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Microglia, the innate immune cells in the brain, can become chronically activated in response to dopaminergic neuron death,

fuelling a self-renewing cycle of microglial activation followed by further neuron damage (reactive microgliosis), which is

implicated in the progressive nature of Parkinson’s disease. Here, we use an in vitro approach to separate neuron injury factors

from the cellular actors of reactive microgliosis and discover molecular signals responsible for chronic and toxic microglial

activation. Upon injury with the dopaminergic neurotoxin 1-methyl-4-phenylpyridinium, N27 cells (dopaminergic neuron cell

line) released soluble neuron injury factors that activated microglia and were selectively toxic to dopaminergic neurons in mixed

mesencephalic neuron-glia cultures through nicotinamide adenine dinucleotide phosphate oxidase. m-Calpain was identified as a

key signal released from damaged neurons, causing selective dopaminergic neuron death through activation of microglial

nicotinamide adenine dinucleotide phosphate oxidase and superoxide production. These findings suggest that dopaminergic

neurons may be inherently susceptible to the pro-inflammatory effects of neuron damage, i.e. reactive microgliosis, providing

much needed insight into the chronic nature of Parkinson’s disease.
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Introduction
Parkinson’s disease is a devastating movement disorder character-

ized by selective and progressive loss of dopaminergic neurons

in the substantia nigra. An active pathological process is implicated

in Parkinson’s disease (McGeer et al., 1988a), but the mechanisms

responsible for the chronic and progressive neuron damage are

unclear. Microglia, the resident innate immune cells in the brain,

are activated in Parkinson’s disease (McGeer et al., 1988b).

Recent evidence points to microglial activation and the production

of toxic factors (i.e. interleukin-1b, tumour necrosis factor-�, pros-

taglandin E2, nitric oxide and superoxide) as key contributors to

dopaminergic neuron damage implicated in Parkinson’s disease

(Block et al., 2007). The mechanisms fuelling this chronic and

toxic microglial response, however, are largely unknown.

Microglial activation in response to neurodegeneration or

neuron injury was initially perceived as a transient event (Streit

et al., 1999). However, recent reports indicate that the microglial

response to neuronal damage can be toxic, long-lived and

self-propelling (Gao et al., 2003b; Huh et al., 2003; McGeer

et al., 2003). In fact, dying/damaged neurons themselves are

implicated as potential triggers of toxic microglial activation (Gao

et al., 2003b). This repeating cycle of neurotoxic microglial acti-

vation in response to neuron injury is commonly referred to as

reactive microgliosis, which may be culpable in persistent inflam-

mation and chronic neuron damage associated with Parkinson’s

disease (Block et al., 2007).

This premise is supported by studies investigating the effects

of the selective dopaminergic neurotoxin, 1-methyl 4-phenyl

1,2,3,6-tetrahydropyridine (MPTP), an illicit drug contaminant

linked to human Parkinsonism cases (Langston et al., 1983). To

damage dopaminergic neurons, MPTP must be metabolized to

1-methyl-4-phenylpyridinium (MPP+), which is then selectively

taken up by the dopamine transporter, resulting in inhibition of

the mitochondrial electron transport chain complex I (Przedborski

et al., 2004). In addition to this mechanism of direct neurotoxicity,

MPTP-induced neurotoxicity is also clearly linked with microglial

activation in vivo and in vitro (Gao et al., 2003b; McGeer et al.,

2003; Wu et al., 2003). While in vitro studies show that MPTP

directly damages dopaminergic neurons, both MPTP and MPP+

fail to activate microglia directly (Gao et al., 2003b). Rather,

microglial activation in response to MPTP or MPP+ occurs only

when neurons are present and this response takes time (days) to

accumulate (Gao et al., 2003b). Furthermore, the addition of

microglia to enriched neuron cultures greatly enhances

MPTP-induced dopaminergic toxicity (Gao et al., 2003b), demon-

strating that microglia cause dopaminergic neuron damage in

addition to the direct toxic effects of MPTP/MPP+ on the neuron.

In vivo studies also emphasize the important role of inflamma-

tion as a toxic component of MPTP/MPP+ neurotoxicity (Wu

et al., 2002), where dopaminergic neuron damage in response

to MPTP is significantly reduced in mutant mice with deficient

production of pro-inflammatory factors, such as nitric oxide

(Liberatore et al., 1999), superoxide (Wu et al., 2003; Zhang

et al., 2004), prostaglandins (Feng et al., 2002; Teismann et al.,

2003) and tumour necrosis factor-� (Sriram et al., 2002).

Interestingly, chronic neuroinflammation and neuron damage is

reported to continue years after MPTP exposure in humans

(Langston et al., 1999) and primates (McGeer et al., 2003), indi-

cating an active pathology that persists long after the initial toxic

insult has been metabolized and eliminated. Thus, several lines of

evidence suggest that microglial activation initiated by neuronal

damage may be toxic and persistent, continuing long after the

initiating damaging/toxic stimulus is gone. At present, how neu-

ronal damage results in microglial activation is poorly understood.

In the current study, we begin to address two fundamental

questions regarding reactive microgliosis: (i) why the microglial

response to neuron damage persists, and (ii) why this response

is toxic. First, using an in vitro MPP+ model, we examined

whether dopaminergic neuron damage/death causes the release

of soluble factors that are selectively toxic to neighbouring/

additional dopaminergic neurons through the activation of micro-

glia. Second, we identify a key neuron injury signal driving the

toxic component of reactive microgliosis. More specifically, we

determined that m-calpain, a cytosolic calcium-dependent cysteine

protease, is released extracellularly upon dopaminergic neuron

damage with MPP+, activating microglia to produce superoxide,

which is selectively toxic to dopaminergic neurons.

Methods

Animals
Timed-pregnant (gestational day 14) adult female Fisher 344 rats

were purchased from Charles River Laboratories (Raleigh, NC).

Eight-week-old (25–30 g) male and female B6.129S6-Cybbtm1Din

(PHOX�/�) and C57BL/6J (PHOX+/+) mice were purchased from

Jackson Laboratories (Bar Harbor, Maine) and maintained in a strict

pathogen-free environment. The PHOX�/� mice lack the functional

catalytic subunit of the nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase complex, gp91. NADPH oxidase is an inducible elec-

tron transport system in phagocytic cells that is responsible for the

generation of the respiratory burst. PHOX�/� mice are unable to gen-

erate extracellular superoxide in response to lipopolysaccharide or

other immunological stimulus. Breeding of the mice was designed to

achieve accurate timed-pregnancy� 0.5 days. Because the PHOX�/�

mutation is maintained in the C57BL/6J background, the C57BL/6J

(PHOX+/+) mice were used as control animals. Housing, breeding

and experimental use of the animals were performed in strict accor-

dance with the National Institutes of Health guidelines.

