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Abstract. 
 
 
 Microglia activity has been detected in Parkinson’s disease (PD) post-mortem 

brains and experimental animal models; however the precise interplay between microglia 

and dopamine neurons of the SNpc is not well understood.  In the blood plasma of PD 

patients, our laboratory found elevated levels of interferon-gamma (IFN-γ), a 

proinflammatory cytokine and potent activator of microglia.  Given this, we sought to 

untangle the immune responses relevant to PD in mice, examining IFN-γ’s involvement 

and signaling mechanism using an inflammatory co-culture model of microglia and 

midbrain neurons treated with rotenone.  By means of RT-PCR, we discovered IFN-γ 

mRNA transcripts are produced by microglia, and this expression increases upon 

exposure to rotenone.  We delineated IFN-γ’s signaling mechanism in co-cultures using 

different IFN-γ receptor deficient cells, and showed it engages receptors in an autocrine 

(not paracrine) manner to further microgliosis and dopamine cell loss.   

 After exploring the innate immune response in a model of PD, we subsequently 

shifted focus to an in vivo system to better investigate any involvement of the delayed 

humoral arm of the adaptive immune system.  Needing a time appropriate death 

paradigm, we developed a protracted low dose regimen of MPTP, which elicits 

dopaminergic cell death after 2 weeks of treatment.  Subjected to this paradigm, Rag 2 

mutant mice (deficient in both T and B cells) exhibit resistance to dopamine cell loss, 

microglia activation and motor impairments.  Further evidence in support of immune 

involvement came with the resensitization of Rag2 mice to MPTP after reconstitution 

with WT splenocytes.  Additionally, mice deficient in Fcγ receptors exhibited 

neuroprotection in our protracted degeneration model.  Taken together, these data 
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indicate the innate and humoral arm can modulate the microglial response to 

dopaminergic degeneration and may participate in Parkinson's disease.   
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Parkinson’s disease: 

Parkinson’s disease (PD) is the most prevalent motor movement disorder, and the 

second most common neurodegenerative disorder, after Alzheimer’s disease (Lees et al., 

2009).  It affects approximately 1% of the population over the age of 65, and 4% of the 

population over the age of 80 (Nussbaum and Ellis, 2003; de Lau and Breteler, 2006).  

Roughly four million people worldwide and one million North Americans have PD 

(Olanow and Tatton, 1999).  Each year in the United States alone there are 60, 000 new 

cases reported, and with the increase in life expectancy, the prevalence is climbing.  PD 

normally develops in people over the age of 50, and is known as late-onset PD (Van Den 

Eeden et al., 2003).  Prior to this age, incurring the disease would be referred to as early-

onset PD (Cookson and Bandmann, 2010; Crosiers et al., 2012).  Far less common, 

juvenile-onset is the term used to represent those afflicted before the age of 20 (Denison 

et al., 2003a).  

PD involves the progressive, neurodegeneration of the extrapyramidal 

dopaminergic system.  Pathological features include loss of dopamine (DA) neurons in 

the substantia nigra pars compacta (SNpc), Lewy body formation, and reactive gliosis 

(Benner et al., 2008).  Lewy bodies are cytoplasmic inclusions made up primarily of an 

alpha-synuclein core and enclosed by a halo of fibrils.  Lewy bodies are thought to be 

formed by an aggresome response in neurons (Tanaka et al., 2004).   Other aggregates 

such as ubiquitin, Tau proteins, alpha B crystalline, and neurofilament proteins may be 

present inside Lewy bodies (Engelender, 2008; Ishizawa et al., 2003).  Parkinsonism is 

often the term given when PD-like symptoms are present and Lewy bodies are not.   
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The SNpc regulates part of the direct and indirect motor circuitry that controls all 

voluntary movements, and is a functionally associated nucleus of the basal ganglia.  PD 

patients have trouble initiating, terminating, and coordinating smooth physical 

movements. DA cell death manifests itself in the loss of dopaminergic neurotransmission 

to the striatum, thereby weakening the communication between the basal ganglia motor 

circuit and deteriorating the coordination of muscular movement.   This communication 

worsens as more DA cells degenerate, eventually rendering the basal ganglia unable to 

regulate motor movement (Fix, 2008; Stocco et al., 2010) 

Accordingly, PD patients exhibit basal ganglia dysfunction clinically 

characterized by the key clinical symptoms of bradykinesia, resting tremor (4-6Hz), gait 

disturbances, cogwheel rigidity, and postural instability (Wichmann et al., 2003; Dauer et 

al., 2003).  Tremors usually begin on the hands and eventually spread to the head, tongue, 

lips and feet as the degeneration ensues.  The tremor may be ‘pill-rolling’, between finger 

and thumb, which worsens when tired or stressed, and goes away during sleep.   

Concurrently, behavioural problems, mood and cognitive decline may occur 

(Alder CH, 2005).  Dementia is another devastating feature associated with advanced PD, 

and it affects judgement and memory.  Other clinical signs include masked facies, 

depression, hypophonia, hypokinetic dysarthria, micrographia, stooped posture, shuffled 

gait, trouble swallowing, conjugate gaze disorders, fatigue, constipation, hallucinations, 

slowness in blinking, drooling, muscle aches and pains, difficulty eating, sweating, lack 

of body temperature and low blood pressure (Weerkamp et al., 2013).  PD patients can 

have difficulty swallowing, and are at a higher risk for aspiration pneumonia.  Typically, 
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progressive decline of the motor system continues until akinesia, autonomic dysfunction, 

gait instability, and failure to respond to medication ensue. 

PD is a multifactorial disease that is very difficult to treat.  Symptoms occur after 

the majority of DA cells are degenerated in the SNpc (Fearnley J. M. and Lees, 1991; 

Marsden, 1994).  Given the low percentage of remaining, healthy dopamine neurons, 

therapeutic avenues are inherently limited.  As such, early detection is a key strategy to 

deal with PD.  Since it is not known what causes degeneration of DA cells in most cases, 

PD medications can only temporarily dampen symptoms.  And it accomplishes this 

primarily by increasing the level of DA.   

 Levodopa is commonly used to treat PD (Fahn et al., 2004).  It crosses the blood 

brain barrier effectively and is converted into DA.  Carbidopa can be given concurrently 

with Levodopa.  It inhibits DOPA decarboxylase, an enzyme required for the 

biosynthesis of DA from L-DOPA.  Given that Carbidopa cannot cross the BBB, it acts 

to prevent the breakdown of L-DOPA in the periphery, thereby increasing its 

bioavailability in the DA-deficient brain. To help block DA degradation, a Catechol-O-

methyl transferase (COMT) inhibitor can also be administered.  COMT degrades 

catecholamines, such as DA (Bonifati et al., 1999).  Likewise, inhibitors of monoamine 

oxidase-B (an enzyme that breaks down DA) are used to increase the amount of DA in 

the basal ganglia (Schapira, 2003).  Furthermore, physicians normally prescribe DA 

receptor agonist to buy time and quality of life for PD sufferers (Lida et al., 1999; 

Schapira et al., 2003).  This only provides temporary relief.  Unfortunately, PD 

medication merely masks the problem by increasing levels of DA, and does not interrupt 
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the degenerative or neuroinflammatory process.  Treatments are usually beneficial for 4-8 

years, after which they lose effectiveness; all the while degeneration of DA neurons 

continues (Wu et al., 2003; Olanow and Tatton, 1999).  Eventually PD sufferers develop 

uncontrollable, jerky movements called dyskinesias.  In late stage PD, when medication 

is no longer effective, PD sufferers may turn to surgery for relief of their dyskinesias.  

The FDA has approved deep brain stimulation for treatment of PD.  It is an electrical 

device similar to pacemakers for correcting heart arrhythmias, with the intent on short-

circuiting the basal ganglia.  It is similar to pallidotomy, without permanently lesioning 

the globus pallidus (Bronstein et al., 2010). 

PD medications have a short therapeutic window, and do not target any of the 

underlying cellular dysfunction.  After a few years, patients usually develop dose-limiting 

effects to their medications, such as dyskinesia, and physical symptoms worsen.  It is 

clear that for new medications to effectively stabilize motor symptoms, they need to 

interrupt the degenerative mechanism driving DA cell death in the SNpc. 

Accumulating evidence suggests genetic and environmental components strike a 

common chord with key signaling pathways (Chuang et al., 2013; MacLeod et al., 2013).  

Merely 15 % PD sufferers have a ‘first degree’ relative with the disease (Samii et al., 

2004).  Familial PARK gene members include PARK1 (alpha-Synuclein), PARK2 

(Parkin), PARK5 (UCH-L1), PARK6 (PINK1), PARK7 (DJ-1), PARK8 (LRRK2), 

PARK9 (ATP13A2) and VSP 35 (Cookson, 2005; Moore et al., 2005; Schiesling et 

al., 2008 ; Vilarino-Guell et al., 2011).  These genetic mutations can play a role in 

idiopathic (sporadic) cases of PD.  In most cases, PD develops sporadically with no 
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familial pattern of inheritance. Although the cause of degeneration in sporadic cases 

remains elusive, scientists have gathered clues from some of the genetic components of 

PD to piece together underlying mechanisms of DA cell death, enabling for improved 

medications and symptom management.   

 

PD Genes:  

 

The PARK1 gene is also known as PARK4 and encodes alpha-synuclein, the non 

Abeta component of amyloid fibrils in Alzheimer’s disease? (Xia et al., 2001; Xia et al., 

2002). Alpha-synuclein mutants are inherited in an autosomal dominant pattern (Corti et 

al., 2011).  Alpha-synuclein protein is predominantly expressed in the brain, within 

presynaptic terminals and is the most prominent component of Lewy bodies.  Although 

its function is not well understood, alpha-synuclein is thought to regulate the release of 

synaptic vesicles (George et al., 1995).  

At least 18 mutations in SNCA have been shown to cause PD, and they are 

associated with the early-onset of the disease.  Two kinds of mutations result in protein 

misfolding, namely Ala53Thr and Ala30Pro (Li et al., 2001).  Conversely, SNCA gene 

copies can duplicate or triplicate, leading to an overexpression of the protein (Singleton et 

al., 2003).  Both the misfolding or overexpression mutations facilitate protein 

aggregation, which may become neurotoxic and be involved in Parkinson’s disease, 

multiple system atrophy (Arima et al., 1998a) and Alzheimer’s disease (Yokota et al., 

2002).  Reports also show aggregation of alpha-synuclein can interfere with the 
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ubiquitin-proteasome system (Snyder H and Wolozin B, 2004), thereby causing a build-

up of abnormal proteins that impede neuronal function (Cookson, 2009).   

Dementia with Lewy bodies is also caused by alpha-synuclein mutations (Arima 

et al., 1998b).  This disorder can be accompanied with visual hallucinations, attention 

deficits, and PD-like symptoms.  Compared to PD, dementia with Lewy bodies have 

more widespread deposits of Lewy bodies throughout the brain.  Additionally, alpha-

synuclein gene alterations have been linked to multiple system atrophy, another 

progressive neurodegenerative disease impinging on motor movement and balance 

(Arima et al., 1998a). 

 The PARK2 gene encodes Parkin, an E3 ubiqitin protein ligase. It is one of the 

largest genes in the human genome, located on chromosome 6 in an area known as 

FRA6E, which is prone to rearrangements (Denison et al., 2003b).  The PARK2 gene has 

an autosomal recessive pattern of inheritance.  Parkin and other E3 ubiquitin ligases 

covalently attach ubiquitin to proteins for degradation by the proteasome or 

autophagosome. The ubiquitin-proteasome system regulates concentration of proteins, 

including those tightly controlled with timing of cell division, by degrading misfolded 

and aberrant proteins (Dawson and Dawson, 2010).  Parkin carries out some of its 

function in mitochondria; reportedly it aids in the degradation of abnormal mitochondria 

by autophagy (Chang et al., 2013).   It also has a role in the release of synaptic vesicles.   

Parkin may be a tumor suppressor protein, as some of its mutations have been 

shown to cause cancers.  There are over 200 Parkin mutations found to cause juvenile and 

late-onset PD (Denison et al., 2003a).  These mutants cause dysfunctional Parkin 

proteins, or truncated forms that are degraded. Mitochondria function is also altered by 
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some Parkin gene modifications.   Lastly, Parkin gene mutations may increase risk of 

developing leprosy (Kay et al., 2010; Mira et al., 2004).  Altering the ubiquitin-mediated 

autophagy facilitates contracting this infection (Manzanillo et al., 2013).. 

PARK5 is named UCH-L1 (ubiquitin carboxyl-terminal esterase L1) (Yasuda et 

al., 2009).   It is involved in degrading unwanted proteins, although it is not clear exactly 

how it accomplishes this.   UCH-L1 inherently possesses two kinds of enzymatic activity: 

hydrolase and ligase activity.  Hydrolase remove and recycles ubiquitin once unwanted 

proteins are broken down, while the ligase activity brings together ubiquitin molecules 

for tagging purposes. 

A polymorphism (Ser18Tyr) in the UCH-L1 gene appears to reduce the likelihood 

of getting PD.  This polymorphism minimizes the ligase activity (Xilouri et al., 2012).  

Conversely, replacing isoleucine with methionine at position 93 may increase the chance 

of developing PD (Kabuta T and Wada K, 2008).  The hydrolase activity is impeded in 

this mutant form, leading to the over accumulation of unwanted proteins that may 

become neurotoxic.    

The PARK6 gene is an autosomal recessive PD gene, encoding PTEN induced 

putative kinase 1 (PINK1), which is expressed on the surface of mitochondria throughout 

the body (Narendra et al., 2010).  Though its function is unclear, PINK1 seems to protect 

the mitochondria during times of high demands for energy.  Without an adequate energy 

supply, as is the case during mitochondrial dysfunction, the cell can die.  During 

mitophagy, PINK1 recruits Parkin to the outer mitochondrial membrane to remove 

damage mitochondria (Youle et al., 2011).  PINK1’s mitochondrial-targeting motif and 

the kinase activity are functionally important.  More than 70 mutations have been found 
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to cause early onset PD; these normally disrupt its kinase activity, though mitochondrial-

targeting motif mutations have also been linked to PD (Narendra et al., 2010).  

DJ-1 is the protein encoded by the PARK7 gene, and it is expressed throughout 

body and brain, helping protect against oxidative stress by helping regulated mitophagy 

(Canet-Avilés et al., 2004; Junn et al., 2009).  The dopamine neurons of the SNpc are 

particularly vulnerable to free radicals.  DJ-1’s chaperone activity is used to deliver 

proteins to the proteasome system (Lev et al., 2008).  Over 25 DJ-1 mutations have been 

identified, which alter its protein structure or reduce its expression, to cause PD 

(Blackinton et al., 2005). 

The PARK8 gene encodes leucine-rich repeat kinase 2 (LRRK2), which is also 

known as dardarin.  LRRK2 is as autosomal dominant PD gene.  Notably, it has a 

leucine-rich region, used in protein-protein interaction, and a kinase motif, which 

phosphorylates by transferring a phosphate group from ATP to an amino acid of a 

protein.   LRRK2 additionally has GTPase activity in its ROC domain.  The ROC domain 

is responsible for regulating homodimerization with LRRK2 (Lee et al., 2012).  Over 100 

LRRK2 mutants have been found to cause late-onset PD .  In 3-7 percent of familial PD 

cases, there is the LRRK2 mutation Gly2019Ser.  It is also found in 1.6 percent of 

sporadic PD cases (Davie et al., 2008).  The LRRK2 mutation is the most common cause 

of familial and sporadic PD (Davie et al., 2008; Lesage et al., 2009). A mutation in 

Arg1441Gly is common in the Basque region.  A Gly2385Arg mutation was found to 

increase the risk of PD in a Chinese and Japanese population. 

 PARK9 encodes the ATPase type 13A2, which is intimately involved in 

autophagy.  Accumulating evidence suggests autophagy is involved in pathogenesis of 
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PD.  Autophagy is the process by which proteins or organelles are degraded and recycled 

by fusion of autophagosome and lysosomes (Lin et al., 2012). Targeted proteins or 

organelles are engulfed by autophagosome before mixing with digestive enzymes within 

lysosomes (Patel et al., 2012).  There are three types of autophagy: macroautophagy, 

microautophagy and chaperone mediated autophagy (Peracchio et al., 2012).  Autophagy 

can also be an adaptive survival mechanism, or it can promote cell death, and is referred 

to as autophagic programmed cell death (Nixon et al., 2013; Patel et al., 2012; Tsujimoto 

et al., 2005). 

           ATPase type13A2 is a P5 subfamily of lysosomal ATPase serving to transport 

substrates, including inorganic cations (Schultheis et al., 2004).  It is involved in 

homeostasis of neuronal integrity and intracellular cations (Ramonet et al., 2012).  

Persons with PD and dementia with lewy bodies have higher levels of ATPase type 

13A2 (Ramonet et al., 2012; Ramirez et al., 2006). 

           GBA stands for glucosidase, beta, acid – a gene which makes 

glucocerebrosidase, which is a lysosomal hydrolase enzyme and aids the breakdown 

of the large molecule glucocerebroside into glucose and ceramide, a lipid.  It has been 

implicated in PD.  GBA mutations increase the risk of developing sporadic PD 

(Lesage et al; 2009).  It is still not well understood how GBA mutants can cause PD, 

although it is thought that the lysosomal dysfunction can lead to toxic deposition of 

defect proteins.   

            GBA mutations can cause Gaucher disease, where glucocerebroside 

accumulates in macrophages, and becomes detrimental to different organs 

macrophages invade (Lesage et al., 2009).  Gaucher sufferers have a higher chance of 
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developing PD.  Likewise, carriers of mutations in GBA have a higher likelihood of 

developing dementia with lewy bodies.   Another lysosomal hydrolase, alpha-

galactosidase A (GLA) has been implicated in PD pathogenesis (Wu et al., 2011). 

           A screening of idiopathic PD patients for lysosomal hydrolase activities 

highlighted a reduction in alpha-galactosidase A (Wu et al., 2011).  Furthermore, their 

data indicated that a sequence variant in the GLA gene’s transcription binding site 

could modulate its expression and be involved in PD pathogenesis. 

  The most recent genetic mutation linked to PD is vacuolar protein sorting-

associated protein 35 (VSP35), and was discovered by Matt Farrer’s research group using 

exome sequencing (Vilarino-Guell et al., 2011).  This new technique reveals all mutated 

genes in a person.  VPS35 is an important part of the retromer, protein recycling system 

(Zhao et al., 2007). The retromer is needed to recover and recycle lysosomal enzyme 

receptors (IGF2R and M6PR) from endosomes to the trans-Golgi network.  Additionally 

it is needed to manage transcytosis of the immunoglobulin receptor IgR-IgA.  Vsp35 is 

particularly critical for membrane protein sorting, rescuing, and recycling.  It is the 

largest subunit in the retromer complex, and functions as the central platform upon which 

Vsp26 and Vsp29 are assembled (Hierro et al., 2007).  The cargo binding function of this 

complex is attributed to its interactions with different cargo molecules.  An aspartic acid 

to asparagine mutation was found to be a genetic determinant of late-onset PD (Zimprich 

et al., 2011).  Similarly, defects with the retromer system have been associated with 

Alzheimer’s disease (Muhammad et al., 2008) and Charcot-Marie-Tooth (Verhoeven et 

al., 2003).  The retrograde pathway plays an important role by maintaining the 

distribution of cell surface factors and signaling molecules.  Additionally, it is involved in 
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the removal of toxic metabolites that may cause aggregation and neuronal dysfunction 

(Burd, 2011). 

Factors involved with pathogenesis of PD can be grouped as either primary 

conserved players directly affecting critical pathways of DA neuron function, or indirect 

associative factors modulating activity of such conserved factors (Simunovic et al., 

2009).  Deregulating either primary or secondary factor can result in PD.  Moreover, 

there is significant functional overlap between PARK family gene members.  Evidence 

from genetic analysis and animal model studies show different PARK genes, for example 

LRRK2, PARK16, and VSP35 converge onto a common cellular pathway which 

ultimately results in DA cell death.   

Mitochondrial dysfunction, ubiquitin-proteasome system defects, and reactive 

oxygen species generation are general concepts underling genetic dysfunction in PD.  In 

mitochondrial dysfunction, energy manufacturing is disrupted and free radicals are 

generated.  Likewise, normal antioxidant activity of dopamine neurons is diminished, 

leading to a rise in free radical damage.   

The ubiquitin-proteasome system is responsible for targeted degradation of 

damaged, abnormal, or misfolded proteins.  It accomplishes this by way of proteolysis, or 

breaking peptides bonds with proteases (Lodish et al., 2004).  Proteins are marked with 

ubiquitin, and consequently processed for degration through the proteasome.  Proteolytic 

dysfunction causes a buildup and clustering (aggregation) of these proteins - the primary 

discernible being alpha-synuclein in Lewy bodies (Olanow and McNaught, 2006).  There 

is a marked downregulation of genes associated with proper function of mitochondria, 

ubiquination, chaperone proteins, proteosomal subunits and lysosomes (Simunovic et al., 
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2009).   The UPS is used to regulate essential cellular activities such as the cell cycle, 

oxidative stress responses, and gene expression regulation (Lodish et al., 2004). 

Dysfunction of the ubiquitin-proteasome system and mitochondrial have long 

been linked to PD and programmed cell death (Bredesen et al., 2006; Gomez et al., 

2007).  Defects with mitochondria typically entail complex I inhibition of the electron 

transport chain, reactive oxygen species generations, ATP depletion, and cytochrome-c 

release, and caspase-3 induction.  Antioxidant enzyme genes, such as superoxide 

dismutase, have been found to be downregulated in DA neurons of PD patients 

(Simunovic et al., 2009). 

Not only are the PARK gene family members deregulated, but also are the 

secondary associative factors of PD pathogenesis affecting programmed cell death and 

survival.  PD patients display genetic abnormalities causing dysfunctional 

neurotransmission and ion channels, reinforcing the idea that dopamine 

neurodegeneration can arise from changes to electrical activity, according to Simunovic 

et al (2009).  

They conducted a microarray profile of gene expression using laser micro-

dissected single DA neurons from the SNpc of PD patients, as opposed to traditional 

dissections of entire midbrain, and they compared with age-matched sporadic PD 

subjects.  They demonstrate that cell electrical activity is important in DA neuronal 

survival (Simunovic et al., 2009).  Neuronal electrical properties are contingent on 

sodium, potassium, and calcium channels.  They report a downregulation of ATP1B1, a 

Na+/K+-ATPase carrier protein, which supports the electrochemical gradient.  Mutations 
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of its gene have been found to cause rapid-onset dystonia Parkinsonism (de Carvalho 

Aguiar et al., 2004). 

 Likewise, Michel et al (2007) extrapolated a model whereby mitochondrial 

dysfunction causes Katp (adenosine triphosphate-sensitive) channel-mediated 

hyperpolarization, making dopamine neurons vulnerable to degeneration.   In a similar 

context, superoxide dismutase overexpression blocked K+ -mediated hyperpolarization 

(Simunovic et al., 2009).  Downregulation of calcium channel subunits have also been 

detected in these genetic studies.  

L-type calcium channels sequestered by the endoplasmic reticulum and 

mitochondria use ATP-dependent transporters (Surmeier et al., 2007).  These high 

metabolic rates and energy consumption require oxidative phosphorylation, which in 

addition to ROS production and mitochondrial defects, enhance ageing and may 

contribute to protein abnormalities (Surmeier et al., 2007). 

Other ions channels have been linked to neuron death.  NMDA receptors can 

contribute to neurons death via excitotoxicity.  Conversely, nicotinic ACh receptors have 

been shown to be neuroprotective in MPTP and 6-OHDA models of PD.  This protection 

is mediated by diminishing the glutamate-driven excitotoxicity, as well as by increasing 

intracellular calcium.  As such, controlling DA neuron’s electrical activity can promote 

survival (Matsubayashi et al., 2004; Quik et al., 2007). 

Evidently, many genes are deregulated that do not belong to the PARK family of 

genes, and are rather associated with increased likelihood of developing the Parkinson’s 

disease.  They are functionally grouped by their involvement in different cellular 

processes, such as certain heat shock proteins and ubiquitin peptidases associated with 
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protein degradation pathways;  caspase-9, cytochome-c oxidase subnits, TNF-alpha 

receptor and Fas associated with programmed cell death and mitochondrial function; 

calcium-dependent secretion activator, transport vesicles and docking proteins associated 

with synaptic function; connective tissue growth factor and NF-KB binding protein 

associated with growth factors, dopamine receptor D1, sodium and potassium channels 

associated with receptors and ion-channel; and finally immune genes encoding for 

interferon-gamma, interleukin 6 receptor, CD40, and different chemokines (Bredesen et 

al., 2006; Gomez et al., 2007; Duke et al., 2006; Olanow et al., 2006; Moran and Graeber 

et al., 2008; Simunovic et al., 2009).  

Moran and Graeber et al conducted a microarray analysis of close to 900 genes 

from SN cells of PD patients, and discovered a strong associate with inflammatory genes.  

An independent study found 51 immune related genes were deregulated in DA neurons 

from PD patients (Simunovic et al., 2009).  These genetic analyses are consistent with 

experimental evidence of immune system involvement in DA neuron death (Whitton et 

al., 2007). 

Defective groups of genes may reflect part of the neurodegenerative trigger.  By 

understanding all the different mechanisms of dopamine cell death, better preventative 

treatments can be formulated to prevent further debilitation in PD patients. 
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Environmental Risk Factors for PD: 
 
 

Alongside the diverse genetic risk factors, there exist a multitude of 

environmental susceptibilities contributing to the development of PD (Chuang et al., 

2013).  Exposure to infectious diseases early in life may predispose individuals to neuron 

death later on in adulthood.  For example, early childhood encephalitis could sensitize 

neurons and become increasingly vulnerable to future infections (Liu et al., 2003).   

 Microglia become activated in response to various stimuli, including foreign 

matter, viruses, and bacteria.  Lipopolysaccharides (LPS) are a component of outer cell 

wall membrane of Gram-negative bacteria’s.  When exposed to the immune system, they 

generate a strong reaction.  LPS induces secretion of pro-inflammatory cytokines, 

chemokines and prostaglandins particularly from B cells and macrophages, after 

engaging the CD14/TLR4/MD2 receptor complex (Rock et al., 2004).  They also release 

the chemokine IL-8 for B cell differentiation.  Scientists have demonstrated LPS activates 

iNOS and TNF-alpha secretion (Lee et al., 1999; Lee et al., 2003).  As the classic 

inflammatory molecule, LPS was traditionally used in various models of PD to study 

mechanistically how the innate immune system mediates dopaminergic cell injury.   

LPS-induced DA neuron loss and proinflammatory gene expression has been 

examined in co-cultures of microglia and midbrain neurons (McCoy et al., 2006; Qin et 

al., 2004) and macrophages (Lin et al., 2007).  Microglia activation with LPS treatment 

was sparked by NADPH oxidase, the main superoxide producing enzyme in microglia. 

LPS caused this enzyme to incite DA neuron loss by generating ROS and stimulating 

proinflammatory TNF-alpha gene expression. 
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LPS was widely used to study the innate immune system in PD, given DA 

neurons of the SNpc are inherently susceptible to inflammation and oxidative stress.  

Nowadays however, the use of LPS in PD models is diminished because its generalized 

toxic effects and pyrogenicity have been superseded by more practical and selective 

agents of dopaminergic injury.   

Furthermore, LPS fails to reproduce the complex I inhibition commonly exhibited 

in PD.  Complex I of the electron transport chain is formed by two enzymes: Coenzyme 

Q10 and NADH dehydrogenase.  There is a staggering 30-40% reduction in complex I 

activity in PD brains, which is why coenzyme Q10 therapy has proven to be 

neuroprotective against the dopaminergic neurotoxin MPTP.  Compared to LPS, more 

clinically relevant promoters of DA cell death are pesticides, which inhibit mitochondrial 

complex I and elicit many common features of PD (Gao et al., 2013; Yang et al., 2007; 

Ding et al., 2001). 

 

Pesticides: 

 Pesticides and herbicides are risk factors for developing PD (de Lau et al., 2006; 

Hayley et al., 2004; Brown et al., 2006).  Pesticides and agrochemicals have long been 

suspected culprits causing dopaminergic cell death ever since farming communities 

exhibited a higher incidence of PD.  Those exposed to ‘agent orange’, a herbicide used 

during the Vietnam War, had an increased likelihood of developing PD (de Lau et al., 

2006).  Pesticides were initially used in PD research because paraquat, a herbicide, 

structurally resembles MPP+.  Rotenone was first extracted from the roots and stems of 
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several tropical and subtropical plant species.  Tribesmen initially used rotenone in water 

to stun and kill fish.  Nowadays, rotenone is a pesticide used in many models of PD 

because it kills dopamine neurons selectively at low concentrations by inhibiting complex 

I of the mitochondrial electron transport chain causes DA cell death (Greenamyre et al., 

1999; Jenner, 2001).  It also elicits microglia activation, Lewy body formation, and motor 

movement impairments (Gao et al., 2002a).  Accordingly, rotenone’s neurotoxic effects 

as a complex I inhibitor and activator of microglia make it an ideal candidate for use in 

neuroinflammatoy research, specially compared to the classic inflammagen LPS, which 

elicits a more broad generalized toxicity (Sherer et al., 2003b). 

Evidence suggests sporadic PD arises from the culmination of genetic and 

environmental factors impinging on central signaling pathways within DA cells (Wu et 

al., 2011; Chuang et al., 2013).  Given the devastating course of PD and the lack of 

suitable treatment, the impetus is on understanding the way by which DA neurons 

degenerate, in hopes of designing effective preventative therapies.  A multifactorial 

treatment strategy is needed to not simply replace DA, but to prevent further cell death 

and halt the immune reaction.  Interfering with the complex immunological network may 

protect DA neurons, and give current PD medications a better opportunity to ameliorate 

motor system impairments. 

The immune system can exacerbate particular PARK gene deficits, and vice versa 

members of the PARK gene family encode proteins that can activate the innate or 

adaptive immune response.   For instance, microglia activation generates a battery of 

reactive oxygen species, which can combine with the free radicals from the genetic 

mutations that cause mitochondrial dysfunction or DJ-1 defects (Yang et al., 2007; 
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Rhodes et al., 2013).   Modulating reactive oxygen species is an important control for any 

cell, specially those of the SNpc, which appear highly susceptible to oxidative stress.  DJ-

1 possesses antioxidant properties, and our laboratory has shown DJ-1 post-translational 

modification has huge impact on its function to protect DA cells (Aleyasin et al., 2010).  

Parkin encodes a E3 ubiquitin protein ligase.  Mutations in the ubiquitin-proteasome 

system lead to an accumulation of excess or aberrant proteins, such as alpha-synuclein, 

that can elicit aggregation, inflammation, and antibody production (Benner et al., 2008).  

Aside from the interplay between immunological processes and PD genes, there are also 

genetic mutations of the immune system itself that can increase the likelihood of 

developing PD.  Furthermore, environmental risk factors such as exposure to pesticides 

or CNS infections, can invoke neuroinflammatory responses to yield neurodegeneration.  

Even though, the majority of PD cases are idiopathic, the replete list of evidence for 

innate immune involvement made it a pathological feature of PD (Benner et al., 2008).   

 

Innate Immunity in PD: 

 

 The innate immune system responds immediately to defend the body against 

foreign pathogens, bacteria, viruses, or cellular debris, by acting as a physical or chemical 

barrier and recruiting immune cells to the site of injury or infection.  It accomplishes this 

by secreting cytokines, chemokines, ROS, activating phagocytosis, or promoting the 

complement cascade and infiltration of specialized white cells to remove infected or 

dying cells.  The innate immune system is also known as the non-specific immune 

system, and can activate the adaptive ‘specific’ immune system by presenting antigens. 
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 Microglia are the resident immune cell in the central nervous system and the 

primary active defense (Dissing-Olesen et al., 2007). They make up 20% of all glia in the 

brain, and are the first responders, capable of very sensitive detection of low levels of 

pathogens (Aguzzi et al., 2013; Lawson et al., 1992; Kreutzberg et al, 1995).  This high 

acuity in sensing their environment is partially accomplished by using a unique potassium 

channel, capable of detecting subtle changes in extracellular potassium levels (Gehrmann 

et al., 1995; Kreutzberg et al., 1995).  Microglia display high level of plasticity in order 

to combat different immunological challenges, and therefore do not need to be constantly 

replaced (Aguzzi et al., 2013; Kreutzberg et al., 1995).   

 As macrophages, microglia constantly survey their environment, and target 

pathogens, foreign bodies, plaques, injured and dying cells (Kreutzberg et al., 1995).  

