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mice as early as 3hrs and remained elevated upto 3 days later, the last time point studied, 

suggesting that increased expression of PK-2 by dopaminergic neurons is an early and 

persistent signal in the SNpc following dopaminergic neuron insult. To verify that 

dopaminergic neurons in the SNpc were the specific cell type expressing PK-2, we used 

double immunofluorescence labeling in mouse midbrain SNpc sections for PK-2 and tyrosine 

hydroxylase (TH), a specific marker for dopaminergic neurons. As shown in fig.2C, there is 

greater than 98% co localization between TH and PK2 expressing cells as well as a 

remarkable increase in PK2 expression in the entire SNpc tract. Interestingly, a few cells that 

are not TH-positive but adjacent to dopaminergic neurons also express PK2 in the SNpc but 

these are less than 2% of the total PK2 expressing cells and their identity remains to be 

defined. In saline treated mice we observed little to no expression of PK-2 without any 

distinct cellular staining patterns, although in the western blot experiments there appears to 

be a low level of expression. This observation however is in good agreement with a previous 

published report by Cheng et al., which characterized the expression of PK-2 in the entire 

adult mouse brain by in situ mRNA hybridization and reported no significant expression in 

the SNpc although the prokineticin receptor PKR2 was expressed. Further, the recently 

completed GENSAT (Gene Expression Nervous System Atlas) project; a publicly available 

gene expression atlas of the adult mouse brain based on BAC-eGFP reporter transgenic mice 

also reports no detectable PK-2 expression in the midbrain SNpc region in the PK-2 eGFP 

transgenic mouse line. Together, our results demonstrate that PK-2 expression is highly 

induced in dopaminergic neurons in the SNpc following MPTP injury and as such represents 
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the first in vivo evidence suggesting a function for this protein in PD and neurodegeneration 

in general.  

Induction of PK2 and eGFP expression in the substantia nigra of the GENSAT EGFP 

transgenic mouse model  

To further validate and characterize the secretion of PK-2 by dopaminergic neurons in 

the MPTP model of PD, we used the GENSAT bacterial artificial chromosome PK-2 EGFP 

transgenic mouse model [Tg (Prok2-EGFP) FH64Gsat] specifically (Gong et al., 2003). The 

transgenic mouse generated as part of the GENSAT project, contains an EGFP reporter 

transgene and a polyadenlyation sequence introduced between the PK-2 promoter and the 

first coding exon of the PK-2 gene. The transcription of the EGFP reporter therefore is driven 

by activation of the PK2 promoter. Further, EGFP transcription is terminated at the 

polyadenylation site so that its expression occurs without any changes in native PK-2 

expression. In a recent study (Zhang et al., 2009) these transgenic mice were used to reveal 

the projections of PK2-expressing neurons in the SCN to different target structures. 

Significantly, this study found no EGFP positive neurons or PK-2 mRNA expression 

anywhere in the midbrain in normal adult transgenic PK2-EGFP mice suggesting that PK-2 

is not expressed or is undetectable in this region of the brain. In concordance with this study, 

our experiments with C57 black mice (Fig.1) demonstrate that the expression of PK-2 is low 

or absent in the substantia nigra of saline controls but is highly upregulated following MPTP-

induced dopaminergic neuron injury. To substantiate these novel findings and visualize the 

expression of PK-2 in the subtantia nigra we used the MPTP model of PD to study the PK-2 

EGFP transgenic. All mice used in the study were genotyped according to the donor’s 
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recommended PCR protocol and confirmed to be transgenic based on the presence of the 600 

bp strain-specific PCR product (Fig.3A). We further confirmed the veracity of the EGFP 

reporter for PK-2 in the transgenic mouse brain by visualizing EGFP expression in the 

olfactory bulb and the suprachiasmatic nucleus where PK-2 is constitutively expressed at 

high levels in the normal mouse brain. As expected, we observed extensive neuronal EGFP 

fluorescence in both the olfactory bulb and SCN (Fig. 3B) demonstrating that the expression 

of the transgenic EGFP reporter correlates accurately with the expression of PK-2 in the 

brain. The PK2-EGFP transgenic mice were treated with MPTP (4 x 20 mg/kg at 2 h 

intervals) and controls received equivalent volumes of saline. Nigral tissue was dissected 24 

h later and lysates were probed for both EGFP and PK-2 protein levels by Western Blotting. 

