i , which
were inhibited by AM251 and BAPTA/AM. The CAP-, AEA-, or HU210-induced increases in [Ca 2�]i were dependent on extracellular
Ca 2�, with significantly different patterns of Ca 2� influx. Surprisingly, CZP and AM251 reversed HU210- or CAP-induced neurotoxicity
by inhibiting Ca 2� influx, respectively, suggesting the existence of functional cross talk between TRPV1 and CB1 receptors. To our
knowledge, this study is the first to demonstrate that the activation of TRPV1 and/or CB1 receptors mediates cell death of DA neurons.
Our findings suggest that these two types of receptors, TRPV1 and CB1, may contribute to neurodegeneration in response to endogenous
ligands such as AEA.
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Introduction
Transient receptor potential vanilloid subtype 1 (TRPV1) is a
nonselective cation channel activated by the vanilloids (Caterina
and Julius, 2001; Neubert et al., 2003; Cortright and Szallasi,
2004; Ferrer-Montiel et al., 2004; van der Stelt and Di Marzo,
2004) such as capsaicin (CAP), by its endogenous ligands such as
anandamide (AEA) or N-arachidonoyl-dopamine (Di Marzo et
al., 2001a; Huang et al., 2002), and by products of lipoxygenases
(Hwang et al., 2000). Activation of TRPV1 excites sensory neu-
rons, causes pain (Shin et al., 2002; Trevisani et al., 2002), and
induces the accumulation of intracellular Ca 2� ([Ca 2�]i) (Di
Marzo et al., 2001a; Shin et al., 2003). Excessive mitochondrial

Ca 2� load resulting from the treatment of sensory neurons with
TRPV1 agonists has been shown to cause mitochondrial disrup-
tion, resulting in cell death (Olah et al., 2001; Shin et al., 2003).

The widespread distribution of TRPV1 in the brain has sug-
gested that this receptor plays a significant role in the CNS. This
hypothesis is supported by recent evidence showing TRPV1-
mediated activities in several regions of the rat brain, including
the hypothalamus (Sasamura et al., 1998), locus ceruleus
(Marinelli et al., 2002), and hippocampus (Huang et al., 2002).
Moreover, CAP has been reported to induce increased glutamate
release from nigral slices (Marinelli et al., 2003), to enhance mo-
tor behavior (Hajos et al., 1988), and to produce hypokinesia in
parallel to decrease in the activity of nigrostriatal dopaminergic
(DA) neurons (Di Marzo et al., 2001b; de Lago et al., 2004),
suggesting that TRPV1 has a functional role in the substantia
nigra (SN). In particular, AEA has been found to activate both
TRPV1 and the cannabinoid type 1 (CB1) receptors (Hermann et
al., 2003), both of which are expressed in areas of the brain in-
volved in the control of motor behavior, including the SN (Mezey
et al., 2000; Szallasi and Di Marzo, 2000) and striatum (Tsou et
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al., 1998; Ploner et al., 2002). This has suggested that the endova-
nilloid and/or endocannabinoid systems may be implicated in
neurodegenerative disorders, including Parkinson’s disease (PD)
(Di Marzo et al., 2000; Gubellini et al., 2002) and Huntington’s
disease (Lastres-Becker et al., 2003). We therefore determined
whether TRPV1 mediates neurotoxicity against mesencephalic
neurons in vivo and in vitro, and we assayed whether this neuro-
toxicity was accompanied by increased [Ca 2�]i via influx
through TRPV1, mitochondrial disruption, and release of cyto-
chrome c and activation of caspase-3 and whether these activities
were also mediated by CB1 receptor in mesencephalic cultures.

Materials and Methods
Chemicals. CAP, BAPTA/AM, and iodo-resiniferatoxin (iodo-RTX) were
purchased from Sigma (St. Louis, MO), and AEA, capsazepine (CZP),
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide (AM251), and (6aR)-trans 3-(1,1-dimethyl-
heptyl)-6a,7,10,10a-tetrahydro-1-hydroxy-6,6-dimethyl-6H-dibenzo[b,d]
pyran-9-methanol (HU210) were purchased from Tocris Cookson
(Ellisville, MO). The Live/Dead Viability/Cytotoxicity kit, fura-2/AM,
and Mito-Tracker were obtained from Molecular Probes (Eugene, OR),
and the caspase-3 inhibitor z-DEVD-fmk was purchased from Biochemi-
cals (San Diego, CA). CAP was dissolved in sterile PBS containing 14%
ethanol for stereotaxic injection into the brain.

Neuron-enriched mesencephalic cell cultures. Rat ventral mesencepha-
lons were isolated from embryonic day 14 (E14) fetal brains of Sprague
Dawley (SD) rats, and the cells were dissociated as described previously
(Chung et al., 2001; Choi et al., 2003b). Dissociated cells were plated on
25 mm round glass coverslips precoated with poly-D-lysine and laminin
in 35 mm culture dishes at a density of 4.0 � 10 5 cells/coverslip for
measurement of cytosolic Ca 2� and for observation of mitochondria. To
suppress the proliferation of glial cells, cultures at 2 d in vitro were incu-
bated with chemically defined serum-free medium.

Immunohistochemistry. Cultures and brain tissue were prepared for
immunostaining as described previously (Choi et al., 2003a,b). The pri-
mary antibodies included those directed against neuron-specific nuclear
protein (NeuN; Chemicon, Temecula, CA), tyrosine hydroxylase (TH;
Pel-freez, Brown Deer, WI), glutamic acid decarboxylase (GAD; Sigma),
GABA (Sigma), TRPV1 (Sensory Research Center, Seoul National Uni-
versity, Seoul, Korea) (Jung et al., 2002; Shin et al., 2003), CB1 receptor
(Sigma), cytochrome c (Promega, Madison, WI), and cleaved caspase-3
(Cell Signaling Technology, Beverly, MA). For Nissl staining, some of the
SN tissue samples were stained in 0.5% cresyl violet. Stained cells were
viewed and analyzed under a brightfield microscope (Nikon, Tokyo,
Japan) or viewed with a confocal laser-scanning microscope (Olympus,
Tokyo, Japan).

