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Abstract
Chronic inorganic manganese exposure causes selective toxicity to the nigrostriatal dopaminergic system, resulting in a Parkinsonian-

like neurological condition known as Manganism. Apoptosis has been shown to occur in manganese-induced neurotoxicity; however, the

down-stream cellular target of caspase-3 that contributes to DNA fragmentation is not established. Herein, we demonstrate that proteolytic

activation of protein kinase Cd (PKCd) by caspase-3 plays a critical role in manganese-induced apoptotic cell death. Treatment of PC12

cells with manganese caused a sequential activation of mitochondrial-dependent pro-apoptotic events, including mitochondrial membrane

depolarization, cytochrome c release, caspase-3 activation, and DNA fragmentation. Overexpression of Bcl-2 in PC12 cells remarkably

attenuated each of these events, indicating that the mitochondrial-dependent apoptotic cascade contributes to manganese-induced

apoptosis. Furthermore, PKCd was proteolytically cleaved by caspase-3, causing a persistent activation of the kinase. The manganese-

induced proteolytic cleavage of PKCd was significantly blocked by Bcl-2-overexpression. Administration of active recombinant PKCd

induced DNA fragmentation in PC12 cells, suggesting a pro-apoptotic role of PKCd. Furthermore, expression of catalytically inactive

mutant PKCdK376R via a lentiviral gene delivery system effectively attenuated manganese-induced apoptosis. Together, these results

suggest that the mitochondrial-dependent caspase cascade mediates apoptosis via proteolytic activation of PKCd in manganese-induced

neurotoxicity.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic exposure to high levels of manganese is known

to cause neurological symptoms similar to idiopathic

Parkinson’s disease (PD) in both humans and laboratory

animals [1–5]. Manganese exposure is associated with
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many occupations including mining, automotive

mechanics, dry cell battery manufacturing, welding, and

agricultural application of manganese containing pesti-

cides [6]. Additionally, the manganese containing organic

compound methylcyclopentadienyl manganese tricarbonyl

(MMT) is used as a gasoline additive in many countries,

and inorganic manganese is emitted upon combustion

[7,8]. Consequently, environmental exposure to manga-

nese is likely to increase, creating concerns regarding the

health risks associated with chronic manganese exposure

[9–11]. Manganese induces behavioral changes and a

variety of cellular changes including GSH depletion,

dopamine depletion, GABA release, increased oxidative

stress, and impairment of the energy metabolism and anti-
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oxidant systems [2,12–15]. Apoptosis is recognized as a

major cell death process in neurodegenerative disorders

including Parkinson’s disease [16,17]. Manganese induces

apoptosis in human B cells [18] and in rat pheochromo-

cytoma (PC12) cells [19,20]. In addition, manganese

enhances oxidative stress-mediated L-DOPA toxicity,

indicating that manganese is a potent dopaminergic

neurotoxicant [21]. The mitochondrion is an important

cellular target in manganese-induced apoptosis in dopa-

minergic cells [22–24]. The Bcl-2 protein family has a

central regulatory role in mitochondrial-dependent apop-

tosis [25]. Overexpression of Bcl-2 proteins attenuates

apoptosis induced by various chemicals [18,26,27],

demonstrating the important anti-apoptotic function of

Bcl-2 proteins.

Although apoptosis has been shown to be important in

manganese-induced neurotoxicity, the down-stream targets

of activated caspase-3 in manganese-induced apoptosis

that result in DNA fragmentation are not well established.

In the present study, we examined the sequential activation

of apoptotic signaling molecules in PC12 cells, an in vitro

model that has been used widely to elucidate the effects

of neurotoxic agents on dopaminergic cells [28–30].

Herein, we demonstrate that proteolytic cleavage of protein

kinase Cd (PKCd) by caspase-3 is a critical event in

manganese-induced apoptosis.
2. Materials and methods

2.1. Materials

Manganese chloride, mouse monoclonal b-actin anti-

body, propidium iodide, and human recombinant active

PKCd protein were purchased from Sigma Chemical Co.

Phorbol-12-myristate-13-acetate (TPA) was purchased

from Calbiochem. The caspase-3 substrate Ac-DEVD-

AMC was purchased from Bachem Biosciences Inc. The

caspase-9 substrate Ac-LEHD-AMC and the caspase-3

inhibitor Z-DEVD-FMK were purchased from Alexis

Biochemicals. The broad-spectrum caspase inhibitor Z-

VAD-FMK was purchased from Enzyme System. Acridine

orange and Cy3-conjugated goat anti-mouse secondary

antibody was purchased from Molecular Probes. Rabbit

polyclonal anti-PKCd antibody and mouse monoclonal

Bcl-2 antibody were purchased from Santa Cruz Biotech-

nology Inc. The anti-V5 mouse antibody was purchased

from Invitrogen Inc. The ECL Western blotting analysis kit

was purchased from Amersham Pharmacia Biotech Inc.

The cytochrome c ELISA kit was obtained from MBL

International Corp. The Cell Death Detection ELISA Plus

Assay Kit was purchased from Roche Molecular Biochem-

icals. The TUNEL kit was purchased from Upstate Bio-

technology. BioPORTER protein delivery reagent was

purchased from Gene Therapy Systems. Dulbecco’s

modified Eagle medium (DMEM) was purchased from
Mediatech Inc. Heat-inactivated horse serum and fetal

bovine serum were purchased from Invitrogen. Other

routine laboratory chemicals were obtained from Fisher

Scientific. The Bcl-2 transfected PC12 cells and vector

transfected PC12 cells were generous gifts from Drs.

Yutaka Eguchi and Yoshihide Tsujimoto at Osaka

University (Osaka, Japan), respectively. The PKCdK376R

construct was a kind gift from Dr. Reyland at the University

of Colorado (Boulder, CO).