Microglia can destroy foreign bodies or infected cells via phagocytic and cytotoxic 

activity.  Microglia can phagocytose material and display digested peptides on major 

histocompatibility complex (for T cells).  They are very efficient antigen presenting cell 

of the central nervous system (Aloisi, 2001; Gehrmann et al., 1995).   

  Amoeboid microglia scavenge and phagocytose debris but are not ideal for 

antigen presentation or inflammation.  They are prominent in development and rewiring 

of the brain, when debris and apoptotic cells need to be removed (Kreutzberg et al., 1995; 

Ferrer et al., 1990; Christensen et al., 2006). Additionally they do not have major 

histocompatibility complex class I and class II, no intereferon-gamma, CD45 antigens, 

and other factors involved in antigen presentation and cytotoxicity. 
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 Quiescent microglia are not typically replaced by myeloid progenitor cells, due to 

the tight knit blood brain barrier.  However, upon serious infection, bone chimera studies 

demonstrate the blood brain barrier weakens to allow for peripheral macrophages and 

myeloid progenitor cells (Gehrmann et al., 1996).  The resting form of microglia is 

ramified, and made up of branching processes constantly in motion in order to survey 

their environment. Their main purpose is detecting infection and cell injury.  They are 

unable to phagocytose (unlike the other two types), have no major histocompatibility 

complex class I and class II, and are poor antigen presenter (Aloisi, 2001; Christensen et 

al., 2006). 

 On the other hand, activated microglia can be non-phagocytic or phagocytic 

(Blaylock et al., 2013).  Non-phagocytotic microglia are activated by glutamate receptor 

agonist, lipopolyssacharides, cytokines, extracellular potassium changes, which occurs 

upon cells rupturing, and cell necrosis factors.  Upon activation, microglial branches 

shorten, they expresses immunomolecules, including major histocompatibility complex I 

and II, and can secrete chemokines and cytotoxic factors.  Subsequently, these microglia 

rapidly proliferate (Blaylock et al., 2013). 

 Activated phagocytic microglia are the most immunoresponsive.  They are highly 

mobile scavengers that phagocytose material, release cytotoxic and inflammatory factors 

upon encountering pathogens, foreign bodies, viruses, bacteria, damaged cells, dead cells, 

DNA fragments, neural tangles, plaques, and lipids. They possess the ability to present 

antigens, interact with astrocytes and neurons to maintaining homeostasis (Kreutzberg et 
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al., 1995; Aloisi, 2001).  After phagocytosing as much material as they possibly can, 

microglia become gitter cells, which are generally non-reactive (Rissi et al., 2006). 

 Microglia activation, the primary hallmark of neuroinflammation, has been 

consistently observed in the SN and striatum of PD post-mortem brain and experimental 

animal models of the disease (McGeer et al., 2003).  However, neuroscientists were 

unsure whether microgliosis contributed to DA cell death, or presented itself as a 

consequence of the degenerative process (McGeer et al.,2003.  

Phagocytosis is microglia’s main function, although through cytotoxicity they can 

also destroy infectious organisms or infected cells. Microglia can release a wide variety 

of neurotoxic and neuroinflammatory factors including chemokines, glutamate, aspartate, 

and proteases, such as cathepsins B,L, and S, the matrix metalloproteinases (MMP -) 

1,2,3 and 9 (Kim and Joh, 2006).  Microglia also have been shown to secrete cytokines 

such as IL-1 alpha, IL-1 beta, and TNF-alpha, and Fas.  If the release of cytokines is 

sustained, it becomes neurotoxic (Kim and Joh, 2006; Liu and Bing, 2011)).  

 Microglia secrete chemokine IL-8 for B cell differentiation and neutrophil 

recruitment  (Ramesh et al., 2013; Tarassishin et al., 2011).  IL -1 release inhibits IL-10 

and TGF-beta, thereby downregulating inflammation and antigen presentation.  Secretion 

of chemokines, such as the chemoattractant protein-1 (MCP-1), MDC, IL-8, and MIP-

3beta recruit T cells and dendritic cells to the injury site. Prostaglandins prevent 

inflammatory cascade and downredulate Th1 (Aloisi, 2001).  Microglia are also 

beneficial in that after inflammation , they can speed up considerably regrowth and 

remapping of neural tissue, by synaptic stripping (removal of branches from nerves near 
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site of injury), secreting anti-inflammatory cytokine and growth factors (Ritter et al., 

2006; Gehrmann et al., 1995). 

 

Microglial Derived Reactive Oxygen Species: 

 

 Free radicals oxidize neighboring molecules as they extract electrons to complete 

their orbital.  In microglia there exist three enzymatic sources of reactive oxygen species, 

namely NADPH Oxidase (PHOX), Inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX 2).  Microglia’s biggest superoxide producing enzyme, NADPH 

Oxidase, is upregulated in post-mortem brain from PD patients (Qin et al., 2004).  

Inhibiting its activation protects DA neurons in different models of PD (Gao et al., 

2003c).  Inducible nitric oxide synthase is calcium independent, and its activation is 

sustained longer than endothelial NOS, which is calcium dependent.  Researchers report 

direct inhibition of iNOS reduces dopaminergic neurotoxicity of LPS and IFN-γ-activated 

microglia in vitro by 75% (Hemmer et al., 2001).   COX-2 produces super oxide as a 

byproduct of prostaglandin synthesis.  Overexpressing COX-2 can activate cell cycle 

genes and trigger apoptosis. 

 Upon activation, microglia generate cytotoxic levels of superoxide and nitric 

oxide.  These two compounds can rapidly interact to form the peroxynitrite, a highly 

reactive oxidative species capable of traversing cell membranes, and causing lipid 

peroxidation, DNA damage, mitochondrial inhibition and nitrotyrosine formation 

(Dringen et al., 2005; Ischiropoulos et al., 2003).  3-nitrotyrosine is a marker for 

peroxynitrite, and has been detected in PD (Ischiropoulos et al., 2003).  Peroxynitrite is 
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formed three times faster than superoxide dismutase converts super oxide in hydrogen 

peroxide (Beckman, 1994).  

  

Microglia Neurotoxicity and Reactive Microgliosis: 

 

 Microglia can become activated upon exposure to cytokines, chemokines, 

invading pathogens, antibodies, alpha-synuclein, amyloid-beta, lipopolysaccharides, 

misfolded proteins, extracellular debris, thrombin, pesticides (rotenone), and MPTP 

(Cardona et al., 2006).  Microglia neurotoxicity has been implicated in PD, principally by 

secreting neurotoxic and inflammatory factors, including TNF-alpha, interleukin-1beta, 

nitric oxide, superoxide, and prostaglandin E2 (Block et al., 2007b). 

Injured or dying cells can also activate microglia.  This occurs by soluble factors, 

including neuronal death signals, alpha-synuclein, µ-calpain, or changes in extracellular 

potassium.  Similarly, dying neurons signal microglia to become active by the loss of cell 

to cell contact.  This effect is mediated by the inhibitory CD200 receptor glycoprotein, 

which normally engages healthy neurons.  Upon neuron withdrawal due to injury or 

death, the inhibition signal is lost and microglia become activated and neurotoxic (Lyons 

et al., 2007; Dentesano et al., 2012). 

 Microglia activation can sustain neurodegeneration via two distinct mechanisms. 

A proinflammatory insult, such as with the classic inflammagen lipopolysaccharide, can 

drive microgliosis to secrete neurotoxic and neuroinflammatory factors causing neurons 

to degenerate.  This is called microglial neurotoxicity.  Conversely, in a process known as 

reactive microgliosis, a neuron damage signal triggers microglia to become activated and 
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neurotoxic (Hong et al., 2007a).  Reactive microgliosis is a self-propelling, vicious cycle 

of neuron injury causing more microglial activation, which triggers further neuron 

damage, and so forth (Streit et al., 1999; Gao et al., 2003b; Huh et al., 2003; McGeer et 

al., 2003; Levesque et al., 2010). 

Originally thought to be short-lived, reactive microgliosis is a self-repeating cycle 

lasting years after initial trigger is eliminated.  Studies of accidental administration of 

MPTP by humans or its experimental use in primates, report reactive microgliosis 

endured years after the initial insult (Langston et al., 1999; McGeer et al., 2003).  In 

2010, Block et al discovered µ-calpain release from injured dopamine neurons 

precipitated reactive microgliosis.  This consequential activation of microglia was 

marked by the generation of superoxide, which was toxic selectively to dopaminergic 

cells.  

 Additional lines of evidence implicating microgliosis in PD come from cytokine 

studies.  Levels of pro-inflammatory cytokines such as interleukin-1beta (IL-1B) and 

tumour necrosis factor-alpha (TNF-alpha) are elevated in the substantia nigra in PD 

(Mogi et al., 1996).  Treating midbrain cultures with neutralizing antibodies to either 

TNF-α or IL-1β  reduced dopaminergic LPS-induced toxicity by approximately 50% 

(Gayle et al., 2002).  Furthermore, the pro-apoptotic caspase-11, which is essential for 

production of IL-1β, has been found to play an important role in dopaminergic 

neurotoxicity (Arai et al., 2004).   Additionally, mice deficient in IL-1B converting 

enzyme are markedly resistant to MPTP neurotoxicity.   

 The anti-inflammatory minocycline prevents MPTP-induced activation of 

microglia (Wu et al., 2003).  Moreover, it has been shown to prevent DA cell loss by 
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decreasing IL-1B formation, lowering the activity of NADPH Oxidase, iNOS, and 

decreasing 3-nitrotyrosine formation. 

 Lipopolysaccharide induces iNOS, and causes the release of TNF-alpha.  It is 

noteworthy that chronic LPS infusion into the SN causes immediate microgliosis, 

followed by delayed and gradual loss of SN neurons after a month.  As such, early-onset 

inflammation triggers progressive and selective neurodegeneration of dopamine neurons, 

which is in line with the nature of cell loss in PD (Ling et al., 2006). 

 Brain trauma and exposure to infectious disease early in life can predispose the 

SNpc to dopamine neuron death (Liu, et al. 2003; Bower et al, 2003).  This is perhaps 

why the famous boxer Muhammad Ali developed early-onset PD (Brey et al., 2006; 

Matthews et al., 2006).  It may also be the reason behind NFL football players having a 

higher likelihood of getting neurodegenerative diseases (Gavett et al, 2011). 

 Robust microglial activation with enhanced neurodegeneration has been observed 

in animal as well as many in vitro models of PD, including MPTP (Kurkowska-

Jastrzebska et al., 1999; Wu et al., 2002), 6-OHDA (Cicchetti et al., 2002), rotenone 

(Gao et al., 2002a), and LPS (Levi et al., 1998).  

 

Interferon-gamma (IFN-γ):  

 Whereas microglial derived ROS is a well-established cause of DA cell loss, the 

role of cytokines is not as clear in models of PD.  Given their proinflammatory potency 

and high level of coordination as immune messengers, we set out to study cytokine’s 

regulation of microglial neurotoxicity.  In collaboration with Dr. David Grimes, a 
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neurologist at the Ottawa Hospital, our laboratory measured the levels of several 

cytokines from the blood of PD patients versus age-matched control subjects.  IFN-γ was 

the highest expressed cytokine in PD patient’s blood, significantly more than all other 

cytokines examined, piquing our research interest (Mount et al, 2007).  Little was known 

about its involvement in the CNS, and far less about its role in DA cell loss.  In fact, no 

previous reports showed IFN-γ production in the central nervous system.  Given the 

blood brain barrier’s tight regulation, it was not clear how elevated levels of IFN-γ in the 

blood correlate with its activity in the brain.  Moreover, IFN-γ’s receptor is ubiquitously 

expressed, rendering it difficult to delineate how its signaling pathways may be involved 

in DA neuron death. 

The interferon-gamma cytokine is the only member of the type II class of 

interferons (Ray et al, 1982).  It is 143 amino acids long and has a monomer core is made 

up of six alpha-helices, and the C-terminal region has an extended unfolded sequence 

(Vanhaverbeke et al, 2004; Thiel et al, 2000; Ealick et al, 2001).  The biologically active 

form is dimerized, and functions are mediated through the heterodimeric engagement of 

interferon-gamma receptor 1 and interferon-gamma receptor 2 (Ray et al, 1982).  

Consequentially, the JAK-STAT pathway is activated, modulating transcription of 30 

genes.  Interferon-gamma alternatively can bind glycosaminoglycan heparin sulfate to 

inhibit its biological activity (Sadir et al, 1998). 

Interferon-gamma is critical for the innate and adaptive immune system.  It is 

produced primarily by natural killer cells, natural killer T cells, CD4 Th1, CD8 

cytotoxicity T lymphocytes, myeloid cells, dendritic cells, and macrophages (Schoenborn 

et al, 2007; Thiel et al, 2000).  IFN-γ’s immunoregulatory properties include increasing 
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the antimicrobial, antiviral, and tumoricidal activity of monocytes, macrophages, 

neutrophils, and natural killer cells (Schroder et al, 2004).  IFN-γ toxicity is increased in 

iron loaded cells (Zhang et al., 2005), such as DA neurons (Chinta et al., 2005).  

Abnormal interferon-gamma levels are linked to autoinflammatory and autoimmune 

diseases.  Additionally, genetic mutations of IFN-gamma can increase the likelihood of 

developing PD (Simunovic et al., 2009). 

Even though IFN-γ was never shown to be produced in the central nervous 

system, we hypothesized under inflammatory conditions it can be produced by microglia, 

which is technically a macrophage.  Moreover, being such a powerful microglial 

activator, we predicted IFN-γ will act in an autocrine manner to regulate microglia 

neurotoxicity.  Our research objective was to highlight IFN-γ’s mechanistic involvement 

in a rotenone-induced model of DA neuron death.   

 

Coculture Model of Neuroinflammation: 

We chose a rotenone based model of neuroinflammation, to drive microglial 

production of the proinflammatory cytokine.  Our intentions for choosing an in vitro 

coculture system, whereby purified microglia are added to neuron-enriched midbrain 

cells is to examine the mechanism of microglia mediated dopaminergic neurotoxicity, 

with the capability of isolating and focussing on the IFN-γ receptor from either microglia 

or dopamine neurons separately.  Highlighting the importance of neuronal versus 

microglial IFN- γ receptors shed light on its mechanistic involvement in DA cell death. 
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Secondly, rotenone’s well documented effects as a DA neurotoxin and 

inflammatory pesticide make it the more suitable toxin to employ compared to LPS 

which elicits broad generalized toxic effects.  We also argue rotenone is better at eliciting 

a neuroinflammatory model than MPTP, which does not directly activate microglia.  Note 

the DA transporter is responsible for bringing MPP+ into cells, and it is not possessed by 

microglia.  In our coculture model we determined a concentration of rotenone that exerts 

selective dopaminergic toxicity via microglia activation, which was favourable to assess 

an inflammatory reaction (Mount et al, 2007).   Moreover, we assess dopamine neuron 

survival in different experiments that interfere with IFN-γ signaling. 

Microglial derived ROS and TNF-alpha have previously been reported in 

inflammatory models of DA cell death (Qin et al., 2004), rendering our in vitro system a 

unique, powerful tool in analysis of the neuroinflammatory attack on DA neurons, and 

sheds light on an important proinflammatory cytokine that was not well understood in the 

context of PD. 

 
 
 
The Adaptive Immune Response:  
 
 
 
 After exploring IFN-γ in an isolated in vitro co-culture system, we chose to 

broaden our scope of the immune system by studying the full response of the adaptive 

immune system to MPTP-induced injury, using a specialized in vivo mouse model.  

Whereas the innate neuroinflammatory reactions have been characterized, the adaptive 

immune response remains unclear (Chen et al., 2005; Wahner et al., 2007; Nagatsu et al., 

2000; Czlonkowska et al., 2002; Whitton et al., 2007).  Evidence obtained from post-
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mortem PD brains and experimental animal models suggests adaptive immunity is 

involved in the pathogenesis of PD (Theodore et al., 2008; Brochard et al., 2009; 

Kannarkat et al., 2013; Papachroni et al., 2007).  However, early findings were 

disjointed, and unable to recapitulate the entire cascade of the adaptive immune events 

that elicit an antibody response to dopaminergic antigens. 

IFN-γ is more than a potent proinflammatory cytokine.  It also primes the 

adaptive immune system by enhancing Th1 cell expansion, potentiating secretion of 

antibodies by B cells, upregulating the expression of Fc receptor, and MHC class I and II 

on antigen presenting cells (Schoenborn et al, 2007).  All these features form part of the 

adaptive immune system. 

In brief, adaptive immunity provides the ability to recognize, remember, and 

generate immunity against specific antigens.  It commences with the presentation of an 

antigen, on macrophages, dendritic cells, or B cells – the three antigen presenting cells.  

Microglia are the biggest antigen presenting cells in the central nervous system.  After 

engulfing pathogens, debris and dying cells, they digest and display their peptides on 

major histocompatibility complex class II (MHC II).  If the immune system interprets a 

peptide to be antigenic (not ‘self’), it will launch an immunological attack to get rid of 

any cell displaying the antigen.  MHC class I molecules display digested cytolosic 

protiens only to cytotoxic T cells, and therefore do not participate in an antibody immune 

response. 

A peptide is deemed antigenic if it engages a specific T cell receptor on MHC 

class II.  Subsequently, CD80/CD86 receptors on the antigen presenting cell must bind 

CD28 receptors on T cells.  It is worth noting that astroglia do not express CD80/CD86, 
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and therefore do not act in antigen presentation.  Specific cytokines, known as 

lymphokines, are secreted by the antigen presenting cells instructing the naïve CD4 T cell 

to mature into a specific T cell (Waldmann, 2006; Murphy et al., 2002)).  The T cell 

consequently undergoes clonal expansion, and secretes cytokines that bind specific B cell 

receptors (Guyton et al, 2006).  These B cells become activated, developing in plasma B 

cells and memory cells, which produce antibodies with high affinity to the antigen.    

 Antibodies destroy cells displaying antigens using three distinct mechanisms.  

They can neutralize the antigen and interfere with its normal intracellular trafficking. 

They can also recruit the complement system.  Made up of over 20 proteins, the 

complement system perforate holes in the membrane of cells tagged by antibodies, 

causing them to swell and burst.  Additionally, antibodies can tag the cell for 

phagocytosis or cytotoxicity.  In a process known as opsonization, antibodies bound to 

the antigen displaying cell engage immune cell’s Fc receptors, and thereby trigger 

antibody-mediated phagocytosis.  Alternatively, the engagement of antibodies to Fc 

receptors can cause antibody-dependent cell-mediated cytotoxicity to get rid of the 

antigen.    

 The central nervous system is immunosensitive, possessing no lymphatic system 

and low MHC expression (Janeway et al, 2005).  In fact, the brain was once thought to be 

an immune privileged organ, due to the tightly regulated blood brain barrier that is not 

permeable to lymphocytes under normal conditions (Ziv et al, 2006).  However, during 

inflammation the perivascular space develops, and lymphocytes are capable of crossing 

all 3 layers of the blood brain barrier to infiltrate the brain.  To do this, activated T cells 
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must undergo adhesion, attraction, invasion, and reactivation – a highly orchestrated 

chain of events with the macrophages and dendritic cells of the perivascular space. 

 Animals treated with DA neurotoxins have demonstrated blood-brain-barrier 

disruptions (Monahan et al., 2008).  No models of PD have documented the adaptive 

immune response in its entirety, instead fragments of its different pathways have been 

observed to participate in DA cell death (Han et al., 2012; He et al., 2002; Orr et al., 

2005; Chen et al., 1998; Carvey et al., 1991).  This underscores the experimental 

difficulty and time sensitive nature of establishing such models.  Nonetheless, these 

experimental obstacles have not stopped countless researchers from inching closer. 

Various neurodegenerative models, including MPTP intoxication and traumatic 

brain injury, have been shown to activate the adaptive immune system.  Recently, 

Brochard et al found helper T cells in the SNpc of postmortem PD brains.  Likewise, 

after injecting mice with MPTP, Kurkowska-Jastrzebska et al (1999a) observed 

infiltration of T cells into the SNpc and striatum, as well as an increase in microglial 

MHC class II antigen expression.   

Furthermore, antibodies to dopamine neuron have been detected.  Carvey et al 

(1991) discovered an antibody in the cerebral spinal fluid of PD patients that reacted 

immunocytochemically with DA neurons of the SN.  It was detected in 78% of patients 

with clinical PD, versus 3% of control patients.  Scientists are attempting to employ these 

antibodies as diagnostic markers for PD progression.     

Given that PD is best managed when diagnosed early, there is an impetus to 

identify immune biomarkers (Sharma et al., 2013).  Such warnings signs permit medical 
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intervention at an early stage when most dopamine neurons are still present.  Immune 

biomarkers can facilitate an early diagnosis and buy time and therapeutic intervention for 

the remaining live DA cells in the SNpc to stave off a neurotoxic and inflammatory 

environment (Sharma et al., 2013).  Effective biomarkers could therefore preserve the 

SNpc and prevent physical symptoms from ever arising.   

Immune biomarkers are an attractive candidate for biomarkers because they arise 

well in advance of clinical signs of DA neurodegeneration, and can often be detected by a 

simple blood test or sampling of cerebrospinal fluid (Sharma et al., 2013; Mosley et al., 

2012).  Cytokine levels, such as IL-1beta, IL-6, and TNF-alpha, are increased in serum 

and cerebrospinal fluid of PD patients (Hirsch et al., 2009).  We propose IFN-γ as a 

biomarker of PD, given it was expressed in high amounts in the serum of PD patients, 

compared to age-matched control patients (Mount et al., 2007).  DA neuron and alpha-

synuclein autoantibodies have been proposed biomarkers of PD for two decades 

(Papachroni et al., 2007; Han et al., 2012; Kunas et al., 1995; Carvey et al., 1991).  

Additional suggested biomarkers include lymphocyte brain infiltration (Brochard et al., 

2009), blood brain barrier disruption (Kortekaas et al., 2005), and Fcγ receptor levels (He 

et al., 2002; Lira et al., 2011). 

In 2008, Theodore et al (2008) overexpressed alpha-synuclein in mice, and found 

T and B cells infiltrates in the SNpc remained present for several months.  Moreover, 

they discovered IgG expression in the SNpc and upregulation of the Fc receptor.  MPTP 

administration has also been shown to increase the expression of Fc receptors 

(Kurkowska-Jastrzebska et al, 1999a; Kurkowska-Jastrzebska et al, 1999b; Hunot et al, 
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1999).  Interestingly, the expression of CD23, a type of Fc receptor, was detected in the 

SN and striatum of PD patients but not in control patients (Hunot et al., 1999).    

Fc receptors are found in a variety of immune cells, including microglia, and play 

a critical role in the adaptive immune response.  Upon engaging antibodies in the central 

nervous system, Fc receptors will activate microglia and stimulate phagocytosis or 

cytotoxicity.  In this manner, we predict Fc receptors are important participants in 

dopaminergic cell death in PD, yet also bearing in mind that antibodies could mediate 

damage in different ways.   

The initial data supporting the role an antibody response in PD models came from 

Dr. Stanley Appel’s research.  After isolating IgGs from PD patients and injecting them 

into the SNpc of mice, he discovered they bound to dopamine neurons, causing microglia 

activation and dopaminergic neurodegeneration.  Fc receptors mediated this effect since 

mice deficient in the Fc receptors exhibited neuroprotection and less inflammation (He et 

al., 2002).  Given PD IgGs show preferential association with dopaminergic neurons of 

the SNpc, it is postulated that significantly modified dopaminergic antigens or 

neopeptides generated an antibody response.   

Neopeptides may arise from dopaminergic neuron’s inherent vulnerability to 

oxidative damage, which is attributed from having a low antioxidant capacity, and high 

concentration of oxidation-prone dopamine and lipids (Jenner et al., 1998; Greenamyre et 

al., 1999).  DA neurons have high iron levels, and iron-loaded cells are more sensitive to 

IFN-gamma toxicity.  Furthermore, the most abundant area of microglia is in the 

midbrain.  The “neopeptide theory” states that with ageing and long-term exposure to 
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oxidative stress, DA neurons develop modification recognized as neopeptides or antigens 

by the immune system.   

Aggregating excessively in Lewy bodies, a good candidate for a protein incurring 

sufficient modifications to become antigenic is alpha-synuclein.  In a 2008 study, Benner 

et al (2008) reported MPTP treatment causes nitrosine-modified alpha-synuclein 

accumulation in cervical lymph nodes.  Consequently, mice produce antibodies to native 

and nitrated alpha-synuclein.  This insightful research demonstrates how dopaminergic 

injury can elicit an adaptive immune response to exacerbate injury and death.  In this 

context, as an immunological target alpha-synuclein becomes yet even more culpable for 

progressive death of DA neurons.  The scientific community makes a strong argument for 

this. 

The ability for nitrosine-modified alpha-synuclein to bypass immunological 

barriers and alert T cells has been previously reported (Birnboim et al., 2003).  In squirrel 

monkeys, a single injection of MPTP was sufficient to cause a buildup of alpha-synuclein 

in DA neurons (McCormack et al., 2008).  Consequentially, antibodies against nitrated 

and phosphorylated alpha-synuclein were discovered to bind midbrain DA neurons.  

Likewise, researchers using an overexpression model of alpha-synuclein detected an 

increase in B cells, Fc receptors and IgG expression in the SN.  This adaptive 

immunological reaction was followed by dopamine neuron death (Theodore et al, 2008).   

We hypothesize the adaptive immune system becomes involved in response to 

ageing, possibly after DA neurons begin showing ubiquitin-protesome deficits.  An 

unwanted buildup of proteins, particularly alpha-synuclein, combined with an increase in 
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oxidative load, may elicit protein modifications in DA neurons to invoke an antigenic 

response.  

The ability of plasma or memory cells to remember antigens, delivering a faster 

and stronger immunological attack would speed up degeneration of dopamine neurons 

tagged with modified alpha-synuclein.  Healthy DA neurons that do not develop 

antigenic neopeptides can still succumb to antibody-dependent cell-mediated 

cytotoxicity, which activates iNOS and cytokine production, by virtue of being in close 

proximity to injured or dying DA neurons that are targeted for displaying antigenic 

modifications.     

The adaptive immune system can take approximately a week to mount a response.  

In order to better observe an adaptive immunity in PD models, a suitable dopamine 

neuron injury paradigm must be tailored to allow time for dopaminergic modifications to 

arise and adaptive immune response to fully develop.  We aimed at recapitulating the 

adaptive response similarly observed in the aforementioned studies, by invoking low-

grade damage to dopaminergic cells.  Employing low concentrations of the neurotoxin 

MPTP, protracted over an extended period, is a novel approach to elicit low-grade 

dopaminergic injury, allowing for the full adaptive immune system.  In this way, we 

believe our dopamine neuron death paradigm is best suited to study how dopaminergic 

injury stimulates adaptive immunity. 

Brochard et al (2009) observed T cell infiltration in the SNpc and DA cell death, 

as early as 2 days after MPTP treatment.  However they employed an acute death 

paradigm that is not ideal for studying the adaptive immune response.  Their neurotoxic 

paradigm was not a low dose, protracted regiment like we used.   
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Traditional acute MPTP paradigms do not reflect PD pathogenesis as effectively, 

given that rapid onset and progression of neurodegeneration.  We therefore subjected 

wild-type mice to biweekly intraperitoneal injections of MPTP (10mg/kg) or saline over 

4 weeks.  On the fifth week after the start of injections, the mice were sacrificed and their 

brains sectioned to examine for signs of DA cell loss.  

The protracted MPTP regimen we developed has never been done, and is better 

suited for studying adaptive immunity, both in that a lower more frequent dose is given, 

over a longer time frame that allows for the full activation of an antibody response to 

target dopaminergic cells displaying sufficiently modified proteins. 

We predict our protracted, low dose MPTP paradigm is best tailored to elicit 

dopaminergic injury and antigenic modifications capable of being phagocytosed and 

displayed on microglial major histocompatibility complexes.  This antigen presentation 

will drive the humoral response to target and destroy a significant amount of DA neurons 

in the SNpc.  A midpoint group of mice were subjected to the protracted MPTP paradigm 

but sacrificed at day 14.  Assessing DA neuron death in this group indicate if 

degeneration is occurring early or late in the paradigm.  Given a considerable amount of 

time is required to elicit dopaminergic modifications and the adaptive immune response, 

we hypothesis DA cell death will be low in this group of mice that are sacrificed 14 days 

after the start of MPTP administration. 

To examine the participation of the adaptive immune response in DA cell death, 

we subjected two types of mutant mice to our specialized, protracted MPTP paradigm.  

Rag2 -/-mice have a disruption in the recombination activating gene 2.  This gene 

produces an enzyme critical in the generation of T and B cell receptors, and therefore 
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these mice are devoid of T and B cells and are unable to produce antibodies.  If adaptive 

immunity is participating in dopaminergic neuro death, we anticipate significant 

neuroprotection in the Rag 2 deficient mice. 

Additionally, we employed Fcγ receptor knockout mice in our in vivo mouse 

model of PD.The function of Fc receptors differs among its subtypes.  Fcγ receptors bind 

IgGs, the most common class of antibody, whereas Fc epsilon receptors bind IgEs, and 

Fc alpha receptors bind IgAs.  The molecular structure of each Fc receptor governs its 

binding affinity (Indik et al., 1995).  Low affinity receptors prevent binding without the 

antigens being present, and as such lower the risk of immune activation in the absence of 

infection.   

Fc receptors bind the Fc stalk of antibodies (Swanson et al., 2004), and in doing 

so stimulates activation of the cell carrying the Fc receptor (Raghavan et al., 1996).  

Upon engaging antibodies, Fc receptors activate their respective phagocytic or cytotoxic 

cells to kill microbes, or infected cells via antibody-dependent phagocytosis or antibody-

dependent cell –mediated cytotoxicity (Sun, 2003).  A phagocytic cell undergoes an 

active process of binding and releasing Fc stalk/Fc receptor complex in order to 

completely engulf a pathogen (Joshi et al., 2006).  The most important receptors involved 

in phagocytosis are the Fcγ receptors (Swanson et al., 2004; Fridman et al., 1991).  

Members of the Fcγ receptor family include Fcγ receptor I, Fcγ receptor IIA, Fcγ receptor 

IIB, Fcγ receptor IIIA, and Fcγ receptor IIIB. 

The Fcγ receptor deficient mice employed in our experiments lack the γ chain 

subunit of the Fcγ receptor I, Fcγ receptor III, and Fc epsilon receptor I (Takai et al., 

1994).  This γ accessory chain possesses an ITAM motif required for signal transduction 
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and cellular activation; it is also responsible for the cell surface expression of these 

receptors in macrophages, mast cells, NK cells, neutrophils and basophils, rendering 

them functionally impaired in our knockout mice (Nimmerjahn et al., 2006; Takai et al., 

1994).  Accordingly, we evaluated the absence of IgG and IgE triggered effector 

pathways (Takai et al., 1994) in our mouse model of PD.We anticipated a reduction of 

DA cell death in our Fcγ receptor deficient mice treated with MPTP, compared to the 

wild-type control mice.  Antibodies can promote degeneration independently of Fc 

receptor stimulation; therefore we expect Fcγ receptor knockout mice to exhibit more DA 

cell death than the Rag 2 deficient mice. 

To compare mechanisms and temporal degenerative profile of DA neurons, we 

conducted an acute MPTP dosing paradigm.  In this paradigm, higher concentrations of 

MPTP are given over a shorter time frame.  Expecting more direct MPTP-induced 

neurotoxicity with the acute paradigm, we predict the immune system participates far less 

than with the protracted dosing model.  This is because the time for immune activation is 

drastically shortened.  Also in the acute paradigm, the neurotoxin dosages are much 

higher, which probably elicit profound cell death as opposed to dopaminergic injury that 

allows immune system recognition of modified neopeptides.  As such, we do not 

anticipate Rag 2 deficient and Fcγ receptor deficient mice to show significant protect 

against acute MPTP treatment.   

Our assessment of the SNpc is corroborated with striatal immunocytochemical 

analysis.  Since DA neurons degenerate in a retrograde manner, the loss of dopaminergic 

innervation should be more evident in the striatum.   
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Lastly, the nigrostriatal axis is functionally assessed with behavioural studies of 

the motor system.  We anticipate that a significant loss of DA neurons in our protracted 

MPTP paradigm will translate into motor movement deficits.  Both the adaptive immune 

system mutant mice, we predict will confer histological and behavioural protection 

against MPTP.  Behavioural examinations including the pole test, micromax and water 

stress test, were given to the mice each week.  These different motor tests are designed to 

examine the motor movement of mice under different conditions. 