Live and dead cell assay. Mesencephalic neurons seeded on 25 mm
coverslips were treated with CAP (50 �M), and the cultures were stained
24 h later with 2 �M calcein-acetoxymethyl ester and 4 �M ethidium
homodimer-1 (Yang et al., 2002). The calcein-positive live cells (green)
and ethidium-positive dead cells (red) were visualized using a confocal
laser-scanning microscope.

Lactate dehydrogenase release assay. As described previously (Koh and
Choi, 1987), lactate dehydrogenase (LDH) release into the bathing me-
dium was measured after exposure of cells to CAP or AEA. A volume of
50 �l of culture medium was transferred to a 96-well microplate, to
which 100 �l of 0.1 M phosphate buffer (PB) containing 0.3 mg/ml
�-nicotinamide adenine dinucleotide phosphate was added, followed 1
min later by 50 �l of 0.1 M PB containing 2.7 mM pyruvic acid. Increases
in optical density at 340 nm were measured at 10 sec intervals for 2 min
using a MaXsoft microplate reader (Bio-Tek Instruments, Winooski,
VT). The percentage of neuronal cell death was normalized to the mean
LDH values released after exposing cells for 24 h to 1% Triton X-100,
which was defined as 100% neuronal death.

Measurement of intracellular Ca2�. Changes in intracellular Ca 2� con-
centration were assayed as described previously with modifications (Pita
et al., 1999). Briefly, mesencephalic neurons seeded on 25 mm coverslips
were preloaded with 5 �M fura-2 dye plus 2% Pluronic F-127. After

incubation for 30 min at 37°C, the cells were washed three times in HBSS
(HBSS containing no CaCl2) supplemented with 145 mM NaCl, 2.5 mM

KCl, 1.0 mM MgCl2, and 20 mM HEPES, pH 7.4, to remove excess dye.
The cells were selected by fluorescence microphotometry. [Ca 2�]i was
determined on the basis of the ratio of fura-2 fluorescence (R) at 340 and
380 nm, which were measured at 10 sec intervals with a Zeiss (Thorn-
wood, NY) inverted microscope and CCD camera and analyzed using an
Ion Application (Empix, Cheektowaga, NY).

Mitochondrial morphology assay. To label mitochondria in mesence-
phalic neurons seeded on 25 mm coverslips, the cells were incubated with
250 nM Mito-Tracker dye for 30 min, washed three times in HBSS, and
examined under a confocal laser-scanning microscope at 10 sec intervals
with a He-Ne green laser.

Western immunoblot analysis. Mitochondrial fractions from cultured
mesencephalic neurons treated with CAP or AEA were prepared as de-
scribed previously with some modifications (Rajgopal et al., 2003).
Briefly, cells were homogenized with buffer containing 20 mM HEPES,
pH 7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM

EGTA, 1 mM DTT, 0.1 mM PMSF, and a protease inhibitor mixture. The
homogenates were centrifuged at 500 � g for 10 min at 4°C, and the
supernatant was centrifuged at 100,000 � g for 1 h at 4°C in an ultracen-
trifuge (Beckman, Fullerton, CA). The supernatant from this centrifuga-
tion was considered the cytosolic fraction, and the pellet was considered
the membrane and mitochondria-rich fraction. Proteins were separated
by 12% SDS-PAGE gels, transferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA) using an electrophoretic transfer sys-
tem (Bio-Rad, Hercules, CA). The membranes were immunoblotted
with mouse anti-cytochrome c (Pharmingen, San Diego, CA), and pro-
teins were visualized using the ECL kit (Amersham Biosciences, Piscat-
away, NJ).

Stereotaxic injection of capsaicin and anandamide. After anesthetization
with chloral hydrate, female SD rats (�230 –250 gm) each received a
unilateral injection of 3 �l of CAP, AEA or CZP at a rate of 0.5 �l/min
into the right SN (anteroposterior, �5.3; mediolateral, �2.3; dorsoven-
tral, �7.6 mm from bregma), according to the atlas of Paxinos and
Watson (1998), using a 26 gauge Hamilton syringe attached to an auto-
mated microinjector (Buwon, Seoul, Korea).

Stereological estimation. As described previously (Choi et al., 2003a,b),
the total number of TH-positive neurons in the SN was counted in the
various groups of animals at 7 d after vehicle, CAP, or CZP injection
using the optical fractionator method using the Olympus Computer As-
sisted Stereological Toolbox system version 2.1.4 (Olympus). This is an
unbiased stereological method of cell counting that is not affected by
either the volume of reference (SNpc) or the size of the counted elements
(neurons) (West et al., 1991).

Statistical analysis. All data are presented as mean � SEM. The statis-
tical significance of differences was assessed using ANOVA (GraphPad
software; GraphPad, San Diego, CA), followed by Student–Newman–
Keuls multiple comparison tests. All calculations were performed using
the standard version of SPSS for Windows (SPSS, Chicago, IL).