Reagents
Lipopolysaccharide (strain O111:B4), m-calpain and the polyclonal anti-

m-calpain antibody were purchased from EMD Chemicals (Gibbstown,

NJ). Cell culture reagents were obtained from Invitrogen (Carlsbad,

CA). [3H] Dopamine (28 Ci/mmol) and [2,3-H3] GABA (81 Ci/mmol)

were purchased from NEN Life Science (Boston, MA). The polyclonal

antibody against tyrosine hydroxylase was purchased from Protos

Immunoresearch (Burlingame, CA). The neuron-specific nuclear pro-

tein (NeuN) monoclonal antibody was obtained from Millipore

(Billerica, MA). The polyclonal antibody against the ionized

calcium-binding adaptor molecule-1 microglial marker was purchased

from Wako (Richmond, VA). The biotinylated horse anti-mouse and
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goat anti-rabbit secondary antibodies were purchased from Vector

Laboratories (Burlingame, CA). 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-

(2,4,-disulphophenyl)-2H-tetrazolium, monosodium salt (WST-1) was

purchased from Dojindo Laboratories (Gaithersburg, MD). Tumour

necrosis factor-� enzyme-linked immunosorbent assay (ELISA) kits

were purchased from R&D Systems (Minneapolis, MN).

Prostaglandin E2 ELISA kits were purchased from Cayman (Ann

Arbor, MI). All other reagents were procured from Sigma-Aldrich

(St. Louis, MO).

Primary cultures
Rat and mouse ventral mesencephalic neuron-glia cultures from day

14 Fisher 344 rat embryos or day 14 mouse embryos (PHOX+/+ or

PHOX�/�) were prepared as previously described (Liu et al., 2001).

Cultures were treated 7 days after seeding.

Primary enriched microglia cultures were prepared from the whole

brains of a day old Fisher 344 rat pups, as previously described (Block

et al., 2004). Cells were treated 24 h after seeding the enriched micro-

glia. Immunocytochemistry revealed 51% astrocyte or neuron

contamination.

Primary microglia-depleted cultures were prepared according to

Wang et al. (2006) by adding 1 mM leucine methyl ester into the

primary neuron-glia cultures 24 h after the initial seeding.

Seven-day-old cultures were used for treatment. At the time of treat-

ment, immunocytochemistry analysis indicated that the microglial

composition was 50.1%.

N27 cells
N27 cells are T-antigen immortalized rat mesencephalic dopaminergic

neuron cells (Zhou et al., 2000). N27 cells were grown in Roswell Park

Memorial Institute medium 1640 supplemented with 10% foetal

bovine serum, penicillin (100 U/ml), streptomycin (100 U/ml) and

2 mM L-glutamine. Cells were maintained at 37�C in a 5% CO2 humi-

dified atmosphere.

Uptake assays (dopamine and GABA)
Cells were incubated in Krebs-ringer buffer (16 mM NaH2PO4, 16 mM

NaH2PO4, 1.2 mM MgSO4, 1.3 mM EDTA, 4.7 nM KCL, 16 mM

Na2HPO4) for 15 min at 37�C with either 5 mM [3H] GABA or 1 mM

[3H] dopamine. Non-specific uptake was blocked for GABA with

10 mM nitric oxide-711 and 1 mM b alanine. Non-specific uptake

was blocked for dopamine with 10 mM mazindole. After incubation,

cells were lysed and radioactivity was measured, where specific [3H]

GABA or [3H] dopamine uptake was calculated by subtracting the

mazindole or the nitric oxide-711 and b-alanine counts from the

wells without the uptake inhibitors.

Soluble neuron injury
factors-N27-conditioned medium
At 24 h post-seeding, N27 cells (5� 106 cells/well) were exposed to

treatment medium alone or MPP+ (5 or 10mM) for 24 h. Cells were

then washed three times with 1 ml/well of warm treatment medium to

remove MPP+. Next, 1 ml of fresh treatment medium was added to

each well and soluble factors were allowed to accumulate (0 or 6 h).

The conditioned medium was then transferred to primary mixed

neuron-glia cultures prepared from the mesencephalon of embryonic

day 14 rats, PHOX+/+ mice, or PHOX�/�.

Immunostaining
Cells were fixed in 3.7% formaldehyde, washed twice, and followed

by treatment with 1% hydrogen peroxide. Cultures were then washed

three times and incubated with a blocking solution [phosphate buf-

fered saline (PBS) containing 1% bovine serum albumin, 0.4% Triton

X-100 and 4% serum] and incubated overnight (4�C) with the primary

antibody diluted in Dako antibody diluent. Cultures were then incu-

bated with an appropriate biotinylated secondary antibody. After

washing three times, the cultures were incubated with Vectastain

ABC Kit reagents according to the manufacturer’s instructions.

Images were captured with an Axio Cam MRc5 imaging system

(Carl Zeiss MicroImaging Thornwood, NY). To quantify cell numbers,

nine representative areas were counted per well in the 24 well plate, at

100�magnification by two individuals. The average of these scores is

reported.

Superoxide assay
Extracellular superoxide (O��2 ) production from microglia was deter-

mined as reported previously by measuring the superoxide dismutase

inhibitable reduction of WST-1 (Block et al., 2006). Cell-free experi-

ments with and without m-calpain were conducted to determine that

m-calpain did not alter absorbance by itself (data not shown). The

amount of superoxide dismutase-inhibitable superoxide was calculated

and expressed as percent of vehicle-treated control cultures.

Confocal microscopy
Microglia were seeded on Matek (Sussex, UK) confocal chambers

(2� 106 cells/chamber) for 24 h and then treated with either

medium alone or medium containing 3.8 mg/ml m-calpain. At 12 h

post-treatment, cells were washed, fixed [3.7% paraformaldehyde

(w/w)/0.2% glutaraldehyde (v/v)] and permeabilized with 0.1%

surfact-amps X-100. Following blocking (1% bovine serum albumin),

fixed cells were incubated with anti-ionized calcium binding adaptor

molecule-1 (1:200), followed by an Alexa-Fluor 488 secondary anti-

body (1:500). Microglia morphology was visualized using a laser scan-

ning confocal microscope (LSM 510 mounted on an Axiovert 100 M

microscope, Carl Zeiss, Inc.). The fluorescence and differential interfer-

ence contrast images were captured simultaneously using the 488 nm

line from an Argon laser and a Zeiss C-Apo 40�N.A. = 1.2 water

immersion objective lens.

Tumour necrosis factor-a and
prostaglandin E2 ELISA
The production and release of tumour necrosis factor-� into the

medium was measured with a commercial ELISA kit from R&D

Systems (Minneapolis, MN), as described previously (Liu et al.,

2001). The prostaglandin E2 release was measured with a commercial

ELISA kit from Cayman Chemical Company (Ann Arbor, MI), as

described previously (Liu et al., 2001).

Nitrite assay
As an indicator of nitric oxide production, the amount of nitrite accu-

mulated in the culture supernatant was determined with a colorimetric

assay using Griess reagent [1% sulphanilamide, 2.5% H3PO4,

0.1% N-(1-naphthyl) ethylenediamine dihydrochloride] as previously

reported (Block et al., 2004). The sample nitrite concentration was
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determined from a sodium nitrite standard curve, with a lower limit of

detection of 1.2 mM.