2.2. Cell culture

Vector and Bcl-2-overexpressing PC12 cells were grown

in Dulbecco’s modified Eagle’s medium (DMEM) contain-

ing 7% heat-inactivated horse serum and 4% fetal bovine

serum, 2 mM L-glutamine, 50 units penicillin, and 50 mg/

ml streptomycin at 37 8C in a humidified atmosphere

containing 5% CO2. PKCdK376R and LacZ expressing

PC12 cells were grown in RPMI-1640 medium containing

10% heat-inactivated horse serum, 5% fetal bovine serum,

2 mM L-glutamine, 50 units penicillin, and 50 mg/ml

streptomycin [30,31].

2.3. Cytotoxicity assay

Vector and Bcl-2-overexpressing PC12 cells (�1 � 105

cells/well) were subcultured separately in 24-well tissue

culture plates for 24 h and treated with 200–1000 mM

MnCl2 for 72 h. Cell death was determined by trypan blue

exclusion method with an Improved Nebauer type Hema-

cytometer. The cell viability was normalized as percent of

control.

2.4. Cytochrome c detection assay

Manganese-induced cytochrome c release was measured

using a cytochrome c ELISA kit as described previously

[30,31]. Briefly, vector and Bcl-2-overexpressing PC12

cells (�5 � 106 cells) were exposed to 1 mM MnCl2 for

up to 32 h. After treatments, cytoplasmic fractions were

collected and levels of cytosolic cytochrome C were

analyzed by ELISA as described previously [31]. The

optical density of each well was measured at 450 nm using

a microplate reader. The concentration of cytochrome c

was calibrated from a standard curve based on reference

standards.

2.5. Mitochondrial membrane potential detection assay

Mitochondrial membrane potential (DCm) depolariza-

tion was assessed using a Becton Dickinson FACScan flow

cytometer [32]. Vector and Bcl-2-overexpressing PC12

cells (�1 � 106 cells) were exposed to 1 mM MnCl2 for

up to 40 h, and then 40 nM 3,30-dihexaoxacarbocyanine

iodide (DiOC6) was added for 15 min. The cells were then

washed once and resuspended with phosphate buffered
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saline (PBS), and DCm was measured by flow cytometry

with excitation at 484 nm and emission at 501 nm.

2.6. Caspase-3 and caspase-8 activity assay

Vector and Bcl-2-overexpressing PC12 cells (�(1–

2) � 105 cells/well) were subcultured in a 24-well tissue

culture plate for 24 h and treated with (1 mM) MnCl2 for 0–

48 h. Cells were washed once with PBS (pH 7.4) and

resuspended in lysis buffer containing 50 mM Tris–HCl

(pH 7.4), 1 mM EDTA, 10 mM EGTA, and 10 mM digitonin.

Cells were then incubated at 37 8C for 20 min to allow

complete lysis. Lysates were quickly centrifuged at

10,000 � g, and cell-free supernatants were collected. Cas-

pase-3 activity was measured using the caspase-3 specific

fluorescent substrate Ac-DEVD-AMC, as previously

described [31,33]. Formation of 7-amino-4-methylcoumar-

ine (AMC) resulting from caspase substrate cleavage was

measured by using fluorescent plate reader with excitation at

380 nm (slit width 10 nm) and emission at 460 nm (slit width

20 nm). Caspase-3 activity was expressed as fluorescence

unit (FU) per mg protein per hour.

2.7. Isolation of cytosolic fractions

Vector and Bcl-2-overexpressing PC12 cells (�1 � 107

cells) were exposed to (1 mM) MnCl2 at 37 8C for the

indicated periods. Cells were washed once with ice-cold

PBS and resuspended in homogenization buffer containing

20 mM Tris–HCl (pH 8.0), 2 mM EDTA, 10 mM EGTA,

2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl

fluoride (PMSF), 25 mg/ml aprotinin, 10 mg/ml leupeptin,

5 mM sodium fluoride, and 50 mM sodium orthovanadate.

Cells were then sonicated for 10 s and centrifuged at

1,00,000 � g for 60 min at 4 8C to produce the supernatant

cytosolic fractions. To collect membrane fractions, pellets

were dissolved in homogenization buffer containing 1%

Triton X-100 to form suspensions and then sonicated and

centrifuged at 10,000 � g for 30 min. The protein concen-

tration of each cytosolic fraction was determined using

Bradford protein assay dye reagent. Cytosolic fraction

samples were mixed with 2� gel loading buffer containing

10% SDS and 200 mM DTT and boiled for 5 min prior to

loading [30,31].

2.8. Western blotting

Proteins in cytosolic fractions were resolved by 10–12%

SDS–polyacrylamide gel electrophoresis (SDS–PAGE)

and blotted onto nitrocellulose membrane [30,31]. Non-

specific binding sites were blocked by 5% non-fat milk

blocking solution. The membrane were then treated with

anti-PKCd (1:2000 dilution) antibody, followed by sec-

ondary horseradish peroxidase-conjugated anti-rabbit

(1:2000 dilution) antibody. Antibody-bound proteins were

detected by an enhanced chemiluminescence (ECL) sys-
tem [30,31]. To confirm equal protein loading in each lane,

antibodies were stripped from membranes with stripping

buffer and reprobed with b-actin (1:5000 dilution).