Results
Expression of TRPV1 and CB1 receptors in neuron-enriched
mesencephalic cultures
Double immunostaining using well-characterized antibodies to
TRPV1 (Jung et al., 2002; Shin et al., 2003) and TH showed that
TRPV1 expression was localized to TH-immunopositive (i.p.)
neurons in the SN (Fig. 1A) as well as in neuron-enriched mes-
encephalic cultures (Fig. 1C). TRPV1 was also expressed in non-
TH-i.p. neurons in vivo and in vitro (Fig. 1A,C). Additional dou-
ble immunostaining showed that CB1 receptors were localized to
both TH-i.p. and non-TH-i.p. neurons in mesencephalic cultures
(Fig. 1D), although CB1 immunostaining was observed in DA
neurons in the ventral tegmental area (VTA), but not the SN, in
rat midbrain (Wenger et al., 2003). These results are in good
agreement with previous findings, showing the presence of CB1
receptors in DA neurons in rat mesencephalic cultures (Hernán-
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dez et al., 2000) but their absence from the
corresponding neurons in the adult brain
(Pettit et al., 1998; Julian et al., 2003).
Moreover, double immunostaining using
antibodies to TRPV1 and CB1 receptor
showed that TRPV1 expression was local-
ized to neurons expressing CB1 receptors
in neuron-enriched mesencephalic cul-
tures (Fig. 1E).

TRPV1-mediated neurotoxicity in
mesencephalic cultures
Treatment of mesencephalic cultures with
50 �M CAP dramatically increased the
number of ethidium homodimer-1-
positive dead cells (Fig. 1 I), which was ac-
companied by a decrease in the number of
calcein-acetoxymethyl ester-positive live
cells (Fig. 1H), when compared with
vehicle-treated controls (Fig. 1F,G). Sim-
ilar results were obtained in cultures
treated with 5 �M AEA (data not shown).
When we assayed neuronal cell death by
measuring the level of LDH, we found that
treatment with 10 �M CAP or 1 �M AEA
had no effect, but treatment with 50 –100
�M CAP or 5–10 �M AEA produced three-
fold to fourfold increases in LDH com-
pared with nontreated control cultures
(Fig. 2A) ( p � 0.001). Pretreatment with
10 �M of the TRPV1 antagonist CZP
(Hwang et al., 2000) partially attenu-
ated the level of LDH induced by 100 �M

CAP (33%; p � 0.05) or 10 �M AEA (48%;
p � 0.05).

We next examined whether activation
of TRPV1 induced the death of DA neu-
rons in neuron-enriched mesencephalic
cultures. TH immunocytochemical stain-
ing showed that healthy, large TH-i.p.
neurons with long and branched neuritic
processes were present in vehicle-treated
control cultures (Fig. 2B). In contrast, the
addition of 50 �M CAP (Fig. 2C) or 5 �M

AEA (data not shown) produced a signifi-
cant loss of TH-i.p. neurons. This neuro-
toxicity against DA neurons occurred in a
dose-dependent manner (Fig. 2D). Appli-
cation of 10 �M CAP or 1 �M AEA had no
effect. However, when quantified and ex-
pressed as a percentage of nontreated con-
trol values, treatment with 50 –100 �M

CAP reduced the number of TH-i.p. neu-
rons by 54 – 88% ( p � 0.001), whereas
treatment with 5–10 �M AEA reduced
number of TH-i.p. neurons by 78 –98%
( p � 0.001) (Fig. 2D). Pretreatment of
these cultures with 10 �M CZP partially
attenuated the effects of 100 �M CAP (25%; p � 0.001) and 10 �M

AEA (54%; p � 0.001), indicating TRPV1-mediated neurotoxic-
ity. Because the neuroprotective action of CZP against oxygen
glucose deprivation model of cell death in organotypic hip-
pocampal slice cultures does not result from an interaction with

TRPV1 (Ray et al., 2003), additional experiments were per-
formed to corroborate TRPV1-mediated neurotoxicity by using
another TRPV1 antagonist, iodo-RTX (Rigoni et al., 2003), and
showed similar results. The data show that pretreatment of these
cultures with 1 �M iodo-RTX partially attenuated the death of

Figure 1. A, Rat SN sections were immunostained simultaneously with antibodies to TRPV1 (green) and TH (red), and the two
were merged (yellow). TRPV1 was detected in TH-i.p. neurons as well as non-TH-i.p. neurons (arrowheads). Cells in neuron-
enriched mesencephalic cultures were immunostained with antibody to TH alone (B; red) or together with antibody to TRPV1 (C;
green) or CB1 (D; red). Both TRPV1 and CB1 were detected in TH-i.p. and non-TH-i.p. neurons (arrowheads). E, The colocalization
of TRPV1 and CB1 receptors in neuron-enriched mesencephalic cultures. F–I, Cultures were treated with vehicle (F, G) or 50 �M

capsaicin (H, I ) for 24 h and stained with calcein-acetoxymethyl ester (green for live cells; F, H ) or ethidium homodimer-1 (red for
dead cells; G, I ). Scale bars: A, 100 �m; B–E, 30 �m; F–I, 50 �m.

Figure 2. Neurotoxicity induced by CAP or AEA in neuron-enriched mesencephalic cultures. Cultures were treated with 10 –
100 �M CAP or 1–10 �M AEA for 24 h. Where indicated, cells were pretreated with 10 �M CZP or 5 �M AM251 for 5 min before
treatment with 100 �M CAP or 10 �M AEA for 24 h. In all cultures, cell death was assessed as LDH released into the bathing media
(A ) and by counting the number of TH-i.p. cells (D ). TH immunostaining of cultures treated with vehicle (B ) or 50 �M CAP (C ) is
shown. Scale bar: B, C, 100 �m. E, Number of TH-i.p. neurons in neuron-enriched mesencephalic cultures treated with CAP or AEA
in either the absence or presence of TRPV1 antagonist iodo-RTX. Cultures were pretreated with 1 �M iodo-RTX for 5 min before
treatment with 50 �M CAP or 5 �M AEA for 24 h. F, Reduction in the number of NeuN-i.p., GABA-i.p., and TH-i.p. neurons in
cultures treated with 50 �M CAP or 5 �M AEA for 24 h. All values represent the mean � SEM of triplicate cultures in four separate
platings. *p � 0.001 compared with control; **p � 0.05 and §p � 0.001 compared with cells treated with CAP or AEA; ‡p �
0.001 compared with cells treated with 50 �M CAP.
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TH-i.p. neurons in mesencephalic cultures treated with 50 �M

CAP (22%; p � 0.001) or 5 �M AEA (39%; p � 0.001) (Fig. 2E),
further indicative of TRPV1-mediated neurotoxicity.