Immunoblotting
Conditioned medium (6 h) was collected from treated N27 cells with a

serum-free treatment medium. Serum was omitted from the medium

for these studies as it confounds the western blot analysis. The

absence of serum did not affect culture viability, as determined by

lactate dehydrogenase release from the cells determined using the

Promega LDH Kit according to the manufacturer’s instructions (data

not shown). Complete protease inhibitor (Roche Applied Sciences,

Indianapolis, IN) was added to pooled samples from each treatment

and the samples were concentrated using Amicon Ultra-15 centrifugal

filter units with a 3 kDa cut-off (Millipore, Billerica, MA). Concentrated

samples were electrophorezed on Nu-PAGE� 4–12% Bis–Tris electro-

phoresis gels (Invitrogen, Carlsbad, CA), transferred to nitrocellulose

membranes, blocked with 5% non-fat milk for 1 h, followed by incu-

bation overnight with a rabbit anti-m-calpain antibody (1:1000) at 4�C.

Blots were then incubated with horseradish peroxidase-linked mouse

anti-rabbit (1:5000) for 1 h and bands were visualized with enhanced

chemiluminescence and Plus reagents (Amersham, Piscataway, NJ).

Calpain activity
Calpain activity was determined using the InnoZymeTM Calpain 1 and

2 Activity Kit (EMD Chemicals, Gibbstown, NJ), per manufacturer

instructions. N27 cell lysate was acquired using Cytobuster (EMD

Chemicals, Gibbstown, NJ) lysis buffer and 100 mg of total protein

was assayed. A conditioned medium was collected before cell lysis

and 100ml from each treatment was measured with the kit. Data

are reported as relative fluorescence units, as defined by manufacturer

instructions.

k-Calpain ELISA
We developed a sandwich ELISA to quantitate rat m-calpain in a con-

ditioned medium. Nunc-immunoTM 96 well plates were coated with

100 ml (5 mg/ml) of anti-m-calpain capture antibody (H-65, Santa Cruz

Biotechnology, Santa Cruz, CA) in PBS at 24�C overnight and washed

three times with 0.1% Tween in PBS. The plate was then blocked for

1 h with 300ml of the blocking buffer (1% bovine serum albumin and

5% sucrose in PBS). Conditioned medium samples were diluted 1:2

in reagent diluent (1% bovine serum albumin in PBS) containing pro-

tease inhibitors (Halt Protease Inhibitor Cocktail, Thermo Scientific,

Rockford, IL). Human m-calpain (4.0–0.125 mg/ml, EMD Chemicals,

Gibbstown, NJ) suspended in a 1:2 dilution of reagent diluent and

the neuron-glia treatment medium was used as a standard. The treat-

ment medium diluted 1:2 with reagent diluent was used as a blank.

After blocking, 100ml of either sample or standard was added to the

plate in duplicates, at room temperature for 2 h and washed three

times with 0.1% Tween in PBS. Next, 100ml (10mg/ml) of detection

antibody (N-19, Santa Cruz Biotechnology, Santa Cruz, California) in

reagent diluent was added for 1 h and washed three times with 0.1%

Tween in PBS. The capture (H-65) and detection (N-12) antibodies

recognize both human and rat m-calpain. Then, 100 ml (1 mg/ml)

of anti-goat horseradish peroxidase-conjugated antibody (Vector

Laboratories, Burlingame, CA) in reagent diluent was added for 1 h

and washed three times with 0.1% Tween in PBS. 3,30,5,50-

Tetramethylbenzidine solution was added (100 ml, Sigma Aldrich

Chemical Company, St. Louis, MO) for 30 min. Finally, 50 ml of stop

solution was added (1N H2SO4) and the microplate was read at an

absorbance of 450. The ELISA has a lower detection limit of 1 mg/ml of

m-calpain. Protein quantitation is considered relative in that the stan-

dards are derived from human m-calpain.

Lactate dehydrogenase release
Cell viability was determined by lactate dehydrogenase release using

the CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Promega,

Madison, WI), according to the manufacturer’s instructions.

Statistical analysis
Data are expressed either as raw values, the percentage of control or

the difference from control, where control values were set to either

100% or 0 accordingly. The treatment groups are expressed as the

mean� SEM and statistical significance was assessed with an analysis

of variance followed by Bonferroni’s t-test. In cases where only two

means could be compared, an independent t-test was used. A value of

P50.05 was considered statistically significant.

Results

Soluble neuron injury factors
accumulate in a conditioned medium
and are toxic to dopaminergic neurons
The ability of damaged neurons to release soluble signals into a

conditioned medium, which then propagates additional dopami-

nergic neuron damage, was tested using the N27 cell line as a

means to generate soluble neuron injury signals upon MPP+ expo-

sure and primary neuron-glia cultures to test the effects of the

N27-derived conditioned medium on dopaminergic neuron sur-

vival. N27 cells were exposed to either vehicle (Control) or

MPP+ (5 and 10 mM) for 24 h. Consistent with other reports

(Drechsel et al., 2007), approximately 35% of N27 cells released

lactate dehydrogenase in response to 10 mM MPP+ at 24 h

post-treatment and cells remained adherent to the cell culture

plate (Supplementary Fig. S1). N27 cells provided a subtle model

of MPP+ toxicity that allowed damage to accumulate over 30 h.

Specifically, N27 cells express lower amounts of dopamine trans-

porter, making them more resistant to MPP+ when compared to

primary dopaminergic neurons (Supplementary Fig. S2A). After

washing MPP+ from N27 dopaminergic neuron cells three times

with 1 ml of medium, the conditioned medium was collected from

N27 cells at either 0 or 6 h following the final wash. Fresh medium

alone (unconditioned) or the conditioned medium collected from

washed N27 cells was then added to mixed neuron-glia cultures.

To discern the effect of these injury factors in the conditioned

medium on dopaminergic neuron function, the ability of cells to

uptake [3H] dopamine was measured. As expected, the condi-

tioned medium taken immediately after the wash (0 h), allowing

no time for factors to accumulate, failed to result in any significant

loss of dopaminergic neuron function or tyrosine hydroxylase-

immunoreactive cells, supporting that MPP+ was not present in

the conditioned medium (P50.05) (Fig. 1A and B). However,

the conditioned medium collected from MPP+-treated N27 cells

after 6 h (allowing time for soluble factors to be secreted) resulted
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in a significant and dose-dependent reduction in dopaminergic

uptake (P50.05) (Fig. 1A). That is, the conditioned medium

from N27 cells treated with MPP+ (10 mM) and MPP+ (5 mM)

resulted in a 74% and 57% loss of dopaminergic neuron cell

function (P50.05) (Fig. 1A), when compared to the conditioned

medium from N27 cells exposed to the medium containing no

MPP+ or fresh unconditioned medium controls, respectively.