2.9. Protein kinase Cd activity assay

PKCd enzymatic activity was measured using an immu-

noprecipitation kinase assay as previously described

[31,34]. Vector and Bcl-2-overexpressing PC12 cells were

exposed to 1 mM MnCl2 for 36 h, and cytosolic fractions

were collected. After the immunoprecipitation with PKCd,

25 ml of samples were incubated with 20 ml of reaction

buffer containing 0.4 mg of histone H1 and 5 mCi of

[g-32P]ATP (4500 Ci/mM) for 10 min at 30 8C. SDS gel

loading buffer (2�) was added to terminate the reaction,

the samples were boiled for 5 min and the products were

separated on a 12.5% SDS–PAGE gel. The H1 phosphory-

lated bands were detected using a Personal Molecular

Imager (FX model, Bio-Rad Laboratories) and quantified

using Quantity One 4.2.0 software (Bio-Rad Laboratories).

2.10. In situ apoptotic labeling

Acridine orange and propidium iodide double staining

was performed to assess DNA damage in apoptotic cells

[35]. Vector and Bcl-2-overexpressing PC12 cells were

grown on cover slips coated with type I rat tail collagen

(6 mg/cm2) for 24 h at 37 8C, and 1 mM MnCl2 was added

for the indicated periods. After the exposures, cells were

washed once with PBS and stained with 5 mM acridine

orange and 5 mM propidium iodide for 10 min or 10 mM

Hoechst 33342 for 5 min at room temperature in the dark.

The cells were washed once with PBS and mounted in a

perfusion chamber with HBSS buffer and observed under a

Nikon DiaPhot microscope (Nikon Inc., Melville, NY)

with the excitation wavelength at 360, 488, or 540 nm

for Hoechst 33342, acridine orange, or propidium iodide,

respectively. Fluorescent images were captured with a

SPOT digital camera.

2.11. DNA fragmentation assay

DNA fragmentation was measured using a Cell Death

Detection ELISA Plus Assay Kit, as described previously

[31,34]. Vector and Bcl-2-overexpressing PC12 cells

(�1 � 106 cells) were subcultured in six-well culture

plates for 24 h and exposed to 1 mM MnCl2 with or

without Z-DEVD-FMK for the indicated periods at

37 8C. The number of apoptotic PC12 cells was determined

exactly as described by the manufacturer, and DNA frag-

mentation was expressed as a percentage of control.

2.12. In vitro delivery of catalytically active PKCd

Vector expressing PC12 cells (�(1–2) � 105 cells/well)

were subcultured in 24-well tissue culture plates for 24 h.
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Human recombinant catalytically active PKCd protein was

delivered into cells using BioPORTER reagent, strictly

following the manufacturer’s protocol. Briefly, cells were

incubated for 4 h with 5 ng of recombinant PKCd or

BioPORTER reagent in serum-free DMEM. Cells were

counted and equal numbers of cells were analyzed by the

DNA fragmentation assay as described above. The effi-

ciency of the protein delivery system was also determined

by delivering 5 ng of FITC-labeled goat IgG (supplied with

the kit) into vector PC12 cells. Cells were washed three

times with PBS and observed under fluorescent microscope

at emission 488 nm. Fluorescent-positive cells were

counted in five randomly selected regions and the effi-

ciency was determined to be approximately 70%.

2.13. Lentiviral-mediated transfection of

PKCdK376R gene in PC12 cells

The ViraPowerTM Lentiviral Expression System (Invi-

trogen) was employed to introduce a catalytically inactive

PKCdK376R (lysine-to-arginine mutation at position 376)

into PC12 cells (herein referred to as PKCd-DN). PKCd-

DN was subcloned into the kit-supplied expression vector

plenti6/V5-D-TOPO (herein named plenti/PKCd-DN) by

PCR. Primers were: forward, 50caccatggcacccttcctgctc30

and reverse, 50aatgtccaggaattgctcaaac30. Standard cloning

procedures were used and to produce lentiviral containing

plenti6/PKCd-DN, the plenti6/PKCd-DN construct as well

as supporting plasmids (supplied with the kit) were trans-

fected into human 293FT cells with the use of lipofecta-

mine 2000 as described in the kit’s instructions. The

lentivirus in the medium was collected by centrifuging

at 1500 � g for 15 min, 48–72 h post-transfection. Lenti-

virus containing plenti/lacZ was also produced to serve as a

vector control. Lentivirus containing plenti/PKCd-DN and

polybrene (6 mg/ml) were added into cultured PC12 cells

(5 � 104) for 24 h, and then the cultured medium was

replaced with fresh medium. After 24 h, 1 mM MnCl2 was

added to PC12 cells and incubated for an additional 24 h.

PKCd-DN or lacZ expressing PC12 cells were identified by

immunostaining of the C-terminal V5 epitope on expressed

protein.

2.14. In situ TUNEL staining

TUNEL staining and immunostaining of the V5 epitope

were performed sequentially. After MnCl2 treatment, vec-

tor PC12 cells were collected by Cytospin (Thermo Elec-

tron) and stained for TUNEL following the manufacturer’s

protocol. Briefly, cells were fixed with 4% paraformalde-

hyde for 15 min and permeabolized with 0.2% Triton-X

containing 0.2% BSA in PBS for another 15 min. Cells

were then incubated in TdT end-labeling cocktail contain-

ing Biotin-dUTP, TdT buffer, and TdT for 60 min at RT,

and reaction was stopped by immersing cells in 1� TB

buffer. After the wash, PC12 cells were incubated in
blocking reagent containing avidin-FITC for 30 min at

RT and washed with 1� PBS. The V5 epitope immunos-

taining was performed by incubating PC12 cells with anti-

V5 mouse antibody (1:200) for 60 min at RT and then Cy3-

conjugated goat anti-mouse secondary antibody (1:400)

for 45 min and washed with 1� PBS. Finally, nuclei were

counterstained with Hoechst 33342 for 3 min. Cells were

washed with 1� PBS and mounted on slides. The cells

were observed under Nikon fluorescence microscopy

(Model TE-2000U) and pictures were captured with a

SPOT digital camera (Diagnostic Instruments, Sterling

Heights, MI). About 200 PKCd-DN or lacZ expressing

PC12 cells were examined and both TUNEL and V5-

positive cells were quantitatively analyzed and plotted in

Prism software.