We also immunostained these cultures with antibodies to
NeuN, to detect general neurons, and GABA, to detect GABAer-
gic neurons. In cultures treated with 50 �M CAP, there was a
significant reduction in the number of NeuN-i.p. (47%; p �
0.01), GABA-i.p. (59%; p � 0.001), and TH-i.p. (54%; p � 0.01)
neurons (Fig. 2F) when compared with untreated cultures. Sim-
ilarly, 5 �M AEA significantly attenuated the number of NeuN-
i.p. (54%; p � 0.01), GABA-i.p. (64%; p � 0.001), and TH-i.p.
(78%; p � 0.01) neurons. Interestingly, TH-i.p. neurons were
more significantly vulnerable than GABA-i.p. neurons to AEA
treatment than to CAP treatment (Fig. 2F) ( p � 0.001).

Ca 2� influx through TRPV1 and subsequent mitochondrial
disruption contribute to degeneration of DA neurons in vitro
We hypothesized that increases in [Ca 2�]i via influx through
TRPV1 may account for the neurotoxicity induced by CAP and
AEA (Shin et al., 2003). To test this, we measured changes in
[Ca 2�]i by tracing the intensity of fura-2 fluorescent images. We
found that administration of CAP (Fig. 3A) or AEA (Fig. 3B)
increased fluorescence intensity in cultured mesencephalic neu-
rons, indicative of [Ca 2�]i elevation. This increase in [Ca 2�]i was
completely abolished in cultures treated with CAP or AEA in the
presence of 10 �M CZP (Fig. 3E,F) and in Ca 2�-free extracellular
solution (Fig. 3C,D), indicating influx of extracellular Ca 2�

through TRPV1. To further determine the source of the [Ca 2�]i

increase, we treated these cultures with thapsigargin, an endo-
plasmic reticulum Ca 2� pump inhibitor (Marshall et al., 2003).
We found that this reagent had no effect on the Ca 2� influx
induced by CAP or AEA in the presence of extracellular Ca 2�

(Fig. 3A,B). Moreover, treatment with BAPTA/AM completely
blocked the increases in [Ca 2�]i, induced by CAP (Fig. 3G) or
AEA (Fig. 3H) as well as rescuing TH-i.p. neurons, indicating
that cell death was associated with increases in [Ca 2�]i. When
quantified and expressed as a percentage of control values, treat-
ment with 5 �M BAPTA/AM plus 50 –100 �M CAP increased the
number of TH-i.p. neurons by 31–36% ( p � 0.001), whereas
treatment with 5 �M BAPTA/AM plus 10 �M AEA increased the
number of TH-i.p. neurons by 31% ( p � 0.001), compared with
cultures treated with CAP or AEA alone (Table 1).

We next determined whether increases in [Ca 2�]i could con-
tribute to mitochondrial disruption in live cells and whether this
mitochondrial damage resulted in the release of cytochrome c. In
untreated controls, cells showed intact mitochondrial structure,
as determined by Mito-Tracker fluorescence (Fig. 4A). In con-
trast, mitochondrial disruption was noted as early as 3 min after
addition of 50 �M CAP (Fig. 4B) and was more pronounced after
10 min (Fig. 4C). Consistent with the clearance of cytosolic Ca 2�,
CZP (Fig. 4E) and BAPTA/AM (Fig. 4G) prevented the CAP-
induced mitochondrial damage. Similarly, 5 �M AEA induced
mitochondrial disruption (data not shown) but required approx-
imately twice as much time as CAP to reach a similar level of
mitochondrial damage. Double immunofluorescence staining
with Mito-Tracker and cytochrome c antibodies revealed that, in
untreated controls, cytochrome c was localized to the mitochon-
dria (Fig. 4H), whereas, in cells treated with 50 �M CAP or 5 �M

AEA, there was a redistribution of cytochrome c into the cytosol,
indicating that this protein had been released from the mitochon-
dria (Fig. 4 I, J). This was confirmed by Western blot analysis
(Fig. 4K).

Effects of caspase-3 inhibitor
AEA induced cell death of human neuroblastoma and lymphoma
cell lines through activation of caspase-3 via cytochrome c release
by Ca 2� influx via activation of TRPV1 (Maccarrone et al., 2000).
We also found that activation of TRPV1 resulted in the release of
cytochrome c from mitochondria, leading to degeneration of DA

Figure 3. Changes of R (F340/380) fluorescence in fura-2-loaded cultured mesencephalic
neurons. [Ca 2�]i was measured in cultures treated with 50 �M CAP (left panel, arrowhead) or
5 �M AEA (right panel, arrowhead) in the presence (A, B) or absence (C, D) of 1.8 mM extracel-
lular calcium. E–J, Response to 50 �M CAP or 5 �M AEA (arrowhead) of cultures pretreated with
10 �M CZP (E, F, arrow) or 5 �M AM251 (I, J, arrow) in the presence of 1.8 mM extracellular
calcium, or cultures treated with 5 �M BAPTA/AM plus 50 �M CAP (G ) or 5 �M AEA ( H ). Data
were averaged from 20 –25 randomly selected cells for each condition.