Neuron-glia cultures were also stained with the tyrosine hydroxy-

lase antibody, where the number of tyrosine hydroxylase-positive

neurons was counted 9 days post-treatment. Only the medium

conditioned at 6 h from MPP+ (5 and 10 mM)-treated N27 cells

reduced the number of tyrosine hydroxylase-immunoreactive

neurons significantly (P50.05) (Fig. 1B), where the conditioned

medium from N27 cells treated with MPP+ (10 mM) produced a

52% loss of dopaminergic neurons. Thus, further analyses only

included 6 h conditioned medium. Figure 1C demonstrates that

6 h conditioned medium from N27 cells treated with MPP+

(10 mM) also results in changes in dopaminergic neuron morphol-

ogy indicating damage, such as loss of dendrites and axons. In

contrast, the conditioned medium from N27 cells that received

only medium failed to affect dopaminergic uptake or cell loss,

indicating that neuron damage had to occur for the conditioned

medium to be toxic. Thus, the conditioned medium from MPP+-

damaged N27 cells contained soluble factors that accumulated

Figure 1 Dopaminergic neurons are selectively vulnerable to soluble neuron injury signals. Mesencephalic neuron-glia cultures were

treated with medium alone (unconditioned medium, �/�) or conditioned medium (CM) from N27 dopaminergic (DA) cells exposed to

MPP+ to determine if signals released from damaged neurons propagate further dopaminergic neuronal damage. N27 cells were treated

with either medium alone (+/�) or MPP+ (5 or 10 mM) for 24 h (N27 MPP+ TRT). After washing MPP+ from N27 dopaminergic neuron

cells three times with 1 ml of medium, the conditioned medium was collected from N27 cells at either 0 or 6 h following the final wash. The

fresh medium alone (�/�) or the conditioned medium was added to mixed neuron-glia cultures. (A) Soluble neuron-injury signals take

time to accumulate in the conditioned medium. Loss of dopaminergic neuron function was measured 9 days later with the [3H] dopamine

uptake assay. (B) Loss of dopaminergic neurons was determined 9 days later by counting the number of tyrosine hydroxylase (TH)-

immunoreactive (IR) neurons. (C) Tyrosine hydroxylase staining demonstrates the ability of 6 h conditioned medium (from N27 cells

treated with 10mM MPP+) to cause morphological damage to dopaminergic neurons. The arrow denotes the damaged dopaminergic

neuron and the scale bar indicates 50 mm. Representative images are from three separate experiments. (D) Loss of dopaminergic neurons

(tyrosine hydroxylase-immunoreactive neurons) and total neurons (NeuN-immunoreactive neurons) was determined 9 days later by cell

count. Graphs show the results expressed as percentage of the control cultures (unconditioned medium, �/�) and are the mean �

standard error of mean from three independent experiments in triplicate. �P50.05, control compared to treatment, #P50.05 indicates

significant differences due to either time (0 versus 6 h) or selective neurotoxicity (tyrosine hydroxylase versus NeuN).
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with time to cause further dopaminergic neuron damage in pri-

mary neuron-glia cultures.

Soluble neuron injury factors are
selectively toxic to dopaminergic
neurons
In an effort to determine whether dopaminergic neurons are

selectively vulnerable to the toxic effects of reactive microgliosis,

neuron-glia cultures were exposed to the conditioned medium

from damaged N27 cells and stained for tyrosine hydroxylase

and NeuN 9 days after treatment. Figure 1D indicates that while

6 h conditioned medium from N27 cells treated with MPP+ (10mM

and 5mM) caused significant loss of tyrosine hydroxylase-

immunoreactive neurons (P50.05), there was no overall effect

on the neuron number, indicating that dopaminergic neurons are

selectively vulnerable to the toxic effects of dopaminergic neuron

(N27 cells) damage that is transferred in the conditioned medium.

Immunohistochemical staining revealed that the total amount of

dopaminergic neurons present in untreated neuron-glia cultures

represent 51% of the total neurons, as previously reported (Liu

and Hong, 2003a). Thus, consistent with our previous results,

robust and selective dopaminergic neurotoxicity does not signifi-

cantly impact overall neuron number in the neuron-glia culture

system (Block et al., 2004, 2006).

Soluble neuron injury factors toxically
activate microglia
Neuron-glia cultures were also stained for ionized calcium-binding

adaptor molecule-1 at 12 h post-treatment to observe changes in

microglia morphology. Figure 2A depicts microglial activation in

response to 6 h conditioned medium from N27 cells treated with

MPP+ (10 mM) when compared to controls. Activated microglia

cells are larger and display a more irregular, amoeboid morphol-

ogy. MPP+ itself does not activate microglia (Supplementary Fig.

S2B). Previous studies have shown that damaged dopaminergic

neurons must be present for microglial activation to occur in

response to MPP+ (Gao et al., 2003c). To discern the role of

activated microglia as a mechanism through which the conditioned

medium was causing dopaminergic neuron death, neuron-glia cul-

tures depleted of microglia (50.1% microglia present) were

exposed to the conditioned medium from N27 cells treated with

MPP+ (10mM and 5 mM) and dopaminergic neurotoxicity was

abolished (Fig. 2B) (P50.05). Thus, not only do damaged neurons

Figure 2 Soluble neuron injury signals are toxic to dopaminer-

gic neurons through microglial activation and NADPH oxidase.

Mesencephalic neuron-glia cultures were treated with medium

alone (�/�) or conditioned medium (CM) from N27

dopaminergic (DA) cells exposed to MPP+ to determine if signals

released from damaged neurons propagate further dopaminer-

gic neuron damage. N27 cells were treated with either medium

alone (+/�) or MPP+ (5 or 10 mM) for 24 h (N27 MPP+ TRT).

After washing MPP+ from N27 dopaminergic neuron cells three

times with 1 ml of medium, the conditioned medium was

collected from N27 cells at 6 h following the final wash. Fresh

unconditioned medium (�/�) or the conditioned medium was

added to mixed neuron-glia cultures. (A) At 12 h

post-treatment, neuron-glia cultures were stained for ionized

calcium-binding adaptor molecule-1. The arrows denote

examples of activated microglia and the scale bar indicates

50 mm. Microglial activation in response to the conditioned

medium from N27 cells damaged with MPP+ is depicted by an

increase in the number of stained cells, enlarged size of stained

cells and irregular amoeboid morphology. Representative

images are from three separate experiments. (B) Dopamine

neurotoxicity was measured 9 days later with the [3H] dopamine

uptake assay in neuron-glia cultures (N/G: containing microglia,

astrocytes and neurons) and microglia-depleted cultures

(MG-depleted: containing astrocytes and neurons). The

conditioned medium was only toxic in the presence of microglia.