2.15. Data analysis and statistics

Data from caspase activity, cytochrome c release, and

DNA fragmentation assays were first analyzed using one-

way ANOVA. Dunnett’s post-test or Bonfferoni’s multiple

comparison test was then performed to compare treated

samples, and p < 0.05 was considered significant.
3. Results

3.1. Dose-dependent manganese-induced cytotoxicity in

vector PC12 cells and Bcl-2-overexpressing PC12 cells

A dose–response cytotoxicity study was performed to

determine the optimal manganese concentrations for addi-

tional mechanistic studies in vector control PC12 cells and

Bcl-2-overexpressing PC12 cells. Exposure to various

concentrations of manganese (0.2–1 mM) over 72 h caused

a dose-dependent cytotoxicity in vector PC12 cells (Fig. 1).

Manganese-induced cytotoxicity was significantly sup-

pressed in Bcl-2-overexpressing PC12 cells (p < 0.01)

as compared to the vector expressing PC12 cells. A 72-

h exposure to 1 mM manganese produced approximately

50% cell death in the Bcl-2-overexpressing PC12 cells and

75% cell death in the vector PC12 cells. However, exposure

to 1 mM manganese for 36 h resulted in 29% cell death in

vector cells but no significant cell death in Bcl-2-over-

expressing cells (data not shown). Therefore, we used

1 mM manganese in subsequent experiments to evaluate

the cellular mechanism of apoptosis in dopaminergic cells.

3.2. Manganese affects mitochondrial function and

releases pro-apoptotic cytochrome c

Manganese reportedly accumulates in mitochondria and

inhibits mitochondrial complex I and/or II activity

[24,36,37]. We examined the effect of manganese on

mitochondrial functions and found that the mitochon-

drial membrane potential (DCm) was depolarized in a
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Fig. 1. Manganese-induced cytotoxicity in PC12 cells. Vector PC12 cells and Bcl-2-overexpressing PC12 cells were treated with 200, 400, 600, and 1000 mM

MnCl2 for 72 h, and cytotoxicity was determined using the trypan blue exclusion technique by counting live (clear) and dead (stained) cells in three to five

randomly selected fields. Each bar represents mean � S.E.M. for n = 6. Asterisks (*p < 0.05 or **p < 0.01) indicate significant difference between control

and manganese treatment in vector cells and pound signs (#p < 0.05 or ##p < 0.01) indicate significant difference between manganese-treated vector and

Bcl-2-overexpressing cells.

Fig. 2. Effect of manganese on mitochondrial function and cytochrome c release. Vector PC12 and Bcl-2-overexpressing PC12 cells were exposed to 1 mM

MnCl2 for 24–40 h. At the end of the exposure time, mitochondrial membrane potential (DCm) was measured by flow cytometry using DiOC6 (40 nM) as

described in the Section 2. (A) The histogram shows the shift in the mitochondrial membrane potential (DCm) at 0, 24, and 40 h. (B) The graph represents the

reduction inDCm as percent of control at 16, 20, 24, and 32 h time points. (C) Release of cytochrome c into cytosol was detected using a cytochrome c ELISA kit

as described in the Section 2. Each bar in B and C represents mean � S.E.M. for n = 6. Asterisks (*p < 0.05 or **p < 0.01) indicate a significant difference

between control and manganese treatment in vector cells, and pound signs (#p < 0.05 or ##p < 0.01) indicate a significant difference between manganese-treated

vector and Bcl-2-overexpressing cells.
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Fig. 3. Manganese-induced caspase-3 and caspase-8 activity in vector PC12

and Bcl-2-overexpressing PC12 cells. Vector PC12 and Bcl-2-overexpres-

sing PC12 cells were treated with 1 mM MnCl2 for 0–48 h in the presence or

absence of 50–100 mM Z-LEHD-FMK, a caspase-9 inhibitor. Cytosolic

supernatants were collected and caspase activities were measured by

incubating the supernatant with 50 mM Ac-DEVD-AMC (fluorogenic

caspase-3 substrate) or 50 mM Ac-IETD-AMC (fluorogenic caspase-8

substrate) for 1 h at 37 8C, and expressed as fluorescent unit (FU) per

mg protein per hour or as percent control. (A) Time course of caspase-3

activity in vector and Bcl-2-expressing PC12 cells. Each point represents

mean � S.E.M. for n = 6–9. (B) Caspase-3 activity in the presence of

caspase-9 inhibitor, Z-LEHD-FMK in vector PC12 cells. Each bar repre-

sents mean � S.E.M. for n = 6–9. (C) Time course of caspase-8 activity in

vector PC12 cells. Each bar represents mean � S.E.M. for n = 6. Asterisks

(*p < 0.05 or **p < 0.01) indicate significant difference compared with

control cells and pound sign (#p < 0.05 or ##p < 0.01) indicates significant

difference compared with manganese-treated cells.
time-dependent manner following 1 mM manganese treat-

ment in vector PC12 cells (Fig. 2A). The statistically

significant changes (p < 0.05) in depolarization of DCm

were detected as early as 20 h and continued in a time-

dependent manner up to 32 h (Fig. 2B). Bcl-2-overexpres-

sion effectively suppressed and delayed the manganese-

induced depolarization of DCm.