The micromax is a cage where mice are placed for 24 hours, and every time they 

move an infrared beam is broken and recorded by a computer.  The water stress is 

accomplished by dropping mice in a 4-liter beaker of water and letting them swim for 1 

minute.  The mice subsequently are placed in the micromax and their movements are 

recorded for 2 hours.  The purpose of stressing the mice is to reveal any underlying motor 

movement impairments that may not arise under normal conditions.  Considering in 

humans the majority of the DA cells in the SNpc die before physical symptoms 

precipitate, we do not expect a significant decline in motor function to be apparent in 

mice with a modest SNpc lesion.   

In the pole test, mice are placed near the top of a pole, and because mice have the 

tendency of avoiding heights, their turn latency and descend to the ground is a measure of 

their motor movement capabilities.  This behavioural experiment is strenuous, physically 

demanding, and requires significantly more motor coordination than the other two tests.  

In this context, a smaller basal ganglia lesion would be most evident in the pole test, 

compared to the other two motor exams. 



41 
 

In our novel experimental paradigm, protracted MPTP administration will 

indicate whether damaged DA neurons can invoke the adaptive immune response to 

produce IgGs against them and exacerbate neurodegeneration of the nigrostriatal tract.  

Furthermore, our study will determine if Fcγ receptors are an important part of the way 

the adaptive immune system degenerates the SNpc – an important question that has not 

been answered.  

We are the first to test the Fcγ receptor’s involvement using a specialized 

protracted MPTP mouse model of PD.  Our research widens the current understanding of 

humoral responses affecting DA cells, and provides novel therapeutic targets to safeguard 

the nigrostriatal tract.  
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Abstract 
 
Growing evidence implicates microglia in the loss of dopaminergic neurons in 

Parkinson's disease (PD). However, factors mediating microglial activation in PD are 

poorly understood. Proinflammatory cytokines, such as interferon-γ (IFN-γ), orchestrate 

the actions of microglia. We report here that PD patients express significantly elevated 

levels of IFN-γ in their blood plasma. After this initial finding, we found that IFN-γ-

deficient mice displayed attenuated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP)-induced substantia nigra pars compacta dopaminergic cell loss along with 

reduced loss of striatal tyrosine hydroxylase and dopamine transporter fiber density. 

MPTP-induced depletion of striatal dopamine and its metabolite DOPAC (3,4-

dihydroxyphenylacetic acid), as well as ΔFosB, a marker of postsynaptic dysfunction, 

were also attenuated in these knock-out mice. Consistent with the role for IFN-γ in 

microglial activation, MPTP-induced morphological activation of microglia was 

abrogated compared with wild-type mice. To examine more mechanistically the role of 

IFN-γ in microglial activation, we evaluated the interactions between microglia and 

dopaminergic neurons in an in vitro mixed microglia/midbrain neuron rotenone-induced 

death paradigm. In this in vitro paradigm, dopaminergic neurons are selectively damaged 

by rotenone. Exogenous IFN-γ ligand alone and without rotenone resulted in 

dopaminergic cell loss, but only in the presence of microglia. The addition of an IFN-γ 

neutralizing antibody attenuated neuronal loss as a result of rotenone treatment. The 

presence of only wild-type microglia and not those deficient in IFN-γ receptor elicited 

significant dopaminergic cell loss when exposed to rotenone. Neurons deficient in IFN-γ 

receptor, however, did not display increased resistance to death. Finally, levels of IFN-γ 
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message increased in microglia in response to rotenone. Together, these data suggest that 

IFN-γ participates in death of dopaminergic neurons by regulating microglial activity.  
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Introduction 

Parkinson's disease (PD) is a neurodegenerative condition characterized by progressive 

motor deficits including tremor, bradykinesia, rigidity, and postural instabilities 

(Przedborski et al., 2001). Many of the cardinal symptoms of PD are attributed to 

depletion of dopamine (DA) in the brain resulting from the loss of dopaminergic neurons 

of the substantia nigra pars compacta (SNc) (Smeyne and Jackson-Lewis, 2005). Current 

therapies, such as L-DOPA (L-3,4-dihydroxyphenylalanine), are mainly directed toward 

replacing DA levels in the brain and, as such, provide only symptomatic relief. These 

drugs do not modify the progressive neurodegenerative cell loss process associated with 

PD that, in many cases, results in debilitating side effects (Kostic et al., 1991). 

Attenuation of the underlying degeneration in PD may provide opportunities for more 

effective therapeutic intervention. However, the mechanism(s) controlling dopaminergic 

loss is not completely clear.  

Administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces a 

syndrome in mice and primates resembling that of clinical PD (Langston et al., 2000; 

Fukuda, 2001). Similar to the histopathological features of PD, MPTP treatment provokes 

a selective loss of dopaminergic neurons in the SNc coupled with a profound reduction in 

striatal DA with little alteration in other monoamine neurotransmitter systems (Smeyne 

and Jackson-Lewis, 2005). This model is frequently used to examine dopaminergic cell 

loss in an in vivo setting.  

A common characteristic of PD and the MPTP model of degeneration is increased 

microglial activation (Czlonkowska et al., 1996; Gao et al., 2002b; Barcia et al., 2004). 
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Several lines of evidence support the importance of this activation in the deterioration of 

dopaminergic neurons. The use of the pharmacological anti-inflammatory agent 

minocycline attenuates activation of microglia as well as MPTP-induced dopaminergic 

cell loss (Du et al., 2001; Wu et al., 2002). Direct administration of lipopolysaccharide 

(LPS) induces microgliosis and has been correlated with the loss of dopaminergic 

neurons in vivo (Arai et al., 2004; De Pablos et al., 2005). Activation of this innate 

immunity has also been implicated in neurodegeneration with the specific triggering of 

Toll-like receptor-4-dependent pathways (Lehnardt et al., 2003). Furthermore, low 

concentrations of rotenone require microglia to induce death of dopaminergic neurons 

(Gao et al., 2002a). One potential mechanism underlying the pro-death effects of 

microglia on dopaminergic neurons involves increased oxidative insult. For example, 

microglia are known to activate proteins that increase oxidative load, including NADPH 

oxidase and inducible nitric oxide synthase (iNOS) (Almer et al., 1999; Liberatore et al., 

1999; Wu et al., 2003). Indeed, mice deficient in both of these signals display attenuated 

MPTP-induced loss of dopaminergic neurons. Although this evidence implicates 

microglial activation, the functional relevance of microgliosis is still controversial. 

Specifically, it is unclear, particularly in vivo, whether microglial activation is causative 

or correlative to dopaminergic neuron loss. In addition, other types of glial activation 

(i.e., astrocytes) might also be important in dopaminergic cell death (Suzumura et al., 

2006). Accordingly, questions of (1) whether microglia may only be a secondary effect to 

initial dopaminergic degeneration and (2) how important microglial activation may be to 

dopaminergic degeneration in vivo remain. For example, agents such as minocycline may 

protect by means other than microglial activation (Wu et al., 2002; Yang et al., 2003).  
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Inflammatory mediators are central to microglial activation (McGeer and McGeer, 2002). 

However, the required nature of the inflammatory response, as it relates to microglia and 

dopaminergic death, is not completely clear. Various cytokines including interleukin 

(IL)-1β, IL-2, IL-4, IL-6, transforming growth factor-β, and tumor necrosis factor-α 

(TNF-α) are increased in the brains of PD patients (Nagatsu et al., 2000). Likewise, 

cDNA microarray revealed that MPTP-treated mice displayed alterations in genes for 

numerous proinflammatory cytokines (IL-1, IL-6, and TNF-α) as well as the anti-

inflammatory cytokine IL-10 (Mandel et al., 2000). However, the function of these 

cytokines in dopaminergic neuronal loss is less clear.  

There is recent evidence that another critical inflammatory cytokine, interferon-γ (IFN-γ), 

may be important in PD. IFN-γ is believed to play an important role in early 

immunological responses to viral and tumor insults, as well as slow developing adaptive 

responses to infections (Mamane et al., 1999). In the brain, IFN-γ is produced by 

microglia (De Simone et al., 1998) and can be a strong activator of microglia in vitro 

(Badie et al., 2000). IFN-γ, through the Janus kinase/signal transducers and activators of 

transcription-1 (Jak/STAT1) pathway, mediates the induction of iNOS (Delgado, 2003). 

Recently, Ciesielska et al. (2003) have shown IFN-γ transcripts increase after MPTP 

treatment in mice. Evidence for a relationship between IFN-γ and PD is suggested by the 

fact that allelic differences between early- and late-onset PD patients were reported for 

the IFN-γ gene (Mizuta et al., 2001). However, to date, there is no clear evidence to 

indicate that IFN-γ is central to dopaminergic cell loss. Consequently, we examined 

whether IFN-γ may be required in the loss of dopaminergic neurons in both in vivo and in 

vitro models of PD. We present evidence for the importance of IFN-γ in the death of 



49 
 

dopaminergic neurons induced by MPTP (in vivo) and rotenone (in vitro). We also 

provide evidence that IFN-γ can act through microglia to promote dopaminergic loss and 

suggest that this may be critical in the pathogenesis of PD.  

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

Materials and Methods 

Patient IFN-γ plasma analysis. 

Human plasma was examined using a multiplex bead-based immunoassaying system as 

described previously (Hulse et al., 2004). The patients' sera were diluted fourfold in PBS 

containing 1% BSA and 0.05% NaN3. Fifty microliters of each sample were incubated 

for 2 h at room temperature with the antibody-coupled beads in a filter-bottomed 96-well 

plate (Nunc, Naperville, IL; VWR International, West Chester, PA). The biotinylated 

anti-cytokine antibody conjugate (1:500) was added to the well and incubated for 1 h at 

room temperature. Bound antibodies were revealed with a streptavidin–phycoerythrin 

conjugate. After washing and resuspension in 2% paraformaldehyde in PBS, the beads 

were analyzed on a luminex-100 system (Luminex, Austin, TX) equipped with Luminex 

Data Collector software, version 1.7, using the median fluorescence intensity as the read 

out. Standard curves were established using recombinant IFN-γ, and sample IFN-γ 

concentrations were derived from the linear portion of the curve. Patient diagnosis was 

assessed by David Grimes after clinical history and examination. Blood samples from 13 

PD patients and 7 disease control patients were analyzed in this study (supplemental 

Table 1, available at www.jneurosci.org as supplemental material). The Ottawa Hospital 

Research Ethics Board sanctioned approval for this study. Samples were drawn and 

immediately centrifuged with serum drawn off and frozen. Patient confidentiality was 

maintained using number coding, and samples were blinded to condition. The mean age 

of the PD patients was 66 years (range, 44–77 years), the duration of the disease was 7.5 

± 1.3 years, and all patients had been medicated as specified (supplemental Table 1, 
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available at www.jneurosci.org as supplemental material). The mean age of the disease 

control patients was 66 years (range, 61–76 years).  

Experimental animals. 

Male IFN-γ −/− knock-out (KO), IFN-γ receptor −/− KO, and +/+ wild-type (WT) mice 

(all on a C57BK/6J background; 12 generations of KO mice) were obtained from The 

Jackson Laboratory (Bar Harbor, ME). The animals were maintained on a 12 h light/dark 

cycle with lights on at 6:00 A.M., the room temperature was maintained at 21°C, and the 

mice were permitted an ad libitum diet of Ralston Purina (St. Louis, MO) mouse chow. 

For the in vivo experiments, two separate groups of animals were analyzed. In the first, 

IFN-γ KO and WT mice were treated with both MPTP and saline. To corroborate data 

from these findings, the IFN-γ KO and WT mice were interbred for two generations to 

produce littermate controls, which were then used in a second set of experiments. All 

experimental procedures were approved by the University of Ottawa Committee for 

Animal Care and met the guidelines set out by the Canadian Council on Animal Care.  

MPTP administration. 

N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCl; 25 mg/kg, i.p., measured as 

free base; Sigma, St. Louis, MO) was administered to mice (8–10 weeks old) 

intraperitoneally once per day for 5 consecutive days (Crocker et al., 2003). Mice used as 

controls received an equivalent volume of saline (0.9%). Mice were killed 14 d after 

initial MPTP/saline treatment.  

Immunohistochemistry. 
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After overnight postfixation in 4% paraformaldehyde, brains were cryoprotected in 10% 

sucrose before cryosectioning into 14 or 40 µm (used for stereology) free-floating 

sections, obtained as described previously (Smith et al., 2003). Immunostaining was 

performed as described previously using mouse anti-tyrosine hydroxylase (TH; 1:10,000; 

ImmunoStar, Hudson, WI), rat anti-DA transporter (DAT; 1:2000; Millipore, Bedford, 

MA), rat anti-CD11b (1:200; Serotec, Oxford, UK), or rabbit anti-ΔFosB (1:1000; Santa 

Cruz Biotechnology, Santa Cruz, CA). Primary antibodies were visualized using 

diaminobenzidine, as described previously (Crocker et al., 2003).  

Assessment of neuronal survival. 

Dopaminergic neurons in the SNc of treated mice were assessed for survival using the 

dopaminergic cell marker TH. Assessment of survival was performed using two different 

counting methodologies. In the first set of animals, dopaminergic neurons in the SNc of 

WT and IFN-γ KO mice were determined by serial section analysis of the total number of 

TH-positive (TH+) neurons as described previously (Crocker et al., 2003; Smith et al., 

2003) at 14 d after initial MPTP treatment. Briefly, midbrain tissue sections were stained 

for TH. At least two sections were obtained from each animal representing each of five 

levels from −2.92 to −3.52 relative to bregma. Sections from each level and animal were 

averaged for the number of TH+ neurons. A total of six to eight animals per group were 

analyzed. Estimates of total TH+-stained neurons in the SNc were calculated using 

Abercrombie's correction for the previously stated bregma levels, centering on the central 

region of the SNc, the medial terminal nucleus (MTN) (Hayley et al., 2004). Adjacent 

tissue was also stained using anatomical stain, cresyl violet, to validate survival as 

assessed by TH analysis. These results were subsequently corroborated, by examining a 
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second group of animals interbred to produce littermate controls, as described above. The 

SNc region of this second group of animals was analyzed by unbiased stereological 

estimates. The total number of TH+ neurons in the SNc was obtained by applying optical 

fractionation (Gundersen et al., 1988) using Stereo Investigator (version 6; 

MicroBrightField, Williston, VT), as described previously (Rymar et al., 2004). In brief, 

40 µm brain sections were examined within the rostal and caudal limits of the SNc 

(bregma −2.54 to −3.88) (Paxinos and Franklin, 2001). For each brain, six coronal 

sections were examined. After immunohistochemistry, mounting, defatting, and 

coverslipping, the mean section thickness, as measured with a z-axis microcator, was 16 

µm. Sections were analyzed using a 100× lens. Total number of TH+ neurons was 

determined using the optical fractionator.  

Quantification of striatal immunohistochemistry. 

Quantification of striatal dopaminergic density fiber staining and striatal ΔFosB-positive 

nuclei were analyzed using Eclipse densitometry analysis (Crocker et al., 2003). In all 

cases of immunohistochemical quantification, analyses were performed by an individual 

unaware of the experimental treatments. Each tissue quantified was compared relative to 

its own nonstained background.  

N-methyl-4-phenylpyridinium ion measurements. Striatal concentrations of N-methyl-4-

phenylpyridinium ion (MPP+) were measured 90 min after a single dose of MPTP using 

HPLC measurements, as described previously (Crocker et al., 2003).  

Neurochemical analyses. 
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After decapitation, brains were sectioned into a series of coronal slices using a dissecting 

block with adjacent slots spaced 2 mm apart. The SNc and striatum were obtained by 

micropunch using a 1-mm-diameter biopsy needle. Brain punches were taken according 

to the mouse brain atlas of Paxinos and Franklin (Paxinos and Franklin, 2001; Smith et 

al., 2003). HPLC analysis was performed 14 d after initial MPTP treatment. Levels of 

DA and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) were determined by 

HPLC using methods described previously (Seegal et al., 1986; Smith et al., 2003).  

Primary neuron-enriched mesencephalic cultures. 

The entire midbrain, without meninges and blood vessels, was collected from the brains 

of embryonic day 13.5 (E13.5) mice, as described previously (Liu et al., 2000). The 

midbrain tissue was removed and subjected to trypsin (T-4549; 1 mg/ml; Sigma) for 25 

min at 37°C. After dissociation, the cells were treated with trypsin inhibitor (0.92 mg/ml 

dissolved in 1 mM HCl; catalog #10137100; Roche, Indianapolis, IN) and DNase (1 

mg/ml; catalog #1284-932; Roche) and were counted using a hemacytometer (Bright-

Line; Hausser Scientific, Horsham, PA). Midbrain cells were seeded (5 × 105 per well) in 

24-well culture plates precoated for 1 h with poly-D-lysine (20 µg/ml). Cultures were 

maintained in 0.5 ml per well of Neurobasal medium supplemented with 2% B27, 1% 

N2, 416 µM L-glutamine, 41.6 U/ml penicillin, and 41.6 µg/ml streptomycin and kept in 

a 37°C incubator-humidified atmosphere of 5% CO2 and 95% air.  

Microglia harvest. 

Postnatal day 2–3 mice were used for mixed glia cultures. Brains were dissociated using 

a tissue grinder kit and plated in minimum essential medium supplemented with 5% heat-
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inactivated fetal bovine plasma, 5% heat-inactivated horse plasma, and 0.05 mg/ml 

gentamycin. Two days later, the medium was replenished, and the culture reached 

confluency ∼8 d later. Confluent mixed-glia cultures were shaken for 5 h at 180 rpm at 

37°C to separate microglia from astrocytes. This produces a yield of >94% enriched 

microglia and is comparable with similar harvesting protocols (Gao et al., 2003a).  

Coculturing. 

Harvested microglia were added (5 × 104 per well) to 7-d-old neuron-enriched 

mesencephalic cultures. The following day, rotenone was added (20–25 nM), and 7 d 

later the cultures were fixed and stained for TH (1:2500) and Hoescht (0.24 µg/ml; 

Sigma). TH immunoreactivity was quantified by counting the total number of all live 

cells (assessed by Hoescht staining) that stained positive for TH. All live cells typically 

appear intact with uncondensed nuclei, whereas dead cells displayed fragmented with a 

condensed morphology. Rotenone treatment has been shown previously to diminish the 

total number of TH+ live cells in this culture model (Gao et al., 2002a). The results were 

performed in triplicate and show the average total number of live TH-immunoreactive 

cells per well. This was compared with untreated control wells that were plated 

identically and obtained from the same neuronal culture preparation as the experimental 

wells. For neutralizing antibody studies, IFN-γ-neutralizing IgG (rIFN-γ-purified goat 

IgG; R & D Systems, Minneapolis, MN) or control nonspecific IgG (normal goat IgG; R 

& D Systems) was added (15 µg/ml) 30 min before rotenone application. In our ligand 

application studies, IFN-γ ligand (recombinant mouse IFN-y; R & D Systems) was added 

24 h after coculturing, and the cultures were fixed 7 d later. IFN-γ receptor KO neurons 

and microglia were cultured in the same way as WT cells.  
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Detection of IFN-γ mRNA using reverse transcription-PCR. 

One day after plating, WT microglia-enriched cultures were treated with rotenone (20 

nM) for 0, 1, or 3 d. RNA was extracted using Trizol (Invitrogen, San Diego, CA). After 

RNA purification and determination of RNA concentration, reverse transcription (RT)-

PCR analysis for IFN-γ mRNA was conducted using the following primers: forward, 

ACT GGC AAA AGG ATG GTG AC; reverse, GAC CTG TGG GTT GTT GAC CT. As 

an internal control, S12 RNA was amplified using the following primers: forward, GGA 

AGG CAT AGC TGC TGG; reverse, CCT CGA TGA CAT CCT TGG. Cycle conditions 

were as follows: 94°C (30 s), 59°C (30 s), and 72°C (1 min). Positive control samples 

were extracted from CD4+ T-cells after being stimulated in the presence of TH1 (T helper 

cell 1) cytokines for 6 d. After amplification, the PCR products were run on a 2.25% 

agarose electrophoretic gel in 1× Tris–acetate–EDTA buffer for 30 min and visualized by 

ethidium bromide staining. Densitometry analysis revealed an increase in IFN-γ mRNA 

after exposure with rotenone for 1 and 3 d.  

Statistical analysis. 

All data analyses were performed by using one-way ANOVA, followed by the Newman–

Keuls post hoc test (unless otherwise stated).  
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Results 

Elevated levels of plasma IFN-γ in PD patients 

We initially examined the levels of several cytokines [IL-2, IL-4, IL-5, IL-6, IL-10, IL-

12, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-γ, and TNF-α] by 

multiplex bead-based immunoassaying analyses in blood plasma from 13 PD patients 

compared with 7 normal control individuals. As shown in the Figure 1 dot plot, 

immunoassay analysis revealed a significant elevation of IFN-γ in blood plasma from PD 

patients over that in control subjects (33.0 ± 4.1% increase; p < 0.01), as was revealed 

previously by Gribova et al. (2003). Other cytokines, including GM-CSF, TNF-α, IL-2, 

IL-4, and IL-5, were not detectable, whereas no significant differences in IL-6 and IL-10 

were detected (supplemental Table 2, available at www.jneurosci.org as supplemental 

material). Accordingly, combined with results by Ciesielska et al. (2003), displaying 

elevated IFN-γ transcripts in the SNc of mice treated with MPTP, we hypothesized that 

IFN-γ may be central to dopaminergic loss occurring in PD and MPTP-induced 

neurotoxicity. Accordingly, we proceeded to examine whether IFN-γ may be important in 

an in vivo animal model of dopaminergic loss.  
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Figure 1. 

PD patients display elevated IFN-γ plasma levels relative to non-PD patients. Blood 

plasma from 13 PD and 7 control patients was analyzed by a multiplex bead assay system 

for several cytokines. Results for IFN-γ concentrations are provided here in dot plot 

representation (two-tailed t test, **p < 0.01).  

IFN-γ-deficient mice exhibit attenuated MPTP-induced degeneration of 

dopaminergic cell bodies in the SNc 

We first assessed dopaminergic neuron survival after saline or MPTP treatment of 

separate groups of WT and IFN-γ KO mice on a C57BK/6J background (Fig. 2A–C). No 

statistical difference in the number of TH+ neurons in the SNc could be detected between 

saline-treated WT and IFN-γ KO mice (Fig. 2B). Similarly, no statistical difference in 

striatal TH or DAT fiber density was detected by immunohistochemistry (Fig. 2D–G). 

DAT is critical for the reuptake of DA and MPP+, the active MPTP metabolite in 

dopaminergic neurons (Meissner et al., 2003). Finally, no differences in levels of striatal 

DA or its metabolite DOPAC were detected in these mutant mice under basal conditions 

(Fig. 3C,D). After MPTP administration, there was a significant reduction (42%; p < 

0.01) in TH+ SNc neurons in WT mice (Fig. 2E). Interestingly, IFN-γ-deficient mice 

displayed significantly more TH+ cells than WT mice treated with MPTP (p < 0.05).  
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Figure 2. 

IFN-γ-deficient mice display protection of dopaminergic cell bodies and striatal terminals 

of MPTP-induced degeneration of SNc dopaminergic neurons. A, Representative 

photomicrographs illustrating TH immunoreactivity in the ventral midbrain SNc of the 

indicated non-littermate treatment groups, as indicated in Materials and Methods. B, 

Quantification of TH+ neurons using Abercrombie correction, as described in Materials 

and Methods. C, Quantification of cresyl violet-stained cells of the SNc (MTN level). D, 

Representative photomicrographs of striatal sections stained with TH from the animal 

groups as described in A. Magnified images are included in the insets of D–J. E, 

Quantification of optical density of TH striatal fibers. F, Representative 

photomicrographs illustrating DAT immunoreactivity in the striatum of indicated 

treatment groups as in A. G, Quantification of optical density of striatal DAT-stained 
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fiber density. H, Representative photomicrographs illustrating TH immunoreactivity in 

the SNc of the indicated littermate treatment animal groups. Staining is more intense here 

than in A because of increased section thickness required for stereological analyses. I, 

Quantification of TH+ neurons, in littermate animals by stereology, as described in 

Materials and Methods. J, Representative photomicrographs of striatal TH fiber density 

of indicated littermate treatment groups. K, Quantification of OD of striatal TH-stained 

fiber density of indicated littermates. Error bars represent mean ± SEM. ANOVA, *p < 

0.05, **p < 0.01, ***p < 0.001; n = 6–8 animals per group. OD, Optical density; Sal, 

saline.  

 

 
Figure 3. 

IFN-γ KO mice display reduced striatal ΔFosB, a marker for postsynaptic changes in the 

denervated striatum, as well as attenuated DA and DOPAC. A, Representative 

photomicrographs showing ΔFosB staining in the striatum of mice treated as indicated. 
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Sal, Saline. B, Quantification of ΔFosB-positive cells/nuclei. Str, striatum. C, D, Levels 

of DA (C) and its metabolite DOPAC (D) in the striatum were analyzed using HPLC on 

14-d-old tissue after saline/MPTP injection. Error bars represent mean ± SEM. ANOVA, 

*p < 0.05, **p < 0.01, ***p < 0.001; n = 6 animals per group.  

To further substantiate these findings, we repeated the experiment using WT and IFN-γ 

KO mice interbred to produce littermate controls. These animals were analyzed by 

stereological assessment for surviving TH+ neurons over the entire nigral region. 

Identical results were obtained in comparison to the initial dopaminergic cell survival 

experiment (Fig. 2A–C). MPTP-treated IFN-γ KO mice exhibited a significant 

dopaminergic cell-body survival (p < 0.001) compared with WT littermate control 

animals also treated with MPTP (Fig. 2H,I).  

To corroborate TH analysis of dopaminergic neuron survival, the number of neurons at 

the level of the MTN (bregma −3.16) within the SNc of all groups was determined using 

cresyl violet staining (Fig. 2C). Analysis was consistent with that of TH survival, 

showing no difference between saline-treated groups, a significant loss of TH+ neurons 

in WT MPTP-treated mice (p < 0.001), and a significant reduction in cells lost in IFN-γ-

deficient MPTP-treated animals compared with WT mice (p < 0.001).  

MPTP derives its toxic effects once it crosses the blood–brain barrier (BBB) and is 

converted to MPP+, the active dopaminergic neural toxin, by monoamine oxidase-B. The 

protective effects observed in IFN-γ-deficient animals may be attributed to altered MPTP 

metabolism and therefore reduced MPP+. To examine this possibility, striatal tissue was 

evaluated from mice 90 min after a single injection of MPTP, and levels of MPP+ were 
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determined using HPLC. It was observed that MPP+ levels did not significantly differ 

between WT and IFN-γ-deficient animals (data not shown), suggesting that the protection 

afforded by IFN-γ deficiency was not because of impaired MPTP metabolism.  

IFN-γ-deficient mice exhibit attenuated MPTP-induced degeneration of the DA 

axon terminal nigrostriatal dopaminergic pathway 

Previous results indicated that MPTP-induced loss of dopaminergic cell bodies in the 

SNc is attenuated by IFN-γ deficiency. To determine whether the striatal projections of 

the SNc neurons were also protected in IFN-γ-deficient mice, striatal dopaminergic 

terminal fiber density was assessed initially in non-littermate animals. This analysis is 

important because this is the region where dopaminergic neurons express their activity 

through DA release. Densitometry analysis of TH striatal fiber staining showed a 

significant reduction (68%; p < 0.001) in WT MPTP-treated animals compared with 

saline controls (Fig. 2D,E). Similar to that observed in the SNc, there was no statistical 

difference in the TH striatal density of saline-treated WT or IFN-γ-deficient mice. IFN-γ 

KO animals exhibited an attenuation of MPTP-induced reduction in striatal TH density 

compared with MPTP-treated WT animals (32 vs 68%). This suggests striatal terminal 

fibers were protected by IFN-γ deficiency similar to the dopaminergic cell bodies. 

Results using littermate control animals paralleled these findings, with IFN-γ KO mice 

displaying attenuation in TH-fiber density (p < 0.01) (Fig. 2J,K).  

Additional corroboration of these findings included examining density levels of striatal 

DAT. Densitometric analysis of DAT staining of striatal fibers showed a significant 

reduction (38%; p < 0.001) in WT MPTP-treated animals compared with saline controls 
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(Fig. 2F,G). IFN-γ KO animals exhibited an attenuation of MPTP-induced reduction in 

striatal DAT density compared with WT treated mice (p < 0.01).  

Postsynaptic functional effects of IFN-γ deficiency 

Treatment with MPTP has been demonstrated previously to induce expression of the 

transcription factor ΔFosB within the striatum, which is thought to reflect postsynaptic 

changes (Smith et al., 2003). ΔFosB is suggested to mediate the supersensitivity of 

striatal DA receptors after denervation (Dragunow et al., 1995). Consistent with these 

reports, WT MPTP-treated mice displayed a significant increase in the number of ΔFosB-

positive cells (Fig. 3A,B) compared with saline controls. Importantly, MPTP-treated IFN-

γ-deficient mice showed a significantly reduced increase in FosB staining.  

Effect of IFN-γ deficiency on amine levels  

Finally, we examined how DA levels are affected in IFN-γ-deficient mice after MPTP 

treatment. Previous analyses report diminished DA and its metabolite, DOPAC, in the 

striatum 14 d after MPTP treatment (Crocker et al., 2003). The effects of IFN-γ 

deficiency parallel the dopaminergic cell survival results observed previously (Fig. 

3C,D). In both the striatum and the SNc, MPTP significantly reduced the levels of DA 

and DOPAC in WT mice. However, there was a significant decrease in the loss of DA in 

the MPTP-treated IFN-γ KO mice.  

IFN-γ-deficient mice display attenuated microglial activation in the SNc in response 

to MPTP  
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In WT mice, MPTP has been shown to initiate microgliosis, the morphological and 

pathological activation of microglia, within the SNc where the highest concentration of 

microglia resides (Czlonkowska et al., 1996, 2002). Because IFN-γ has also been 

reported to activate microglia, we examined whether microgliosis was altered in IFN-γ-

deficient mice treated with MPTP compared with WT animals. Microglia were stained 

for CD11b, the α-subunit of the αMβ2 integrin (CD11b/CD18, complement 3bi receptor) 

that plays an important role in leukocyte adhesion and whose expression in the brain is 

confined to microglial cells (Zeng et al., 2005). Activated microglia appear more compact 

and rounded with cellular thickening and complexing (Fig. 4A, WT/MPTP, arrow) 

(Soltys et al., 2001). Although normal resident microglia express basal levels of CD11b, 

they appear smaller and have a ramified shape with thin processes (Fig. 4A, WT/Sal, 

arrow). Quantification of microgliosis yielded a significant difference (p < 0.01) with 

twice the number of activated microglia in MPTP WT mice than in saline-treated mice 

(Fig. 4B). Basal activity of microglia in IFN-γ KO mice treated with saline displayed no 

difference in microgliosis compared with WT saline-treated mice (Fig. 4B). The increase 

in microgliosis exhibited with MPTP treatment, as seen in WT mice, was not observed in 

IFN-γ-deficient mice. There was no significant difference in active microglia between 

IFN-γ-deficient saline- versus MPTP-treated mice. However, there was a significant 

difference between WT and IFN-γ KO mice treated with MPTP (p < 0.01) (Fig. 4B).  
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Figure 4. 

Analysis of active microglia using anti-CD11b. A, Representative photomicrographs 

illustrating CD11b immunoreactivity in the SNc (MTN) of WT and KO animals treated 

with either saline (Sal) or MPTP. Arrows indicate resting CD11b-positive microglia 

(WT/Sal) and activated microglia (WT/MPTP). B, Quantification of morphologically 

active microglia. Magnified images of each are provided in the insets of A (WT/Sal and 

WT/MPTP). Error bars represent mean ± SEM (ANOVA, **p < 0.01; n = 6 animals per 

group).  