(C) Dopamine neurotoxicity was measured 9 days later with the

[3H] dopamine uptake assay in neuron-glia cultures from mice

missing functional NADPH oxidase (PHOX�/�) and control

strains (PHOX+/+). The conditioned medium was only toxic in

the presence of NADPH oxidase. Graphs show the results

expressed as percentage of the control cultures and are the

mean� SEM from three independent experiments in triplicate.
�P50.05, control compared to treatment, #P50.05 indicates

significant differences due to microglia (N/G versus microglia) or

mouse strain (PHOX+/+ versus PHOX�/�).
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secrete soluble signals that activate microglia, but this microglial

activation is responsible for the further toxicity of soluble neuron

injury factors. In addition, the lack of any toxicity for the condi-

tioned medium treatments in the absence of microglia confirms

that MPP+ is not present in the conditioned medium, as MPP+ is

well known to kill at least some dopaminergic neurons directly in

the absence of microglia (Gao et al., 2003c).

NADPH oxidase is a key for conditioned
medium-induced dopaminergic
neurotoxicity
NADPH oxidase is the enzyme complex responsible for the respi-

ratory burst in phagocytes. Activation of this enzyme in microglia

induces the production of extracellular superoxide, resulting

in selective dopaminergic neurotoxicity (Qin et al., 2004).

Mesencephalic neuron-glia cultures from PHOX�/� mice are resis-

tant to MPTP and MPP+-induced dopaminergic neurotoxicity,

when compared to PHOX+/+ mice (Gao et al., 2003c;

Wu et al., 2003). Here, we show that this is probably due to an

insensitivity to the soluble pro-inflammatory signals released by

damaged neurons, as PHOX�/� mice are resistant to 6 h condi-

tioned medium from N27 cells treated with MPP+ (10mM and

5mM) (Fig. 2C) (P50.05). These results confirm that NADPH oxi-

dase is critical to the toxic effects of reactive microgliosis and

demonstrate for the first time that the factors released into the

conditioned medium upon neuron damage are essential to this

process.

k-Calpain is released by MPP+-treated
N27 cells
Next we began to address the identity of the factors present in the

conditioned medium that were responsible for the selectively toxic

aspects of reactive microgliosis. We began by concentrating the

pooled conditioned medium from N27 cells exposed to medium

alone (Control) or MPP+ (10 mM and 5 mM). The western blot

analysis of concentrated samples showed that m-calpain was pre-

sent as a 78 kDa band that increased in the conditioned medium in

response to increasing concentrations of MPP+ treatment and con-

sequent N27 cell damage (Fig. 3A). Densitometry analysis aver-

aged over five separate experiments demonstrated that these

changes in extracellular m-calpain were significant from control

values (Fig. 3B) (P50.05). In a separate study, 2.7mg/ml m-calpain

was measured by ELISA in a conditioned medium of N27 cells

treated with 10 mM MPP+ (Fig. 3C). This is further supported by

the enzyme activity assay, where relative m-calpain levels in the

conditioned medium from N27 cells treated with 10 mM MPP+

were predicted to be �3.13 mg/ml (Supplementary Table S2).

Notably, this concentration of calpain is less than

extracellular calpain concentrations predicted to play a role in pro-

gressive liver damage (Limaye et al., 2003; Mehendale and

Limaye, 2005).

Extracellular k-calpain is toxic to
dopaminergic neurons
While intracellular m-calpain is known to play a key role in how

cells die and are damaged (Hara and Snyder, 2007), the role of

this enzyme once outside the cell is unknown. Here, we compared

the neurotoxic effect of extracellular m-calpain on dopaminergic

neurons in rat mesencephalic neuron-glia cultures. To discern

Figure 3 m-Calpain is a soluble neuron injury factor released

by damaged dopaminergic neurons. N27 dopaminergic neuron

cells were treated with either medium alone or MPP+ (5 or

10 mM) for 24 h (N27 MPP+ TRT). After washing MPP+ from

N27 dopaminergic neuron cells three times with 1 ml of medium,

conditioned medium (CM, serum-free medium) from N27 cells

at 6 h following the final wash. Samples were concentrated from

15 ml to 100ml and ran out on a sodium dodecyl sulphate

polyacrylamide gel electrophoresis gel. (A) Representative image

of western blot analysis. Blots of concentrated conditioned

medium probed with an anti-m-calpain antibody reveals a

78 kDa protein band that increases with the concentration the

MPP+ exposure (i.e. increases with enhanced neuron damage).

(B) The densitometry graph shows the results expressed as

percentage of the control and are the mean� SEM from five

independent experiments. (C) The relative amount of

extracellular m-calpain present in the unconcentrated N27

conditioned medium, as determined by ELISA. The results are

from six separate experiments. �P50.05, control compared to

treatment.
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the effect of m-calpain on dopaminergic neuron function, the

ability of cells to uptake [3H] dopamine was measured.

Addition of m-calpain to neuron-glia cultures resulted in a signif-

icant dose-dependent reduction in dopamine uptake (P50.05)

(Fig. 4A) at 9 days post-treatment. The highest dose of

3.8 mg/ml calpain produced a 49% loss of dopaminergic neuron

cell function that was abolished when the enzyme was boiled,

indicating that enzymatic function was essential for toxicity.

Lipopolysaccharide was used as a positive control for

microglia-mediated neurotoxicity and the loss of dopaminergic

neuron function seen with lipopolysaccharide (10 ng/ml) was

comparable to calpain (3.8 mg/ml). Notably, boiled calpain

(3.8 mg/ml) had no effect. The same assay performed at 3 days

post-treatment showed no significant changes in [3H] dopamine

uptake (Supplementary Fig. S3), indicating that damage took

time (days) to accumulate. This delayed dopaminergic neuro-

toxicity is consistent with previously reported mechanisms of

microglia-mediated neurotoxicity, such as the case with lipopoly-

saccharide (Gao et al., 2002).

To quantitate the dopaminergic neuron cell loss associated with

m-calpain treatment, neuron-glia cultures were exposed to

m-calpain and stained with the tyrosine hydroxylase antibody,

where the number of tyrosine hydroxylase-positive neurons were

counted. m-Calpain reduced the number of tyrosine hydroxylase-

immunoreactive neurons by 31% and this was abolished by

boiling the enzyme (P50.05) (Fig. 4B). m-Calpain also caused

morphological damage to dopaminergic neurons, as evidenced

by loss of dendrites and axons (Fig. 4C).

Figure 4 Extracellular m-calpain selectively kills dopaminergic neurons. Rat mesencephalic neuron-glia cultures were treated with either

medium alone (control), lipopolysaccharide (LPS; 10 ng/ml) or m-Calpain (3.8 mg/ml, 1.9mg/ml or boiled). (A) Loss of dopaminergic

neuron function was measured 9 days later with the [3H] dopamine uptake assay. (B) Loss of dopaminergic neurons was determined

9 days later by counting the number of tyrosine hydroxylase (TH)-immunoreactive (IR) neurons. (C) Tyrosine hydroxylase staining

demonstrates m-calpain-induced morphological damage to dopaminergic neurons. The arrow denotes the damaged dopaminergic neuron

and the scale bar indicates 50 mm. Representative images are from three separate experiments. (D) Dopamine neurotoxicity (DA) and

GABA neurotoxicity (GABA) was determined 9 days later by [3H] dopamine or GABA uptake assay. (E) General loss of total neurons

(NeuN-immunoreactive neurons) was determined 9 days later by the cell count. Graphs show the results expressed as percentage of the

control cultures and are the mean� SEM from three independent experiments in triplicate. �P50.05, control compared to treatment;
#P50.05 indicates significant differences in selective neurotoxicity (tyrosine hydroxylase versus GABA).
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Extracellular k-calpain neurotoxicity is
selective for dopaminergic neurons
Neuron-glia cultures exposed to m-calpain were compared

for the ability to uptake [3H] dopamine and [3H] GABA.