We observed a substantial increase in the levels of the EGFP protein in MPTP-treated nigral 

tissue lysates along with a concomitant increase in the expression of PK-2. Actin was used as 

the internal control to demonstrate equal amount protein loading (Fig. 3C). Next, we imaged 

EGFP fluorescence directly in the substantia nigra using free floating tissue sections obtained 

from transgenic mice treated with saline and MPTP. The dopaminergic neurons in the 

substantia nigra were labeled with TH (red, Alexa 555) and EGFP/PK-2 expression was 

visualized directly by GFP fluorescence imaging (green). In nigral sections from saline 

treated mice, the amount of EGFP fluorescence was almost absent or barely above that of 

tissue autofluorescence (Fig. 3D). However, in MPTP-treated mice, intense EGFP 

fluorescence was evident along the nigral tract. Further, most of the EGFP-positive cells 

were also TH-positive indicating that nigral dopaminergic neurons produce the EGFP 

reporter for PK2 following MPTP treatment indicative of active PK-2 transcription in these 
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cells. Together, these results demonstrate that PK-2 is highly expressed in substantia nigra 

dopaminergic neurons of the PK2-EGFP transgenic mouse in the MPTP model of PD. They 

also demonstrate that the induction of PK-2 by dopaminergic neurons is not strain specific 

with similar results were also obtained in C57 black mice (Fig.1).  

PK2 is elevated in the substantia nigra of PD brains  

The primary pathological hallmark of Parkinson’s disease involves a selective loss of 

melanized dopaminergic (DA) neurons in the substantia nigra compacta of the midbrain. 

Emerging studies suggest that PD is the outcome of complex pathological mechanisms 

involving environmental, genetic and cellular processes that result in dopaminergic cell death 

over time (Obeso et al., 2010). Although the precise etiologies involved are complex, 

oxidative stress and mitochondrial dysfunction have been identified as common downstream 

effector mechanisms that can drive dopaminergic degeneration in the SNc. Further, recent 

studies suggest that reactive microgliosis and the chronic neuroinflammatory response that 

occurs in the SNc can sustain dopaminergic degeneration and result in progressive neuronal 

loss (Block et al., 2007). Both clinical studies and animal models of PD have strongly 

implicated a role for TNFα signaling in modulating the neuroinflammatory responses in PD 

with elevated levels of TNF seen in human PD brains and all animal models of the disease 

(Wu et al., 2007; McCoy et al., 2008; De Lella Ezcurra et al., 2010; Harms et al., 2011). Our 

initial discovery that PK-2 is induced and secreted from dopaminergic neuronal cells in vitro 

following MPP
+
 and TNFα treatment led us to believe that PK-2 could be a novel secreted 

factor induced early during oxidative or inflammatory stress in dopaminergic neurons. We 

then confirmed these findings in vivo using the MPTP model of PD in two different strains of 
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mice. Although the MPTP model does not recapitulate all the clinical or pathological features 

of idiopathic PD, oxidative stress and mitochondrial dysfunction are the primary mechanisms 

that account for the selective vulnerability of dopaminergic neurons observed in this model.  

In order to establish the clinical relevance of PK-2 signaling in PD, we determined if 

elevated levels of PK-2 were also present in PD brains. SNc lysates from PD patients and 

age-matched controls were obtained from the University of Miami Brain Endowment Bank. 