Table 1. Effects of the calcium chelator BAPTA/AM

Treatment Number of TH-i.p. neurons Percentage of control

Control (nontreated) 1486 � 51 100 � 3
Capsaicin (50 �M) 685 � 56a 46 � 4a

plus BAPTA (5 �M) 1145 � 40b 77 � 3b

Capsaicin (100 �M) 181 � 41a 12 � 4a

plus BAPTA (5 �M) 710 � 57b 48 � 4b

Anandamide (10 �M) 32 � 11a 2 � 1a

plus BAPTA (5 �M) 487 � 41b 33 � 4b

Cell cultures were prepared as described in Figure 2, exposed to CAP or AEA for 24 hr in the absence or presence of
BAPTA, and immunostained with antibody to TH. The number of TH-i.p. neurons was counted in mesencephalic
cultures in microscopic fields on the coverslip. Untreated cultures were used as controls. All values represent
mean � SEM of triplicate cultures from four separate platings.
ap � 0.001 compared with control.
bp � 0.001 compared with treatment with CAP or AEA.
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neurons, and caspase-3 has been also shown to contribute to the
death of DA neurons in human PD and in vivo and in vitro models
of this disease (Cutillas et al., 1999; Hartmann et al., 2000; Turmel
et al., 2001). Therefore, we next determined whether caspase-3 is

involved in CAP- or AEA-induced death of DA neurons. Cultures
were treated with the caspase-3 inhibitor z-DEVD-fmk, together
with CAP or AEA. Treatment with 10 �M z-DEVD-fmk signifi-
cantly reduced the death of TH-i.p. neurons induced by 100 �M

CAP (25%; p � 0.01) or 10 �M AEA (32%; p � 0.001) compared
with their respective controls (Fig. 4L), whereas 10 �M z-DEVD-
fmk alone had no effect. Double immunofluorescence staining
with antibodies to cleaved caspase-3 and TH showed that acti-
vated caspase-3 was present in both DA and non-DA neurons
(Fig. 4M,N).

Effects of CB1 receptors
AEA has been reported to activate both TRPV1 and CB1 recep-
tors (Hermann et al., 2003). Because CB1 receptors were also
expressed in our cultures (Fig. 1D,E), we hypothesized that acti-
vation of CB1 receptors by AEA could contribute to neurodegen-
eration in mesencephalic cultures. To test this, we investigated
whether CB1 receptor antagonist AM251 (Campbell, 2001;
Downer et al., 2001) altered the effects of AEA on mesencephalic
cultures. We found that pretreatment with 5 �M AM251 before
treatment with AEA reduced the level of LDH by 29% (Fig. 2A)
( p � 0.05) and increased the number of TH-i.p. neurons by 52%
(Fig. 2B) ( p � 0.001) when compared with cultures treated with
10 �M AEA alone. Pretreatment with 5 �M AM251 also com-
pletely inhibited AEA-induced Ca 2� influx (Fig. 3J) and mito-
chondrial damage (data not shown). To further verify CB1
receptor-mediated neurotoxicity, we determined whether CB1
receptor agonist HU210 (Hillard et al., 1999) could induce cell
death of TH-i.p. neurons and increase in [Ca 2�]i in mesence-
phalic cultures. The data show that HU210-induced neurotoxic-
ity against DA neurons occurred in a dose-dependent manner
(Fig. 5A). Application of 1 �M HU210 had no effect. However,
when quantified and expressed as a percentage of nontreated
control values, treatment with 2–3 �M HU210 reduced the num-
ber of TH-i.p. neurons by 22– 62% ( p � 0.001). This neurotox-
icity was partially inhibited by pretreatment with 5 �M AM251
( p � 0.001) or cotreatment with 5 �M BAPTA/AM ( p � 0.05).
We also found that administration of HU210 increased the inten-
sity of fura-2 fluorescence in cultured mesencephalic neurons
(Fig. 5B), indicative of [Ca 2�]i elevation. This increase in [Ca 2�]i

was completely abolished in cultures treated with HU210 in
Ca 2�-free extracellular solution (Fig. 5C) and in the presence of 5
�M AM251 (Fig. 5D). Treatment with BAPTA/AM completely
blocked the increases in [Ca 2�]i, induced by HU210 (Fig. 5F). To
further determine the source of the [Ca 2�]i increase, we treated
these cultures with thapsigargin. This reagent had no effect on the
Ca 2� influx induced by HU210 in the presence of extracellular
Ca 2� (Fig. 5G). These findings suggest that HU210 induces an
influx of extracellular Ca 2� in cultured mesencephalic neurons
in a CB1 receptor-dependent manner. Surprisingly, CAP-
induced effects on LDH (Fig. 2A), TH-i.p. neurons (Fig. 2B), and
Ca 2� influx (Fig. 3I) were reduced by AM251. Moreover,
HU210-induced effects on TH-i.p. neurons (Fig. 5A) and Ca 2�

influx (Fig. 5E) were also inhibited by CZP.

TRPV1-mediated neurotoxicity in the SN in vivo
Seven days after intranigral injection of CAP (500 pmol/3 �l), we
observed dramatic reductions in the number of Nissl-stained
(Fig. 6C,D), NeuN-i.p. (Fig. 6G,H), and TH-i.p. cells (Fig. 6O,P)
in the SN compared with vehicle-treated controls (Fig. 6A,B,E,
F,M,N). Consistent with in vitro data, immunostaining showed
that CAP induced a decrease in the number of GAD-i.p. cells
(GABAergic neurons) in the substantia nigra reticulate (SNr)

Figure 4. A–C, Mitochondrial disruption in neuron-enriched mesencephalic cultures treated
with 50 �M CAP in the presence of 1.8 mM extracellular calcium. D–G, Inhibition of CAP-induced
mitochondrial disruption by pretreatment with 10 �M CZP (D, E ) or cotreatment with 5 �M