Mitochondrial insults often result in release of cyto-

chrome c into the cytoplasm to initiate the apoptotic caspase

cascade. Manganese caused significant (p < 0.05) release

of cytochrome c in the cytosol starting at 24-h post-expo-

sure (Fig. 2C), the time point just following the significant

DCm depolarization. However, cytosolic cytochrome c

levels were not significantly increased in Bcl-2-over-

expressing PC12 cells up to 32 h (Fig. 2C), indicating that

Bcl-2-overexpression protects against manganese toxicity

at the mitochondrial level.

3.3. Manganese induces the caspase-3 cascade

in PC12 cells

Since cytochrome c release is known to initiate the

caspase cascade following binding to apoptosis activating

factor-1 (Apaf-1) [38–41], the next series of experiments

was designed to examine whether or not manganese expo-

sure induces the effector caspase-3 in dopaminergic cells.

Exposure of vector PC12 cells to manganese (1 mM) time-

dependence increased caspase-3 activity 1.3- to 4.3-fold

above basal levels at 24–48-h post-exposure (Fig. 3A).

Thus, the caspase-dependent cell death process was

initiated between 24 and 28 h after manganese exposure,

concomitant with depolarization of DCm and cytochrome c

release. We also found that the manganese-induced cas-

pase-3 activation between 28 and 48 h was significantly

suppressed (p < 0.05) in cells overexpressing Bcl-2. To

determine if caspase-3 activation was mediated by initiator

caspase-9, we evaluated the effect of the caspase-9 specific

inhibitor Z-LEHD-FMK. Pre-treatment with Z-LEHD-

FMK (50 or 100 mM) inhibited manganese-induced cas-

pase activity in a dose-dependent manner, indicating that

manganese-induced caspase-3 activation is mainly depen-

dent on caspase-9 (Fig. 3B). Caspase-8, another initiator

caspase linked to receptor-mediated apoptosis, was unal-

tered up to 32 h of manganese exposure (Fig. 3C), suggest-

ing that the mitochondrial-dependent caspase cascade is

predominantly activated during manganese treatment.

3.4. Manganese-induced proteolytic cleavage of PKCd

We recently showed that PKCd is an important substrate

for caspase-3, which proteolytically cleaves and activates

the kinase to promote apoptosis in dopaminergic cells

[30,31]. We monitored PKCd proteolytic cleavage every

4 h for 48 h following manganese (1 mM) treatment in

both vector PC12 and Bcl-2-overexpressing PC12 cells.

Native PKCd (74 kDa) was proteolytically cleaved into a
catalytically active fragment (41 kDa), which started to

appear at 20 h and became more significant at later time

points in vector PC12 cells (Fig. 4A). PKCd cleavage

increased in a time-dependent manner up to 48 h, and

the time course of PKCd cleavage paralleled caspase-3

activation. Lower concentrations of manganese ranging

100–200 mM also induced caspase-3 activation and PKCd

cleavage when the treatment period was increased to 96 h

(data not shown). In Bcl-2-overexpressing PC12 cells, no
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Fig. 5. Effect of caspase inhibitors on Manganese induces proteolytic cleavage of PKCd Vector PC12 cells were treated with 1 mM MnCl2 with or without (A)

50–100 mM Z-VAD-FMK, a caspase inhibitor and (B) 50–100 mM Z-DEVD-FMK, a caspase-3 specific inhibitor. Caspase inhibitors were added for 30 min

prior to the treatment with manganese for 36 h. Cytosolic fractions were isolated, and proteins were resolved on 10% SDS–PAGE. Native PKCd (72–74 kDa)

and cleaved PKCd (41 kDa) were detected. Equal protein loading was confirmed by reprobing with b-actin.

Fig. 4. Manganese induces proteolytic cleavage of PKCd in PC12 cells. (A) Vector PC12 or (B) Bcl-2-overexpressing PC12 cells were treated with 1 mM

MnCl2 for 0–48 h. Cytosolic fractions were collected, and equal amounts of proteins were resolved on 10% SDS–PAGE followed by polyclonal PKCd antibody.

Native PKCd appears at 72–74 kDa and catalytically active cleaved PKCd appears at around 41 kDa. Equal protein loading was confirmed by reprobing with

b-actin.
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Fig. 6. Manganese-induced PKCd activity. Vector PC12 and Bcl-2-over-

expressing PC12 cells were exposed to 1 mM MnCl2 for 36 h, and cytosolic

fractions were collected. Then, samples were immunoprecipitated with

PKCd, and kinase activity was measured as described in the Section 2. Each

bar represents mean � S.E.M. for n = 6. Asterisks (**p < 0.01) indicate a

significant difference between control and manganese treatment in vector

cells, and pound signs (##p < 0.01) indicate a significant difference between

manganese-treated vector and Bcl-2-overexpressing cells.
well-defined bands corresponding to the proteolytically

cleaved product of PKCd were detected during manganese

exposure (Fig. 4B), indicating that Bcl-2 can suppress the

caspase-3-mediated apoptotic cell death process.

To confirm that manganese-induced proteolytic clea-

vage of PKCd was caspase-3 mediated, we separately

pre-treated vector PC12 cells for 1 h with the pan-caspase

inhibitor Z-VAD-FMK or the caspase-3 specific inhibitor

Z-DEVD-FMK, and then treated the cells with 1 mM

manganese for 36 h. Pre-treatment with 50–100 mM

Z-VAD-FMK (Fig. 5A) or 50–100 mM Z-DEVD-FMK

(Fig. 5B) significantly inhibited manganese-induced pro-

teolytic cleavage of PKCd in a dose-dependent manner,

suggesting that the manganese-induced proteolytic acti-

vation of PKCd was caspase-3-dependent. Manganese

treatment did not induce translocation of PKCd to the

membrane, a common mechanism of PKCd activation,

in either vector PC12 or Bcl-2-overexpressing PC12 cells

(data not shown). Furthermore, neither a decreased total

Bcl-2 protein level nor cleaved product of Bcl-2 was

observed during manganese treatment.