The amount of PK-2 in the lysates was determined by Western blotting with 50 μg of total 

protein per sample. Actin was used as the internal control to demonstrate equal protein 

loading. Increased PK-2 expression was evident in most PD brains with low to undetectable 

levels in most age-matched controls (Fig 4A). We also observed some intrinsic variability in 

the PK-2 expression levels as would be expected with human clinical samples. To objectively 

quantify if PK-2 was elevated in PD brain lysates, we used densitometric analysis. The PK-2 

band intensities from all six controls and PD samples were quantified using the Fujifilm 

Multi Gauge software and were normalized to those of actin. The normalized band intensities 

for the PD brain samples were then plotted as a fold-change over controls (Fig. 4B). As 

shown, PK-2 was increased almost 3-fold in the PD brain lysates compared to controls 

despite some intrinsic variability in expression levels. We also studied the localization of PK-

2 in human PD brain sections using double-labeling fluorescence immunohistochemistry for 

PK-2 and TH. Nigral brain sections from postmortem PD patients and age-matched controls 

were processed for immunohistochemistry with a rabbit polyclonal antibody against PK-2 

(green, Alexa-488) and a mouse monoclonal to TH (red, Alexa-555). Both primary 

antibodies detect the human epitope of the respective target protein. Species-specific Alexa-
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dye conjugated secondary antibodies were used to visualize each protein and Hoechst stain 

was added to label the nucleus (blue). As shown in Fig. 4C, PK-2 staining was almost absent 

around the melanized TH-positive dopaminergic neurons in control sections where extensive 

TH staining is apparent. However in PD brain sections, intense and specific PK-2 staining 

was apparent and localized to the few surviving TH-positive dopaminergic neurons. PK-2 

staining was also apparent in few cells (less than 5%) that were not TH-positive similar to the 

expression pattern for PK-2 observed in mice treated with MPTP (Fig. 1).  

Together these results demonstrate for the first time that PK-2 expression is elevated 

in the SNc of PD patients and provides immense clinical relevance to our findings. Further, 

since PK-2 is a constitutively secreted protein, these findings suggest that PK-2 levels may 

be elevated in the CSF of PD patients. This could be particularly relevant for PK-2 as a 

potential PD biomarker since PK-2 appears to be induced and secreted as early as 3 hours 

after MPTP treatment in the mouse substantia nigra. More detailed time course studies would 

be ecessary to determine if the elevated levels of PK-2 correlate with onset and disease 

progression and if there are changes in CSF or serum PK-2 levels with the onset of PD.  

Receptors for secreted prokineticin-2 are expressed in the mouse substantia nigra and 

on primary dopaminergic neurons 

Having established that PK-2 is induced and secreted from dopaminergic neurons in 

vitro, in the MPTP mouse model of the disease and in postmortem PD patients, we sought to 

identify the target cells for the secreted protein in order to understand its potential functions. 

Two highly similar G protein coupled receptors for PK-2, have been identified and cloned by 

independent groups (Lin et al., 2002; Masuda et al., 2002; Soga et al., 2002). The two 
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GPCRs, PKR1 and PKR2 share around 85% amino acid identity between them although they 

are expressed on different chromosomes. Both PKR1 and PKR2 have are widely expressed in 

the gasterointestinal system, the reproductive organs and other peripheral tissues (Soga et al., 

2002; LeCouter et al., 2003). Within the central nervous system the expression patterns of 

both receptors have been previously characterized. While PKR2 has been shown to be 

ubiquitously expressed throughout the brain, PKR1 appears to be restricted mostly to the 

olfactory region, dentate gyrus, subventricular zone and the dorsal motor vagal nucleus 

(Cheng et al., 2006). We determined the expression of prokineticin receptors in the mouse 

substantia nigra and in primary EVM neuronal cultures. Nigral tissue was dissected from C57 

black mice treated with saline or MPTP (4 x 18 mg/kg) and lysates were prepared. Western 

blot analysis revealed that both prokineticin receptors were expressed in the substantia nigra 

tissue. Interestingly, the amount of PKR1 appeared to go down in MPTP-treated animals 

while that of PKR2 remained the same after treatment (Fig.5A). Primary microglia and 

astrocytes have been reported to express high levels of PKR1 compared to PKR2 (Koyama et 