Figure 4D shows that dopaminergic uptake was reduced by the

addition of m-calpain to only neuron-glia cultures (P50.05),

while GABA uptake remained unchanged. The number of

NeuN immunoreactive neurons in neuron-glia cultures was also

counted to determine the toxic effect of m-calpain on the overall

neuron number (Fig. 4E). These data showed that m-calpain had

no effect on the number of NeuN-positive cells present in

neuron-glia cultures. Together, the lack of m-calpain effect on

both GABA uptake and NeuN cell count in neuron-glia cultures

supports the specificity of m-calpain-induced dopaminergic

neurotoxicity.

Extracellular k-calpain activates
microglia
It has been well established that the activation of microglia, and

the consequent production of pro-inflammatory factors, has been

linked to dopaminergic neurotoxicity (Liu and Hong, 2003b; Qin

et al., 2004). The supernatant from m-calpain-treated neuron-glia

cultures was tested for the presence of several pro-inflammatory

factors. m-Calpain added to cultures was lipopolysaccharide-

free, per manufacturer specifications. Analysis of supernatant

collected at 3, 6, 12 and 24 h, and 4, 6, 8 and 9 days

post-m-calpain treatment in neuron-glia cultures revealed that

prostaglandin E2, tumour necrosis factor-� and nitrite (indicative

of nitric oxide production) were not produced (Supplementary

Table S1). However, immunocytochemistry staining with the

ionized calcium-binding adaptor molecule-1 antibody for

microglia at 12 h post-m-calpain treatment revealed activated

microglia morphology (Fig. 5A). The activated microglia were

identified by the altered amoeboid morphology when compared

to the control group. This early evidence of microglial

activation occurred eight days before the determination of

dopaminergic neurotoxicity and supported the role of microglia

as the triggering event of m-calpain-induced dopaminergic

neurotoxicity.

Microglia mediate dopaminergic
neurotoxicity caused by extracellular
k-calpain
To investigate the role of microglia in m-calpain-induced dopami-

nergic neurotoxicity, [3H] dopamine uptake was compared

in microglia-depleted cultures versus neuron-glia cultures. While

m-calpain remained toxic to dopaminergic neurons in the

neuron-glia culture (P50.05), the dopamine uptake in

microglia-depleted cultures was not affected (Fig. 5B), demon-

strating that m-calpain concentrations of 3.8 mg/ml and below

were not directly toxic to dopaminergic neurons.

Extracellular k-calpain causes
superoxide production in microglia
The production of reactive oxygen species from activated micro-

glia has also been strongly linked to dopaminergic neurotoxicity

(Qin et al., 2002, 2004; Gao et al., 2003a, 2003b). The results

presented in Fig. 5C demonstrate that the addition of m-calpain to

enriched-microglial cultures caused a significant increase in extra-

cellular superoxide from control, which was inhibited by the

calpain-specific inhibitor calpeptin (1 mM) (P50.05).

Extracellular k-calpain-induced
neurotoxicity is mediated by NADPH
oxidase
To test the importance of extracellular superoxide for m-calpain-

induced dopaminergic neurotoxicity, dopamine uptake in PHOX�/�

mouse mesencephalic neuron-glia cultures was compared to

PHOX+/+ mouse cultures. PHOX�/� mice lack the functional

gp91 protein, the catalytic subunit of the NADPH oxidase complex

and thus have no phagocytic respiratory burst (production of

extracellular superoxide). Dopamine uptake at 9 days post-

treatment was measured to determine the m-calpain neurotoxicity.

While m-calpain was toxic to dopaminergic neurons in the PHOX+/+

culture (P50.05), the dopamine uptake in PHOX�/� cultures was

unaffected by m-calpain (Fig. 5D), demonstrating the pivotal role

of NADPH oxidase generated reactive oxygen species in extracel-

lular m-calpain-induced dopaminergic neurotoxicity.

E64 attenuates MPP+ neurotoxicity in
neuron-glia cultures
To confirm that extracellular m-calpain played a role in MPP+-

induced dopaminergic neurotoxicity in primary cultures, rat

mesencephalic neuron-glia cultures were pre-treated with E64, a

m-calpain inhibitor that is not cell-permeable (Limaye et al., 2003;

Mehendale and Limaye, 2005) and exposed to either conditioned

medium (MPP+ 10 mM) or MPP+ directly. Figure 6A demonstrates

that E64 was not cell-permeable in our in vitro system, as cell

lysates from N27 cells treated with medium, E64 (1 mM), MPP+

(10 mM) or E64 combined with MPP+ for 24 h show no significant

differences in calpain enzyme activity (P40.05). m-Calpain is ubi-

quitously expressed and activity is regulated by calcium influx.

When cells are lysed and added to the activation buffer (contain-

ing calcium) provided with the calpain activity kit, differences in

activation due to treatment (i.e. cellular calcium currents) are lost,

as depicted in Fig. 6A. Specifically, the increase in intracellular N27

calpain activity due to MPP+ treatment is masked by the nature of

the activity assay, where calcium is added to total cell protein.

Cell-permeable inhibitors present in the cell and contained in the

lysate would still be able to reduce activity. While E64 does not

modulate intracellular calpain activity in N27 cells (Fig. 6A,

P40.05), E64 does inhibit extracellular calpain activity in the con-

ditioned medium in response to MPP+ (10mM) treatment (Fig. 6B,

P50.05). Furthermore, pre-treatment with E64 (1 mM) signifi-

cantly protected dopaminergic neurons from the conditioned
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medium (MPP+ 10 mM)-induced dopaminergic neurotoxicity,

bringing dopaminergic neuron survival from 23.9% to near control

levels at 84.3% (Fig. 6C, P50.05).

To confirm that E64 neuroprotection extends to reactive micro-

gliosis that occurs in the presence of MPP+ toxin, rat mesencepha-

lic neuron-glia cultures were pre-treated with E64 for 30 min,

followed by MPP+ treatment (0.1 mM). The MPP+ concentration

of 0.1 mM was chosen for moderate direct toxicity at 9 days

post-treatment. Primary dopaminergic neurons are more sensitive

to MPP+ and higher concentrations of 5–10mM result in immedi-

ate and severe direct neurotoxicity of 70% of dopaminergic

neurons (Supplementary Fig. S2A), allowing little room for reactive

microgliosis to occur. Figure 6D indicates that E64 can inhibit a

portion of MPP+-induced dopaminergic neurotoxicity at 9 days

post-treatment (P50.05), where MPP+ (0.1mM) was toxic to all

but 19% of dopaminergic neurons and E64 treatment boosted

dopaminergic neuron survival to 44%. Notably, complete inhibi-

tion of dopaminergic neurotoxicity is not achieved, as extracellular

inhibition of m-calpain is only able to inhibit the microglia-

mediated component of the damage, rather than the intracellular

processes related to the direct toxicity of the MPP+ on the dopa-

minergic neuron itself.