3.5. Manganese increases PKCd kinase activity via

proteolytic cleavage

To further examine whether manganese-induced pro-

teolytic cleavage of PKCd also increased PKCd kinase

activity in the cells, we measured PKCd enzyme activity

using a 32P radiolabeled histone phosphorylation assay

following immunoprecipitation of the kinase. In vector
Fig. 7. Manganese-induced apoptosis in PC12 cells: in situ study. Qualitative meas

and Hoechst 33342 (Hoechst) dyes. Cells were plated on collagen-coated cover sl

5 mg/ml AO + 5 mg/ml PI or 10 mg/ml Hoechst and observed under the fluoresc
PC12 cells, PKCd kinase activity increased 2–3-fold over

basal levels after a 36-h exposure to 1 mM manganese

(Fig. 6). On the other hand, in Bcl-2-overexpressing PC12

cells, there was no increase in PKCd activity at 36 h.
urement of apoptosis using the acridine orange (AO), propidium iodide (PI),

ips and exposed to 1 mM MnCl2 for 24–48 h. Cells were then stained with

ent microscope. Arrows indicate cells undergoing apoptosis.
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Fig. 8. Manganese-induced DNA fragmentation in PC12 cells. (A) Apop-

totic cell death was determined by measuring DNA fragmentation. Cells

were treated with 1 mM MnCl2 for 24–48 h, and the level of DNA

fragmentation was analyzed using a DNA ELISA kit. Each bar represents

mean � S.E.M. (n = 6–9). (B) Vector PC12 cells were exposed to 1 mM

MnCl2 with or without 100 mM Z-VAD-FMK, a pan-caspase inhibitor, or

100 mM Z-DEVD-FMK, a caspase-3 specific inhibitor, for 36 h. DNA

fragmentation was determined using a DNA ELISA assay kit. Each bar

represents mean � S.E.M. (n = 6–9). Asterisks (*p < 0.05 or **p < 0.01)

indicate a significant difference between control and manganese treatment

and pound signs (##p < 0.01) indicate a significant difference between

manganese-treated vector and Bcl-2-overexpressing cells or between man-

ganese- and inhibitor-treated cells.
These results, combined with data from the proteolytic

cleavage assays (Figs. 4 and 5), indicate that manganese-

induced proteolytic cleavage results in increased PKCd

kinase activity.

3.6. Manganese-induced DNA fragmentation

in PC12 cells

We examined manganese-induced apoptotic cell death

using acridine orange/propidium iodide double in situ

staining or Hoechst 33342 nuclear staining. Both acridine

orange and Hoechst 33342 are used to detect chromatin

integrity; an index of apoptosis [35], and propidium iodide

detects cells undergoing necrosis or the late stage of

apoptosis. Apoptotic bodies and chromatin condensation

started to appear at 24 h and increased with time up to 48 h

in 1 mM manganese-treated vector PC12 cells (Fig. 7).

None of the manganese-treated cells stained for propidium

iodide, suggesting that necrosis is not occurring during the

treatment period (Fig. 7). The membrane integrity was

normal in Bcl-2-overexpressing PC12 cells, and very few

of the cells were apoptotic during the entire 48 h of

manganese exposure.

To further confirm the results obtained by in situ fluoro-

metric detection of apoptosis and to assess the involvement

of caspases and PKCd in mediation of apoptosis, a quan-

titative DNA fragmentation assay was performed. We

confirmed the effect of Bcl-2 on manganese-induced

DNA fragmentation using an ELISA assay. DNA fragmen-

tation was detected in vector PC12 cells as early as 24 h

after exposure to 1 mM manganese, and it increased time-

dependently by 8-, 15-, and 21-fold at 24, 36, and 48 h,

respectively (Fig. 8A). DNA fragmentation was dramati-

cally attenuated at all time points in manganese-treated

Bcl-2-overexpressing PC12 cells, indicating that Bcl-2 can

protect dopaminergic cells from apoptosis during manga-

nese exposure.

We next examined the effect of caspase inhibitors on

DNA fragmentation during manganese treatment. In Fig.

8B, manganese-induced DNA fragmentation was signifi-

cantly (p < 0.01) suppressed by pre-treatment with

100 mM Z-VAD-FMK, a potent caspase inhibitor, at 36-

h post-exposure in vector PC12 cells. In addition, 100 mM

Z-DEVD-FMK, a caspase-3 specific inhibitor, also sig-

nificantly (p < 0.01) attenuated manganese-induced

DNA fragmentation at 36 h, although not as effectively

as Z-VAD-FMK. The caspase inhibitors alone did not

significantly alter basal DNA fragmentation levels during

the entire experimental period (data not shown).

3.7. Pro-apoptotic role of PKCd in dopaminergic cells:

studies on PKC down-regulation, recombinant PKCd
and PKCd dominant-negative mutant

In the next series of experiments, we determined

whether or not proteolytic activation of PKCd contributes
to manganese-induced apoptosis in dopaminergic cells.