al., 2006) which may account for the expression of PKR1 seen in nigral tissue lysates. We 

also confirmed the expression of both prokineticin receptors on primary microglia and 

astrocytes in our preliminary studies by Western blotting (data not shown). Our own studies 

with the N27 dopaminergic cell line revealed that the dopaminergic neurons themselves 

expressed both prokineticin receptors (Fig.1C) suggesting potential autocrine or paracrine 

functions for secreted PK-2 in the substantia nigra. We determined the expression of 

prokineticin receptors on dopaminergic neurons in the substantia nigra by double-labeling 

immunohistochemistry using TH as a marker for dopaminergic neurons. We found that TH-



234 

 

 

positive dopaminergic neurons expressed high levels of PKR2 (Fig. 5B) which was evident 

as punctate staining around the periphery of the cells at high magnification. The secreted PK-

2 from dopaminergic neurons that is induced following neuronal injury or oxidative stress 

therefore could potentially act on adjacent dopaminergic neurons expressing PKR2 to 

activate intracellular signaling pathways. We also tested the expression of prokineticin 

receptors on dopaminergic neurons in primary EVM cultures by double-labeling 

immunofluorescence. Primary EVM cultures were obtained from E14 timed-pregnant mice 

and grown in neurobasal medium to obtain pure neuronal cultures (>95% glial-cell free). 

Four-day old cultures were fixed and processed for immunocytochemistry with TH to label 

dopaminergic neurons and either PKR1 or PKR2. Hoechst was used to label the nucleus. 

PKR1 and PKR2 were expressed on all primary dopaminergic neurons as evidenced by 

colocalization with TH (Fig 5C). Both PKR1 and PKR2 were expressed by non-

dopaminergic neurons as shown in the merged images with Hoechst staining. Together, these 

results confirm that the secreted PK-2 can act directly on dopaminergic neurons presumably 

via the PKR2 receptor which is expressed at high levels in vivo. In the light of previous 

reports showing high levels of PKR1 expression in microglia and astrocytes, our results here 

also suggest novel functions for secreted PK-2 in mediating neuron-glia communication 

following dopaminergic degeneration in PD. In this context, PK-2 that is secreted from 

dopaminergic neurons following neuronal injury could be a chemotactic factor for microglia 

and astrocytes via PK2-PKR1 signaling other than directly acting on adjacent dopaminergic 

neurons via PK2-PKR2 signaling pathways. Further, given the wealth of literature supporting 

a role of PK-2 in neurogenesis and as a cell survival factor, our finding that E-14 
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dopaminergic neurons express high levels of both PK-2 receptors implicate a potential role 

for PK-2 during neurogenesis and development and of the nigrostriatal system. The specific 

signaling pathways activated downstream of the PK-2 receptors in glial cells and 

dopaminergic neurons are currently under investigation in our laboratory.  

Soluble exogenous PK2 protects dopaminergic N27 cells from MPP
+
 induced cell death 

and increases PINK1 protein levels.  

Having confirmed that the receptors for PK-2 being secreted from dopaminergic 

neurons are indeed expressed in the substantia nigra and that PKR2 is expressed on 

dopaminergic neurons themselves, we sought to determine the functional role of secreted 

PK-2. Within the brain, PK-2 signaling has been shown to regulate circadian rhythms by 

functioning as an output molecule from the SCN (Cheng et al., 2002; Cheng et al., 2005; Hu 

et al., 2007) and is also required for olfactory bulb biogenesis by acting as a chemoattractant 

for migration of progenitor cells from the subventricular zone (Ng et al., 2005; Prosser et al., 

2007; Zhang et al., 2007a). Recently, PK-2 has been shown to cause excitability of the 

subfornical organ neurons and area postrema neurons and also depolarize parvocellular and 

magnocellular neurons further validating its role as a circadian output molecule.(Cottrell et 

al., 2004; Yuill et al., 2007; Ingves and Ferguson, 2010).  However, unlike in the SCN and 

olfactory bulb where PK-2 is constitutively expressed, PK-2 is not detectable in the SN of 

normal mice but is upregulated in dopaminergic neurons following MPTP-induced oxidative 

stress and neuronal injury. The two receptors for PK-2 on the other hand are both expressed 

in the susbtantia nigra under normal conditions with PKR2 being present on dopaminergic 

neurons at high levels.  
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Since prokineticin has been strongly implicated in cell survival and angiogenesis 