Role of IFN-γ in dopaminergic cell loss in an in vitro microglia/neuron coculture 

system  

Our in vivo results indicate that IFN-γ is important in MPTP-induced dopaminergic cell 

death. The protection associated with IFN-γ deficiency is accompanied with reduced 

microglial activation. However, the mechanism by which IFN-γ deficiency may be 

protective and whether it involves microglial activation is difficult to assess in an in vivo 

setting. This is particularly true in this present situation in which reduced microglial 

activation could be a secondary effect of reduced neuronal loss. Accordingly, we used an 

in vitro model of dopaminergic cell loss in which effects of microglia on dopaminergic 
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neurons can be studied more directly. Therefore, to address whether IFN-γ may promote 

dopaminergic loss through activation of microglia and to more closely study the 

interaction between these two populations of cells, we used a microglia/midbrain neuron 

coculture system, similar to that reported previously (Gao et al., 2002a). In this system, 

midbrain cultures enriched for neurons, obtained from E13.5 embryos, are cultured in 

defined Neurobasal medium. In these cultures, dopaminergic neurons constitute <1% of 

all the neurons in culture. All neurons, including TH+ cells, in these cultures are resistant 

to 20–25 nM rotenone, another complex I inhibitor similar to MPP+ (Kotake and Ohta, 

2003). No dopaminergic cell death is observed even after 7 d of rotenone treatment in the 

absence of microglia (Fig. 5A). The addition of microglia to these cultures alone, in the 

absence of rotenone, does not significantly affect survival of total neurons or the more 

sensitive dopaminergic neurons. However, with the addition of 20–25 nM rotenone, a 

significant loss of TH+ neurons is observed only in the presence of microglia (Fig. 5A). 

These findings indicate that death of TH+ neurons in this system, at a defined rotenone 

concentration, is dependent on microglia. It is important to note that this effect is 

concentration specific; at higher concentrations, rotenone will begin to kill 

nondopaminergic cell types as well, even in the absence of microglia (data not shown).  
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Figure 5. 

IFN-γ requirement in a coculture model of dopaminergic cell loss induced by rotenone in 

vitro. A, Neutralizing IFN-γ antibody protects dopaminergic neurons from rotenone-

induced death in the presence of microglia. Seven-day-old WT neuron-enriched midbrain 

cultures were cocultured with and without WT microglia in the presence or absence of 

rotenone and with control or IFN-γ neutralizing antibody, as described in Materials and 

Methods and as shown. The number of live TH+ neurons was assessed as described in 

Materials and Methods. *p < 0.05, ***p < 0.001 relative to coculture with control IgG 

(two-tailed t test). B, Seven-day-old neuron-enriched midbrain cultures supplemented 

with or without microglia were subjected to IFN-γ ligand (nanograms per milliliter) 

applications. The cultures were fixed 7 d later and stained with TH and Hoechst. ***p < 
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0.001 compared with control, **p < 0.01 (two-tailed t test; n = 3). C, Dopaminergic 

neurons treated with rotenone are resistant to death in the presence of microglia lacking 

IFN-γ receptor. Dopaminergic neurons used were similar to those in A, except WT 

neurons were cultured in the presence of either WT or IFN-γ receptor (IFN- R)-deficient 

microglia. ‡p < 0.05 relative to IFN-γ receptor KO (two-tailed t test; n = 3). D, 

Representative immunofluorescence of cocultures quantified in C, stained with TH 

antibody are as follows: a, WT mesencephalic neurons; b, WT mesencephalic neurons 

treated with rotenone; c, WT mesencephalic neurons and microglia treated with rotenone; 

d, WT mesencephalic neurons and IFN-γ receptor KO microglia treated with rotenone. E, 

WT microglia-enriched cultures were treated with rotenone for 0, 1, and 3 d. One week 

after plating, microglia were collected, RNA was extracted, and RT-PCR was performed 

for IFN-γ and S12 control. Densitometric analysis was performed with values normalized 

to each respective S12 signal and further normalized to 0 d value. +, IFN-γ-positive RNA 

control sample obtained from CD4+ T-cells. Error bars represent mean ± SEM.  

Using this system, we first asked whether inhibition of IFN-γ would affect rotenone-

induced dopaminergic death as was observed in vivo. As shown in Figure 5A, a 

neutralizing antibody to IFN-γ but not control IgG significantly improved dopaminergic 

survival. This indicates that IFN-γ can modulate the rotenone-induced dopaminergic cell 

death, which occurs only in the presence of microglia. To further support the importance 

of IFN-γ in microglia-induced sensitivity of dopaminergic neurons, we exposed midbrain 

neurons with and without cocultured microglia to varying concentrations of exogenous 

IFN-γ ligand. As shown in Figure 5B, 0.6 and 1 ng/ml concentrations of exogenous IFN-γ 

caused significant loss of dopaminergic neurons. This, however, only occurred in the 



69 
 

presence of microglia and not in their absence. This indicates that IFN-γ is an important 

mediator of dopaminergic neuron loss, but only in the presence of microglia.  

To determine more clearly whether IFN-γ may act on microglia to control rotenone-

induced dopaminergic cell loss in this system, we cultured microglia from IFN-γ receptor 

KO or WT control mice. These WT or IFN-γ receptor-deficient microglia were then 

cocultured with normal neurons with or without rotenone treatment. Death of 

dopaminergic neurons only occurred in the presence of WT microglia with rotenone 

treatment (Fig. 5C,D). Cultures treated with rotenone but containing IFN-γ receptor-

deficient microglia displayed no death. Conversely, we also examined whether midbrain 

neurons cultured from IFN-γ receptor-deficient animals were resistant to rotenone in the 

presence of WT microglia. There was no difference in death of IFN-γ receptor-deficient 

neurons compared with WT neurons exposed to rotenone in the presence of WT 

microglia (data not shown). Finally, if rotenone-mediated death of dopaminergic neurons 

occurs through IFN-γ, we would predict that IFN-γ should be present in microglia. 

Accordingly, we isolated microglia, exposed them to rotenone, and determined the IFN-γ 

message at certain times after treatment by RT-PCR. As shown in Figure 5E, there was a 

basal level of IFN-γ message present in untreated microglia that increased on exposure to 

rotenone. Together, these results indicate that IFN-γ plays a crucial role in modulating 

microglial responses in vitro. In addition, it suggests that IFN-γ may promote MPTP-

induced dopaminergic loss in vivo, at least partially through activation of microglia.  

 

 



70 
 

Discussion 

Previous work has suggested the importance of the inflammatory response and microglial 

activation in dopaminergic loss in animal models of PD as well as in PD patients 

(McGeer et al., 1988; Banati et al., 1998; Wu et al., 2002; Barcia et al., 2004). However, 

the required nature of the inflammatory mediators or their mechanisms of action in PD is 

not fully understood. Our findings are of significance because they directly demonstrate 

that a central inflammatory mediator, IFN-γ, plays a critical role in dopaminergic loss, 

both in vitro and in vivo. We found that (1) levels of IFN-γ are elevated in the serum of 

PD patients, (2) IFN-γ deficiency attenuates the degeneration of the nigrostriatal system 

and significantly reduces microgliosis in a model of in vivo dopaminergic loss, and (3) 

IFN-γ is involved in microglial-mediating dopaminergic neurodegeneration.  

Our analysis of human blood serum for possible elevated cytokines yielded results with 

only levels of IFN-γ displaying a significant increase from those of control patients. It 

must be noted that cytokine detection in this assay may be hampered because of a lack in 

cytokine stability (Noguchi et al., 1996). In addition, it should also be stressed that 

cytokine blood levels do not necessarily reflect actions in the CNS. However, systemic 

IFN-γ-producing inflammatory cells have been reported to infiltrate the brain (Perry, 

2004). In addition, Banks (2005) has recently suggested that cytokines circulating in the 

blood may cross into the CNS through direct cytokine transport across the BBB. 

Therefore, we also examined the role of IFN-γ in dopaminergic neuronal loss.  

Our results, in an in vivo mouse model of dopaminergic neurodegeneration, reveal that 

mice deficient in IFN-γ show reduced loss of dopaminergic cell bodies and striatal 
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terminals compared with WT animals treated with MPTP. Germline loss of IFN-γ did not 

appear to grossly perturb the dopaminergic system, including possible postsynaptic 

signaling changes (FosB), as assessed in saline-treated animals. In addition, DA and 

DOPAC levels, as well as markers of postsynaptic function (FosB), are significantly 

attenuated in IFN-γ-deficient animals treated with MPTP. Interestingly, microglial 

activation is also reduced in these deficient mice.  

Consistent with our in vivo findings, we observed that IFN-γ is required for the death of 

dopaminergic neurons cultured in the presence of microglia with rotenone. Importantly, 

reduced cell loss was only observed when microglia deficient in IFN-γ receptor, but not 

WT microglia, were added to the dopaminergic neurons. In contrast, deficiency of IFN-γ 

receptors in dopaminergic neurons did not result in protection in our coculture death 

paradigm. IFN-γ was also detected in cultured microglia that increased on rotenone 

exposure. Together, the data not only provide evidence for direct relevance of the 

microglial response in dopaminergic cell loss induced by mitochondrial toxins but also 

define IFN-γ as a critical inflammatory mediator in this process.  

Our results are consistent with the view that IFN-γ is a primary mediator of microglial 

activation (Moss and Bates, 2001; Platten et al., 2001; Abbas et al., 2002; Delgado, 

2003). There are a number of possible effects of IFN-γ on microglia that may contribute 

to dopaminergic loss, both in vivo and in vitro. First, IFN-γ, through binding to its 

receptor and activation of the Jak/STAT pathway, can activate iNOS. Alternatively, IFN-

γ has also been shown to upregulate the death receptor Fas and its ligand, FasL (Badie et 

al., 2000). Accordingly, IFN-γ could mediate its effects on microglia through direct 

activation of the death receptor on dopaminergic neurons. Indeed, Fas has been shown to 
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be localized to dopaminergic neurons and is implicated in MPTP-induced dopaminergic 

cell death (Hayley et al., 2004).  

Our model that IFN-γ promotes dopaminergic cell death through the activation of 

microglia is consistent with growing evidence that the inflammatory pathway is central to 

dopaminergic loss in in vivo and in in vitro models. Indeed, microglial activation has 

been noted in PD animal models and postmortem brains (McGeer et al., 1988; Banati et 

al., 1998). Direct activation of microglia through administration of the endotoxin LPS 

was found to induce loss of dopaminergic neurons in mice (Arai et al., 2004), while also 

stimulating the production of iNOS and subsequent reactive oxygen species (ROS) (Li et 

al., 2005). In fact, the nigra appears to be exquisitely sensitive to microglia activation 

because equivalent LPS injections in alternate brain regions (hippocampus, cortex) did 

not have the same pattern of degeneration (Xie et al., 2003). Finally, LPS and MPTP can 

synergistically increase dopaminergic death (Gao et al., 2003b).  

However, most functional evidence implicating microglia as a direct cause of 

dopaminergic cell degeneration is controversial. Minocycline, a tetracycline derivative 

known to inhibit microglia activation/inflammation and protect dopaminergic neurons in 

an MPTP model of PD, can also inhibit classic death molecules, such as caspases (Chen 

et al., 2000; Wei et al., 2005). Moreover, others have reported that minocycline can 

exacerbate MPTP-induced toxicity (Yang et al., 2003). In addition, the role of microglia 

may also be dependent on the mode of activation. For example, activation of microglia in 

the hippocampus by IL-4- and IFN-γ-expressing T-cells is neuroprotective (Butovsky et 

al., 2005). Our evidence presented here is important because it provides clear evidence 

for the central death-promoting nature of the inflammatory response in dopaminergic 
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neuronal loss. Finally, it is important to note that microglial activation is likely a graded 

response, and the degree of activation may depend on the type and severity of insult.  

Although our evidence indicates the important nature of IFN-γ activation of microglia in 

vitro, the exact mechanism by which IFN-γ promotes dopaminergic death in vivo and 

whether this is strictly reliant on microglial activation is unclear. Indeed, IFN-γ receptors 

are expressed ubiquitously (Blanck, 2002). In addition, it is important to note that our 

results do not imply that inflammatory processes are the exclusive mediators of neuronal 

damage. Indeed, although IFN-γ deficiency effectively blocks microglial activation, it 

does not completely eliminate the reduction in striatal DA/DOPAC. This is an interesting 

observation that suggests that microglial activation, although important, is not the only 

mechanisms by which dopaminergic neuron damage occurs. This notion is supported by 

the fact that MPTP (MPP+ metabolite) can directly target mitochondria in neurons and 

lead to increased ROS and damage (Liberatore et al., 1999; Dehmer et al., 2000; 

Gonzalez-Polo et al., 2004; Chen et al., 2006).  

There are some intriguing links with our present IFN-γ studies to that of human PD. First, 

microglial activation in PD patients is well characterized (Ouchi et al., 2005). Second, we 

and others have shown that plasma levels of IFN-γ are elevated in PD patients (Nakamura 

et al., 1992). The exact significance of this is unknown, particularly because the 

relationship, if any, between peripheral events and events in the CNS is unclear. 

However, increased plasma IFN-γ levels could reflect a systemic increase in IFN-γ 

production by lymphocytes and infiltrates capable of entering the CNS. In support of this, 

T-cells are known to circulate in the brain with lymphocyte infiltration, and release of 

proinflammatory cytokines, such as TNF-α and IFN-γ, have been shown at the site of 
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injury (Raivich et al., 2003). Third, IFN-γ levels have also been shown to be increased in 

CSF and in the substantia nigra of PD patients (Widner et al., 2002). Fourth, IFN-γ has 

been shown to upregulate iNOS, by binding the IFN-γ receptor and by upregulating 

expression of astrocyte CD23 (Okuno et al., 2005). Interestingly, CD23 is found in glia 

from the SNc of PD patients, yet it is not detected in control subjects (Hunot et al., 1999). 

Finally, genetic studies have linked a dinucleotide CA repeat polymorphism within the 

first intron of the IFN-γ gene of patients with late onset of PD (Hakansson et al., 2005). 

This polymorphism leads to a higher production of IFN-γ. Together, this evidence 

suggests the potential importance of IFN-γ in PD pathogenesis and provides a link to our 

animal studies presented here.  

In conclusion, we have shown that mice deficient in IFN-γ display an attenuation of 

MPTP-induced dopaminergic cell death and maintenance of DA functional activity. Our 

data suggest that one mechanism by which this is observed involves the activation of 

microglia, aiding in the damage to dopaminergic neurons. Accordingly, targeting 

microgliosis by modulating levels of IFN-γ may be a candidate therapeutic strategy for 

treatment of PD.  
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Abstract 

Although there is growing evidence for a role of the innate immune response in 

Parkinson's disease, the nature of any humoral response in dopaminergic degeneration is 

uncertain. Here we report on a protracted N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

model of dopaminergic death that potentially allows a more full adaptive humoral 

response to develop. Rag2 mutant mice that lack the full adaptive response (deficient in 

both T and B cells) are resistant to dopaminergic death and behavioral deficiencies in this 

model. These mice are resensitized after reconstitution with WT splenocytes. To more 

directly provide evidence for humoral/IgG involvement, we show that deficiency of Fcγ 

receptors, which are critical for activation of macrophages/microglia by binding to IgGs, 

is also protective in this protracted model. FcγR-deficient mice display improved 

behavior and impaired microglial activation. Interestingly, however, Rag2 mutant but not 

FcγR-deficient mice are resistant to a more standard N-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine paradigm where death is more rapid. Taken together, these data 

indicate that, provided sufficient time, the humoral arm of the adaptive immune system 

can play a critical functional role in modulating the microglial response to dopaminergic 

degeneration and suggest that this humoral component may participate in degeneration in 

Parkinson's disease.  
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Introduction 

Degeneration of dopamine (DA)2 neurons of the substancia nigra pars compacta (SNpc) 

is a key hallmark of Parkinson's disease (PD). However, the mechanism by which this 

death occurs is not completely clear (1,–,3). Growing evidence indicates that oxidative 

stress, mitochondrial damage, and ubiquitin-proteasomal dysfunction participate in the 

degenerative process of DA neurons (4). Interestingly, an increasing number of 

observations also indicate the importance of the immune response in PD and models of 

PD. Most of this evidence, however, has centered around the innate neuroinflammatory 

response. For example, microgliosis-mediated DA cell death, particularly via oxidative 

insult, has been reported in different models of PD (5). NADPH oxidase, the largest 

superoxide-producing enzyme in microglia, and inducible nitric oxide synthase are 

involved in N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine -induced death of DA neurons 

(6,–,8). Moreover, the classic inflammagen lipopolysaccharide causes neurodegeneration 

of DA neurons through Toll-like receptor 4-dependent pathways (9,–,11). More recently, 

however, increasing evidence also suggests a role for the adaptive immune response in 

models of PD.  

The first correlative evidence suggesting a role for a cellular adaptive response was the 

observations of infiltrating T cells in a number of PD-related contexts. For example, a 

substantial number of T cells were detected in the SNpc of PD patients (12, 13). 

Similarly, MPTP treatment results in infiltration of T cells to the SNpc and striatum as 

well as an increase in expression of microglial MHC class II antigen (14, 15). The 

required role of T cells, in particular CD4-positive T helper cells, was highlighted by 



80 
 

studies that show that Rag, Scid, and CD4-negative mice are resistant to dopaminergic 

loss induced by MPTP (2, 13). The role of the humoral response, however, is unclear. 

Antibodies to DA neurons have been detected in the cerebral spinal fluid of PD patients. 

These antibodies were found in 78% of patients with clinical PD versus 3% of control 

patients (16). In addition, the expression of CD23, a type of Fc receptor, is detected in the 

substancia nigra and striatum of PD patients but not in control patients (17). Likewise, 

MPTP has been shown to increase Fcγ receptor expression (14, 15, 17). However, the 

role/participation of FcγR and the humoral response in DA degeneration is unknown.  

Here we report a novel protracted degeneration paradigm to study the adaptive 

immunopathogenic mechanisms in a mouse model of dopaminergic loss. With this 

model, we provide evidence that the adaptive immune response, in particular the FcγRs, 

can play a critical role in DA loss in vivo.  
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EXPERIMENTAL PROCEDURES 

Experimental Animals 

The following strains were obtained from Taconic Laboratory (Germantown, NY): Black 

6+/+ (C57BL/6Ntac), Rag2−/− (B6.129S6-Rag2tm1FwaN12), and Fcer1g−/− (B6.129P2-

Fcer1gtmRavN12) mice. All mice were backcrossed with C57BL/6 mice for 12 generations 

and intercrossed to homozygosity. Animals were housed in a barrier facility specialized 

for immunocompromised mice because of their high susceptibility to infection. Mice 

were maintained on a 12-h light/dark cycle with lights on at 6 am and a room temperature 

of 21 °C. Animals had ad libitum access to slightly acidified water and mouse chow from 

Ralston Purina (St. Louis, MO). KO and WT mice were interbred to produce littermate 

controls. All experimental procedures met the Canadian Council on Animal Care 

guidelines and were approved by the University of Ottawa Committee for Animal Care.  

Immunohistochemistry 

Mice were anesthetized and intracardially perfused with 4% paraformaldehyde. Brains 

were removed, fixed overnight with 4% paraformaldehyde and subsequently 

cryoprotected in 10% sucrose before cryosectioning into 14- to 40-µm free-floating 

sections. Striatal and substancia nigra sections were immunostained with rat anti-CD11b 

(1:200, Serotec, Oxford, UK), rat anti-dopamine transporters (DAT, 1:2000; Millipore, 

Bedford, MA), rat anti-ΔFosB (1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 

or mouse anti-tyrosine hydroxylase (TH, 1:10,000, Immunostar, Hudson, WI). Primary 

antibodies were visualized with diaminobenzidine or cy3.  
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Neurochemical Analysis 

Mice were decapitated, and their striatum was obtained through micropunches with a 1-

mm-diameter biopsy needle and immediately stored in a freezer (−80 °C). Measurements 

of DA and its metabolite (HVA) were determined using HPLC methods.  

N-Methyl-4-phenylpyridinium Ion (MPP+) Measurements 

HPLC analysis was used to measure the MPP+ ion 90 min after MPTP administration as 

described previously (18).  

MPTP Administration 

Seven- to ten-week old mice were used for injections. All animals were injected in the 

regular animal care facility with extra precautions to prevent infection, such as using a 

portable fume hood during injections and handling these mice first during all wellness 

assessments. MPTP (Sigma) was administered intraperitoneally using the standard 

subchronic or more protracted paradigm. The subchronic standard paradigm consists of 

injecting 30 mg/kg of MPTP once daily for 5 consecutive days and sacrificing 14 days 

after the start of injections. For the protracted treatment, we injected 10 mg/kg of MPTP 

on the first and third day of each week for 4 consecutive weeks. These mice were 

sacrificed 5 weeks after the start of injections. Control mice received an equal volume of 

saline (0.9%).  

Passive Transfer 

Single-cell suspensions were prepared from spleens of MPTP-treated WT mice. 

Recipient Rag2−/− mice received two i.v. injections, 4 h apart, of 107 total splenocytes in 
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0.2 ml of phosphate buffered saline solution. After a 4-week reconstitution period, mice 

were treated with the protracted MPTP paradigm or received an equal volume of saline 

(0.9%) solution, as described above.  

Pole Test 

The time of descend to the ground was recorded after mice were individually placed 

upright near the top of a 2-foot pole. The pole test was administered on the sixth day of 

every week during chronic MPTP treatment. Mice have a natural tendency to avoid 

heights, and their descend to the ground offers a unique perspective into motor output.  

Quantification of Neuronal Survival 

DA neurons in the SNc were assessed for survival using the dopaminergic cell marker 

TH. A minimum of two sections from each of five levels around the medial terminal 

nucleus region of the SNc (from −2.92 to −3.52 relative to the bregma) were estimated 

for the number of TH-positive neurons. The average total number of TH-positive neurons 

was determined by Abercrombie's correction. Quantification of TH immunoreactivity 

was substantiated by a second group of mice interbred to produce littermate controls. The 

average total number of TH-positive neurons was estimated using Stereo investigator 

(version 6, MicrobrightField, Williston, VT) and applying optical fractionation to 40-µm 

sections from the entire SNc (-2.54 to −3.88 relative to the bregma).  

Quantification of Striatal Immunohistochemistry 
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Density of striatal DA fiber, DAT, and ΔFosB was quantified using an Eclipse 

densitometry analysis (18). Each tissue density was compared relative to its own 

background.  

Statistical Analysis 

All data are expressed as mean ± S.E. Analyses of all values were performed using one-

way ANOVA followed by Tukey's post-hoc test, to determine differences among normal 

distribution of means.  
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RESULTS 

A More Protracted Model of MPTP-induced Degeneration 

We examined dopaminergic loss induced by the neurotoxin MPTP as a prototypical toxin 

model of degeneration (19). In this paradigm, the metabolite of MPTP, MPP+, is 

selectively taken up by dopamine neurons and targets complex 1 of the mitochondria, 

resulting in increased oxidative stress and eventual dopaminergic loss (4, 20,–,22). It is a 

widely utilized model of DA loss, made even more relevant because genetic depletion of 

known PD genes do not yet result in substantial dopamine death in mice (23). It is 

important to note, however, that the MPTP model has obvious caveats in its relevance to 

PD. However, it likely provides important insights into how DA neurons may die in vivo. 

To test the potential role of the adaptive response, in particular the FcγR in dopaminergic 

loss, we reasoned that we required a more protracted model of dopamine loss to allow 

time for a humoral response to develop. Typical acute (20 mg × 4 in 1 day) or subchronic 

(30 mg/kg × 5 days) lead to significant dopaminergic loss within 1 week of treatment (13, 

24). We chose a more protracted dosing paradigm consisting of an intraperitoneal 

injection (10 mg/kg) twice a week for a month and sacrificing 5 weeks after the start of 

MPTP injections. Fig. 1 illustrates the timing of DA neuron loss with this latter dosage. 

To ensure that the bulk of dopamine loss did not occur early, we examined degeneration 

at the 2-week time point. No significant loss was observed at this time, whereas a 

significant loss (43.93%) was detected after 5 weeks of MPTP treatment. These results 

indicate a more protracted time frame of loss that would potentially allow time for the 

humoral component of the immune response to participate in the degeneration of MPTP-

treated mice.  
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FIGURE 1.  

Chronic MPTP elicits DAergic neuron death. A, representative photomicrographs of 

TH+ cells in the SNpc of the indicated non-littermate treatment groups. The SNc is 

demarcated. B, quantification of dopaminergic cell bodies 2 or 5 weeks after the start of 

chronic MPTP intoxication. Scale bars = 250 µm. Error bars represent mean ± S.E. 

ANOVA, **, p < 0.01; n = five to seven animals per group.  

The Rag2-deficient Mice Are Resistant to Chronic MPTP 

We first tested whether any aspects of the adaptive immune response might play a role in 

the observed dopaminergic loss in this more protracted model of loss. We examined the 

contribution of both T cells and B cells to death by evaluating Rag2−/− mice in our 

chronic paradigm. Chronic MPTP induces significantly less DA neurodegeneration in 

Rag2−/− mice compared with their Rag2+/+ littermates (12.83% versus 35.94%) (Fig. 2). 

To ensure that these differences were not due to differences in the production of MPP+, 

the active metabolite of MPTP, we measured MPP+ production by HPLC analyses. There 

was no detectable difference in MPP+ levels in WT and Rag2-deficient mice (data not 
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shown). We also performed a rescue experiment whereby we passively transferred 

splenocytes from Rag2+/+ mice treated with MPTP to Rag2−/− mice. One month later, we 

looked for resensitization in reconstituted Rag2−/− mice. Indeed, reconstituted Rag2−/− 

mice are more susceptible to MPTP-induced DA neuron death compared with non-

reconstituted littermates (Fig. 2), further supporting the importance of the immune system 

in dopaminergic loss.  

 
FIGURE 2. 

Rag2−/− mice display attenuated TH+ cell loss after chronic MPTP administration. 

A, representative photomicrographs of TH+ cells in the SNpc of the indicated littermate 

treatment groups. B, quantification of dopaminergic cell bodies 5 weeks after the start of 

saline (Sal) or chronic MPTP intoxication by stereology, as described under 

“Experimental Procedures”. Scale bars = 250 µm. Error bars represent mean ± S.E. 

ANOVA, *, p < 0.05; **, p < 0.01; n = five to seven animals per group.  

We next examined the effects of Rag2 deficiency in the target region of the SNc, the 

striatum that contains the terminals from the dopamine neurons in the SNc. We analyzed 
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for the expression of TH and DAT as markers for these terminals. Chronic MPTP 

induced greater TH-reactive nerve terminal loss in Rag2+/+ mice compared with Rag2−/− 

littermates (Fig. 3). Likewise, the DAT expression profile mirrors that of DA fiber 

density. DAT density is less in RAG+/+ mice treated with MPTP than in RAG−/− 

littermates (Fig. 3). Finally, we examined levels of DA and its metabolite HVA in striatal 

punches by HPLC analyses. There was a dramatic loss in both DA and HVA levels 

following chronic MPTP treatment at 5 weeks in the Rag 2+/+ mice, 73.1% and 82.1%, 

respectively (Fig. 4). These reductions were ameliorated in the Rag2−/− mice (47.2% and 

43.1%, respectively).  

 
FIGURE 3. 

Dopamine nerve terminals are protected in Rag2−/− mice treated with chronic 

MPTP. A, representative photomicrographs showing TH immunoreactivity from the 

striatum of indicated littermate treatment groups. Sal, saline. B, optical density 

quantification of striatal TH+ fiber density. C, representative photomicrographs of striatal 
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sections stained for DATs from indicated littermate groups. D, optical density 

quantification of striatal DATs. Scale bars = 50 µm (A) and 200 µm (C). Error bars 

represent mean ± S.E. ANOVA, *, p < 0.05; ***, p < 0.001; n = six to eight animals per 

group.  

 
FIGURE 4. 

DA and HVA levels in striatum of Rag2−/− mice. Levels of DA and HVA were 

measured using HPLC from striatal punch biopsies of the indicated littermate treatment 

groups. Sal, saline. Error bars represent mean ± S.E. ANOVA, *, p < 0.05; **, p < 0.01; 

n = five to six animals per group.  
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Previous work from a number of groups indicates that damage to the nigrostriatal 

dopaminergic pathway results in compensatory responses in the postsynaptic neurons of 

the striatum. Although this response is complex, we have shown one marker that changes 

is ΔFosB, which is induced postsynaptically, presumably as an indication of 

hyperactivation mediated by denervation of the dopaminergic tracts, to compensate for 

reduced dopaminergic neurotransmission. We have used this measure as an indication of 

altered basal ganglion circuitry (25,–,27). As shown in Fig. 5, Rag2+/+ mice intoxicated 

with MPTP display a significantly higher density in striatal ΔFosB expression, suggesting 

that nigrostriatal tract degeneration sufficiently alters basal ganglia function. In Rag2−/− 

mice, in contrast, this response is blunted.  

 
FIGURE 5. 
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Rag2−/− mice treated with chronic MPTP exhibit reduced expression of striatal Δ-

Fos B, a marker for postsynaptic changes in the denervated striatum. A, 

representative photomicrographs illustrating ΔFosB immunoreactivity in the striatum. B, 

quantification of striatal Δ-Fos B optical density. Sal, saline. Scale bars = 100 µm. Error 

bars represent mean ± S.E. ANOVA, **, p < 0.01; ***, p < 0.001; n = six to eight 

animals per group.  

Microgliosis plays an important process in the adaptive immune response.  Alongside DA 

neuron death, we examined for markers of neuroinflammation using the microglia-

specific CD11b receptor, which is up-regulated upon microgliosis (28).  Rag2+/+ mice 

treated with chronic MPTP display significantly higher CD11b expression within the 

MTN region of the SNpc (Fig. 6).  However, in the Rag2-deficient mice, MPTP did not 

elicit any notable microglial activation. 
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FIGURE 6. 

Rag2−/− mice exhibit less neuroinflammation. A, representative photomicrographs of 

microglia stained with anti-CD 11b. B, quantification of morphologically activated 

microglia around the MT nucleus of the ventral SNpc. Sal, saline. Scale bars = 100 µm. 

Error bars represent mean ± S.E. ANOVA, **, p < 0.01; n = six to eight animals per 

group.  

Finally, we evaluated the behavioral consequences of chronic MPTP toxicity and DA loss 

in WT and Rag2-deficient littermate controls. Initially, we examined for any changes in 

general locomotor activity using beam break cages. However, no reproducible changes in 

locomotor behavior could be detected (data not shown). We hypothesized that perhaps a 
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more challenging test was required to unmask deficits brought on by the observed 

dopaminergic loss because typically more than a 60–80% loss is required to see major 

differences in general locomotion. The pole test measures the time it takes for mice to 

descend a 2-foot pole. The first 2 weeks of testing after initiation of the MPTP challenge 

did not show any detectable differences in any groups. However, at week 3, differences 

between WT non-treated and MPTP-treated mice could start to be detected. At 4 and 5 

weeks, these differences became accentuated. This time course of the motor deficit is 

consistent with the observed destruction of the nigrostriatal axis. Importantly, Rag2-

deficient mice displayed significantly improved behavior when compared with WT 

MPTP- treated counterpart. Rag2−/− mice do not develop impairments when compared 

with its untreated counterpart even after 5 weeks of starting chronic MPTP treatment 

(Fig. 7). This evidence suggests that neuroprotection afforded by Rag2 deficiency 

translates into motor movement preservation and that surviving DA neurons are indeed 

functional.  
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FIGURE 7. 

Rag2−/− mice are resistant against MPTP-induced motor movement impairments, 

unlike Rag2+/+ littermate mice. The pole test was given to mice throughout the dosing 

paradigm, as described under “Experimental Procedures.” The time of descend to the 

ground was recorded after mice were individually placed upright near the top of a 2-foot 

pole. Sal, saline. Error bars represent mean ± S.E. ANOVA, *, p < 0.05; **, p < 0.01; n 

= six to eight animals per group.  

Fcγ Receptors Play a Role in the Protracted Paradigm of MPTP Induced Loss 
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The evidence above supports a role for the adaptive immune system. However, the 

contribution of any humoral response cannot be ascertained using Rag mice because both 

T and B cells are affected. To more carefully evaluate the potential role of the humoral 

response, we next examined the role of FcγRs in our protracted MPTP paradigm. 

Importantly, chronic MPTP treatment induces less DA cell body degeneration in FcγR−/− 

mice compared with their FcγR+/+ littermates (Fig. 8). However, this protection was less 

than that afforded by Rag2 deficiency (Fig. 2).  

 

FIGURE 8. 

FcγR−/− mice exhibit attenuated DA cell loss after chronic MPTP treatment. A, 

representative photomicrographs of TH+ cells in the SNpc of the indicated littermate 

treatment groups. B, quantification of dopaminergic cell bodies 5 weeks after the start of 

saline (Sal) or chronic MPTP intoxication by stereology, as described under 

“Experimental Procedures.” Scale bars = 250 µm. Error bars represent mean ± S.E. 