Chronic treatment with low-dose TPA down-regulates

PKCs [42,43]. Vector PC12 cells were treated with

0.2 mM TPA for 24 h to down-regulate PKC proteins,

and cells were then exposed to manganese (1 mM) for

36 h. As shown in Fig. 9A, 24 h of TPA treatment resulted

in a prolonged down-regulation of PKCd for more than

72 h. Other PKC isoforms, except for the atypical PKCz,

were also down-regulated in the same manner (data not

shown). We found that these PKC-deficient dopaminergic

cells are significantly (p < 0.01) more resistant to manga-

nese-induced DNA fragmentation as compared to control

cells (Fig. 9B). Although, TPA down-regulates most of the

PKC isoforms, this initial experiment in PKC-deficient

cells provides support that PKCs are important in manga-

nese-induced apoptosis.
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Fig. 9. Catalytically active PKCd protein plays a critical role in execution of DNA fragmentation. (A) Vector PC12 cells were treated with 0.2 mM TPA for 24–

72 h and down-regulation of PKCd was determined by Western blot. (B) PKC down-regulated vector PC12 cells were treated with 1 mM MnCl2 for 36 h, and

DNA fragmentation was quantified by ELISA assay. Each bar represents mean � S.E.M. (n = 6). Asterisks (**p < 0.01) indicate a significant difference

between control and manganese treatment, and pound signs (#p < 0.05) indicate a significant difference between normal vector cells and PKC down-regulated

vector cells following manganese treatment. (C) Vector PC12 cells were treated with 10 ml BioPORTER reagent +5 ng catalytically active PKCd protein in

serum-free DMEM for 4 h to successfully deliver active PKCd protein into the cells. For comparison, 5 ng of heat-inactivated PKCd protein (15 min in boiling

water) or solvent (PBS) was delivered by BioPORTER reagent. Following the 4 h treatment, equal numbers of cells were collected and processed to determine

DNA fragmentation using a DNA ELISA assay kit. DNA fragmentation was expressed as percent control (10 ml BioPORTER reagent + PBS). Each bar

represents mean � S.E.M. (n = 6). Asterisks (**p < 0.01) indicate a significant difference between control and catalytically active PKCd protein-treated cells.
To determine the specific role of PKCd in apoptosis in

dopaminergic cells, we delivered the active recombinant

PKCd protein into cells and then monitored DNA frag-

mentation. We recently demonstrated, along with others,

that various biologically active proteins, including

enzymes, could be delivered into cells using a new

lipid-mediated protein delivery system known as BioPOR-

TER [31,44]. Human recombinant PKCd was administered

(5 ng) to cells by the BioPORTER system. The delivery

effectiveness of BioPORTER was determined using FITC-

labeled antibody, and treated cells were observed under a

fluorescence microscope [30]. In our previous study,

we confirmed the biological activity of the recombinant

PKCd administered to cells [45]. DNA fragmentation

was increased by 2.5-fold in the active recombinant

PKCd delivered cells compared to the BioPORTER
reagent-treated (control) cells (Fig. 9C). Thus, catalytically

active PKCd plays an important role in the execution of

apoptosis.

To further confirm the pro-apoptotic role of PKCd in

manganese-induced cell death, a dominant-negative

mutant of PKCd (PKCd-DN, with a lysine-to-arginine

mutation at position 376 which renders the kinase inactive)

was introduced into PC12 cells by a lentiviral-mediated

gene delivery system. Cells were then treated with 1 mM

MnCl2 for 24 h. LacZ was separately introduced into PC12

cells and treated with MnCl2 to serve as a vector control.

PKCd-DN or LacZ expressing PC12 cells were identified

by immunostaining of the V5 epitope. Apoptotic PC12

cells were identified by TUNEL-positive staining and

Hoechst 33342 staining. PKCd-DN expressing PC12 cells

(about 30% V5-positive) showed intact nuclear morphology
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Fig. 10. Overexpression of dominant-negative mutant PKCdK376R (PKCd-DN) by lentiviral mediated transfection attenuated manganese-induced apoptosis in

PC12 cells. PC12 cells were transfected with LacZ or PKCd-DN using a V5-tagged lentiviral gene delivery system, and then cells were exposed to 1 mM MnCl2

for 24 h. (A) PKCd-DN or LacZ expressing PC12 cells were identified by immunostaining of the V5 epitope (red). Apoptotic PC12 cells were identified by both

TUNEL staining (green) and nuclear morphology changes revealed by Hoechst staining (blue). (B) The percentage of V5 apoptotic cells in PKCd-DN or LacZ

expressing PC12 cells after manganese exposure. Each bar represents mean � S.E.M. (n = 4). Asterisk (*p < 0.05) indicates a significant difference between

LacZ and PKCd-DN expressing cells.
and no TUNEL signal after manganese treatment

(Fig. 10A). However, strong TUNEL staining and nucleic

condensation into apoptotic bodies, as revealed by Hoechst

33342 staining, were observed in LacZ expressing PC12

cells. The TUNEL staining signal overlaid very well with

Hoechst 33342 staining, confirming that the TUNEL signal

was not induced by non-specific binding. The quantita-

tive analysis of apoptosis after manganese exposure in

PKCd-DN or LacZ expressing PC12 cells is summarized in

Fig. 10B. The percentage of apoptotic PC12 cells was

about 2.5-fold higher in LacZ expressing PC12 cells than

in PKCd-DN expressing PC12 cells. This result strongly

indicates that PKCd-DN significantly attenuated apoptosis

in PC12 cells induced by manganese treatment, demon-

strating therefore, that PKCd promotes manganese-

induced apoptosis in PC12 cells.
4. Discussion

In the present study, we systematically characterized the

cell death mechanisms associated with manganese toxicity,

and demonstrated that (i) manganese activates the mito-

chondrial-dependent caspase cascade; (ii) the mitochon-

drial anti-apoptotic protein Bcl-2 negatively modulates the

manganese-induced apoptotic cascade; and (iii) caspase-3-

dependent proteolytic activation of PKCd is a critical

down-stream effector of manganese-induced apoptosis.

Importantly, to our knowledge, this is the first report

establishing PKCd as a key biochemical target in manga-

nese-induced apoptotic cell death.