(Kisliouk et al., 2005; Urayama et al., 2007; Li et al., 2010) and since PK-2 is secreted 

following dopaminergic degeneration, we hypothesized that soluble exogenous PK-2 could 

be a survival factor and protect against dopaminergic  degeneration. We initially tested our 

hypothesis in N27 dopaminergic cells and determined if recombinant PK-2 could protect 

against oxidative stress and neurotoxicity induced by MPP+. N27 cells upregulate and 

secrete PK-2 in response to MPP+ similar to the nigral dopaminergic neurons in response to 

MPTP in vivo. Further, these cells express prokineticin receptors and mobilize calcium in 

response to exogenous PK-2 demonstrating that the receptors can be functionally activated 

by low nanomolar doses of the ligand (Fig.1-2). MPP+ toxicity on N27 dopaminergic cells 

has been well characterized with the primary mechanism of cell death being mitochondrial 

oxidative stress and activation of the intrinsic apoptotic cascade as a result of mitochondrial 

complex I inhibition. MPP+ treatment typically results in increased mitochondrial ROS 

generation, downstream activation of caspase-3, mitochondrial fission and DNA 

fragmentation. N27 cells were treated with 200 μM MPP+ and co-treated with recombinant 

PK-2 in 2% serum-containing medium. Total intracellular ROS levels were quantified using 

the DCFDA fluorescence assay. Caspase-3 activity was determined using a fluorimetric 

enzyme assay with a peptide substrate and DNA fragmentation was analyzed by a sensitive 

ELISA-based method. Co-treatment of N27 cells with PK-2 attenuated the generation of 

intracellular ROS by MPP+ in a dose-dependent manner at 8 h (Fig 6A). PK-2 treatment also 

reduced the activation of caspase-3 and DNA fragmentation induced by MPP+ treatment at 8 

h and 16 h respectively (Fig. 6 B, C). We also qualitatively visualized mitochondrial fission 
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caused by MPP+ treatment using the fluorescent MitoTracker Red stain (Fig.6D). While 

MPP+ treatment alone caused evident fragmentation of mitochondria compared to untreated 

controls, cells cotreated with PK2 had intact mitochondria suggesting that PK-2 signaling 

counteracts the toxic effect of MPP
+
 in these cells. 

 Taken together, these results demonstrate for the first time that PK-2 signaling can 

protect dopaminergic cells against MPP
+
 mediated oxidative stress, mitochondrial 

dysfunction and cell death. They also suggest that the secreted PK2 from dopaminergic 

neurons could be a protective factor that acts locally in the substantia nigra to protect against 

acute oxidative stress and neurontoxic insults. The protective effect of PK2 treatment was 

also evident in the activation of pro-apoptotic signaling pathways in N27 with MPP
+
 

treatment. The early stages of mitochondrial membrane permeabilzation induced by MPP
+
 is 

typically associated with activation of pro-apoptotic signaling pathways including ERK, 

JNK, MAP kinases and increased levels of pro-apoptotic bcl2 family proteins (Galluzzi et al., 

2009). MPP
+
 treatment resulted in increased levels of active JNK, ERK1/2 and the pro-

apoptotic short form of MCL-1 (MCL1s) all of which were reduced in cells co-treated with 

10 and 25 nM of recombinant PK2 (Fig. 6E). Since the activation of JNK and ERK are 

typically associated with the early stages of pro-apoptotic signaling following mitochondrial 

membrane permeabilization, it is likely that PK2 exerts its protective effect by modulating 

early protective signaling pathways or increasing antioxidant defense mechanisms within the 

cell to protect against mitochondrial oxidative stress.  