Figure 5 Extracellular m-calpain is neurotoxic due to activation of microglial NADPH oxidase. (A) Confocal images of neuron-glia cultures

stained for ionized calcium-binding adaptor molecule-1. Cells were treated with either vehicle (medium alone) or m-calpain (3.8 mg/ml) for

12 h at 37�C. (1) Background fluorescence (no secondary antibody added); (2), transmitted light (Differential Interference Contrast)

image; (3) untreated control cells; (4) m-calpain-treated cells. The fluorescence micrographs depict representative changes in morphology

caused by m-calpain that indicates microglial activation. Activated microglial cells are amoeboid with multiple extended processes (4). The

scale bar indicates 50mm. (B) Neuron-glia cultures (N/G—containing microglia, astrocytes, and neurons) and microglia-depleted cultures

(MG-depleted—containing astrocytes and neurons) were treated with medium alone (Control), lipopolysaccharide (LPS) 10 ng/ml (pos-

itive control for microglia-mediated neurotoxicity) or m-calpain (3.8 or 1.9 mg/ml). Dopamine neurotoxicity was measured 9 days later with

the [3H] dopamine uptake assay. m-Calpain was only toxic in the presence of microglia. (C) Enriched microglia cultures were treated with

medium alone (Control), m-calpain (3.8 mg/ml), calpeptin (1 mM, a specific calpain inhibitor) or calpeptin + m-calpain. The production of

extracellular superoxide was measured by the superoxide dismutase-inhibitable reduction of tetrazolium salt, WST-1 at 30 min

post-treatment. Results are mean� SEM. Data are from four separate experiments. �P50.05, compared with control cultures. (D)

Mesencephalic midbrain neuron-glia cultures from PHOX+/+ and PHOX�/� mice were treated with medium alone (Control), m-calpain

(3.8 mg/ml) or boiled m-calpain (3.8 mg/ml). Graphs show the results expressed as percentage of the control cultures and are the

mean� SEM from three independent experiments in triplicate. �P50.05, control compared to treatment; #P50.05 indicates significant

differences due to microglia (N/G versus microglia), superoxide reduction (calpeptin reduction of m-calpain) or mouse strain (PHOX+/+

versus PHOX�/�).
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Discussion
When dopaminergic neurons are damaged, chronic microglial acti-

vation and the persistent selective loss of dopaminergic neurons

can occur, long after the initial toxic insult has abated. This per-

sistent cellular response called reactive microgliosis is widely

believed to be a predominant mechanism underlying progressive

neuron damage in neurodegenerative diseases. Here we specifi-

cally addressed why reactive microgliosis in response to dopami-

nergic neuron damage is chronic and toxic.

We used an in vitro model to separate the soluble signals

released by damaged dopaminergic neurons from the toxicant

causing the damage (MPP+). This approach allowed analysis of

the dopaminergic neuron survival in response to only the neuron

injury signals, revealing that dopaminergic neurons are inherently

more susceptible to soluble neuron injury signals when compared

to other neuronal-sub-types and that microglia and NADPH oxi-

dase are key to the mechanism of damage. These data strongly

support that dopaminergic neurons may be inherently susceptible

to reactive microgliosis and relentless propagation of the chronic

and neurotoxic response continuing on in the absence of the initial

toxic stimulus. Given that the substantia nigra contains both the

population of dopaminergic neurons selectively lost in Parkinson’s

disease and a disproportionately high concentration of microglia

(4.5 times as many as other regions of the brain) (Kim et al.,

2000), our findings indicate that damaged neurons themselves

are culpable in propagating further neurotoxicity with pro-

inflammatory signals to microglia (Fig. 7), providing a key insight

into the chronic and selective nature of Parkinson’s disease.

Figure 6 Inhibiting extracellular m-calpain protects dopaminergic neurons. (A) E64 fails to inhibit intracellular calpain activity in N27 cells.

N27 cells were pre-treated with medium alone or E64 (1 mM, non-permeable, extracellular only calpain inhibitor) for 30 min prior to

treatment with either medium alone or 10 mM MPP+. After 24 h, the conditioned medium was removed, cells were lysed and intracellular

calpain activity was calculated with a commercially available kit. Data are presented as relative fluorescence units (RFU) and are the

mean� SEM from three independent experiments performed with duplicate samples. (B) E64 inhibits extracellular calpain activity. The

conditioned medium from the N27 cells above was tested for extracellular calpain activity using the commercially available kit. Data are

presented as relative fluorescence units and are the mean� SEM from three independent experiments performed with duplicate samples.

(C) E64 protects against dopaminergic neurotoxicity caused by soluble neuron-injury factors (conditioned medium). Rat mesencephalic

neuron-glia cultures were pre-treated with medium alone or E64 (1 mM, non-permeable, extracellular only calpain inhibitor) for 30 min

prior to treatment with either medium alone or the conditioned medium (CM N27 10 mM MPP+). [3H] Dopamine (DA) uptake assay was

performed at 9 days following the MPP+ treatment. The data are expressed as the percent of the control cultures and are the mean� SEM

from three independent experiments performed with triplicate samples. (D) E64 protects against dopamine neurotoxicity caused by

soluble neuron-injury factors (MPP+). Rat mesencephalic neuron-glia cultures were pre-treated with medium alone or E64 (1 mM,

non-permeable, extracellular only calpain inhibitor) for 30 min prior to treatment with either medium alone or 0.1 mM MPP+. [3H]

Dopamine uptake assay was performed at 9 days following the MPP+ treatment. The data are expressed as the percent of the

control cultures and are the mean� SEM from three independent experiments performed with triplicate samples. �P50.05, compared

to control-treated cultures. #P50.05, compared to MPP+ treatment.
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After isolating the soluble-neuron injury factors released by

damaged dopaminergic neurons and confirming that they were

selectively toxic through microglial activation and the super-oxide

producing enzyme, NADPH oxidase, we then began to identify

which soluble neuron injury factors were responsible for microglial

activation and consequent dopaminergic neuron damage. In the

present study, we chose a hypothesis-directed approach and

investigated whether m-calpain is a key neuron injury signal caus-

ing reactive microgliosis and consequent chronic dopaminergic

neuron damage.

Calpain is a family of calcium-dependent cysteine proteases that

have been implicated in chronic cellular damage, e.g. extracellular

calpain in the liver (Limaye et al., 2003; Mehendale and Limaye,

2005). While calpain is traditionally viewed as an intracellular pro-

tease, it is found extracellularly in human disease and tissue

damage, such as arthritis (Fushimi et al., 2004) and liver

damage (Limaye et al., 2003; Mehendale and Limaye, 2005). In

fact, extracellular calpain is present in the supernatant from

damaged cortical neurons in vitro (Siman et al., 2004), support-

ing a potential role for this protease as a neuron injury signal.