ANOVA, *, p < 0.05; **, p < 0.01; n = five to seven animals per group.  
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This partial neuroprotection afforded in the SNpc extends down the nigrostriatal axis, as 

demonstrated by our immunohistochemical analysis of the striatum for dopamine 

terminal loss. Striatal density of both TH and DAT were significantly increased in 

FcγR−/− mice when compared with WT littermate controls (Fig. 9). Similarly, 

improvements in both dopamine and HVA levels as measured by HPLC were observed in 

the FcγR-deficient mice (Fig. 10). This protection, particularly with the dopamine, was 

relatively mild, however. Striatal ΔFosB staining was also attenuated in FcγR-deficient 

mice treated with chronic MPTP when compared with WT MPTP-treated controls (Fig. 

11). Finally, CD11b expression was also attenuated with FcγR deficiency in response to 

chronic MPTP when compared with WT controls (Fig. 12).  
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FIGURE 9. 

Dopamine nerve terminals are protected in FcγR−/− mice treated with chronic 

MPTP. A, representative photomicrographs showing TH+ fiber density from the striatum 

of indicated littermate treatment groups. Sal, saline. B, optical density quantification of 

striatal TH+ fiber density. C, representative photomicrographs of striatal sections stained 

for DATs from indicated littermate groups. D, optical density quantification of striatal 

DATs. Scale bars = 50 µm in (A) and 200 µm (C). Error bars represent mean ± S.E. 

ANOVA, *, p < 0.05; **, p < 0.01; ***, p < 0.001; n = six to eight animals per group.  

 

FIGURE 10. 
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DA and HVA levels in striatum of FcγR−/− mice. Levels of DA and HVA were 

measured using HPLC from striatal punch biopsies of the indicated littermate treatment 

groups. Sal, saline. Error bars represent mean ± S.E. ANOVA, *, p < 0.05; **, p < 0.01; 

n = five to six animals per group.  

 

FIGURE 11. 

FcγR−/− mice treated with chronic MPTP exhibit reduced expression of striatal Δ-

Fos B. A, representative photomicrographs illustrating ΔFosB immunoreactivity in the 

striatum. Sal, saline. B, quantification of striatal ΔFosB optical density. Scale bars = 100 

µm. Error bars represent mean ± S.E. ANOVA, *, p < 0.05; **, p < 0.01; n = six to eight 

animals per group.  
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FIGURE 12. 

FcγR−/− mice exhibit less neuroinflammation. A, representative photomicrographs of 

microglia stained with anti-CD11b. Sal, saline. B, quantification of morphologically 

activated microglia around the MT nucleus of the ventral SNpc. Scale bars = 100 µm. 

Error bars represent mean ± S.E. Representative photomicrographs of TH+ cells in the 

SNpc of the indicated littermate treatment groups. ANOVA, *, p < 0.05; **, p < 0.01; n = 

six to eight animals per group.  

The pole test was administered to the FcγR mice throughout the dosing paradigm to 

corroborate the histological findings. After 3 to 5 weeks of chronic MPTP administration, 

FcγR+/+ mice developed motor movement deficits (Fig. 13). Consistent with our 
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histological protection and ΔFosB results, FcγR−/− mice were significantly protected from 

these deficits at weeks 3 and 4. However, the behavioral improvement was transient 

because the deficit was again observed at week 5. Other tests, such as the 24-h beam 

break locomotion test, showed no difference in any groups as described with the Rag2 

mice above (data not shown). 

 

FIGURE 13. 

FcγR−/− mice are resistant against early MPTP-induced motor movement 

impairments, unlike FcγR+/+ littermates mice. Pole test analysis of mice treated with 

saline (Sal) or MPTP during the 5-week paradigm. Error bars represent mean ± S.E. 

ANOVA, *, p < 0.05; **, p < 0.01; n = six to eight animals per group.  
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Rag2- but Not FcγR-deficient Mice Are Resistant to More Acute MPTP Toxicity 

Our results above with the FcγR−/− mice support a role of the humoral arm of the adaptive 

immune response in chronic MPTP-induced loss. To further support this notion, we 

reasoned that the FcγR under a more acute MPTP paradigm of death will not functionally 

participate in DA neuron death. Consistent with this model, FcγR+/+ mice and their 

FcγR−/− littermates exhibit equal DA neurotoxicity after acute MPTP treatment (Fig. 14). 

Note that this is not to imply that the more acute MPTP paradigm does not activate the 

humoral response. Indeed, acute MPTP treatment has been reported to elicit antibody 

generation to selective epitopes (2). However, the functional consequences of such 

activation are diminished likely because of the more rapid onset of DA loss.  
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FIGURE 14. 

Rag2−/− mice but not FcγR−/− mice display attenuated TH+ cell loss after acute 

MPTP administration. Quantification of dopaminergic cell bodies in the SNpc of Rag2 

mice (A) and FcγR mice (B) after acute MPTP intoxication by stereology, as described 

under “Experimental Procedures.” Error bars represent mean ± S.E. ANOVA, **, p < 

0.01; n = five to six animals per group.  

We also tested Rag2-deficient mice in this acute paradigm. Consistent with previous 

reports of T- and B cell-deficient mice (2, 13), these Rag2−/− mice were also significantly 

protected from acute MPTP induced loss, similar to our more chronic paradigm (Fig. 14).  
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DISCUSSION 

Growing evidence suggested the participation of the humoral response in PD. These data 

include the observations of IgGs from PD patients reacting with dopamine neurons (16) 

and IgG deposition in lewy bodies (29). Altered peripheral humoral function has also 

been reported in PD patients, and elevated levels of IgGs to heat shock proteins were 

described (30). B cell and T cell infiltrates have also been demonstrated in an α-synuclein 

overexpression model of PD (31). We set out to provide more functional data on the 

required nature of this response as well as shed light on which antibody effector function 

may promote dopaminergic degeneration. To achieve this, we developed a more 

protracted/chronic MPTP model potentially more conducive to participation of a humoral 

response in DA degeneration. Histological analysis of wild-type mice indicates that 1 

month of protracted MPTP treatment elicits significant DA neuron loss in the SNpc. DA 

neuron injury is observed later in the dosing paradigm. The loss of DA cell bodies was 

accompanied by nerve terminal degeneration and compensatory changes in postsynaptic 

striatal neurons. Moreover, mice incur motor movement impairments late in the MPTP 

dosing paradigm. This delayed and progressive neurodegenerative nature is consistent 

with the temporal expression of the adaptive immune response. Likewise, it more closely 

resembles PD pathogenesis than traditional acute MPTP treatment, which elicits more 

rapid neurotoxicity.  

Using this model, we first detected Rag2−/− mice to have less dopaminergic death than 

littermate WT controls. Rag2-deficient mice have a disruption in the recombination 

activating gene 2. This gene produces an enzyme critical in the generation of T and B cell 
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receptors. Therefore, these mice are devoid of mature T and B cells (the major cellular 

components of the adaptive immune response) and are unable to produce antibodies (32, 

33). In addition, this protection was associated with reduced terminal loss, significant 

preservation of dopamine levels, improvement in markers of postsynaptic function, and 

improved behavioral outcomes. These results are consistent with previous reports of 

protection mediated by a number of immune-compromised mice following more acute 

paradigms of MPTP exposure (2, 13).  

After confirming lymphocytic involvement in our chronic model, we next looked at 

potential downstream effectors, in particular FcγR function, because of its involvement in 

antibody-microglia interactions and its importance in adaptive immunity (1). The FcγR−/− 

mice we used are deficient in a γ chain that is required for receptor assembly and signal 

transduction of FcγRIII and FcϵRI receptors (34). Accordingly, FcγR deficiency leads to 

a functional impairment of macrophages/microglia, neutrophils, mast cells, basophils, 

and NK cell binding capabilities for IgGs (34). As with the Rag mice, FcγR-deficient 

mice also showed significant protection in all the parameters examined. However, the 

protection observed in FcγR−/− mice was qualitatively less than that observed with 

Rag2−/− mice. For example, although behavioral improvements were observed with FcγR 

deficiency, this protection was transient. The potential reasons for this are several. Rag2 

deficiency eliminates multiple arms of the adaptive immune response, whereas FcγR 

deficiency is obviously more limited in this respect. Relevant to this, FcγR involvement 

does not occur in more acute paradigms of MPTP, whereas Rag2 deficiency is protective 

in both acute and chronic models. Nonetheless, our results clearly demonstrate the 
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involvement of FcγR in dopaminergic loss induced in a system where the adaptive 

immune system is allowed to develop fully.  

Our observations of FcγR involvement in MPTP-induced toxicity is consistent with other 

reports that FcγR is up-regulated in postmortem PD brains (35) and following MPTP 

treatment in experimental animal models (14, 15, 17). IgGs produced against DA neurons 

could promote neurodegeneration via the FcγR (31, 35, 36). Upon engaging antibodies in 

the CNS, FcγR causes the activation of immune cells, secretion of neurotoxic and 

neuroinflammatory factors, and stimulates phagocytosis in processes termed antibody-

dependent cell-mediated cytotoxicity and antibody-mediated phagocytosis, respectively 

(37, 38). The role of FcγRs on microglia activation are a particularly interesting 

possibility, provided the large number of resident immune cells in the nigral region and a 

large number of reports suggesting the importance of these cells in nigral degeneration 

(39). An initial microglial response as part of the innate immune response is consistent 

with a role of inflammation in PD. However, the humoral immune response may interact 

with the innate inflammatory system, leading to a more sustained response (1, 40). 

Consistent with this view, we showed that FcγR−/− mice demonstrate less microglial 

activation when compared with their control littermates.  

Our results, as well as those of others with a variety of immune-compromised animal 

models, clearly suggest the importance of the cellular adaptive immune response 

following MPTP treatment. Helper T cells likely play a major role in this degeneration 

because CD4-deleted mice specifically show decreased degeneration (13). How T cells 

are activated in the context of MPTP is unclear. MPTP treatment has been shown to not 

only elicit lymphocytic infiltration but also to increase expression of microglial MHC 
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class II antigen (14, 15). The nature of potential antigens eliciting an adaptive response is 

unclear. However, there have been numerous proposals of “neopeptide” generation 

initiated by oxidative stress. For example, microglia generate superoxide and nitric oxide 

that can rapidly interact to form the peroxynitrite (ONOO-), a highly reactive oxidative 

species capable of traversing cell membranes and causing lipid peroxidation, DNA 

damage, mitochondrial inhibition, and nitrotyrosine formation (41, 42). DA quinine has 

also been shown to be equally reactive. These oxidized molecules may serve as epitopes 

stimulating an adaptive response.  

One proposed neopeptide is nitrosine-modified synuclein. A single injection of MPTP in 

squirrel monkeys was sufficient to cause a buildup of α-synuclein in midbrain DA 

neurons, which stained positive for nitratred and phosphorylated α-synuclein (43). MPTP 

treatment also causes nitrosine-modified α-synuclein buildup in cervical lymph nodes of 

mice (2). These mice also mice generate antibodies to native and nitrated α-synuclein. 

We propose that the generation of the humoral response such as that observed above and 

consequent activation of Fcγ receptor complexes is critical to mediate both the microglial 

response and dopaminergic degeneration in more chronic models of MPTP toxicity.  

Taken together, these data further support the critical nature of the adaptive immune 

system in DA neuron injury in a mouse model of PD. The discovery of this role has 

profound implications for how we view PD as a neurodegenerative disease that relies, at 

least in part, on both the innate and adaptive immune response to mediate degeneration.  
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Interferon-γ and Microglia Neurotoxicity:  

 We established a comprehensive in vitro PD model to study microglia 

neurotoxicity.  Firstly we determined the dose response concentrations of rotenone that 

will elicit significant and selective DA cell death.  Concentrations of rotenone below 

25nM selectively killed dopamine neurons and no other midbrain cells.  This toxicity was 

evident only in co-cultures supplemented with microglia, not neuron-enriched midbrain 

cells.  Selective DA neurotoxicity was confirmed by a marked reduction in TH 

immunoreactivity, while Hoechst staining remained unchanged.  Increasing the 

concentration of rotenone caused non-specific neurodegeneration.   

This co-culture paradigm has advantages over traditional in vitro models, given 

that the neurodegeneration elicited is selective for dopaminergic cells and better mimics 

PD.  In addition, the dependence of dopaminergic cell loss on microglia is desirable for 

studying innate immune pathways, which in recent years have become a pathological 

feature of PD. 

Our laboratory detected elevated levels of the IFN-γ in the blood plasma of PD 

patients, which piqued our curiosity.  Its elevation was highest out of all the cytokines 

tested, even more than TNF-alpha, which was previously shown to mediate LPS-induced 

damage of DA neurons.  Prior to this point in time, little was known about IFN-γ’s 

involvement in dopamine neuron loss.  Furthermore, it was not known if the blood 

plasma levels of the proinflammatory cytokine correlated with those in the brain, and no 

reports had previously documented IFN-γ production in the central nervous system.  We 

sought to answer all these questions using our inflammatory co-culture model.  Given 

that microglia are macrophages, we hypothesized they would produce IFN-γ when 
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activated by rotenone.  Moreover, IFN-γ is a potent proinflammatory, thuswe predicted it 

would drive microglial neurotoxicity. 

Rotenone-induced dopamine neurodegeneration was prevented in co-cultures by 

administering a neutralizing antibody for IFN-γ.  A control, non-specific antibody was 

not protective under the same conditions.  Moreover, the addition of exogenous IFN-γ 

ligand alone to the co-cultures, without rotenone, triggered a selective loss of DA 

neurons.  This neurotoxicity was only evident in neurons-enriched midbrain cultures that 

were supplemented with microglia.  By the use of neutralizing antibodies or exogenous 

ligands in our co-culture system, we determined IFN-γ mediates microglial neurotoxicity.  

This fits in line with our hypothesis, and sheds light on its signaling dynamic, given that 

microglia are required for IFN-γ toxicity.  Furthermore, it highlights a potential 

therapeutic approach to attenuate DA neuron death.  Highlighting IFN-γ’s involvement is 

a big accomplishment, in view of the lack of pre-existing evidence implicating it in DA 

cell death. 

Another significant discovery was the detection of IFN-γ messenger transcripts 

from microglia-enriched cultures.  Using RT-PCR analysis, we confirmed microglia 

treated with rotenone produce IFN-γ mRNA.   Production of IFN-γ messenger transcripts 

increased when microglia were given higher doses of rotenone.  IFN-γ was not thought to 

be produced in the CNS, making us the first group to discover this important finding.  

This broadens neuroimmunologist’s perspective of this proinflammatory cytokine in the 

CNS, not only for PD but any neurological condition that interacts with the immune 

system.  Additionally, this finding may partially account for the elevated levels of IFN-

gamma in the blood.  
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We further delineated IFN-γ’s involvement in DA cell loss by studying its 

signaling mechanism.  Neuron-enriched midbrain cultures were supplemented with IFN-γ 

receptor deficient microglia, and in the alternative experiment we added wild-type 

microglia to IFN- γ receptor deficient neuron-enriched midbrain cultures.  In doing so, 

we discovered IFN-γ receptor deficient microglia protect dopamine neurons against 

rotenone; however neuron-enriched midbrain cells lacking the IFN-γ receptor did not 

protect.  These experiments show IFN-γ receptors on microglia, not neurons, participate 

in our model of dopamine neuron death, and serve as a valuable analytical tool in 

delineating IFN-γ’s mode of signaling during microglia neurotoxicity.   

The in vitro data underscore the role of IFN-γ in rotenone induced-dopaminergic 

cell loss.  Our research findings elucidate upon a proinflammatory cytokine that was not 

well understood in the context of PD pathology.  We discovered rotenone activated 

microglia produce IFN-γ, which consequently acts in an autocrine manner to drive 

microglial neurotoxicity.  Together, our in vitro data reveals IFN-y’s involvement in DA 

cell by regulating microglial activity.  Highlighting its signaling mechanism elucidates 

upon potential therapeutic targets that can be utilized to protect DA neurons in PD.   
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The Adaptive Immune Response: 

 IFN-γ and microglial activity are not limited to the innate neuroinflammatory 

reaction, they are also critical for the adaptive immune response in the CNS.   

Microglia,the most efficient antigen presenting cells in the brain, also possess Fcγ 

receptors, which are important mediators of the antibody response.  IFN-γ performs 

several functions to prime adaptive immune reactions (Schoenborn et al., 2007).  Having 

studied microglia neurotoxicity in vitro, we broadened our scope to examine the response 

of the adaptive immune system in a specialized in vivo mouse model of PD. 

Despite growing evidence implicating adaptive immunity in DA cell death, it 

remains unclear whether it has a definite role in the pathogenesis of PD.   Early findings 

implicating the adaptive immune system in the pathogenesis of PD were disjointed and 

unable to experimentally observe the full response (Han et al., 2012; He et al., 2002; Orr 

et al., 2005; Chen et al., 1998; Carvey et al., 1991).  Our research goal was to observe the 

full adaptive immune system in a specialized model where injury or modifications to DA 

neurons would invoke an antibody response against them.  Mechanistically, we  followed 

the entire adaptive immune system to determine which of its key players are involved in 

DA neuron death. 

 We hypothesize a protracted, low dose MPTP paradigm will elicit the adaptive 

immune response by making antigenic dopaminergic modifications.  Moreover, we 

predict interfering with lymphocytes or Fcγ receptors will disrupt the adaptive immune 

system’s ability to synthesize antibodies and kill DA neurons of the SNpc via antibody-

mediated phagocytosis and antibody-dependent cell–mediated cytotoxicity, respectively. 
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By administering low doses of MPTP over a 4 week period, we created a novel in 

vivo model of PD, specially tailored to invoke the adaptive immune system.   The use of 

this new paradigm generated several key findings.  WT mice treated with our protracted 

MPTP paradigm exhibit a significant loss of dopaminergic cells in the SNpc (Figure 1 

and 2).  This is marked by a dramatic reduction of dopamine fiber density in the striatum 

(Figure 3).  The loss of DA neurons is also reflected in the striatum by a marked 

reduction in DAT staining (Figure 3), and an increased delta-Fos B expression (Figure 5).  

Additionally at the end of the protracted MPTP paradigm, microglia activation was 

detected in the SNpc, compared to mice treated with saline (Figure 6). 

 A midpoint group of mice treated with MPTP and sacrificed 14 days after the start 

of injections did not to incur significant DA neuron loss (Figure 1).  This implies 

dopaminergic neurodegeneration occurs late in the paradigm, and is in line with the time 

required for the adaptive immune response to detect antigens and synthesize antibodies 

against them.  According to this temporal relationship between MPTP intoxication and 

DA cell loss, our novel death paradigm is suited to study a more developed, full adaptive 

humoral response. Also, the delayed and progressive neuron death better mimics the 

progressive degenerative nature in PD, rendering it advantageous over conventional acute 

MPTP treatment that elicits more immediate neurotoxicity. 

Our novel protracted MPTP paradigm is a significant contribution to PD research.  

Given DA neuron death is delayed, progressive and allows for the full manifestation of 

the immune system, our protracted MPTP paradigm is superior to traditional acute MPTP 

treatment.  
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To assess the involvement of the humoral immune response, we used our 

protracted MPTP paradigm to intoxicate two types of mice with mutations affecting their 

adaptive immune system. The first objective was to determine the contribution of T and 

B cells in DA neuron death.  Whereas WT mice treated with MPTP incur a dramatic loss 

of DA cells, Rag2 -/- mice (devoid of T and B) cells suffered significantly less 

neurodegeneration (Figure 2).  Alongside examining dopamine cell body loss in the 

SNpc, we looked at the caudate and putamen for signs of dopaminergic denervation.  We 

found significant protection in the levels of dopamine transporters and dopamine fiber 

density from Rag2 -/- mice compared to wild-type controls treated with MPTP (Figure 3).  

Concurrently, Rag2 -/- mice exhibited improved levels of striatal delta-Fos B (Figure 5).  

Neuroinflammation was also reduced in Rag2-/- mice, as indicated by reduced cd-11b 

staining within the SNpc (Figure 6).  Upon reconstituting with wild-type splenocytes, 

Rag2 -/- mice regained sensitization to MPTP (Figure 2).  Therefore our data suggests T 

and B cells are involved in protracted MPTP-induced dopamine neuron death. 

Previously Rag2 -/- mice intoxicated with an acute MPTP paradigm and showed 

involvement of cytotoxic T cells (Brochard et al., 2009).  Different MPTP paradigms will 

elicit different mechanism of neuron death.  Our experimental set-up is arguably superior 

in terms of neurotoxin dosage and allowing sufficient time for the full activation of the 

adaptive immune response.  For these reasons, we contend the protracted MPTP 

paradigm is advantageous over traditional models and elicits neuron death pathways that 

are more clinically relevant in the context of PD. 

 To further investigate the mechanism by which lymphocytes exacerbate DA 

neuron loss, we looked downstream at the involvement of the Fcγ receptor.  We 
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hypothesized IgGs are involved in DA cell loss, and hence treated Fcγ receptor deficient 

mice to our protracted MPTP paradigm.  These mice demonstrated significant 

dopaminergic neuroprotection in the SNpc and striatum after 5 weeks of MPTP 

administration (Figure 8).  This was marked by reduced DA cell loss and improved DAT, 

DA fiber density (Figure 9) and delta-FosB levels (Figure 11).  Neuroprotection was also 

accompanied with attenuated microgliosis in the SNpc (Figure 12).  These findings 

reinforce our hypothesis that antibodies against DA neurons are engaging Fcγ receptors 

to trigger neurodegeneration.   

This is the first time the Fcγ receptor’s contribution to DA cell loss has been 

observed using an in vivo MPTP model of PD.  As proposed in our model, microglial Fcγ 

receptor engage antibodies targeting DA neurons, in turn invoking antibody-mediated 

phagocytosis or antibody-dependent cell–mediated cytotoxicity.  We anticipate this to be 

a significant cause of DA cell death, and  acknowledge some degree of direct MPTP 

neurotoxicity.  Likewise, neurodegeneration may stem from antibodies directly binding 

and interfering with the normal trafficking properties of DA neurons, or antibodies 

recruiting the complement system.  This indeed may be the case, given the partial 

protection afforded by the absence of the Fcγ receptors is not as significant as that 

observed in Rag2 -/- mice.    

Previous scientists had shown an anecdotal connection concerning Fcγ receptors 

and DA cell death (Kurkowska-Jastrzebska et al., 1999a; Kurkowska-Jastrzebska et al., 

1999b; Hunot et al., 1999).  However, we are the first to show the causal relationship 

between dopamine neuron injuries triggering an antibody response that hinges on Fcγ 
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receptors.  Accordingly, our research findings render our Fc receptor study more 

comprehensive and relevant to PD pathology.   

 Our histological data were corroborated with biochemical measurements of DA 

and its metabolite homovallinic acid from striatal biopsies.  Whereas wild-type mice 

intoxicated with MPTP incurred a profound reduction in DA and HVA levels, both Rag2 

-/- and Fcγ receptor deficient mice exhibited less of a deficit (Figure 4 and 10).   

The biochemical data is important to assess the functionality of SNpc.  Likewise, 

behavioural tests were conducted to ascertain nigrostriatal axis function.  Every week 

throughout the dosing paradigm, the groups of mice performed three behavioural exams.  

The pole test is a more physically demanding probe of the motor system and 

coordination.  It demonstrated wild-type mice treated with MPTP became slower the 

more intoxicated they became with MPTP.  Particularly they required more time to 

descend the pole to the ground, after 3-4 weeks of MPTP intoxication (Figure 7 and 13).  

This motor deficit is consistent with the observed reduction of dopaminergic neurons in 

the SNpc of mice treated with our MPTP paradigm.  Motor system impairments were 

delayed and progressive, similar to the neurodegenerative profile of dopaminergic 

neurons.  This physical debilitation also mimics the motor decline of PD patients, further 

validating the superiority of our protracted MPTP paradigm over traditional acute PD 

models. 

 Conversely, Rag2 -/- mice did not incur such motor movement impairments, 

compared to their wild-type littermates (Figure 7).  After four weeks of MPTP treatment, 

Rag2 -/- mice did not take longer to climb down the pole than saline treated control mice.  

This finding suggests the surviving DA neurons in Rag2 -/- mice treated with MPTP are 
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indeed functional.  Exactly how long the histological and behavioural protection lasts 

remains to be determined, however it is a clear indication that lymphocytes are 

contributing to PD-like syndrome in mice.  

 In the same pole test, Fcγ receptor deficient mice exhibited resistance against 

MPTP-induced motor deficits, compared to WT controls (Figure 13).  However this 

behavioural protection was observed early in the MPTP paradigm, and did not persist in 

the final week of dosing.  Again suggesting the antibody response eventually mediates 

DA degeneration through alternative mechanisms besides the Fcγ receptor.  

 Further behavioural examinations included the micromax beam break experiment 

and water stress test.  Each exam is designed to monitor the motor activity of mice.  The 

micromax is a cage where mice are placed for 24 hours. Every time they move an 

infrared beam is broken and recorded by a computer.  The water stress is accomplished 

by dropping mice in a 4-liter beaker of water and letting them swim for 1 minute.  

Subsequently, the mice are placed in the micromax and their movements are recorded for 

2 hours.  The purpose of stressing the mice is to reveal any underlying motor movement 

impairments that may not arise under normal conditions.  The micromax beam break and 

water stressor behavioural test did not reveal a motor deficit in mice treated with MPTP.  

This is likely because the SNpc lesion is relatively small, does not manifest physical 

symptoms at rest.  Thus the more strenuous pole test was capable of revealing a smaller 

lesion, given it requires more basal ganglia function. 

In humans, the majority of DA neurons in the SNpc degenerate before clinical 

manifestation of PD symptoms.  Also, stress tends to bring out these physical symptoms.  
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Similarly in rodents, a relatively small lesion in the SNpc will not become noticeable 

without challenging the motor movement and coordination. 

The pole test is more physically demanding and requires more basal ganglia 

function than the other two behavioural exams.  This explains how a relatively small 

SNpc lesion can be detected using the pole test and not the less rigorous behaviour tests.  

Understanding how different behavioural test detect basal ganglia lesions, is a useful tool 

in validating models of PD.  More taxing behavioural analyses, like the pole test, should 

be used to more carefully assess the integrity of the motor circuit.  The histological and 

behavioural protection observed in the Fcγ receptor deficient mice warrants a closer look 

at the nature of the gamma chain of this receptor.  

The FcRγ chain is the signal generating subunit of Fc gamma receptors, Fc alpha 

receptors, and Fc epsilon receptors (Otten et al., 2004; Suzuki et al., 1998).  It is required 

in the cell surface expression of the high affinity FcγRI (Hulett et al., 1998), low affinity 

FcγRIIIA, and the high affinity Fc epsilon RI (Suzuki et al., 1998).   

FcγRI is found on macrophages, dendritic cells, eosinophils, and neutrophils.  It 

contains a signal peptide for transport to the cell membrane, 3 extracellular C2-type 

immunoglobulin domains for high affintity binding IgG-type antibodies, a hydrophobic 

transmembrane domain, and lastly a cytoplasmic tail (Ernst et al., 1998).  Upon binding 

IgG, FcγRI interacts with the immunoreceptor tyrosine-based activation motif (ITAM) of 

its γ chain (Szalai et al., 2005).  This is the signal generating interaction required for 

cellular activation, phagocytosis and induction of the respiratory burst (Nimmerjahn et 
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al., 2006).  Macrophages from mice lacking the γ subunit cannot phagocytose antibody-

covered particles (Takai et al., 1994).   

ITAM is made up of a tyrosine residue separated by any two amino acids from 

either a leucine or isoleucine residue (Pan et al., 2003).  Two ITAMs are separated in the 

cytoplasmic tail by 6-8 amino acids.  When FcγRIIA engages its ligand, tyrosine kinases 

add phosphate groups to the tyrosine residues triggering an intracellular signalling 

cascade.  Intracellular activation includes influx of calcium, phagocytosis, antigen 

presentation, and interleukin-2 production (Van den Herik-Oudijk et al., 1995).  If only 

one YXXL sequence is present, it is not sufficient to activate the cell; rather it generates 

an inhibitory signal. This motif is called ITIM, immunoreceptor tyrosine-based inhibitory 

motif and is found in the FcγRIIB1 and FcγRIIB2.  The inhibitory signal is mediated by 

the phosphatases SHP-1 and SHIP-1, which remove phosphates from tyrosine residues 

(Huang et al., 2003).  

The FcγRIIB transduces an inhibitory signal through the immunoreceptor 

tyrosine-based inhibition motif (Szalai et al., 2005).  The cell surface expression of the 

FcγRII is unaffected in mice lacking the γ chain (Cao et al., 2012).  Negative signaling by 

FcγRIIB is primarily observed in regulation of activated B lymphocytes and mast cells 

(Takai et al., 1996; Van den Herik-Oudijk et al., 1995). 

The FcγRIIIA is expressed on NK cells and macrophages. It is involved in 

antibody-dependent cell-meditated cytotoxicity and macrophage induction of cytokine 

release, including TNF-alpha and IFN-γ (Dhanji et al., 2005).  The cytokine release by 

these cells promotes the adaptive immune response (Dhanji et al., 2005).  Indeed IFN-γ 

has been shown to bridge the innate and adaptive immune system (Palucka et al., 1999). 
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The Fc epsilon receptor I is formed by a tetrameric complex consisting of an 

alpha subunit acting as a binding site, a beta subunit that amplifies the downstream 

signal, and two γ chains connected by a disulphide bridge.  Upon binding IgE-type 

antibodies, they stimulate cellular activation and degranulation associated with allergic 

responses.  The Fc epsilon receptor I is expressed on mast cells and basophils, and it is 

inducible in eosinophils (Pawankar et al., 2001). 

The Fc receptor γ subunit deficiency affects the functional expression of Fcγ 

receptor I, Fcγ receptor IIIA and Fc epsilon receptor I, however we did not distinguish in 

our study the effects mediated by each individual receptor, rather the deficiency of all 

three.  Also, the γ chain is not only expressed in Fc receptors, but also the TCR/CD3 

complex, alpha/beta and γ/delta T cells (Szalai et al., 2005; Hayes et al., 2003).  CD3 is a 

T cell co-receptor composed of 4 chains, namely a CD gamma chain, a CD delta chain, 

and two CD epsilon chains.  ITAM is common to these four chains in their cytoplasmic 

tails.  Since the γ subunit is expressed in these receptors, it is possible that impairing their 

function also attributes to the observed protection in our Fcγ receptor deficient mice.  

This effect is likely a minimal given that mice deficient in the γ chain do not show 

impaired T cell function (Takai et al., 1994). 

Likewise, for the interpretation of our results we must consider Fcγ receptors can 

also bind non-IgG ligands, including C-reactive proteins and complement receptors 

(Galon et al., 1996; Stein et al., 2000; Okun et al., 2010).  As such it is possible that they 

contribute in some degree to the DA cell loss exhibited in our protracted MPTP model.  

Our novel protracted MPTP paradigm differs from traditional acute MPTP paradigms in 
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that it triggers different death pathways.  To test whether the adaptive humoral response 

is involved early after dopamine neuron injury, we subjected Rag 2-/- and Fcγ receptor 

deficient mice to an acute MPTP paradigm.  We did not expect the Fcγ receptor deficient 

mice to exhibit neuroprotection against acute MPTP, since it triggers a more rapid cell 

death mechanism that we believe to be antibody independent.   

Rag2 -/- mice showed reduced DA cell loss after acute MPTP treatment, but not 

Fcγ receptor deficient mice.  This novel finding highlights the temporal expression of the 

humoral arm of the adaptive immune system.  In the acute MPTP paradigm, the loss of 

DA cells occurred at a faster rate than the adaptive immune system manifests itself.  Our 

protracted cell death paradigm allows antibody synthesis to dopaminergic antigens, 

eliciting significant neurodegeneration.  This is consistent with recent findings that early 

DA cell injury can expose alpha-synuclein modifications, which become antigenic and 

trigger the immune system to exacerbate PD pathology (Benner et al., 2008).   