Having established that exogenous recombinant PK2 can protect against MPP
+ 

neurotoxicity in N27 cells, we sought to determine potential signaling pathways involved. 
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Since oxidative stress is a primary mechanism by which MPP
+
 cell death proceeds and 

because co-treatment with PK-2 significantly reduced total intracellular ROS levels in these 

cells, we determined if PK-2 modulates antioxidant defense mechanisms or other pro-

survival signaling pathways associated with mitochondrial integrity. PINK1 (PTEN-induced 

putative kinase 1) is a well-studied mitochondrial serine/threonine kinase that has been 

associated with mitochondrial integrity and pathology.  Mutations in PINK-1 that result in a 

loss of function of the kinase have been linked to autosomal recessive Parkinsonism. Further, 

a loss of PINK-1 by either germline deletion or siRNA knockdown leads to significant 

functional impairment of the mitochondria with increased mitochondrial fragmentation and 

susceptibility to oxidative stress.  Since co-treatment of N27 dopaminergic cells with PK-2 

attenuated MPP+ induced intracellular ROS generation and mitochondrial fragmentation, 

both of which are dependent on PINK-1 signaling, we determined if PK-2 treatment affected 

the levels of PINK-1 within these cells by Western blot analysis. To our surprise, we found 

that the 55 kDa processed form of the PINK-1 protein (Fig. 6F) was increased in PK-2 

treated cells that were being protected from MPP+ toxicity (Fig. 6). Mutation in the parkin 

gene have also been shown to have almost identical effects on mitochondrial morphology 

and function as PINK-1 and parkin could functionally compensate for the loss of PINK-1 

suggesting that the two proteins operate in a common or overlapping genetic pathway. 

However, unlike PINK-1, the levels of parkin did not change with PK-2 treatment in the 

same lysates indicating that PK-2 signaling modulates the levels of PINK-1 but not parkin to 

protect against MPP+ induced oxidative stress and mitochondrial dysfunction. Taken 

together, our results here demonstrate for the first time that PK-2 signaling can protect 
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dopaminergic cells from oxidative stress, mitochondrial dysfunction and cell death induced 

by MPP+. More importantly, our results identify a novel link between PK-2 signaling and 

increased PINK-1 protein levels as a major compensatory response that mediates protection 

against MPP+ neurotoxicity in dopaminergic cells. These findings have immense 

implications for therapeutic targeting of the prokineticin receptors to prolong cell survival of 

dopaminergic neurons in PD by protecting against oxidative stress.  

PK2 protects primary dopaminergic neurons from MPP
+
 induced degeneration  

Previous reports have demonstrated that PK-2 can act as a trophic factor for primary 

cells including cardiomyoctes and hippocampal neurons either by enhancing cell survival or 

by protecting against cell death induced by neurotoxic agents. To extend the results of our 

neruoprotective studies with PK-2 in dopaminergic N27 cells to a more relevant model 

system, we tested if soluble PK-2 could protect primary dopaminergic neurons from MPP+ 

induced neurotoxicity. Having first confirmed that both prokineticin receptors, PKR1 and 

PKR2, were expressed on primary dopaminergic neurons in culture (Fig. 4C), we validated 

the functional activation of the receptors by verifying the calcium flux generated by PK-2 in 

primary cultures using the Fluo-4 NW assay system. As shown (Fig. 7A), nanomolar 

amounts of PK-2 generated a dose-dependent calcium flux in primary neuron cultures. For 

neuroprotection studies, primary EVM cultures obtained from E14 timed-pregnant mice were 

grown in neurobasal medium and treated 4 days after plating. Cultures were routinely 

verified to be >95% glial-cell free at the time of treatment. Primary neuronal cultures at DIV-

4 were treated with 5 μM MPP
+
 for 24 h or co-treated with 25 nM PK-2. For the co-treatment 

group, PK2 was added again 12 h later. Dopaminergic neurotoxicity was quantified by the 
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dopamine uptake assay and TH-positive neuron counting. Dopamine uptake was reduced 

following MPP
+
 treatment to almost 30% of the control levels at 24 h indicative of extensive 

dopaminergic degeneration. In cells co-treated with PK-2, dopamine uptake was significantly 