BAPTA/AM (F, G). Each colored arrow indicates the same cells. H–J, Localization of cytochrome
c (green) immunoreactivity and Mito-Tracker (red) in untreated cells ( H ) and cells treated with
50 �M CAP ( I ) or 5 �M AEA ( J ) for 12 h. K, Western blot analysis of cytochrome c (Cyto-c) levels
after treatment of cells for 6 h with CAP or AEA. Con, Nontreated controls; Cyto, cytosolic frac-
tion; Mito, mitochondrial fraction. L, z-DEVD-fmk attenuates CAP- or AEA-induced cell death. M,
N, Immunochemical localization of cleaved caspase-3 (red) in TH-i.p. (green) and non-TH-i.p.
(arrowheads) neurons in untreated cultures ( M ) and cultures treated with CAP or AEA ( N).
*p � 0.001 compared with untreated controls; **p � 0.01 and §p � 0.001 compared with
culture treated with 100 �M CAP or 10 �M AEA. Scale bars: (in A) A–G, 40 �m; (in H ) H–J, 20
�m; (in M ) M, N, 30 �m.
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(Fig. 6K,L), compared with vehicle-treated SN (Fig. 6 I, J). We
also found that AEA (30 nmol/3 �l) mimicked the effects of CAP
(data not shown). Intranigral coinjection of CZP partially pre-
vented the CAP-induced death of DA neurons in the SN (Fig. 6,
compare Q and R with O and P). When quantified and expressed as
a percentage of neurons on the ipsilateral side compared with the
contralateral side, 500 pmol of CAP reduced the number of TH-i.p.
neurons by 34% (Fig. 6U) ( p � 0.01). However, coinjection of CZP
with CAP was found to increase the number of TH-i.p. neurons by
22% (Fig. 6U) ( p � 0.01), suggesting the involvement of TRPV1,
but CZP alone had no effect (Fig. 6S,T).

Discussion
TRPV1 mediates cell death of dopaminergic neurons in vivo
and in vitro
Although TRPV1-mediated cell death has been demonstrated in
a variety of cell types, including human neuroblastoma and lym-
phoma cell lines (Maccarrone et al., 2000), Jurkat cells (Jambrina
et al., 2003), vanilloid receptor subtype 1 (VR1)-transfected hu-
man kidney cells (Shin et al., 2003), and sensory neurons (Olah et
al., 2001), little is known about TRPV1-mediated neurotoxicity
in the CNS. We have shown here that treatment with CAP or AEA
revealed degeneration of mesencephalic DA neurons both in vivo
and in vitro. To our knowledge, this study is the first to show
TRPV1-mediated neurotoxicity on DA neurons and supports the
hypothesis that CAP or AEA exerts neurotoxic effects by activat-
ing TRPV1 (Mezey et al., 2000; Szallasi and Di Marzo, 2000;
Szőke et al., 2000; Cernak et al., 2004). However, our results do
not rule out the possibility that TRPV1-independent cell death
may also be involved, because CZP, a TRPV1 antagonist, was
ineffective in preventing the AEA-induced cell death of PC12
cells, which constitutively express endogenous TRPV1 (Sarker
and Maruyama, 2003).

Contrary to our present results, TRPV1-mediated neuropro-

tection in vivo excitotoxicity has been re-
ported recently (Veldhuis et al., 2003).
This study shows that arvanil, a synthetic
AEA analog, attenuated excitotoxic brain
injury and cotreatment of arvanil with
CZP reduced the neuroprotective effect of
arvanil, indicative of TRPV1-mediated
neuroprotection. Dib and Falchi (1996)
proposed that these results are probably
attributable to stimulation of CB1 recep-
tors and desensitization of TRPV1 by its
agonist and resultant inhibition of desen-
sitization by an agonist in the presence of
an antagonist (CZP) (Jung et al., 1999).
Thus, collective action of arvanil may at-
tenuate neuronal degeneration elicited by
excitotoxin. However, it is worthy to note
that Veldhuis et al. (2003) also showed that
CZP alone reduced brain injury caused by
excitotoxicity. This neuroprotective ac-
tion of CZP may imply TRPV1-mediated
neurotoxicity, arguing against a TRPV1-
mediated neuroprotection, although the
neuroprotection of CZP is not always via
an action on TRPV1 (Ray et al., 2003). Al-
ternatively, this apparent discrepancy
(neurotoxicity versus neuroprotection) is
probably a result of the use of different ex-
perimental conditions. Here, we showed
the direct actions of TRPV1 by applying its

agonists (CAP and AEA) and antagonists (CZP and iodo-RTX),
whereas in studies by Veldhuis et al. (2003), TRPV1 actions were
evaluated during excitotoxic injury, which might compromise
physiological functions of TRPV1 for preventing the secondary
damage after excitotoxic insult.

Ca 2� influx via TRPV1 contributes to cell death of
dopaminergic neurons in mesencephalic cultures
After the application of either CAP or AEA, there is a large in-
crease in [Ca 2�]i via influx through TRPV1 in sensory neurons
(Caterina and Julius, 2001; Shin et al., 2003) and human neuro-
blastoma and lymphoma cell lines (Maccarrone et al., 2000),
leading to the induction of mitochondrial damage and cell death.
The results shown here are consistent with these previous find-
ings, in that treatment of mesencephalic neurons with CAP or
AEA induced an elevation of [Ca 2�]i, mitochondrial damage,
and eventually cell death, which were blocked by CZP or BAPTA/
AM. We also found that activation of TRPV1 resulted in the
release of cytochrome c from mitochondria. However, in Jurkat
cells, although activation of TRPV1 induced Ca 2� overload on
mitochondria sufficient for mitochondrial damage, it induced
cell death without release of cytochrome c (Jambrina et al., 2003),
suggesting that the latter step is not directly involved in TRPV1-
mediated cell death.