Conducting the acute MPTP paradigm was a useful analysis enabling the 

comparison of neuron death pathways.  We determined acute MPTP toxicity is mediated 

in part by lymphocytes, but not an Fcγ receptor/IgG interaction.  This data matches our 

hypothesis, and is consistent with Brochard’s et al findings that cytotoxic T cells induced 

death after acute MPTP treatment.  Conversely, protracted MPTP treatment invokes the 

antibody response.  Therefore, employing the appropriate neurotoxin paradigm is critical 

for studying particular neuron death pathways.  Our results validate the advent of a new 

model of PD to study adaptive immune responses.Taken together our in vivo data indicate 

that given ample time after MPTP-induced DA cell loss, the humoral arm of the adaptive 

immune systems is triggered, whereby Fcγ receptors play a critical role.  Our data 
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highlight novel therapeutic targets that warrant further clinical investigation, such as 

receptors for IFN-γ and Fcγ on microglia, which were not previously thought to be 

involved in the pathogenesis of PD.  We bring to light key innate and adaptive 

immunpathogenic responses contributing to DA neurons death, both of which are 

promoted by IFN-γ and contingent on microglial activity.   Our data underscore the 

importance of controlling microglial activity as a therapeutic strategy to protect DA cells 

of the SNpc. 
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Summary 

We reported previously that calpain-mediated Cdk5 activation is critical for 

mitochondrial toxin-induced dopaminergic death. Here, we report a target that mediates 

this loss. Prx2, an antioxidant enzyme, binds Cdk5/p35. Prx2 is phosphorylated at T89 in 

neurons treated with MPP+ and/or MPTP in animals in a calpain/Cdk5/p35-dependent 

manner. This phosphorylation reduces Prx2 peroxidase activity. Consistent with this, 

p35−/− neurons show reduced oxidative stress upon MPP+ treatment. Expression of Prx2 

and Prx2T89A, but not the phosphorylation mimic Prx2T89E, protects cultured and adult 

neurons following mitochondrial insult. Finally, downregulation of Prx2 increases 

oxidative stress and sensitivity to MPP+. We propose a mechanistic model by which 

mitochondrial toxin leads to calpain-mediated Cdk5 activation, reduced Prx2 activity, and 

decreased capacity to eliminate ROS. Importantly, increased Prx2 phosphorylation also 

occurs in nigral neurons from postmortem tissue from Parkinson's disease patients when 

compared to control, suggesting the relevance of this pathway in the human condition. 
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Introduction 

Parkinson's disease (PD) is a neurodegenerative disorder characterized by motor 

symptoms including tremor, muscle rigidity, paucity of voluntary movements, and 

postural instability (Hoehn and Yahr, 1967 and Lang and Lozano, 1998). The 

pathological hallmarks of PD are the loss of dopaminergic (DAergic) neurons in the 

substantia nigra pars compacta (SNc) and formation of Lewy bodies (Braak et al., 2003). 

The pathogenic process in PD is not clearly understood. A small portion (less than 10%) 

of PD patients have familial forms of the disease, and several PD genes have been 

identified (Abou-Sleiman et al., 2006). However, the vast majority of patients have 

idiopathic forms of PD. Parkinsonism can be induced in humans by exposure to the 

mitochondrial complex 1 toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). 

This DAergic toxin results in parkinsonism symptoms indistinguishable from those of 

Parkinson's disease (Burns et al., 1985 and Langston et al., 1983). Experimentally, it 

induces specific loss of DAergic neurons in the SNc (Burns et al., 1983) and produces a 

profound reduction of striatal dopamine levels with little alteration in other 

catecholamine neurotransmitter systems (Jonsson et al., 1986). Degeneration is a 

consequence of conversion of MPTP by glia to its toxic metabolite MPP+ followed by 

specific uptake by DAergic neurons and presumed targeting of the mitochondria (Lang 

and Lozano, 1998). 

The cellular consequences of mitochondrial dysfunction as induced by agents such as 

MPTP are numerous and include poor calcium homeostasis and oxidative stress (Wang 

and Yuen, 1994). How this dysregulation occurs and the consequence/management of 
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these stresses are not fully understood. Recently, and consistent with improper calcium 

management, we reported that calpains are activated and required for MPTP-induced 

death in adult mice in vivo (Crocker et al., 2003). Calpains are conserved cysteine 

proteases regulated by calcium and possessing diverse biological function (Sorimachi et 

al., 1997). This was consistent with earlier reports of elevated calpain levels in 

postmortem PD patients (Mouatt-Prigent et al., 1996). We also showed that calpains were 

more activated in PD patients than in control individuals (Crocker et al., 2003). 

Importantly, calpain inhibition not only limited DAergic loss but also improved animal 

behavior following toxin treatment (Crocker et al., 2003). 

What are the possible downstream targets of calpain activation? We recently provided 

evidence that the activator of Cdk5, p35, may be critical (Smith et al., 2003 and Smith et 

al., 2006). Cdk5, not thought to be central to the core cell-cycle machinery, has been 

implicated in brain function including neuronal development, neuritic outgrowth, and 

neurotransmitter (dopamine) signaling (Dhavan and Tsai, 2001). Cdk5 activity is 

regulated by its activating partners, p35 and p39 (Dhavan and Tsai, 2001). While 

important for brain development, recent evidence has shown that inappropriate activation 

of the Cdk5/p35 signal may lead to neuronal death through pathogenic activation of 

calpains, which proteolytically cleave p35 to a more active p25 form (Dhavan and Tsai, 

2001) at least in cultured systems. However, its functional role in adult degeneration in 

vivo as well as in PD was unknown. To this end, we found that Cdk5 plays an essential 

role in DAergic loss in vivo (Smith et al., 2003 and Smith et al., 2006). For example, we 

observed that MPTP induced Cdk5 activation and that inhibition of such activity with DN 

Cdk5 expression, Cdk inhibitors, or p35 deficiency attenuated DAergic death and 
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behavioral deficits associated with MPTP treatment (Smith et al., 2003 and Smith et al., 

2006). This observation is made more significant by observations of increased p35 in 

postmortem PD brains (Nakamura et al., 1997). It is also entirely consistent with our 

observations that calpains are activated, are required for death, and mediate p35 to p25 

cleavage in the MPTP model of PD (Smith et al., 2003). In support of this, we showed 

that inhibition of calpain led to reduced p35 to p25 conversion and Cdk5 activation 

(Smith et al., 2006). This suggested to us a model by which deregulated calcium leads to 

calpain activation, inappropriate Cdk5 activity, and DAergic cell death (Smith et al., 

2006). However, the mechanism(s) by which Cdk5 promotes DAergic loss is still 

unknown. To address this, we presently performed mass spectrometry-based 

interactomics to identify Cdk5-interacting proteins. We identified an intriguing target that 

has direct implications for the way in which cells handle oxidative stress, linking Cdk5 

activity with oxidative stress, a common theme in PD. 

Oxidative stress is thought to be a critical mediator of damage in PD (Przedborski, 2005). 

Reactive oxygen species (ROS) has been observed in the SNc of PD patients and animal 

models of PD (Przedborski, 2005). Importantly, neurons in general have high levels of 

ROS. Therefore, systems to handle such stress are of paramount importance. Peroxidases 

are a key in this management system. Three types of peroxidases, peroxiredoxins (Prxs), 

catalase, and glutathione peroxide (GPx), function to eliminate H2O2 in mammalian cells 

(Rhee et al., 2005). In mammalian cells, six isoforms of Prx were identified. Although 

Prxs as a family are relatively ubiquitous, there is some specificity in regards to cell type 

and subcellular localization. For instance, Prx1 is distributed in the cytoplasm of 

oligodendrocytes and microglia, while Prx2 is located in the cytoplasm of neurons, and 
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Prx3 is localized in the mitochondria of neurons (Jin et al., 2005). Whether and how Prxs 

participate in neuronal damage as well as how they are regulated have yet to be 

examined. 

Presently, we report that Prx2 directly associates with the Cdk5 kinase complex through 

p35. In addition, Cdk5 phosphorylates Prx2 at T89 resulting in reduction of Prx2 

peroxidase activity and neuronal death in MPP+-treated cells in vitro and the MPTP 

mouse model of PD in vivo. Prx2 activity is functionally relevant since modulation of 

Prx2 activity is protective. Importantly, p35−/− neurons have reduced ROS and improved 

survival consistent with the above findings. These findings provide a mechanistic link of 

how a mitochondrial damaging agent, through calpain-mediated Cdk5 activation and 

downregulation of an important antioxidant enzyme, can increase oxidative load leading 

ultimately to death. 
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Results 

Identification of Prx2 as a Cdk5-Interacting Protein 

We have shown that Cdk5 plays an essential role in loss of DAergic neurons in the MPTP 

mouse model of PD (Smith et al., 2003 and Smith et al., 2006). It has also been 

demonstrated that Cdk5/p35 exists as macromolecular complexes in brain extracts, 

implying that Cdk5 associates with different proteins and functions in different signaling 

pathways (Lee et al., 1996). To identify these complexes, we initially utilized bacterially 

expressed GST-p10, a C-terminal truncated form of p35 containing a 98 amino acid 

residue N terminus fused with GST, as a bait to isolate p35-interacting proteins from 

mouse brain extracts. The interacting proteins were eluted with 1 M NaCl from GST-

immobilized GSH beads. The eluted proteins were visualized by Coomassie blue staining 

after separation by SDS-PAGE (Figure 1A). The visualized specific bands were subjected 

to protein identification by tandem mass spectrometry. One of three specifically isolated 

proteins was found to be Prx2 for which three identified peptides matches were found 

(Figure 1B). 
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Figure 1. Identification of Prx2 as Cdk5/p35 Interactor(A) Isolation of Cdk5-

interacting proteins by affinity purification. Fifty micrograms of bacterially 

expressed GST and GST-p10 as bait was immobilized on GSH beads and 

coincubated with 1 mg of mouse brain homogenate at 4°C for 3 hr. The eluted 

proteins were precipitated by TCA after elution by 1 M NaCl. The precipitates 

were separated by 10% of SDS-PAGE then visualized by colloidal Coomassie 

Blue staining.(B) Identification of Prx2 by a tandem mass spectrometry. The 

specific bands from GST-p10 were excised from the stained SDS-PAGE for mass 

spectrometric sequencing. Three underlined peptides were sequenced by the mass 

spectrometry and matched to mouse Prx2.(C) Confirmation of the interaction 

between Prx2 and Cdk5/p35. Two micrograms of bacterially expressed GST and 
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GST-Prx2 was incubated with 10 µg of His-p35 at 4°C for 2 hr. The GST-tagged 

proteins were retrieved with GSH beads. The proteins were subjected to SDS-

PAGE and detected using C-19 for p35 by western blots (top panel). Similar to 

the above description, GST was incubated with His-p35 and His-Prx2 or GST-

Cdk5 was incubated with His-Prx2 alone or with both His-p35 and His-Prx2 at 

4°C for 2 hr. The bound proteins were separated by SDS-PAGE and detected by 

western blot using anti-Prx2 antibody after retrieval of GST-fused proteins by 

GSH-Sepharose (bottom panel).(D) Association of Prx2 with Cdk5/p35 in vivo. 

(Top panel) Control IgG, C-19 for p35, and C-8 for Cdk5 were incubated with 

500 µg of mouse brain lysate. Antibodies were isolated by IP beads and the 

coupled proteins were subjected to SDS-PAGE followed by anti-Prx2 western 

blot. (Middle panel) Control IgG or anti-Prx2 (Abcam) as indicated was incubated 

with mouse brain lysate. Following immunoprecipitation, samples were subjected 

to western blot analyses using anti-p35 antibody. (Bottom panel) Control IgG or 

anti-p35 were incubated with WT (+/+) or p35-deficient (−/−) mouse brain lysate 

as indicated. Following immunoprecipitation, samples were subjected to western 

blot analyses using anti-Prx2 antibody. Note that all lanes are from the same gel. 

However, because of the high intensity of the input-positive control signal, 

exposure time was reduced for this lane. 

Figure options 

Prx2 is an antioxidative enzyme with peroxidase activity. Importantly, it also contains a 

conserved motif optimal for Cdks. Because of these reasons and the potential importance 

of ROS in PD, we chose this target for our study. To confirm the interaction between p35 
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and Prx2, an in vitro binding assay was carried out utilizing bacterially expressed 

proteins. GST-Prx2 or GST alone was incubated with His-tagged p35 and subjected to 

SDS-PAGE and western blot analyses using p35 antibody. A specific interaction was 

observed only with GST-Prx2 (Figure 1C). Similarly, a reverse binding experiment was 

performed where GST control or GST-Cdk5 was incubated with His-Prx2 alone or with 

both His-p35 and His-Prx2. Specific interaction was only observed with GST-Cdk5, His-

p35, and His-Prx2 coincubation (Figure 1C). Finally, we also examined whether we 

could detect interaction through a means independent of bacterially expressed proteins by 

utilizing the yeast two-hybrid interaction assay. Consistent with our previous results, we 

could also detect interaction between p10 and Prx2 (Figure S1 available with this article 

online). These results indicate that Prx2 specifically interacted with the Cdk5/p35 

complex through its association with p35. 

To test whether endogenous Prx2 may exist in a complex with Cdk5/p35 in vivo, 

immunoprecipitation was performed using control IgG, p35 (C-19), and Cdk5 (C-8) 

antibodies on brain extracts (Figure 1D). The complexes were then analyzed by SDS-

PAGE and Western blot analyses using a Prx2 antibody. Both immunoprecipitates using 

either Cdk5 or p35 antibody showed an associated Prx2 signal by western blot while the 

control IgG did not. The reverse interaction assay where immunoprecipitation with Prx2 

preceded western blot analyses for p35 was also performed using brain extracts. 

Consistent with the previous pulldown, a specific interaction between Prx2 and p35 was 

also observed (Figure 1D). Finally, to further confirm the specificity of the interaction 

assay, we also performed a p35 immunoprecipitation using p35 wild-type (WT) or 

knockout brain extracts followed by western blot analyses utilizing Prx2 antibody. A 
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positive interaction was only observed with WT brain extract and not with p35-deficient 

brains. Taken together, this indicates that endogenous Prx2 associates with Cdk5/p35 in 

vivo. 

Prx2 Is a Substrate of Cdk5 and Its Peroxidase Activity Is Regulated through 

Phosphorylation by Cdk5 

The consensus sequence of Cdk5 phosphorylation is Pro (P)-directed Ser (S) or Thr (T) 

surrounded in the +3 position by basic amino acids, Arg (R), Lys (K), or His (H) 

(Songyang et al., 1996). There is a potential motif in Prx2 containing Pro-directed Thr, 

T89PRK, optimal for Cdk5 phosphorylation. To investigate whether Prx2 is a substrate of 

Cdk5, Prx2 and Prx2T89A, a Prx2 mutant in which nonphosphorylatable Ala (A) 

replaced Thr (T), were subjected to in vitro kinase assay with Cdk5 alone, Cdk5/p35, or 

Cdk5/p25 active complexes. Incubation of bacterially expressed Prx2 or Prx2T89A with 

Cdk5 alone did not result in any radiolabel signal, indicating that the activating binding 

partner of Cdk5 was required for phosphorylation. The recombinant Prx2 was 

phosphorylated when either p35 or p25 was present along with Cdk5. In contrast, the 

recombinant Prx2T89A showed almost no detectable phosphorylation (Figure 2A). This 

indicates that both Cdk5/p35 and Cdk5/p25 can phosphorylate Prx2 and that almost all 

the phosphorylation occurs on the T89 residue. 
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Figure 2. Prx2 Is an In Vitro Substrate of Cdk5, and Peroxidase Activity of Prx2 

Is Modulated through Phosphorylation(A) Prx2 is a substrate of Cdk5/p35 and 

Cdk5/p25. One microgram of purified His-Prx2 or His-PrxT89A was incubated 

with 50 ng of purified GST-Cdk5, GST-Cdk5/GST-p35, or GST-Cdk5/GST-p25 

and 1 µCi of [γ-32P]ATP at 30°C for 30 min. The proteins were separated by SDS-

PAGE for autoradiography.(B) Peroxidase activity of Prx2 is reduced by 

phosphorylation. Two hundred micrograms of His-Prx2 was incubated with 10 µg 

of GST-Cdk5/GST-p25 and 10 µM ATP at 30°C for 6 hr. The reaction mixture 

was separated by Q-column to isolate phospho-Prx2 from Prx2 after clearing 

GST-tagged Cdk5 and p25 by GSH-Sepharose. 0.5 µg of Prx2 or phospho-Prx2 
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was used for the peroxidase assay at 30°C for 10 min. The consumption of 

NADPH was measured at 340 nm wavelength by spectrophotometer. The data are 

the mean ± SEM (n = 3).(C) Determination of purity of phospho-Prx2 and 

confirmation of specificity of p-T89 for phospho-Prx2. One microgram of Prx2 or 

purified phospho-Prx2 as isolated in (B) was probed by western blot analyses 

using the p-T89 antibody or a pan-Prx2 antibody.(D) Peroxidase activity of 

Prx2T89E is lower than Prx2. 0.5 µg of purified His-Prx2, His-Prx2T89A, or His-

PrxT89E was assayed for peroxidase activity as described above in (B). The data 

is the mean ± SEM (n = 4).( E) Peroxidase activity of Prx2T89A is not affected 

by Cdk5 phosphorylation. Ten micrograms of purified His-Prx2 or His-Prx2T89A 

was incubated with or without GST-Cdk5/GST-p25 (3 µg each) overnight at 30°C 

in the presence of 2 mM DTT. Following dialyses, peroxidase activity was 

measured as described in (B). The data are the mean ± SEM (n=3). 

To assess the effects of Cdk5-mediated Prx2 phosphorylation on peroxidase activity, WT 

Prx2 was purified from bacteria. It was then incubated with GST-Cdk5 and GST-p25 

purified from bacteria. Afterwards, phospho-Prx2 was separated from nonphosphorylated 

Prx2 by Q-column. Equal amounts of phosphorylated and nonphosphorylated Prx2 were 

then assessed for peroxidase activity by monitoring the H2O2-dependent oxidation of 

NADPH in the presence of thioredoxin (Trx) and Trx reductase. The peroxidase activity 

of phospho-Prx2 was 37% of that of nonphosphorylated Prx2 (Figure 2B). To confirm 

isolation and phosphorylation of Prx2 as just described, we generated a phospho-antibody 

specific for phosphorylated T89 of Prx2. The phospho-T89 (p-T89) antibody recognized 

phosphorylated Prx2 but not the nonphosphorylated form isolated by Q-column upon 
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western blot analyses (Figure 2C). A pan-Prx2 antibody was also isolated and shows that 

total Prx2 levels were approximately equal between nonphosphorylated and 

phosphorylated forms (Figure 2C). 

The above results indicate that Cdk5 phosphorylation of Prx2 results in downregulation 

of peroxidase activity. To confirm this and ascertain that this is due to phosphorylation at 

T89, we isolated bacterially expressed Prx2, the Prx2T89A mutant, and a Prx2T89E 

mutant designed to mimic phosphorylation. Equal amounts of proteins were assayed for 

peroxidase activity. Importantly, the mutant Prx2T89E resulted in a 66% reduction in 

peroxidase activity compared to Prx2. The mutant Prx2T89A on the other hand was not 

significantly different from WT (Figure 2D). Importantly, we would predict that if Cdk5-

mediated phosphorylation of Prx2 at T89 leads to downregulation of peroxidase activity, 

the Prx2T89A mutant should not be responsive to Cdk5 phosphorylation. Consistent with 

this notion, phosphorylation of recombinant WT Prx2 but not the Prx2T89A mutant by 

Cdk5 in vitro led to reduced peroxidase activity (Figure 2E). Finally, we also observed 

that phosphatase treatment of WT Prx2 previously phosphorylated by Cdk5 reversed the 

decrease in peroxidase (see Figure S2). Taken together, our data, at least in vitro, indicate 

that Cdk5 phosphorylates Prx2 at T89, which results in reduced Prx2 activity. 

Prx2 Plays a Protective Role in Cortical Neurons Insulted by Neurotoxin MPP+ 

We next determined whether Prx2 and its phosphorylation may play a role in neuronal 

death induced via mitochondrial stress by evaluating the effects of MPP+, the active 

metabolite of MPTP, on death of cultured cortical neurons. It is important to note that 

these cultures are completely neuronal as evaluated by MAP2 staining (see Figure S3). 
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We first evaluated the effect of MPP+ on T89 phosphorylation utilizing the phospho-

specific antibody p-T89 for phosphorylated Prx2 at T89. Analysis of an MPP+ time 

course by western blot indicated a maximal increase in phospho-Prx2 signal at 24 hr 

(Figure 3A). This coincided with the peak in Cdk5 kinase activity measured under the 

same conditions (Figure 3B). In the latter assay, immunoprecipitated Cdk5 from neurons 

treated by MPP+ at different time points was subjected to a kinase assay using histone H1 

as a substrate. The increase in Prx2 phosphorylation at T89 was also observed in cortical 

neurons analyzed by immunofluorescence using the same phospho-T89 antibody after 

MPP+ treatment (Figures 3C, 3D, and 3E). There was a notable increase in phospho-

labeling upon MPP+ stress in the soma and neurites. This increase of fluorescence was 

quantified over a number of neurons by image analyses, showing a 90% increase in 

neurites and 62% increase in the soma. Blocking peptide treatment was used as a control 

for specificity and shows the required loss of fluorescent signal. Importantly, levels of 

Prx2 did not dramatically change upon MPP+ treatment. This was observed both with 

western blot (Figure 3A) and upon immunofluorescent analyses (Figure 3C). Similar 

observations of increased phosphorylation of Prx2 were also observed in midbrain 

cultures containing dopamine neurons exposed to MPP+ (see Figure S4). In addition, we 

also observed Prx2 phosphorylation when midbrain neurons were treated with another 

mitochondrial toxin, rotenone (Greenamyre et al., 2003) (see Figure S5). 
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Figure S4. Midbrain mesencephalic cultures show increased phospho-Prx2 staining upon 

MPP+ treatment. Midbrain cultures were treated with 20µM MPP+ for 24 hours and then 

fixed and analyzed by immunofluorescence using p-T89 antibody (green), TH antibody 

(red) or Hoechst staining (blue). (A) Representative immunofluorescence staining as 

indicated. Note that midbrain cultures have only a small percentage of neurons that are 

dopaminergic. In addition, increase in phospho-Prx2 staining is not specific to dopamine 

neurons. (B) Quantitation of phospho-Prx2fluorescence intensity of dopaminergic TH 

positive neurons. 
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Figure S5. Midbrain mesencephalic cultures show increased phospho-Prx2 staining upon 

rotenone treatment. Midbrain cultures were treated with 25 µM rotenone for 72 hours and 

then fixed and analyzed by immunofluorescence using p-T89 antibody (green) and TH 

antibody (red). (A) Representative immunofluorescence staining as indicated. Note that 

midbrain cultures have only a small percentage of neurons that are dopaminergic. Two 

representative control nonrotenone treated fields are provided. (B) Quantitation of 

phospho-Prx2 fluorescence intensity of dopaminergic TH positive neurons. 
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Figure 3. Reduction of Prx2 Peroxidase Activity and Associated Phosphorylation 

at T89 in Neurons after MPP+ Treatment(A) Increase of phospho-Prx2 after MPP+ 

insult. Cultured cortical neurons were treated with 20 µM MPP+. The treated 

neurons were harvested at different time points, 6, 12, 24, 48, or 72 hr after MPP+ 
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treatment. Forty micrograms of cell lysate was analyzed by western blot analyses 

utilizing p-T89, anti-Prx2, C-19 for p35, C-8 for Cdk5, or anti-β-actin antibodies. 

Similar results were observed in three independent experiments.(B) Increase of 

Cdk5 kinase activity in neurons after MPP+ treatment. Neurons were treated as 

above described. Cdk5 was isolated from 50 µg of cell lysate by 

immunoprecipitation using the C-8 antibody and was incubated with 0.5 µCi of 

[γ-32P]ATP at 30°C for 30 min using histone H1 as a substrate. The proteins were 

separated by SDS-PAGE for autoradiography. The density of autoradiographic 

bands was normalized from three experiments and is presented as mean ± 

SEM.(C) Increase of phospho-Prx2 in neurons by immunofluorescent staining. 

After 24 hr treatment by MPP+, neurons were fixed by 4% paraformaldehyde. (a–

d) Neurons were incubated with p-T89 antibody and coincubated with the 

appropriate phosphorylated peptide sequence used to produce the antibody (c and 

d) or the control nonphosphorylated peptide sequence (a and b). (e–h) Neurons 

were fixed as above and stained with our pan-Prx2 antibody without (e and f) or 

with (g and h) a quenching peptide used to produce the antibody as control. The 

images were captured by fluorescent microscopy.(D and E) Distribution of 

phospho-Prx2 in neurons treated by MPP+. The fluorescent signal in soma (D) or 

dendrites (E) was measured from 200 neurons through image analysis. The data 

are the mean ± SEM.(F) Downregulation of Prx2 peroxidase activity after MPP+ 

treatment. Prx2 was isolated from cultured neurons treated with MPP+ for the 

indicated times using a monoclonal anti-Prx2 antibody obtained from Abcam. 

Peroxidase activity was measured as described above. The data are the mean ± 
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SEM (n = 3).(G) Prx2 protects neuron form death after MPP+ treatment. Cortical 

neurons were infected with virus expressing GFP alone or along with Prx2, 

Prx2T89A, or Prx2T89E and cultured for 3 days. The cells were exposed to MPP+ 

for 48 hr and neuronal survival was evaluated by assessing nuclear integrity of 

GFP-positive neurons. The data are the mean ± SEM (n = 3). Similar results were 

obtained when equivalent constructs were transfected (data not shown).(H) 

Downregulation of Prx2 by siRNA oligonucleotide treatment sensitizes cortical 

neurons to MPP+ treatment. Three independent siRNA sequences (s1/siRNA1, 

s2/siRNA2, s3/siRNA3) and a control sequence (c/siRNAc) were evaluated for 

their ability to downregulate endogenous Prx2 levels in cortical neurons as 

described in Experimental Procedures (top panel). (Bottom graph) Transfected 

cultures were then assayed for survival following 48 hr MPP+ treatment by MTT 

assay. The data are the mean ± SEM (n = 3).(I) Downregulation of Prx2 by 

siRNA oligonucleotide treatment increases ROS levels following MPP+ 

treatment. (Top panel) Representative DCF fluorescence in control (siRNAc) or 

siRNA1 or siRNA2 oligonucleotide-treated cultures after treatment with 20 µM 

MPP+ for 24 hr under a fluorescent microscope. (Bottom graph) Quantification of 

the number of DCF fluorescence-positive cells in cells treated as above. Random 

fields were analyzed for the number of DCF-positive neurons. The data are the 

mean ± SEM (n = 4). 

We next determined whether a reduction in Prx2 activity accompanied the increase in 

T89 phosphorylation by analyzing a time course following MPP+ treatment of cortical 

neurons. Importantly, Prx2 activity decreased at 24 hr, opposite to that of T89 Prx2 
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phosphorylation and Cdk5 activation (Figure 3F). These results suggest that Prx2 

peroxidase activity is regulated by T89 phosphorylation in cultured neurons following 

mitochondrial insult. 

To evaluate whether T89 phosphorylation of Prx2 plays a role in neuronal death induced 

by MPP+, cortical neurons were infected with virus expressing Prx2, Prx2T89A, and 

Prx2T89E. The viability of the infected neurons was assessed by evaluating nuclear 

integrity after exposing cultures to MPP+ for 48 hr. Expression of Prx2 and Prx2T89A 

significantly protected neurons from death in comparison to that of GFP and Prx2T89E 

(Figure 3G). Conversely, we also evaluated whether downregulation of Prx2 might 

sensitize neuronal cultures to MPP+ treatment. We designed three different siRNA 

sequences to Prx2. The siRNA sequences 1 and 2 showed the most significant reduction 

in Prx2 levels (Figure 3H). These siRNA sequences sensitized the neuronal cultures to 

the toxic effects of MPP+ treatment (Figure 3H). Finally, we also examined for ROS 

under these conditions by 2′, 7'-Dicholororescein diacetate (DCF) staining. As shown in 

Figure 3I, both siRNA sequences 1 and 2 significantly increased the number of DCF-

positive neurons. Taken together, our results suggest a model by which a decrease of 

Prx2 peroxidase activity mediated through T89 phosphorylation after MPP+ insult 

enhances oxidative stress, resulting in neuronal death. 

T89 Phosphorylation of Prx2 Is Mediated by Cdk5 in Neurons after MPP+ Treatment 

To investigate whether T89 of Prx2 is phosphorylated in neurons by Cdk5, lysates from 

WT and p35−/− neurons treated with MPP+ were analyzed by western blot. Absence of 

p35 led to a significant decrease of phosphorylation of Prx2 at T89 (Figure 4A). It is 
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important to note, however, that this reduction was not absolute, suggesting that, at least 

in the present in vitro paradigm, other activators of Cdk5 such as p39 might also be 

present. It might also be due to the actions of other kinases. Prx2 levels were not 

observed to vary between WT and p35−/− neurons with or without MPP+ treatment. To 

further confirm this reduction in phospho-Prx2 signal with p35 deficiency, we carried out 

immunofluorescent analyses. In p35−/− neurons, the increase in phospho-T89 signal 

observed upon MPP+ treatment in WT neurons was significantly reduced (Figure 4B). 

Consistent with this observation, similar inhibition of Prx2 phosphorylation was observed 

with treatment of the Cdk inhibitor Roscovitine, but not with the GSK3 inhibitor lithium 

(see Figure S6). These data indicate that the phosphorylation of Prx2 at T89 in neurons 

following MPP+ insult is significantly dependent upon Cdk5 activity. Next, we examined 

peroxidase activity of Prx2 in WT and p35−/− neurons following MPP+ treatment. The 

data clearly showed that Prx2 peroxidase activity was decreased following MPP+ 

treatment in WT neurons. However, this reduction did not occur in p35−/− neurons 

(Figure 4C). This indicates that peroxidase activity of Prx2 is regulated via 

phosphorylation by Cdk5. These data also suggested that p35−/− neurons should show 

reduced oxidative stress and resistance to MPP+-induced neuronal death. To test this, 

ROS levels were measured utilizing DCF. ROS was significantly increased in WT 

neurons upon MPP+ exposure as measured by both average intensity (54% increase) 

(Figures 4E and 4F) and number of DCF-positive neurons (34% increase) (data not 

shown). In contrast, p35−/− neurons showed reduced ROS levels upon MPP+ treatment 

(35% decrease average density, Figure 4F; 25% decrease total number of cells, data not 

shown) when compared to WT littermate controls. p35−/− neurons were also substantially 
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protected from MPP+-induced death when compared to WT littermate control neurons 

(Figure 4D). Finally, based upon our previous observations that calpain-mediated 

activation of Cdk5 is important for neuronal death (Smith et al., 2006), we would predict 

that calpain inhibition should also block Prx2 phosphorylation. Consistent with this, 

cotreatment of MPP+-exposed neuronal cultures with the calpain inhibitor PD150606 

(Sedarous et al., 2003 and Wang et al., 1996) led to decreased Prx2 signal as measured by 

immunofluorescence analyses (Figures 4G and S7). Taken together, our data indicate that 

Cdk5 kinase activity has a critical role in the reduction of Prx2 peroxidase activity 

through phosphorylation of Prx2 at T89 following MPP+ insult and that this is a 

contributing factor to ROS increase and the ensuing neuronal death. 
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Figure 4. Prx2 Is a Substrate of Cdk5 in Neurons Treated with MPP+(A and B) 

Cdk5 phosphorylates Prx2 in neurons treated by MPP+. (A) Neurons from WT or 

p35−/− embryos were treated with MPP+ insult for 24 hr. The cell lysates were 

subjected to SDS-PAGE and p-T89 western blot analyses. The membranes were 

then stripped and reprobed with anti-Prx2, C-19 for p35, C-8 for Cdk5, or anti-β-

actin. The bottom panel shows densitometric values of phospho-Prx2 relative to 
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Prx (p-T89/total Prx2∗100). Each value is the mean ± SEM (n = 3). (B) Likewise, 

cultures as indicated were subjected to immunofluorescent staining utilizing the p-

T89 antibody. Similar results were obtained in three independent experiments.(C) 

Phosphorylation of Prx2 at T89 by Cdk5 reduces peroxidase activity. Cortical 

cultures from WT or p35−/− embryos were treated with MPP+ for 24 hr as 

described above. Peroxidase activity assay was carried out also as described 

above. The data are the mean ± SEM (n = 3).(D) p35−/− neurons are resistant to 

MPP+-induced death. Neurons from WT or p35−/− embryos were exposed to 

MPP+ for 48 hr. The viability of neurons was measured by MTT assay. The 

survival percentage was obtained by comparing value from the MPP+-treated 

neurons to that of the nontreated neurons in either p35−/− or WT neuronal cultures. 

The data are presented as mean ± SEM (n = 3).(E and F) The role of Cdk5/p35 in 

MPP+-induced ROS. (E) Representative DCF fluorescence in WT and p35−/− 

neurons after treatment with 20 µM MPP+ for 24 hr under a fluorescent 

microscope. (F) Quantification of DCF fluorescence signal in WT and p35−/− 

neurons either treated or untreated with MPP+. Random fields were analyzed for 

average fluorescence intensity. The data are the mean ± SEM (n = 4).(G) Calpain 

inhibitors block increase in MPP+-induced phospho-Prx2 signal. Cortical neuronal 

cultures were untreated or treated with 20 µM MPP+ and/or the calpain inhibitor 

PD150606, as indicated. Cultures were fixed and stained for phospho-Prx2 and 

Hoechst. For representative pictures, please see Figure S7. The fluorescent signal 

in soma was measured by image analyses from 45 neurons in 3 random fields. 