Manganese primarily targets the nigrostriatal system,

including the globus pallidus and substantia nigra

[4,5,46,47]. Manganese has been reported to accumulate
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in mitochondria and inhibit mitochondrial complex I and II

activities [36,48,49]. Reactive oxygen species (ROS) are

generated following inhibition of the mitochondrial elec-

tron transport chain [50]. In a recent study, manganese

increased ROS generation in isolated mitochondrial frac-

tions from mouse brains [51]. Also, we demonstrated that

ROS plays a causal role in apoptotic cell death following

exposure to the organic manganese compound methylcy-

clopentadienyl manganese tricarbonyl (MMT) [31]. ROS,

in a dopamine rich environment, contributes to oxidative

stress by forming dopamine derived quinone radicals

[52,53]. Therefore, the increased susceptibility of the nigral

system to manganese-induced neurotoxic insult can be

attributed to the enhanced sensitivity of nigrostriatal neurons

to oxidative stress. Although, we did not measure ROS

generation in the present study, the observed mitochondrial

membrane depolarization indicates the possible involvement

of oxidative insult in manganese-induced neurotoxicity.

Mitochondrial membrane depolarization results in the

rapid release of the pro-apoptotic factor cytochrome c into

the cytoplasm to initiate the caspase cascade, an early and

critical step in the apoptotic pathway [38,41,54–58]. Our

results are consistent with other recent reports of caspase-3

activation observed during manganese toxicity in other in

vitro models [20,59,60]. However, Oubrahim et al. [60]

reported that manganese-induced caspase-3 activation and

apoptosis in HeLa cells (derived from human epithelial

adenocarcinoma) were not mediated by mitochondria

because manganese did not alter the mitochondrial mem-

brane potential (DCm). Mitochondria from cancer cells

appear to be resistant to manganese toxicity. Another study

by Roth et al. [20] concluded that manganese-induced

apoptosis is a caspase-independent process because the

general caspase inhibitor Z-VAD-FMK failed to attenuate

manganese-induced cell death in PC12 cells at 24 h. Since

the investigators did not measure DNA fragmentation

directly, the functional role of caspase-3 in the apoptotic

process is difficult to ascertain. Also, they examined the

effect of Z-VAD-FMK on manganese toxicity only up to

24 h, and apoptosis could have occurred at a later time point.

Our data show that caspase-3 activation starts to rise at 24 h

and peaks around 36 h, whereas maximal DNA fragmenta-

tion occurs around 36–48 h after manganese treatment. Thus,

the manganese-induced cell death process appears to be cell

type specific and time-dependent. Our data clearly demon-

strate that chronic manganese exposure targets mitochondria

and activates caspase-dependent apoptosis in dopaminergic

cells, which are known to be selectively affected in manga-

nese-induced neurotoxicity. Furthermore, attenuation of

manganese-induced depolarization of DCm, cytochrome c

release, caspase-3 activation, and apoptosis by the mitochon-

drial anti-apoptotic protein Bcl-2 indicates that mitochondria

may serve as an initial regulator of manganese-induced

apoptosis in dopaminergic cells. Previous studies have

shown caspase-dependent degradation of Bcl-2 during the

apoptotic process [61,62], however, we observed no Bcl-2
degradation during manganese treatment. In addition, recent

evidence indicates that manganese may affect the endoplas-

mic reticulum (ER) and induce the caspase-12-dependent

apoptotic cascade [59,63], targeting multiple organelles and

promoting cell death.

Caspase-dependent apoptosis has been reported in

dopaminergic degeneration resulting from exposure to

various dopaminergic neurotoxins, including MPP+

[30,31,45,64,65] as well as in brains of PD patients

[66]. However, the key down-stream events that contribute

to DNA fragmentation are not well characterized. One

significant finding of the current study is the identification

of PKCd proteolytic activation induced by manganese

exposure. PKCd belongs to a novel isoform family of

PKCs and is activated in a calcium-independent manner.

Traditionally, PKCs have been considered to have anti-

apoptotic functions, but PKCd is emerging as a key pro-

apoptotic factor. Lipid-dependent translocation and pro-

teolytic activation are two major activation mechanisms of

PKCd [34,67–69]. Also, activation of PKCd by tyrosine

phosphorylation has been reported [70]. Recently, we

demonstrated that PKCd proteolytic activation mediates

apoptotic cell death in dopaminergic cells following expo-

sure to dieldrin and MPP+ [30,45]. In those studies as well

as in the present study, PKCd was not activated by trans-

location, indicating that proteolytic activation is the pri-

mary mode of activation in dopaminergic cells. Induction

of DNA fragmentation by delivery of the catalytically

active PKCd protein and attenuation of manganese-

induced DNA fragmentation by pharmacological and

genetic modulation of PKCd (kinase-inactive mutant)

clearly show that PKCd is a key down-stream substrate

of caspase-3. The cellular substrates of PKCd that speci-

fically mediate apoptotic cell death have not yet been

defined. However, several signaling molecules such

as DNA protein kinase (DNA-PK), MAP-kinase, scram-

balase, and NF-kappa transcription factor have been

proposed to function as down-stream effectors of PKCd

[71–74]. Previously, Hirata et al. [19] reported activation of

the JNK pathway by phosphorylation of a serine–threonine

kinase in Manganese-treated PC12 cells. PKCd-dependent

phosphorylation of JNK has been implicated in apoptosis

[72].

In conclusion, manganese treatment in dopaminergic

cells induces caspase-3-dependent proteolytic activation of

PKCd, and the active PKCd contributes to apoptotic cell

death. Identification of critical cellular targets of PKCd

important in apoptosis following manganese treatment

may provide insight into neurodegenerative processes

associated with manganese exposure.
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