Notably, while the mechanisms remain unclear, calpain has been

linked to intracellular process of dopaminergic neuron death

(apoptosis and necrosis) (Crocker et al., 2003), microglial activa-

tion (Shields et al., 2000), and Parkinson’s disease (Mouatt-Prigent

et al., 1996; Crocker et al., 2003). Intracellularly, calpain activity is

shown to increase in dopaminergic neurons damage by MPP+

and MPTP in vitro and in vivo, where calpain inhibitors can

attenuate MPP+-induced dopamine cell loss (Crocker et al.,

2003). Calpain is also upregulated in post-mortem Parkinson’s

disease brain, verifying that calpain is present in Parkinson’s

disease brain and is upregulated upon dopaminergic neuron

damage (Crocker et al., 2003). However, until the present

study, the role of extracellular calpain in dopaminergic neuron

damage and its effect on chronic and toxic microglia activation

were unknown.

Calpain has multiple isoforms, with m- and m-calpain ubiqui-

tously distributed in the cytoplasm of all cells. Intracellular calpain

is involved in numerous cellular functions, including membrane

trafficking, receptor signalling, inflammatory signalling, apoptosis

and necrosis (Franco and Huttenlocher, 2005). Calpain’s intracel-

lular functions are critical for both survival and death, making

the tight regulation of calpain activity essential. The dysregulation

of calpain has been associated with numerous diseases, such

as arthritis (Fushimi et al., 2004), Alzheimer’s disease (Zatz and

Starling, 2005), multiple sclerosis (Sloane et al., 2003; Guyton

et al., 2005), optic neuritis (Shields and Banik, 1998) and

Parkinson’s disease (Crocker et al., 2003).

While most studies have focused on the intracellular role of

calpain in cell death, extracellular calpain has also been docu-

mented (Nishihara et al., 2001; Xu and Deng, 2004) and impli-

cated in disease. For example, calpain is found in the synovial fluid

of arthritis patients (Fushimi et al., 2004) and has been associated

with degeneration of the myelin sheath (Shields et al., 1999;

Sloane et al., 2003). Calpain is reported to be released extracellu-

larly in the case of tissue damage in liver (Limaye et al., 2003;

Mehendale and Limaye, 2005) and cortical neuron damage (Siman

et al., 2004). Interestingly, calpain and the breakdown products of

its substrates have been found in the cerebral spinal fluid after

acute ischaemia and are proposed to be markers for neuronal

damage (Siman et al., 2005). Once in the extracellular space,

calpain is presumed to be highly active and unregulated, as extra-

cellular calcium concentrations (1.3 mM) (Limaye et al., 2003)

are higher than the mM (m-calpain) and the mM (m-calpain)

required for activation. In the case of liver injury, once outside

of the cell, calpain is believed to attack the membrane of

surrounding cells to result in propagation of tissue damage

Figure 7 m-Calpain is a key factor driving the progressive nature of dopaminergic neuron damage. Dopaminergic (DA) neuron damage is

chronic in part because damaged cells release soluble factors that accumulate over time to active resident microglia, driving further toxicity

(reactive microgliosis). m-Calpain is externalized in the process of dopamine neuron damage and is a fundamental soluble neuron injury

factor responsible for the toxic aspects of reactive microgliosis. Specifically, extracellular m-calpain activates microglial NADPH oxidase,

producing superoxide to damage neighbouring dopaminergic neurons selectively and propagate neurotoxicity. This feed-forward cycle

provides much needed insight into the progressive nature of dopaminergic neuron damage.
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(Limaye et al., 2003; Mehendale and Limaye, 2005). Alternatively,

several extracellular proteases are reported to be pro-inflammatory

when extracellular, which may result in neuronal death

(Choi et al., 2005a, b; Kim et al., 2005), but the mechanisms

remain poorly described.

In this study we show that m-calpain is a key soluble neuron

injury factor driving reactive microgliosis. m-Calpain is present in

the conditioned medium from MPP+-damaged dopaminergic neu-

rons (N27 cells), where this conditioned medium was shown to be

selectively toxic to dopaminergic neurons through microglial

NADPH oxidase. Extracellular m-calpain added to cultures activated

microglia, as evidenced by changes in morphology and superoxide

production. Furthermore, m-calpain-induced neurotoxicity was

selective for dopaminergic neurons and occurred only in the pres-

ence of microglia. Finally, m-calpain only exerted dopaminergic

neurotoxicity in cultures with functioning NADPH oxidase, indicat-

ing that superoxide production was the predominant mechanism

of m-calpain-induced neuron damage. Thus, we show that

m-calpain is a soluble neuron injury factor that is selectively toxic

to dopaminergic neurons through microglia-generated oxidative

insult, revealing key mechanisms of chronic neurodegenerative

pathology (Fig. 7), as reactive microgliosis may contribute to neu-

ronal damage in diverse neuronal diseases (Block and Hong, 2005,

2007; Block et al., 2007).

While m-calpain may be a key signal that damaged dopaminer-

gic neurons release to activate microglia and propagate damage,

reactive microgliosis is a complex phenomenon and there are

probably multiple factors released that contribute to the toxic

microglial response. In fact, previous studies have reported other

damage signals implicated in toxic reactive microgliosis, such

as �-synuclein and neuromelanin (Block and Hong, 2007).

However, m-calpain is ubiquitously expressed in all cell types and

previous reports indicate that it is also released from damaged

cortical neurons (Siman et al., 2004), suggesting that m-calpain

may be a general factor of reactive microgliosis. The dopamine

selective toxicity of m-calpain and the conditioned medium that we

report here is likely to be due to the characteristic selective vul-

nerability of dopaminergic neurons to microglial activation and

consequent production of reactive oxygen species, rather than a

dopaminergic neuron-specific signal. For example, previous reports

have shown that multiple other toxins are selectively toxic to

dopaminergic neurons through microglial reactive oxygen species

production, such �-synuclein, neuromelanin, lipopolysaccharide,

paraquat, air pollution, rotenone and substance P (Block and

Hong, 2007). Our current results indicate that m-calpain and the

soluble neuron-injury signals contained in the conditioned medium

from damaged dopaminergic neurons converge on this basic

mechanism of selective dopaminergic neurotoxicity. Thus, while

reactive microgliosis may underlie diverse neurodegenerative dis-

eases, our study suggests that dopaminergic neurons are more

likely to be negatively affected than other cell types, providing

much needed insight into the progressive nature of Parkinson’s

disease. Indeed, this study supports the premise that dopaminergic

neurons may be particularly vulnerable to the chronic effects of a

single neurotoxic insult that propagates because of the microglial

response to neuronal injury, which then becomes the driving force

of persistent and progressive dopaminergic neuron damage.
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