The data are presented as mean ± SEM. 
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Prx2 Prevents the Loss of DAergic Neurons in the SNc in MPTP Mouse Model of PD 

The phosphorylation of Prx2 at T89 by Cdk5 has a functional role in neuronal death in 

the MPP+-induced cell death model. These data led us to further investigate the effects of 

Prx2 on neuronal death in an in vivo mouse model of PD. We employed the MPTP 

mouse model of PD to assess roles of Prx2 in the loss of DAergic neurons. We first 

determined the effects of expression of WT Prx2 and its mutants, Prx2T89A and 

Prx2T89E, on survival of DAergic neurons following MPTP administration. These 

constructs were targeted unilaterally to the SNc DAergic neurons using an adenoviral-

mediated gene delivery approach as we have previously performed (Crocker et al., 2001, 

Crocker et al., 2003, Kalia et al., 2004, Kim et al., 2005 and Smith et al., 2003). Protein 

expression of adenoviral Prx2 and its mutant was verified by western blot analysis 

(Figure 5B). We found that expression of Prx2 and Prx2T89A resulted in significant 

DAergic neuroprotection following MPTP treatment when compared with the 

contralateral untreated side or with GFP-injected control animals as analyzed by counting 

the number of tyrosine hydroxylase (TH) positive neurons (Figures 5A and 5B). In 

contrast, expression of Prx2T89E showed similar effects to GFP controls (Figures 5A and 

5B). As an independent assessment of survival, we also examined for the number of 

neurons in the SNc region by cresyl violet staining. This also ensures that loss of neurons 

by MPTP treatment is not simply due to loss of TH expression. Our cresyl violet analysis 

was similar to that of TH assessment (Figure 5C). These data indicate that Prx2 can 
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modulate DAergic neuron survival in the SNc following MPTP administration and 

suggest that the T89 regulatory site may be important in this DAergic cell death process. 

 

 

Figure 5. Prx2 Protects DAergic Loss following MPTP Administration(A) The 

adenoviruses (2 µl, 1 × 107 particles per µl) expressing Prx2, Prx2T89A, and 

Prx2T89E were injected directly into the striatum of animals 7 days before 

initiation of MPTP treatment. A GFP-expressing virus was used as a control. 

Brains were sectioned into 14 µm slices for TH DAB staining. Representative 

pictures of the ipsilateral side of animals injected with the indicated virus and 

treated with MPTP were shown.(B) Quantification of the number of DAergic 

neurons from ipsilateral or controlateral for the indicated treatment groups are 

shown. The data are presented as mean ± SEM (n = 4–5/group). Expression of 
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Prx2, Prx2T89A, and Prx2T89E in the SNc extracts was confirmed by western 

blot analyses using a pan-antibody for Prx2.(C) Quantitation of neurons in the 

SNc region by cresyl violet staining. The data are presented as mean ± SEM (n = 

4/group). 

Cdk5-Mediated Phosphorylation of Prx2 at T89 Plays a Pivotal Role in DAergic Neuron 

Damage by Regulation of Prx2 Peroxidase Activity in an MPTP Mouse Model of PD 

The above in vivo evidence only demonstrates that Prx2 could potentially be important in 

the MPTP model. To further support this, we examined whether endogenous Prx2 may be 

modulated at T89 following MPTP treatment. Accordingly, the SNc extracts obtained 

from mice treated with MPTP for various times were subject to western blot analyses. As 

shown in Figure 6A, Prx2 phosphorylation increased following MPTP treatment, 

reaching the highest level of phosphorylation at 3 days following injected MPTP. To 

determine whether the phosphorylation of Prx2 at T89 is mediated by Cdk5, the SNc 

lysates from p35−/− mice or WT littermate controls were treated with MPTP and analyzed 

3 days post-treatment. The level of phosphorylated Prx2 in p35−/− mice was significantly 

less than that in WT mice after MPTP treatment (Figure 6B). To further confirm the 

increase in the level of phosphorylated Prx2 in DAergic neurons in SNc of MPTP-treated 

mice, we assessed Cdk5-phosphorylated Prx2 by immunofluorescence analyses. 

Phosphorylated Prx2 was clearly observed in DAergic neurons in the SNc of WT mice 

treated with MPTP but not substantially observed in that of p35−/− mice (Figure 6C). We 

quantified the average fluorescent signal from TH-positive neurons by image analyses. 

As shown in Figure 6D, the fluorescent signal of phospho-Prx2 in WT SNc increased 
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approximately 30%–50% in comparison to untreated WT controls or treated and 

untreated p35−/− mice. 

 

Figure 6. Peroxidase Activity of Prx2 Is Regulated in an In Vivo MPTP Mouse 

Model of PD(A) Phosphorylation of Prx2 at T89 is increased after MPTP 
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administration. The SNc extracts were obtained from animals treated with MPTP 

for the indicated times. (Bottom panel) The SNc lysates were subjected to SDS-

PAGE and western blot probed as indicated using p-T89, anti-Prx2, and anti-β-

actin antibodies. The top panel shows densitometric values of phospho-Prx2 

relative to Prx (p-T89/total Prx2∗100). Each value is the mean ± SEM (n = 3).(B) 

Prx2 is a substrate of Cdk5 complexes in DAergic neurons from MPTP-

administrated mice. (Bottom panel) The SNc lysates from WT or p35−/− mice 3 

days following MPTP or saline administration were analyzed by western blot 

analyses using p-T89, anti-Prx2, anti-p35 (C-19), anti-Cdk5 (C-8), and anti-β-

actin antibodies. The top panel shows densitometric values of phospho-Prx2 

relative to Prx (p-T89/total Prx2∗100). Each value is the mean ± SEM (n = 3).(C) 

Increased phospho-Prx2 is colocalized with TH-positive neurons. The sections 

from WT or p35−/− mice were analyzed 3 days following MPTP or saline 

treatment. Sections were double-stained using p-T89 antibody (green) and anti-

TH monoclonal (red) antibody for 24 hr at 4°C. The sections were incubated with 

Alex-488-conjugated antibody specific for rabbit IgG and Alex-594-conjugated 

antibody for mouse IgG for 3 hr at room temperature. The sections were 

visualized by fluorescent microscopy.(D) The fluorescent signals from the p-T89 

labeling (C) were quantified densitometrically by imaging analysis. Three sets of 

animals (n = 1 animal/treatment group/set) were individually stained and analyzed 

by densitometric analyses. 40–50 TH-positive neurons for each animal (over 3–6 

slides/animal) were measured for p-T89 signal. This value was then averaged. 

Within each set of animals, the average value for each treatment group was 
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normalized to the WT MPTP value. The values were then averaged for all three 

sets of animals for an n = 3 (mean ± SEM).(E) Downregulation of peroxidase 

activity of Prx2 is mediated by Cdk5 in mice administrated by MPTP. Prx2 was 

isolated from 50 µg of SNc lysates from WT or p35−/− mice obtained 3 days 

following treatment with saline, or MPTP was analyzed for peroxidase activity. 

The data are presented as mean ± SEM (n = 3). 

To examine whether the peroxidase activity of Prx2 is affected in the MPTP mouse 

model of PD, Prx2 was isolated from p35−/− SNc or WT littermate controls with and 

without MPTP treatment and assayed for activity. Prx2 isolated from WT mice treated by 

MPTP showed a significant decrease in peroxidase activity in comparison to untreated 

WT controls. In contrast, p35−/− animals did not show this reduction following MPTP 

treatment (Figure 6E). Finally, we have previously shown that calpains are central for 

Cdk5 activation (Smith et al., 2006). Consistent with this, adenoviral-mediated 

expression of the calpain inhibitor calpastatin blocks increase in phospho-Prx2 following 

MPTP treatment in vivo (Figure S8). Taken together, these data indicate that calpain-

mediated Cdk5 activation mediates phosphorylation and reduction of Prx2 activity in an 

in vivo model of PD and that this activity plays an important role in the death of DAergic 

neurons. 

Relevance to Human PD 

While the above evidence strongly implicates the importance of Prx2 in the MPTP model 

of PD, we directly examined its potential relevance to human PD. Accordingly, we first 

examined the phospho-Prx2 signal in human PD postmortem samples and controls. The 



207 
 

equivalent T89 site is also present in human Prx2. As shown in Figure 7, nigral DAergic 

neurons from human midbrain PD and control samples were clearly detected by the 

presence of neuromelanin, granular brown pigmented regions detectable even without 

staining (see arrowheads in Figures 7A and 7B). When stained using phospho-Prx2 

antibody and DAB visualization, little or no signal was detected in the perikarya of 

dopamine neurons from control midbrain samples. However, significant staining (black 

color) was observed in soma of dopamine neurons from PD patients (see arrow, Figure 

7A). Staining in the region of neurons that resemble dopamine neurons in size and 

location but that did not contain neuromelanin was also observed in PD samples. Staining 

of neuritic processes was observed in both control and PD samples. The number of 

phospho-Prx2-positive dopamine neurons was then quantified from five PD and six 

control samples. As shown in Figure 7C, a significant increase in phospho-Prx2-positive 

neurons was observed in PD patient samples when compared to controls. 
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Figure 7. Prx2 Phosphorylation in Human PDPhosphorylation of Prx2 is 

increased in human PD. Human substantia nigra obtained from (A) PD and (B) 

control individuals. Sections were immunostained using p-T89 Prx2 antibody and 

visualized by DAB staining. Neuromelanin pigment indicative of dopamine nigral 

neurons is present as punctate brown staining (arrowheads) while the phospho-

Prx2 signal shows as black staining in the soma (arrows). Two examples of 

phospho-Prx2 positive (A) and negative (B) neurons are labeled with 

arrows/arrowheads. (C) Quantitation of phospho-Prx2-positive neurons in PD (n 

= 5) and control (n = 6) individuals are shown (mean ± SEM). ∗p < 0.05 (Student's 

t test). 

Finally, we examined whether familial PD genes may impact Prx2 phosphorylation. The 

PD gene, dj-1, has also been linked to management of ROS ( Bonifati et al., 2003 and 

Kim et al., 2005). Interestingly, DJ-1 expression blocked Prx2 phosphorylation in 

neurons treated with MPP+ (Figure S6C). Modulation of another PD gene, pink1 (Valente 

et al., 2004), however, did not affect Prx2 phosphorylation, suggesting some specificity 

in the way PD genes impact Prx2 phosphorylation (Figure S6D). Taken together, our 

human patient data as well as that with DJ-1 further support the importance of Prx2 in 

PD. 
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Discussion 

ROS are generated as a result of normal metabolism (Adam-Vizi, 2005). However, 

generation of excessive oxidative load beyond a cell's homeostatic capacity can be 

deleterious. Mitochondrial dysfunction and excess ROS have been strongly implicated in 

the pathogenesis of PD (Jenner, 1998 and Przedborski, 2005). However, how these events 

are initiated, are regulated, and interact to promote neuronal death is not completely clear. 

Recently, we demonstrated that calpain-mediated Cdk5 activation plays an essential role 

in DAergic loss in the MPTP model of PD (Crocker et al., 2003, Smith et al., 2003 and 

Smith et al., 2006). These findings were important since they provided a plausible link 

between the actions of a mitochondrial damaging agent (MPTP) and activation of a 

pathogenic calcium-dependent process (calpain activation) consistent with known 

deregulation of calcium homeostasis in PD. However, the manner by which Cdk5 

regulates downstream pathogenic events was not completely known. Presently, we 

identified a novel Cdk5 target, Prx2, an antioxidant enzyme with peroxidase activity 

(Rhee et al., 2005). We provide evidence that Prx2 is a physiological substrate of Cdk5. 

Cdk5 activation downregulates Prx2 peroxidase activity in PD models of death both in 

culture and in animals. Modulation of Prx2 activity also regulates neuronal loss. These 

data provide a mechanistic link of how the mitochondrial damaging agent MPTP leads to 

nigral loss by Cdk5 activation, phosphorylation/inactivation of an important antioxidant 

enzyme, and consequent increase in oxidative load (see Figure 8). The observation of 

increased Prx2 phosphorylation in human PD tissue as well as modulation by DJ-1 also 

indicates the potential importance of this pathway in human PD. 
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Figure 8. Model of Cdk5-Mediated DAergic Loss in MPTP Mouse Model of 

PDCdk5 kinase activity is activated by mitochondrial stress induced by MPP+, a 

metabolite of MPTP. Activated Cdk5 regulates DAergic loss through 

phosphorylation of cytoplasmic substrate Prx2 to inhibit its antioxidative ability 

and phosphorylation of nuclear target Mef2 to inhibit Mef2 prosurvival function. 

Prx2 Interacts with Cdk5/p35 Complexes and Is a Substrate of Cdk5 

Our results demonstrate that Cdk5/p35 interacts with Prx2. Prx2 is a member of the Prx 

family that contains at least six members. The identification of the Prx2 form as an 

interacting partner is particularly relevant since Prx2 is localized to neurons, including 

the DAergic neurons of the SNc (Jin et al., 2005 and Sarafian et al., 1998). This is, in 

turn, consistent with known DAergic functions of Cdk5, particularly in models of PD as 

reported previously (Smith et al., 2003 and Smith et al., 2006). In contrast, Prx1, also 
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localized to the cytoplasm, is distributed in oligodendrocytes and microglia (Jin et al., 

2005). These results, particularly in vivo, point to a neuron-specific Cdk5-Prx pathway of 

ROS management rather than a non-cell-autonomous mode of action regulated by other 

brain cell types such as glia. It is important to point out that this does not exclude the 

potential importance of other Prx members in neuronal loss. For example, Prx3, a 

mitochondrially localized enzyme (Watabe et al., 1994), also has potential Cdk5 sites. It 

will be interesting to determine whether this member might also play a Cdk5-dependent 

role in mitochondrial stress-induced death. 

Our initial results indicated that the N-terminal portion of p35 was sufficient to bind to 

Prx2. However, it is important to note that both p35 and p25 can efficiently 

phosphorylate Prx2, at least in vitro. This suggests that stable binding to a Cdk5/p35 

complex per se mediated by the p10 fragment is not required for efficient 

phosphorylation. We speculate that the p10 portion may be an important regulatory 

domain that regulates how efficiently p35 or Cdk5/p25 complexes may phosphorylate 

Prx2. Careful analyses will have to be performed to further study this interesting 

observation. Nonetheless, our results indicate not only that both Cdk5 complexes 

phosphorylate Prx2 on T89, but also that this modification significantly downregulates its 

activity. 

Under basal conditions, p35 is abundantly localized to the inner cellular membrane, 

through a myristoylation anchor (Patrick et al., 1999). Appropriate activation of this form 

of Cdk5/p35 is the presumptive “normal” activity of this complex. However, p35 can be 

converted to a pathogenic p25 form by calpain-mediated cleavage (Lee et al., 2000, 
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Smith et al., 2003 and Smith et al., 2006). This results in a more stable active Cdk5 

activator as well as the potential to be mislocalized to the nucleus (Gong et al., 2003 and 

O'Hare et al., 2005). One suggested nuclear target of the Cdk5/p25 complex is Mef2, 

which we and others have shown is important in models of oxidative stress in vitro (Gong 

et al., 2003) and following MPTP in vivo (Smith et al., 2006). 

Cytoplasmic Cdk5 activity might also be pathogenic. For example, a portion of p25 could 

also be localized to the cytoplasm, and cytoplasmic targets such as tau have been 

previously proposed for Cdk5 particularly in models of Alzheimer's disease (Patrick et 

al., 1999). In this regard, we have identified an important cytoplasmic target of Cdk5 that 

could be regulated by either Cdk5/p35 or Cdk5/p25 complexes. The observation that 

Cdk5/p25 complexes efficiently phosphorylate Prx2 on T89, however, is consistent with 

a pathogenic role of this complex. 

Cdk5-Mediated Prx2 Downregulation in PD and Oxidative Stress 

The identification of Prx2 as a target of Cdk5 is particularly relevant since DAergic 

neurons are thought to be particularly susceptible to oxidative stress (Smythies and 

Galzigna, 1998). There are several lines of evidence that support a link between ROS and 

PD. For example, ROS levels are very high in PD patients (Jenner, 1998 and Przedborski, 

2005). Numerous enzymes that produce ROS have been implicated as critical in in vivo 

models of PD (Przedborski, 2005). Damaging ROS has also been shown to occur in 

animals following exposure to mitochondrial poisons (Ara et al., 1998 and Schapira, 

2001). Importantly, the mitochondria, a major source of oxidative stress, participates in 

PD pathogenesis (Przedborski, 2005). Consistent with this notion, familial forms of PD 
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have been associated with mitochondrial dysfunction. Indeed, the familial PD gene dj-1 is 

thought to possess direct antioxidant functions ( Bonifati et al., 2003, Canet-Aviles et al., 

2004, Dawson and Dawson, 2003, Kim et al., 2005, Martinat et al., 2004 and Shendelman 

et al., 2004). 

Our evidence suggests that regulation of Prx2 is important in a toxin model of PD. For 

example, alteration of Prx2 levels modulates death both in vitro and in vivo following 

MPP+/MPTP. It must be noted, however, that there are limitations to relating the in vivo 

MPTP model to PD and caution must be observed in making any direct comparisons to 

the human condition. For example, the relatively acute toxic nature of the MPTP model 

might not reflect accurately what occurs in the idiopathic PD. Accordingly, to support our 

MPTP data, we also report that phosphorylation of Prx2 also occurs in the nigral region 

of PD patients. This is consistent with the relevance of our findings to the human 

condition. However, standard and important caveats to interpreting any postmortem data 

apply here as well. 

Using the MPTP model as an important first step in understanding the nigral degenerative 

process, we have identified how Prx2 is modulated to promote death following exposure 

to this mitochondrial toxin. We have shown previously that Cdk5 is hyperactivated and 

plays a major functional role in dopamine loss in the MPTP model (Smith et al., 2003). It 

is likely that Cdk5 acts to modify several downstream targets. For example, we had also 

previously shown that Cdk5 targets the nuclear transcription factor and survival factor 

Mef2 on a site known to suppress its activity (Smith et al., 2006). However, cytoplasmic 

targets may also be critical. We believe that Prx2 is one such important cytoplasmic 
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factor. This is supported by our data showing that Prx2 is phosphorylated at T89 both in 

vitro and in vivo following MPP+/MPTP and that this is associated with a decrease in 

peroxidase activity. In support of this, a mutant mimicking constitutively phosphorylated 

Prx2T89E does not protect neurons from mitochondrial insult, whereas WT or a mutant 

lacking the T89 phosphorylation site effectively promotes survival. Most importantly, 

Prx2 phosphorylation is dependent on the Cdk5 complex since p35-deficient animals, 

which are resistant to death induced by MPP+ or MPTP, have reduced Prx2 

phosphorylation and Prx2 peroxidase activity. It is important to highlight that, in addition 

to peroxidase activity, Prx2 is also thought to possess some chaperone activity at least in 

cell lines (Moon et al., 2005). The relevance of this in the present context is not 

completely known. However, we have determined that the higher molecular weight 

complexes of Prx2 indicative of its chaperone activity do not change following MPP+ 

insult, suggesting that its chaperone activity may not be relevant in this model (D.Q. and 

D.S.P., unpublished results). Finally, as mentioned previously, whether other members of 

Prx may be important in nigral degeneration is unknown. Intriguingly, Prx1 has been 

shown to be phosphorylated by cell-cycle Cdk members (Yang et al., 2002). The latter 

has been also implicated in neuronal death (Bu et al., 2002, Busser et al., 1998, McShea 

et al., 1997, Nguyen et al., 2003, Osuga et al., 2000, Rashidian et al., 2005, Rideout et al., 

2003, Wang et al., 2002 and Zhang et al., 2004). Therefore, whether/how other Prx 

members are regulated by Cdk members will be of further interest. 

In summary, we have uncovered an important mechanism by which calpain-mediated 

Cdk5 activation regulates DAergic neurodegeneration in an MPTP model of PD via 

downregulation of Prx2 peroxidase activity. We propose that this loss significantly 
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enhances the ROS environment and leads to DAergic neuron loss (Figure 8). This central 

pathway in addition to other pathways mediated by additional calpain or Cdk5 targets 

ultimately lead to nigral degeneration in response to MPTP (Figure 8). These findings are 

particularly relevant to human PD since both deregulated Cdk5 and increased ROS have 

been shown in the human PD condition (Jenner, 1998, Nakamura et al., 1997 and 

Przedborski, 2005). Furthermore, we presently, show that phosphorylated Prx2 is 

increased in human PD patients and that Prx2 phosphorylation is also modified by dj-1, a 

known PD gene (Bonifati et al., 2003). How the latter links to Prx2 phosphorylation will 

be of great interest in future studies. Taken together, our findings suggest that strategies 

to modulate Prx2 activity serve as beneficial targets for treatment of PD. This is of 

particular importance since Cdk5 is thought to have normal beneficial roles in neurons 

(Li et al., 2002) and modulating a relevant downstream target rather than Cdk5 directly 

may be a better therapeutic strategy with regard to this pathway. 
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Experimental Procedures 

Animals 

Eight-week-old male C57BL/6 mice (22–28 g; Charles River Laboratories, USA) were 

used for MPTP experiments. All animal experiments conformed to the guidelines set 

forth by the Canadian Council for the Use and Care of Animals in Research (CCAC) and 

the Canadian Institutes for Health Research (CIHR) and had approval from the University 

of Ottawa Animal Care Committee. 

Antibodies 

The following antibodies were utilized: Tyrosine hydroxylase (TH) (Immunostar, USA), 

C-8 for Cdk5 (Santa Cruz, USA), C-19 for p35 (Santa Cruz, USA), β-Actin (monoclonal, 

Sigma, Canada), Prx2 (monoclonal, Abcam, UK), and Alex-labeled secondary antibodies 

(Invitrogen, Canada). Prx2 and phospho-Prx2T89 polyclonal antibodies were generated 

and initially purified from rabbit using standard protocols from Biogenes (Berlin, 

Germany) by immunization with carrier protein-conjugated phosphopeptide, 

LAWINpTPRKEGGLG. The phospho-Prx2 antibody p-T89 was obtained by first 

purifying the serum using the phosphorylated peptide. The pan-Prx2 antibody was 

obtained using the nonphosphorylated peptide. The phospho-specific antibody was 

further purified by adsorbing onto bacterially expressed and purified GST-Prx2 to 

remove any remaining crossreactivity to nonphosphorylated Prx2. MAP2 was obtained 

from Santa Cruz (H-300; 1:300). 

Isolation of p35-Binding Proteins 
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The assay was carried out as previously described (Qu et al., 2002). 

Mass Spectrometry 

The specific bands on GST-p10 lane were subjected for protein identification by a 

tandem mass spectrometry as previously described (Shevchenko et al., 1996 and Wilm et 

al., 1996). 

Fusion Proteins 

All GST and His fusion proteins were expressed in E. coli and affinity purified using 

GSH-beads and Ni-NTA Agarose (QIAGEN Inc, Canada) as per manufacturer's 

instruction. 

In Vitro Binding Assay 

The binding assay was performed as previously described (Qu et al., 2002). 

Yeast Two-Hybrid 

Plasmid construction: Plasmids were constructed using standard subcloning procedures. 

Briefly, an NcoI/SalI digest of p10 and an NcoI/BamHI digest of Prx2 were subcloned 

into NcoI/XhoI-digested pAS2-1 (Clontech, Canada) and Nco/BamHI-digested pACT2 

(Clontech), respectively. Yeast two-hybrid screening (Clontech) pAS2-p10 and pACT2-

Prx were transformed into Y187 and AH109 strains by the LiAc method (Ito et al., 1993) 

and plated onto SD-Trp− and SD-Leu− plates, respectively, as previously described (Mao 
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et al., 2004). Plates were incubated for 5 days at 30°C. Resultant colonies were mated and 

selected on SD-Leu−Trp−His− for 3–7 days at 30°C. 

Immunoprecipitation 

Samples were harvested in lysis buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM 

EDTA, 1 mM DTT, and 0.2% Triton X-100) supplemented with protease inhibitors. 

Immunoprecipitations (IPs) were performed through incubation of antibodies with lysates 

overnight followed by incubation with anti-rabbit or anti-mouse Ig IP beads 

(eBiosciences, USA) at 4°C for 1 hr. The beads were washed three times by lysis buffer 

without protease inhibitors. 

Neuronal Cultures 

The primary culture of mouse cortical neurons was carried out as described previously 

(Fortin et al., 2001 and Xiang et al., 1996). Alternatively, for midbrain neuronal cultures, 

the whole midbrain, without meninges and blood vessels, was collected from embryos 

aged 13.5 days gestation and processed as above and as similarly described (Liu et al., 

2000). Cultures were subject to 20 µM MPP+ or rotenone (as indicated in text). In select 

experiments, neurons were also pretreated with the calpain inhibitor PD150606 

(Calbiochem, Canada), the Cdk inhibitor, roscovitine (Sigma, Canada), or lithium (BDH, 

Canada) for 3 hr and then cotreated with 20 µM MPP+. For survival using p35−/− neurons, 

littermate controls, or siRNA knockdowns, the MTT assay was utilized as per 

manufacturer's instruction (Sigma, Canada). For transfection or infection cultures, the 
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alternative strategy described below was utilized since only a small percentage of the 

neurons in culture were targeted. 

ROS Imaging 

Cortical neurons were incubated with 10 µM DCF for 20 min at 37°C and washed three 

times with NB medium. The fluorescence signal of oxidized DCF was observed by an 

inverted fluorescent microscope equipped with a 100 W xenon lamp and filter (for 

oxidized DCF, excitation = 488 nm and emission = 510 nm). At least four random fields 

were quantified for DCF-positive cells and/or average intensity by image analyses. 

Infection and Calcium Phosphate Transfection of Cultured Neurons 

Cortical neurons were mixed with adenovirus at MOI of 50 prior to plating and were then 

immediately seeded to 24-well plates and cultured for three days as previously described 

(Aleyasin et al., 2004, O'Hare et al., 2005 and Zhang et al., 2006). The cultures were 

exposed to MPP+ for 48 hr. Cultures were then fixed and stained with Hoechst 33258 (0.5 

ng/ml) and neuronal survival was evaluated by assessing nuclear integrity of GFP-

positive neurons as previously described (Aleyasin et al., 2004). For transfection, 3 days 

after plating cortical neurons were transiently transfected using a modified calcium 

phosphate precipitation protocol (Xia et al., 1996 and Zhang et al., 2006). In brief, 

neurons were transfected with 1 µg of total plasmid DNA (0.75 µg of plasmid DNA and 

0.25 µg of pEGFP as a reporter) purified using an EndoFree Plasmid Maxi kit (QIAGEN, 

Inc, Canada). Twenty-four hours post-transfection, neurons were treated with 20 µM 

MPP+ (48 hr) and were fixed in 4% paraformaldehyde (containing 0.2% picric acid in 
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0.1M phosphate buffer [pH 6.9]) and evaluated as described above. Alternatively, 

neurons were transfected with double-stranded short-interfering RNA (siRNA) to Prx2 or 

CY3-labeled control duplex (60 pmol siRNA/24- well) as previously described (Zhang et 

al., 2006). We have observed that targeting of duplexes to neurons is much more efficient 

than that of plasmids and have used this procedure previously (Aleyasin et al., 2004 and 

Zhang et al., 2006). The Prx2 duplexes (s1: GCUUUCGGACUACAGAGGG, s2: 

GGGAUUCUUUAAGAGCUCU, s3: CCAAAUAAUUACUAGGCCU) along with a 

Cy3-labeled control duplex were obtained from Ambion (Austin, TX, USA). Forty-eight 

hours post-transfection, neurons were treated with MPP+ (20 µM). At appropriate times, 

the cells were assayed for survival by MTT method (48 hr) or ROS as described above. 

Alternatively, cultures were analyzed by Western blot analyses for Prx2 levels (24 hr). 

Peroxidase Activity Assay 

Peroxidase activity was carried out by measurement of the consumption of NADPH 

(Fisher) which was mediated by Trx (Sigma, Canada) and Trx reductase (Sigma, Canada) 

at 30°C for 10 min for bacterially expressed proteins and 1 hr for precipitated proteins 

from cultured neurons or the SNc. In brief, 0.5 µg of bacterially expressed proteins or the 

precipitated proteins was incubated with 5 µM Trx, 1 µM Trx reductase, and 100 µM 

NADPH in HEPES (pH 7.5). The reaction was initiated by the addition of H2O2 at a final 

concentration of 0.2 mM. The consumption of NADPH was measured at 340 nm by 

spectrophotometer. 

MPTP Administration 
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Mice received one intraperitoneal (i.p.) injection of MPTP·HCl per day (25 mg of free 

base per kg of body weight per injection; Sigma) for 3 or 5 consecutive days (Crocker et 

al., 2001, Kalia et al., 2004, Kim et al., 2005 and Smith et al., 2003); control mice 

received an equivalent volume of 0.9% saline. Brains were extracted at indicated times 

and either perfused for immunohistochemical analyses or quickly removed and dissected 

for biochemical analyses. 

Intrastriatal Administration of Adenoviruses 

The adenoviruses expressing Prx2, Prx2T89A, and Prx2T89E were engineered using 

pAdEasy system as previously described (Sedarous et al., 2003). We and others have 

previously shown that adenoviruses can target the SNc from the striatum by retrograde 

transport (Crocker et al., 2001, Crocker et al., 2003, Kalia et al., 2004, Kim et al., 2005 

and Smith et al., 2003). Each adenovirus was injected directly into the striatum of 

animals 7 days before initiation of MPTP treatment (as described above). A GFP-

containing construct was used as a control. A single unilateral injection of each virus (2 

µl, 1 × 107 particles per µl) was delivered to the right striatum (0.5 mm rostral, 2.2 mm 

right of bregma, and 3.4 mm below the skull surface). Each adenovirus injection was 

given at a constant rate (0.5 µl/min) by using a syringe pump system. Brains were 

extracted for immunohistochemistry and western blot analysis 14 days after the first 

MPTP treatment. Double-labeling experiments with GFP (present in all viral vectors) and 

TH indicated that the majority of SNc TH-positive neurons at the level of the medial 

terminal nucleus were also GFP positive for all viruses injected (GFP control, Prx2, 

Prx2T89A, and Prx2T89E). 
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Immunocytochemistry 

Mice were perfused transcardially and brains were fixed in paraformaldehyde and 

cryoprotected as previously described (Crocker et al., 2003). Serial coronal sections (14 

µm thickness) of the ventral midbrain were collected as free-floating sections in 0.01 M 

PBS/0.02% sodium azide or collected on slides. Sections were then incubated in primary 

antibody (to TH, 1:10,000; p-T89, 1:100, in 0.3% Triton X-100/0.01 M PBS) for 24 hr at 

4°C. For TH staining on floating sections, slices were then incubated with biotinylated 

secondary antibody and streptavidin horseradish peroxidase-conjugated tertiary antibody 

and visualized by using a 3,3′-diaminobenzidine/glucose oxidase reaction as previously 

described (Crocker et al., 2003). To examine the distribution of phosphorylated Prx2 in 

DAergic neurons, a double-labeling immunofluorescence approach was used. After 

incubation with the specific primary antibody at 4°C, immunolabeling was visualized by 

using either Alex-488-conjugated anti-rabbit IgG (1:2000) or Alex-594-conjugated anti-

mouse IgG (1:2000). 

Quantification of DAergic Neuron Loss 

The number of DAergic (TH-positive) neurons was only counted from the sections in the 

region containing the medial terminal nucleus (MTN) because this region has been 

previously shown to be expressed at the highest level of virus-mediated gene expression 

after intrastriatal infection (Crocker et al., 2001). We also used the MTN as a landmark to 

evaluate consistent levels of the SNc. Neurons ipsilateral and contralateral to the viral 

injection were assessed as described above in at least three sections per animal. The 

number of neurons from ipsilateral or contralateral was then counted as previously 
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described. Alternatively, cresyl violet staining was performed to validate determination of 

nigral counts as previously described (Crocker et al., 2003). 

Western Blot Analysis for the SNc 

The western blot assay was performed as previously described (Smith et al., 2003). In 

brief, 50 µg of protein was analyzed by SDS-PAGE using antibodies to phospho-

Prx2T89, Prx2, and β-actin. 