Activation of casapse-3 is involved in TRPV1-mediated cell
death of dopaminergic neurons
Among the several factors released from the mitochondria in
response to various stimuli, cytochrome c is well known for play-
ing a critical role in the initiation of cell death (Liu et al., 1996; Li
et al., 1997; Zou et al., 1999). Although we did not provide direct
evidence for apoptotic protease activating factor 1 (Apaf-1) and
caspase-9 activation, it is possible to speculate that cytochrome c

Figure 5. A, Neurotoxicity induced by HU210 on TH-i.p. neurons in neuron-enriched mesencephalic cultures. Cultures were
treated with 1–3 �M HU210 for 24 h. Where indicated, cells were pretreated with 10 �M CZP or 5 �M AM251 for 5 min before
treatment with 3 �M HU210 or cotreated with 5 �M BAPTA/AM for 24 h. Death of TH-i.p. neurons was assessed by counting the
number of TH-i.p. cells. All values represent the mean � SEM of triplicate cultures in four separate platings. *p � 0.001 compared
with control; **p � 0.05 and §p � 0.001 compared with cells treated with 3 �M HU210. B–G, Changes of R (F340/380)
fluorescence in fura-2-loaded cultured mesencephalic neurons. [Ca 2�]i was measured in cultures treated with 3 �M HU210
(arrowhead) in the presence ( B) or absence ( C) of 1.8 mM extracellular calcium. Changes of R in cultures pretreated with 5 �M

AM251 (D, arrow) or 10 �M CZP (E, arrow) or cotreated with 5 �M BAPTA/AM with 3 �M HU210 in the presence of 1.8 mM

extracellular calcium ( F ) are shown. G, The effect of thapsigargin on the Ca 2� influx induced by HU210 in the presence of
extracellular Ca 2�. Data were averaged from 20 –25 randomly selected cells for each condition.
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and Apaf-1 allow for recruitment of procaspase-9 into the apop-
tosome complex, leading to caspase-9 activation, which in turn
activates caspase-3, leading to eventual cell death (Hengartner,
2000). Alternatively, it seems noteworthy to mention that cell
surface death receptors like the Fas receptor could induce activa-
tion of caspases, including caspase-8 and caspase-10, leading to
eventual activation of caspase-3 and cell death without cyto-
chrome c release (Hengartner, 2000; Rieux-Laucat et al., 2003).
Several studies indicated that caspase-3 activation is required for
TRPV1-mediated cell death of human endothelial (Yamaji et al.,

2003) and human neuroblastoma and lymphoma cells (Maccar-
rone et al., 2000). Caspase-3 has also been shown to contribute to
the death of DA neurons in human PD and in vivo and in vitro
model of this disease (Cutillas et al., 1999; Hartmann et al., 2000;
Turmel et al., 2001). In the present study, we found cytochrome c
release from mitochondria and localization of caspase-3 immu-
noreactivity within DA neurons in CAP- or AEA-treated cultures
and that treatment with a caspase-3 inhibitor reduced the death
of DA neurons induced by CAP or AEA. This is in line with
previous findings showing that cytochrome c release and
caspase-3 activation resulted in cell death of human neuroblas-
toma and lymphoma cells via AEA action on TRPV1 (Maccar-
rone et al., 2000). Similarly, DA neuronal cell death in mesence-
phalic cultures treated with 6-hydroxydopamine, but not
1-methyl-4-phenylpyridinium, caused by cytochrome c release
and caspase-3 activation has been reported previously (Han et al.,
2003). These data collectively support the hypothesis that
caspase-3 is an important effector of DA neuronal cell death me-
diated by TRPV1.

CB1 receptor mediates cell death of dopaminergic neurons in
mesencephalic cultures
There is evidence that AEA, the endogenous agonist of both
TRPV1 and the CB1 receptors, protects the brain against
ouabain-induced in vivo excitotoxicity, an effect mediated by the
CB1 receptor but not by TRPV1 (van der Stelt et al., 2001;
Veldhuis et al., 2003). CB1 receptor was also found to mediate the
neuroprotective effect of the CB1 receptor agonist �9-
tetrahydrocannabinol (THC) against NMDA-induced retinal
neurotoxicity (El-Remessy et al., 2003). In contrast, AEA induces
apoptosis via activation of CB1 receptor in bone marrow-derived
dendritic cells (Do et al., 2004). THC was also found to induce the
degeneration of cultured hippocampal (Chan et al., 1998) and
cortical (Campbell, 2001; Downer et al., 2001; Roberts et al.,
2002) neurons, accompanied by cytochrome c release and/or
caspase-3 activation and blocked by the CB1 receptor antagonist
AM251 (Roberts et al., 2002). Our findings are in agreement with
these results, in that we showed that AEA induced cytochrome c
release and casapse-3 activation, leading to degeneration of TH-
i.p. neurons, and that these effects were blocked by AM251.
Moreover, we also found that CB1 receptor agonist HU210 pro-
duced cell death of DA neurons, which was ameliorated by
AM251. Together with TRPV1-mediated neurotoxicity, CB1 re-
ceptors may contribute to, at least in part, the death of DA neu-
rons in mesencephalic cultures.

Interactions of TRPV1 and CB1 receptors and neurotoxicity
Similar to our recent report (Shin et al., 2003), we have shown
here that in mesencephalic cultures, the effects of CAP, AEA, or
HU210 on [Ca 2�]i were not observed in the absence of extracel-
lular Ca 2� or in the presence of the TRPV1 receptor antagonist
CZP or the CB1 receptor antagonist AM215. In cultured hip-
pocampal neurons (Chan et al., 1998) and resting T cells (Rao et
al., 2004), THC-induced increases in [Ca 2�]i were not observed
in the absence of extracellular Ca 2� or in the presence of the CB1
receptor antagonist SR141716A. Thus, these results collectively
suggest that the increases in [Ca 2�]i mediated by TRPV1 and/or
CB1 receptors are dependent on extracellular Ca 2�. This is also
supported by the current finding showing that an endoplasmic
reticulum Ca 2� pump inhibitor, thapsigargin (Marshall et al.,
2003), had no effect on the Ca 2� influx induced by CAP, AEA, or
HU210 in the presence of extracellular Ca 2�. The patterns of
Ca 2� influx, however, differ in cultures treated with CAP, AEA,