 

Human Brain Samples 

Paraffin-embedded blocks of postmortem human midbrain were collected from the 

Ottawa Hospital Department of Pathology. Autopsies were performed according to the 

policies and procedures of The Ottawa Hospital with consent from the next-of-kin. The 

tissue was deparaffinized in xylene and subjected to citrate antigen retrieval (Martins et 

al., 1999) prior to DAB staining. Diagnoses of PD were made based on medical histories 

and postmortem confirmation (J.M.W.). The mean average age for PD (n = 5; 4 males 

and 1 female) and control patients (n = 6; 6 males) was 72.6 ± 3.7 and 72.5 ± 3.6, 

respectively, and showed no significance (p < 0.986). Postmortem intervals for PD and 

control samples did not differ significantly (p < 0.3). 
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Abstract 

White matter lesions (WML) are a clinically significant, common feature of the aging 

brain and have been associated with cognitive decline and depression. They are a 

manifestation of cerebral small vessel disease, which is associated with the progression of 

vascular dementia. Recent research has been focused on identifying biomarkers which 

may have a correlation with WML. Previous population based studies have indicated a 

relation between the serum level of the acute phase protein, C-reactive protein (CRP), 

and WML. However no previous studies have demonstrated its expression and relation to 

WML in brain tissue itself. Here we use the rodent model of permanent bilateral common 

carotid artery ligation (BCCAL) to assess CRP expression during chronic cerebral 

hypoperfusion (CCH). Our results show that CRP is up-regulated at the mRNA and 

protein levels in brain tissue from BCCAL animals. The expression of CRP mRNA was 

upregulated on day 3 following surgery. Because previous studies, as well as the present 

study, have shown that microglial activity is prominent after the third day of CCH, we 

sought to determine the role of microglia in CRP expression. Results indicate that 

cultured microglia express mRNA and protein for CRP and this expression is increased 

when cells are treated with interleukin-1β (IL-1β), interleukin-6 (IL-6) or a combination 

of the two.. This finding could indicate a possible role for CRP in the progression of 

small vessel disease in the brain and provide a therapeutic target. 

 

Highlights 
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► Chronic cerebral hypoperfusion causes white matter damage in Long Evans rats. ► C-

reactive protein (CRP) was detected at the protein and mRNA level in the brain of rats 

subjected to chronic cerebral hypoperfusion. ► CRP mRNA and protein was detected in 

cultured rat brain microglia. 
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1. Introduction 

White matter lesions (WML) are a manifestation of cerebral small vessel disease, which 

is one of the common causes of vascular dementia (Black, 2005). They appear as hyper 

intense signals on T2-weighted magnetic resonance images (MRI) and occur in 94% of 

the elderly population aged 64 and over (Simpson, JE et al., 2007). With the widespread 

use of this imaging technique it has become apparent that many individuals can have a 

significant amount of white matter change without having had a clinically recognized 

transient ischemic attack (TIA) or complete stroke (Pohjasvaara et al., 2000). In addition, 

the presence of more severe white matter lesions increases stroke risk (Bokura et al., 

2006). 

Recent research has been focused on identifying parameters which may have a 

correlation with WML. To this effect C-reactive protein (CRP) has been proposed as a 

candidate, however, its definite relation has yet to be elucidated. C-reactive protein 

(CRP), named for its capacity to precipitate the somatic C-polysaccharide of 

Streptococcus pneumonia (Tillett and Francis, 1930), was the first acute-phase protein to 

be described (Hirschfield and Pepys, 2003). Plasma CRP is produced only by hepatocytes 

(Pepys and Hirschfield, 2003). Extra hepatic synthesis of CRP has also been reported in 

neurons in Alzheimer patients (Yasojima et al., 2000), atherosclerotic plaques (Jialal et 

al., 2004), lymphocytes (Kuta and Baum, 1986), alveolar macrophages (Dong and 

Wright, 1996), aortic endothelial cells (Venugopal et al., 2005), coronary artery smooth 

muscle cells (Calabro et al., 2003), and adipocytes (Calabro et al., 2005). Induction of 

CRP in hepatocytes is principally regulated at the transcriptional level by the cytokine 
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interleukin-6 (IL-6), an effect which can be enhanced by interleukin-1β (IL-1β) (Kushner 

et al., 1995). More recently some population based studies have explored the relation 

between serum CRP and WML and, while some reported an association between the two 

( [Fornage et al., 2008] and [van Dijk et al., 2005]), others did not find an apparent 

correlation ( [Schmidt et al., 2005] and [Wada et al., 2008]). Reasons for these 

controversial results were attributed to differences in the participant's health status 

(Schmidt et al., 2005) and to the ethnic status (Wada et al., 2008). It is clear that the 

findings from the population-based studies need to be explored further. To the best of our 

knowledge the study of CRP in an animal model of chronic cerebral hypoperfusion 

manifesting WML has not been previously documented. 

Microglia, the surveillance cells of the brain, have been shown to attain an activated state 

in association with WML in rat brain (Farkas et al., 2004) and Simpson et al. (2007) have 

reported the presence of activated microglia in both periventricular and deep subcortical 

WML in human brain. The direct relation between microglial activity and WML suggests 

an important role for the known and “unknown” effectors of microglia in these processes. 

White matter injury and microglial activation have been reported to occur in a rodent of 

chronic cerebral hypoperfusion ( [Farkas et al., 2004] and [Wakita et al., 1994]). Previous 

studies using this model, where both common carotid arteries are permanently ligated, 

have reported WM rarefaction (vacuolation), axonal disruption, gliosis and microglial 

activation in lesional areas ( [Simpson et al., 2007], [Wakita et al., 1994] and [Wakita et 

al., 2002]). In the present study we have used this model to study the association between 

microglial activation, WML and CRP expression. 
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2. Results 

2.1. Characteristics of WM injury following BCCAL 

H&E staining of paraffin embedded sections showed an increase in WM vacuolation in 

the optic tract as early as 3 days after BCCAL (Fig. 1C). Vacuolation increased 

throughout the time period of the study and at 30 days vacuoles occupied 9.62 ± 0.70% of 

the total area of the optic tract seen in paraffin sections, while the area occupied by 

vacuoles in sham operated rats was 0.83 ± 0.13% (Fig. 1C). In the corpus callosum 

vacuolation was not as severe as that found in the optic tract but was evident from days 

7–30 after BCCAL when compared to the sham operated animals (Figs. 1D, E). 

Vacuolation was not found in the internal capsule at any time point in the study. These 

observations are consistent with previously reported studies ( [Farkas et al., 2004], 

[Farkas et al., 2007], [Suenaga et al., 1994], [Wakita et al., 1994] and [Wakita et al., 

2002]) which indicate that the first and most affected area to show vacuolation is the 

optic tract and consequently the corpus callosum while the internal capsule is well 

preserved. 
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Fig. 1. Characteristic features of WM injury induced by BCCAL. Increased 
vacuolation of white matter was observed in the optic tract (A, B) and corpus 
callosum (D, E) of rats exposed to CCH for 30 days compared to sham operated 
rats. Scale bar = 100 µm. C. Quantification of vacuole area in the optic tract 
indicates a significant increase in total area by day 3 following surgery (n = 3). F, 
G. Chromogranin A immunoreactivity was increased in the internal capsule of 
rats exposed to CCH for 30 days. (Scale bar = 100 µm.) Reactive gliosis, as 
indicated by increased GFAP immunoreactivity, was present in the optic tract of 
rats exposed to CCH for 30 days (I) but not sham operated rats (H). Large GFAP 
positive cells were present in the optic tract of rats exposed to CCH (white arrow 
in I). Scale bar = 50 µm. Elevated CD68 immunoreactivity revealed significant 
activation of microglia in the optic tract of rats exposed to CCH (K) compared to 
sham operated rats (J). Scale bar = 50 µm. L. Quantification of the total area 
occupied by CD68 immunoreactivity in optic tracts indicated a significant 
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increase by day 7 following surgery. Data are presented as mean ± SEM (n = 3). 
*Indicates a statistically significant increase (p < .05) over sham operated rats. 
 

A few fibers in the internal capsule of 30 day sham-operated animals were 
immunoreactive for CgA, a marker of axonal injury. Much more intense 
immunoreactivity was observed in the internal capsule of animals 30 days following 
BCCAL surgery (Figs. 1F, G). Compared to the optic tract, which had the most severe 
vacuolation (rarefaction), the CgA-immunopositive fibers were most numerous in the 
internal capsule. This is consistent with previously reported studies ( [Suenaga et al., 
1994] and [Wakita et al., 2002]) which demonstrate that CgA-immunopositive fibers 
were most numerous in the internal capsule following BCCAL. 

As previously reported ( [Farkas et al., 2004], [Farkas et al., 2007] and [Wakita et al., 
1994]), regions of the brain showing the greatest degree of white matter damage showed 
the most intense glial activation (Figs. 1H–L). Thus, immunostaining for GFAP and 
CD68 was most intense in the optic tract and less so in the corpus callosum and internal 
capsule. An interesting observation was the appearance of large, GFAP positive cells in 
the optic tract (Fig. 1I, arrow). Large astrocytes known as clasmatodendritic astrocytes 
have been previously reported in association with WML ( [Kawamoto et al., 2006], 
[Simpson et al., 2007] and [Tomimoto et al., 1997]). 

CD68 immunoreactivity was markedly increased in the optic tracts, demonstrating an 
association between active microglia and WM injury, as previously reported ( [Farkas et 
al., 2004], [Farkas et al., 2007], [Simpson et al., 2007] and [Wakita et al., 1994]). CD68 
expression showed a significant increase by day 7 following BCCAL surgery and by day 
30 the total area occupied by CD68 immunoreactivity was 2.69 ± 0.39% vs. 0.02 ± 0.01% 
for sham animals (Fig. 1L). The increase in CD68 immunoreactivity in the optic tracts 
occurred after a substantial amount of vacuolation had already taken place, suggesting 
that activated microglia might not be involved in the initial stages of the process of 
vacuolation. The corpus callosum and internal capsule both showed similar, low levels of 
CD68 immunoreactivity and there was no apparent difference between BCCAL rats and 
sham operated rats (data not shown). 

2.2. WML and CRP expression 
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Western blotting was used to assess levels of CRP protein in brain tissue from BCCAL 
rats and sham operated rats. Protein extracted from liver was used as positive controls, as 
the liver is the main source of CRP in the plasma ( [Black et al., 2004] and [Pepys and 
Hirschfield, 2003]). Mean CRP protein levels were greater in brain tissue from BCCAL 
rats than in tissue from sham operated rats on every day tested and reached statistical 
significance on day 3 (Figs. 2A, B, C). Although brain tissue was perfused with saline at 
the time of sacrifice it is possible that some plasma remained in the tissue and this could 
be a source of the CRP protein detected in brain tissue. Therefore, PCR analysis was used 
to detect the presence of CRP mRNA in brain tissue and RNA extracted from liver was 
used as a positive control. Levels of CRP mRNA in brain tissue extracted from BCCAL 
rats exceeded those from sham operated rats on every day tested and were significantly 
greater on days 3 and 7 (Figs. 2D, E, F). The observation that CRP mRNA and protein 
can be detected in brain tissue from sham operated rats 30 days following surgery 
suggests that there is a constitutive level of CRP expression in the brain. Elisa assay of 
serum CRP levels from BCCAL animals and Sham operated animals did not show a 
significant difference (data not shown). 

 

Fig. 2. CRP expression in rat brain tissue from BCCAL and sham operated animals. (A) 

and (B) show Western blots for BCCAL and SHAM, respectively. Upper bands show 



235 
 

protein expression for CRP at 1, 3, 7, 14 and 30 days after surgery while lane 6 shows 

CRP in liver tissue as a positive control. β-Actin was used as a loading control. (C) 

Quantification of the relative amount of CRP protein expression in BCCAL rats 

compared to sham operated rats. A significant increase in CRP expression occurred on 

day 3. (D) and (E) CRP mRNA levels in BCCAL rats and sham operated rats, 

respectively. Upper lanes show mRNA expression at days 1, 3, 7, 14 and 30 days 

following surgery. GAPDH was used as a loading control. (F) Quantification of relative 

the amount of CRP mRNA expression in BCCAL rats and sham operated rats. Data are 

presented as mean ± SEM in C and F (n = 3). *Indicates a statistically significant increase 

(p < .05) over sham operated rats. 

2.3. CRP and microglia 

Previous studies using both rat and mouse models of chronic cerebral hypoperfusion have 

reported the activation of microglia within days of surgery ( [Watanabe et al., 2006], 

[Shibata et al., 2004] and [Wakita et al., 1994]). In the present study the expression of 

both CRP mRNA and CRP protein was significantly elevated within 3 days following 

surgery and the expression of the macrophage marker CD68 was increased by day 7. We 

therefore used cultured rat brain microglia to test the hypothesis that microglia could 

mediate the increase in CRP expression. IL-6 and IL-1β were added to the culture 

medium to determine whether these cytokines could induce CRP expression. Microglia 

possess receptors for IL-1β and IL-6 ( [Hanisch, 2002], [Kim and de Vellis, 2005] and 

[Kim and de Vellis, 2005]) and these cytokines would be present in the in vivo 

environment associated with WML ( [Baumann and Gauldie, 1994] and [Ramadori and 
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Christ, 1999]). Concentrations of IL-6 (30 ng/ml or 50 ng/ml), IL-1β (30 ng/ml or 50 

ng/ml) or a combination of IL-6 + IL-1β (30 ng/ml or 50 ng/ml) were selected for use 

based on a previous report in the literature (Venugopal et al., 2005). RNA extracted from 

control cultures of rat microglia showed detectable levels of CRP mRNA (Fig. 3A). The 

addition of either IL-6 or IL-1β at concentrations of either 30 ng/ml or 50 ng/ml resulted 

in an upregulation of CRP mRNA (Figs. 3A–C). Western blotting revealed the presence 

of CRP in protein extracted from microglial cultures but treatment with either IL-6 or IL-

1β or a combination of the two did not significantly increase the amount of CRP protein 

in the extracts (Figs. 3D, E). However, it is possible that CRP protein was secreted into 

the culture medium and not recovered in the protein extraction process. 
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Fig. 3. CRP expression in cultured rat microglia. (A) and (B) mRNA expression 

in control cultures and cultures treated with IL-6, IL-1β or both. The cytokines 

were applied at a concentration of either 30 ng/ml or 50 ng/ml. RNA extracted 

from liver was used as a positive control and GAPDH as a loading control. (C) 

Quantification of relative amount of mRNA CRP expression in control and 

treated rat microglial cultures. (D) CRP protein expression in control cultures or 

cultures treated with IL-6, IL-1β or both, as in A and B. (E) Quantification of 

relative amount of CRP protein expression in control and treated rat microglial 

cultures. Values are shown as mean ± SEM for 3 independent experiments for 

each group. 

 

Immunocytochemistry performed on microglial cultures revealed that more than 95% of 

the cells were positive for the microglial marker cd11b (data not shown). This antigen 

colocalized with CRP immunoreactivity, as shown in Fig. 4. Treatment of the cultures 

with IL-6 or IL-1β did not cause an apparent increase in CRP immunoreactivity, 

however, newly synthesized CRP may have been secreted into the culture medium. 

Following cytokine treatment the microglia did appear to adopt a more ramified 

appearance (Figs. 4B, C). 
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Fig. 4. Photomicrographs of cultured rat microglia stained for Cd11b and CRP and their 

co-localization. Nuclei were stained with DAPI. (A) Untreated microglial cultures. Scale 

bar, 20 µm. (B) and (C) show IL-1β/IL-6 treated microglial cultures at 30 ng/ml and 50 

ng/ml, respectively, to indicate enhance microglial activity. Scale bar, 50 µm. 
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3. Discussion 

The aim of the present study was to assess the expression of the acute phase protein CRP 

in brain tissue in a rodent model of chronic cerebral hypoperfusion. The vast majority of 

studies using the rodent model of BCCAO have used the Sprague Dawley or Wistar 

strains of rat. In the present study the Long Evans strain was used and the characteristic 

features of white matter rarefaction (vacuolation), astro- and microgliosis and axonal 

damage were evident, as previously reported in the literature for the other strains ( 

[Farkas et al., 2004], [Simpson et al., 2007], [Wakita et al., 1994] and [Wakita et al., 

2002]). In general, white matter represents a distal end zone territory of blood supply 

from the choroidal arteries and hence reflects a greater vulnerability to blood flow 

reduction than gray matter (Schmahmann et al., 2008). White matter vacuolation and 

microglial activation were greatest in the optic tracts, as has been shown for Sprague 

Dawley and Wistar rats ( [Farkas et al., 2004], [Wakita et al., 1994], [Wakita et al., 2002] 

and [Watanabe et al., 2006]) and this is where the reduction in cerebral blood flow is the 

greatest in this model due to the anatomical arrangement of the vasculature ( [Farkas et 

al., 2007] and [Takamatsu et al., 1984]). Accordingly, a lesser degree of vacuolation was 

seen in the corpus callosum compared to the optic tracts. Interestingly there was no 

relation between the severity of WM damage and the occurrence of CgA immunolabeled 

fibers. Suenaga et al. (1994) have reported similar findings in human cerebrovascular 

WM lesions (Suenaga et al., 1994). One possible explanation for this discrepancy is that 

under severe ischemic conditions, CgA does not accumulate in spite of axonal injury, 

since the transport of these proteins is an energy-requiring process ( [Ferreira et al., 1993] 

and [Sherriff et al., 1994]). Thus, the number of CgA-immuno-positive fibers in the optic 
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nerve and optic tract may represent an underestimation of the real extent of axonal injury 

in these areas (Wakita et al., 2002). 

Astrogliosis correlated with areas demonstrating greater WM injury. It is reported that 

reactive astrogliosis is commonly found adjacent to and extending far beyond the site of 

injury and is characterized by astrocyte proliferation and extensive hypertrophy of the 

cell body and cytoplasmic processes (Eng and Ghirnikar, 1994). Some astrocytes which 

appear to be clasmatodendritic astroglia were also noticed in the optic tract (Fig. 1). The 

role of clasmatodendritic astroglia in the pathogenesis of WM lesions is not entirely clear 

but they may clean the lesion sites by incorporating edema fluid and phagocytizing cell 

debris (Tomimoto et al., 1997). It has been suggested that clasmatodendritic astroglia 

eventually disappear, resulting in a numerical decrease in astroglia in the severe WM 

lesions as compared to the slight WM lesions (Tomimoto et al., 1996). Activated 

microglia, as demonstrated by CD68 immunostaining, showed an increase in the optic 

tract of BCCAL rats from day 7 of survival in comparison to the near null 

immunoreactivity demonstrated in SHAM animals. This increase was statistically 

significant from days 7–30 and was associated with the progressive appearance of 

vacuolation in the optic tracts from days 3–30 of survival. Chronic cerebral 

hypoperfusion has been suggested to contribute to WM pathology ( [Fernando et al., 

2006] and [Irving et al., 2001]), and it has been shown to induce WM injury and 

microglial activation in the rat brain (Farkas et al., 2004). Microglial activation has been 

reported in the rat optic tract following the onset of ischemia (Ihara et al., 2001) and in 

the WM of patients with vascular dementia (Rosenberg et al., 2001) and AD (Lue et al., 

2001). Our findings complement these previous observations and demonstrate significant 
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microglial activity immunostaining in the rat optic tract in an animal model exhibiting 

WML due to chronic hypoperfusion. Microglia may contribute to WM pathology by 

secreting an array of proinflammatory and neurotoxic molecules (Lue et al., 2001). 

The similar levels of serum CRP detected by ELISA can be explained on the basis that 

the effects of surgery are similar in both groups and this results in an inflammatory state 

causing increased plasma levels of CRP. Chronic hypoperfusion is a long term, subtle 

event and animal trials for longer periods may provide a better way to assess serum levels 

of CRP once the effects of surgery and subsequent inflammation have subsided. CRP, a 

pentraxin, is an acute phase plasma protein produced predominantly by the liver and 

adipocytes. It can activate the classical complement pathway, stimulate phagocytosis, and 

bind to immunoglobulin receptors (FcγR) (Black et al., 2004). Its activity in humans, 

either pro- or anti-inflammatory, is dependent on the context in which it is acting (Black 

et al., 2004). The results presented here demonstrate an increased in CRP expression at 

the protein and mRNA levels in brain tissue of rats subjected to BCCAL compared to 

sham operated rats. The expression of CRP mRNA in the brain and the expression both 

CRP mRNA and protein by cultured microglia indicates that CRP protein is synthesized 

within the brain and does not need to cross the blood brain barrier in order to function 

within the brain parenchyma. 

Previous studies have reported the activation of microglia in rats exposed to CCH from 

day 3 of survival onwards ( [Watanabe et al., 2006], [Shibata et al., 2004], [Wakita et al., 

1994] and [Wakita et al., 2002]). In the present study the expression of CRP protein and 

mRNA was significantly elevated on day 3 of survival in BCCAL animals and coincided 
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with the appearance of WM vacuolation and a significant increase in microglial activity 

(CD68) in the optic tracts. CRP protein levels were greater in BCCAL rats than in sham 

operated rats on every day tested but reached statistical significance only on day 3 

following surgery. Because CRP protein is secreted into the extracellular space it is 

possible that some was cleared prior to sacrifice and the measured levels underestimate 

the amount being synthesized. CRP mRNA expression was elevated on day 1 following 

surgery. This was not statistically significant because of the great variability in the levels 

form rat to rat but it does indicate that CRP expression may precede CD68 expression in 

this model. We therefore hypothesized that microglia could play a role in CRP expression 

and sought to assess this in-vitro. 

Microglial cultures were found to express CRP at both the mRNA and protein levels. 

Double labeling of microglia with Cd11b (a microglia marker for active and ramified 

microglia) and anti-rat CRP demonstrated their co-localization in microglial cells. These 

results would therefore suggest that microglia are a source of CRP in the brain. It is 

important to note that the use of proteolytic and mechanical means to dissociate cells 

from CNS tissue during the isolation procedure causes microglia to become activated 

(Garden and Möller, 2006). Therefore, control microglial cultures might be expected to 

express genes found to be expressed by activated microglia. Activated microglia also 

secrete varying levels of IL-1β and IL-6 ( [Hanisch, 2002], [Kim and de Vellis, 2005] and 

[Kim and de Vellis, 2005]) and these cytokines are known to influence CRP expression. 

The aim of treating microglial cultures with IL-6 and IL-1β was to induce further CRP 

expression and determine whether increasing their concentrations, or their combination, 

could result in altered CRP expression. We found no relevant increase in CRP protein 
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expression but this might be expected, as CRP is a secreted protein. CRP mRNA was 

elevated in every case where cultures were exposed to IL-1β and IL-6 but this did not 

reach a level of statistical significance. One consideration regarding these results is that 

microglial activation generally increases cytokine expression and proinflammatory 

cytokines are the first to be released, including IL-6 and IL-1β ( [Garden and Möller, 

2006] and [Kim and de Vellis, 2005]). Microglia also elaborate receptors for IL-6 and IL-

1β and most other proinflammatory cytokines, resulting in autocrine feedback loops that 

are likely involved in the eventual down regulation of the inflammatory response (Garden 

and Möller, 2006). Thus, it is possible that exposure to increasing concentrations of IL-6 

and IL-1β resulted in no increase in CRP expression because of auto regulatory feedback 

loops that terminate the expression of proinflammatory mediators by activated microglia. 

In conclusion, the results presented here show a correlation between WML and CRP 

expression in rat brain tissue in a model of chronic hypoperfusion exhibiting 

characteristic features of WML. In addition we have demonstrated cultured rat microglia 

as a novel source for CRP expression. Further research could prove this to be a key 

finding in WML and all diseases associated with increased microglial activity e.g. 

Alzheimer's disease, Parkinson's disease and most other neuroinflammatory diseases of 

the brain. 
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4. Experimental procedures 

4.1. Establishment of permanent bilateral common carotid artery ligation (BCCAL) 

model 

All experiments conformed to the guidelines set forth by the Canadian Council for the 

Use and Care of Animals in Research (CCAC) with approval from the Ottawa Health 

Research Institute Animal Care Facility. An animal model of chronic hypoperfusion, 

which experimentally induces WML, was reproduced through BCCAL procedure 

(Wakita et al., 1994) conducted on Long Evans rats (weighing 350–450 g, Charles River, 

Saint-Constant, Quebec, Canada). Animals were anesthetized with isoflurane (5% 

induction, 2% maintenance) in a 70:30 mixture of oxygen and nitrous oxide. Rats were 

placed on heating pads and through a midline cervical incision; both common carotid 

arteries were exposed and double-ligated with silk sutures. The rectal temperature was 

maintained between 36.5 °C and 37.5 °C during the surgical procedure. After the 

operation, the rats were kept in cages with food and water ad libitum. Of the 36 BCCAL 

model animals six of them died within 5 days. Sham operated rats underwent the same 

surgical procedures except for ligation of the arteries. At 1, 3,7,14 and 30 days after 

ligation the animals were deeply anesthetized, blood samples for serum analysis of C-

reactive protein obtained from the heart and then the animals were perfused transcardially 

with 0.9% normal saline. Brain samples intended for immunohistochemistry (n = 3 for 

BCCAL, n = 3 for sham) were further perfused with a fixative containing 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4), whereas those obtained for 
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PCR and Western blot (n = 3 for BCCAL, n = 3 for sham) were quick frozen in liquid 

nitrogen and kept at − 80 °C until used. 

4.2. Hematoxylin and eosin staining (H&E) 

Coronal brain blocks including the optic nerves and corpus callosum (Bregma 1.88 mm–

2.8 mm) were embedded in paraffin for histological examination. Four micrometer-thick 

paraffin sections were cut on a microtome, and stained with a basic hematoxylin and 

eosin stain. 

4.3. Immunohistochemistry 

Paraffin embedded rat brain sections were deparaffinized and antigen retrieval step using 

citrate buffer (PH 6.0) was performed in a rapid microwave histoprocessor (model 5, 

Milestone). Following antigen retrieval, sections were rinsed with 1× PBS for 5 min. 

Non-specific binding sites were blocked with 10% Triton X-100 and donkey serum 

diluted in 1× PBS. Sections were then incubated with monoclonal anti-rat CD68 (Abcam, 

USA, 1:100), a marker for microglial activity, and glial fibrillary acidic protein (GFAP) 

(1:200), an astrocyte marker, diluted in 1× PBS with 10% Triton X-100 overnight at 4 °C 

in order to detect microglial cell activity and astrocytes respectively. Cy-3 conjugated 

donkey anti-mouse IgG antibody (1:200) and FITC (1:200) donkey anti-mouse IgG 

antibody were used for visualization of immunolabeling. DAPI was used to visualize 

nuclei. 

Also following antigen retrieval other sections were incubated with rabbit polyclonal 

Chromogranin A antibody (Abcam, USA, 1:100), a marker for axonal injury, diluted in 
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TBS with 1% BSA. Subsequently sections were revealed using a highly sensitive biotin 

free polymer detection system (Cat#M4U534Biocare Medical); slides were incubated 

with anti-Rabbit MACH 4 Polymer HRP for 20 min at room. After each incubation the 

sections were rinsed for 5 min. with 0.01 M TBS pH 7.6. Finally the immunoreaction 

complex was visualized using a solution of Chromogen DAB (0.02% 3, 3′-

diaminobenzidine tetrahydrochloride in 0.05 M Tris buffer, pH 7.6) with a substrate of 

hydrogen peroxide (0.001% H2O2) to catalyze the enzymatic reaction of the HRP. 

4.4. Quantification of immunohistochemistry and H&E 

To quantify immune cells in the optic tract and corpus callosum, digital images of CD68 

stained sections (Bregma − 1.8 to − 2.8) were acquired using Axioskop 2 Mot 

microscope (Zeiss, Toronto, Canada) and Northern Eclipse software (Empix Imaging 

Inc., Mississauga, Canada) under 20× objective. Images were captured as gray scale (8 

bit) with a fixed exposure, gain and offset and the intensity measured as % object area of 

immunoreactive cells of the total selected area. Two measures, one for each optic tract 

were made on each section by 3 independent investigators. The corpus callosum did not 

show significant immunoreactivity and measures were not done for it. For H&E basic 

stain, images were captured as gray scale (16 bit) and areas within the selected, 

demarcated optic tracts and corpus callosum which showed rarefaction(vacuolation) and 

did not take up the basic H&E stain were measured by threshold to the background and 

recorded as % object area of vacuoles of the total selected area. Two measures, one for 

each optic tract were made on each section by 3 independent investigators. The corpus 

callosum showed late vacuolations and data was not included. 
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4.5. Cell culture 

Microglial cells were cultured from brain tissue of 2–3 day postnatal rat pups according 

to previous protocols (Mount et al., 2007). Postnatal 2–3 day old rat pups were used for 

microglial cultures. Brains were dissociated using a tissue grinder kit and plated in flasks 

with minimum essential medium supplemented with 5% heat-inactivated fetal bovine 

plasma, 5% heat-inactivated horse plasma, and 0.05 mg/ml gentamycin. Two days later, 

the medium was replenished, and the culture reached confluency 8 days later, these 

confluent mixed-glia cultures were shaken for 5 h at 180 rpm at 37 °C to separate 

microglia from astrocytes (Mount et al., 2007). This produced a yield of > 95% enriched 

microglia .After confluency the cells were plated in 12 well plates on cover slips or on 6 

cm2 dishes at a density of 2 × 105/cm2 and treated with IL-1β, IL-6 or a combination of 

both. After 24 h cells were used for RNA or protein extraction. 

4.6. Immunocytochemistry 

Microglial cells cultured on cover slips in 12 well plates were used to demonstrate Cd11B 

(Serotec, USA, 1:200) and CRP (ICL [Immunology Consultants Laboratory Inc.], 

Newberg, USA, 1:200) immunostaining. Non-specific binding sites were blocked with 

10% Triton X-100 and donkey serum diluted in 1× PBS. Sections were then incubated 

with mouse anti-rat Cd11b (a marker for microglia) and rabbit anti-rat C-reactive protein 

(for detection of C-reactive protein expression) diluted in 1× PBS with 10% Triton X-100 

overnight at 4 °C. Cy-3 conjugated donkey anti-rabbit IgG antibody (Chemicon, 1:200) 

and FITC (Chemicon, 1:200) donkey anti-mouse IgG antibody were used for 

visualization of immunolabeling. DAPI was used to visualize nuclei. 



248 
 

4.7. CRP mRNA expression 

RNA was extracted from the cells/tissue using TRIzol (Invitrogen, CAN.) reagent. The 

first strand of cDNA was synthesized using Superscript II Reverse Transcriptase 

(Invitrogen, CAN.) at a total RNA (3 µg/reaction for RNA extracted from brain tissue 

samples or 2 µg/reaction for RNA extracted from microglial cultures) and according to 

manufacturer's protocol. cDNA was amplified using primers (Invitrogen, CAN) specific 

for CRP (forward: 5′-CACGCTGATGTGAGCCGAAG-3′ and reverse: 5′-

ACTTCAGTGCCCGCCAGTTC-3′). CRP was amplified for 35 cycles and yielded a 

band at 450 bp on 1% agarose gels. mRNA GAPDH was used as a loading control and 

samples normalized to it. 

4.8. CRP protein expression 

The cells were collected in lysis buffer containing 1M Tris 62.5 ml/L, 100 mM EDTA 25 

ml/L, 100 mM EGTA 25 ml/L, 50% glycerol 200 ml/L, 20% SDS 100 ml/L and 1% 

Bromophenol Blue 10 ml/L. β-Mercaptoethanol 5% was added to the final solution at the 

time of use. The samples were sonicated briefly for 5 s and then boiled for 5 min. Tissue 

samples were grinded in a lysis buffer containing RIPA buffer and the protein loaded at a 

concentration of 30 µg/lane. All protein samples were loaded on ready prepared gels 

(Biorad) transferred to nitrocellulose membranes and blocked using 5% milk solution. 

Rabbit anti-rat CRP (ICL, USA) antibody was used as primary antibody, and after 

washing with 1× TBS-Tween 20 (3 times) the membranes were incubated with anti-rabbit 

HRP secondary antibody and developed using chemiluscent reagents. In all Western blot 

experiments, actin was used as an internal control and samples normalized to it. 
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4.9. CRP assay 

CRP levels in the serum were measured using an enzyme-linked immunosorbent assay 

(ELISA) kit specific for rat CRP (ICL, USA) according to the manufacturer's 

instructions. Because of the limitation of availability of a highly sensitive rat CRP ELISA 

kit, CRP levels could not be measured in the media obtained from microglial cultures. 

4.10. Statistical analysis 

All results taken from 3 independent experiments for each group are presented as values 

± SEM (standard error of mean). Probability based on Student T-Test is shown to be 

significant at *p ≤ 0.05, **p ≤ 0.00005 and ***p ≤ 0.000005 accordingly. 
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