Figure 6. CAP-induced neurotoxicity in the SN of rat brains. Animals were administered a
unilateral injection of 500 pmol of CAP in 3 �l of PBS containing 14% ethanol (C, D, G, H, K, L, O,
P) or vehicle (A, B, E, F, I, J, M, N ) into the SN and killed 7 d later. Brain tissues were stained with
cresyl violet ( A–D ) and immunostained with antibody to NeuN ( E–H ), GAD ( I–L), or TH ( M–P).
Q–T, CZP alters the effect of CAP on TH-i.p. neurons in the SN. Coinjection of 500 pmol of CAP
plus 500 pmol of CZP rescued TH-i.p. neurons, as evidenced by TH immunocytochemistry (Q, R),
whereas CZP alone had no effect (S, T ). The arrowhead indicates syringe track. Dotted lines
indicate SNpc (where dopaminergic neurons were degenerated). Scale bars: (in S) M, O, Q, S, 300
�m; (in A) A, C, E, G, I, K, 200 �m; (in T ) B, D, F, H, J, L, N, P, R, T, 50 �m. U, Number of TH-i.p.
neurons in the SN treated with CAP in the absence or presence of CZP. Animals receiving intrani-
gral CAP injection (500 pmol) with or without administration of CZP (500 pmol) were killed 7 d
after injection. Brain tissues were cut, and every sixth serial section was immunocytochemically
stained with antibodies against TH. TH-i.p. neurons were counted using a stereological tech-
nique in the whole SN. Six to eight animals were used for each experimental group. *p � 0.01,
significantly different from contralateral side; §p � 0.01, significantly different from ipsilateral
side treated with CAP only.
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or HU210. In agreement with previous reports (Chan et al., 1998;
Szőke et al., 2000; Shin et al., 2003), we have shown here that
application of CAP evoked an initial fast rise of [Ca 2�]i, peaking
at 25–30 sec, followed by a slow recovery of [Ca 2�]i over the next
2 min. In contrast, application of AEA evoked a delayed increase
in [Ca 2�]i, peaking at 160 –170 sec and remaining at the same
elevated level for �6 min. This may explain our observation that
the time required for AEA-induced mitochondrial damage was at
least twice as long as that required for CAP-induced damage.
Addition of HU210 also caused a delayed increase in [Ca 2�]i that
reached a maximum at 220 –240 sec and returned to basal levels at
320 sec. Although the underlying mechanism of this apparent
discrepancy remains undetermined, it is likely that AEA can ac-
tivate both TRPV1 and CB1 receptors, and that their interaction
modulates Ca 2� influx. This is supported by findings that AEA-
induced Ca 2� influx was significantly higher in cells coexpressing
TRPV1 and CB1 receptors than in cells expressing TRPV1 alone
and that this effect was abolished by pretreatment with
SR141716A, a CB1 receptor antagonist (Hermann et al., 2003).
Surprisingly, we also found that CAP- and HU210-induced neu-
rotoxicity was inhibited by pretreatment with AM251 (CB1 re-
ceptor antagonist) and CZP (TRPV1 antagonist), respectively.
These unexpected results are supported by the previous findings
that TRPV1 stimulation with CAP, via the subsequent Ca 2� in-
flux, led to biosynthesis of AEA, which can activate both TRPV1
and CB1 receptors (Di Marzo et al., 1994, 2001b). This would
explain why CAP-induced neurotoxicity is inhibited by AM251.
It is therefore likely that Ca 2� influx via stimulation of CB1 re-
ceptors could contribute to the formation of AEA, thus explain-
ing why HU210-induced neurotoxicity is blocked by CZP, al-
though we did not test the effect of HU210 on AEA formation.
Because TRPV1 and CB1 receptors are coexpressed in our mes-
encephalic cultures, our findings suggest that in addition to the
direct neurotoxicity via activation of each receptor, the func-
tional interaction of these two receptors in response to Ca 2�

influx may also contribute to cell death of cultured mesence-
phalic neurons, including DA neurons.

It seems noteworthy that these results might be irrelevant for
protective effects of CB1 receptors against TRPV1-mediated neu-
rotoxicity (Maccarrone et al., 2000). This study showed that CB1
antagonist SR141716 enhanced AEA-induced death of rat C6 gli-
oma cells, which coexpressed TRPV1 and CB1 receptors. Mac-
carrone et al. (2000) suggested that this effect is probably because
AEA-activated CB1 receptors inhibit TRPV1-mediated toxic
events including increases in [Ca 2�]i, mitochondrial damage,
and cytochrome c release from mitochondria. In contrast, we
found that AM251 almost completely abolished AEA-activated
increases in [Ca 2�]i (Fig. 3J), which might lead to inhibition of
mitochondrial damage and cytochrome c release from mitochon-
dria, indicating the opposite effect of AEA-activated CB1 recep-
tors in C6 glioma cells. Thus, data from the present study may
indicate that the effect of AEA on calcium is entirely mediated by
TRPV1 and that its costimulation of CB1 receptors modulates the
kinetics of this effect. This is also supported by our current data
showing that AM251 inhibits neurotoxicity (Fig. 5A) and in-
creases in [Ca 2�]i (Fig. 5B,D) induced by HU210. Alternatively,
this apparent discrepancy in experimental results between two
studies is probably a result of different cell types (neurons vs
glioma cells) used for AEA treatment.

The principal significance of the findings reported here is that
activation of TRPV1 and/or CB1 receptors could lead to degen-
eration of mesencephalic neurons, including DA and GABAergic
neurons. Therefore, it is likely that these two receptor types may

contribute to neurodegeneration in the CNS in response to the
local release of endogenous ligands such as AEA.
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