(#, p<0.05 vs MPP
+
 alone) improved at around 50% of control cultures (Fig.7B). Similar 

results were obtained with TH+ neuron counts with PK-2 co-treated cultures having 

significantly (##, p<0.01 vs MPP+ alone) higher numbers of viable dopaminergic neurons 

compared to cultures treated with MPP
+
 alone (Fig. 7C). The morphology of dopaminergic 

neurons in PK2 co-treated cultures as revealed by TH-immunofluorescence also displayed 

less degeneration with increased processes compared to cultures treated with MPP
+
 alone. 

Together, these results demonstrate that PK-2 can protect primary dopaminergic neurons 

from MPP
+
 toxicity. Further, they suggest that the secreted PK-2 from dopaminergic neurons 

can function as a local survival factor to protect against acute oxidative stress and neurotoxic 

insults. 

 

Discussion 

This report describes a novel role for prokineticin-2 signaling during dopaminergic 

degeneration with clinical relevance to the pathophysiology of Parkinson’s disease. Herein, 

we demonstrate for the first time that PK2 is induced following dopaminergic degeneration 

and is highly expressed by dopaminergic neurons in cell culture and animal models of PD. 

We also confirmed that PK-2 is elevated in nigral tissue lysates of postmortem PD patients 

compared to age-matched controls, establishing the clinical relevance of our findings. We 

show that receptors for the secreted PK2 ligand are expressed on dopaminergic neurons in 
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the substantia nigra, in primary mesencephalic cultures and N27 cells and also that 

recombinant PK2 can functionally activate its receptors to mobilize calcium in dopaminergic 

neurons. Significantly, our functional studies demonstrate that PK-2 signaling can protect 

dopaminergic cells from MPP
+
 induced oxidative stress and neurotoxicity by a PINK-1 

dependent pathway.  

The basis for these studies was an unexpected discovery that the prokineticin-2 

mRNA is induced by more than 7-fold in N27 dopaminergic cells following exposure TNFα. 

Since TNF treatment is associated with dopaminergic neurotoxicity similar to MPP
+
 in this 

model system, we hypothesized that PK2 could be a novel secreted neuropeptide that is 

released from dopaminergic neurons following neurotoxicity insult and oxidative stress. 

Indeed, both TNF and MPP+ increased the synthesis of PK-2 in N27 cells and its release into 

the culture supernatant, therefore confirming the validity of our hypothesis in vitro.  We used 

the MPTP mouse model of PD to further investigate PK2 signaling in the nigrostriatal system 

since this model recapitulates many of the important pathophysiological features of PD, 

particularly with respect to nigral dopaminergic degeneration and oxidative stress (Jakowec 

and Petzinger, 2004; Fox and Brotchie, 2010). We demonstrate that PK2 was highly 

expressed as early as 3 h after MPTP treatment in substantia nigra tissue lysates but not in the 

striatum. Time course experiments revealed that increased PK2 expression was evident upto 

3 days after MPTP treatment in the substantia nigra. Double labeling immunohistochemistry 

studies reveal that PK2 is specifically upregulated in TH-positive dopaminergic neurons of 

the substantia nigra. It must be noted that PK2 expression in saline-treated control mice was 

almost undetectable in nigral tissue lysates and brain sections suggesting that PK2 is not 
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expressed in this region of the adult brain under normal conditions but is induced following 

neuronal injury. This is in agreement with two previous reports that characterized the 

expression of PK-2 across the entire adult mouse brain and found no expression in regions of 

the midbrain (Cheng et al., 2006; Zhang et al., 2009). We also obtained identical results with 

the GENSAT PK-2 EGFP transgenic mouse model [Tg (Prok2-EGFP) FH64Gsat] where PK-

2 expression could be traced using the fluorescent EGFP reporter protein. Since these 

transgenic white mice are on a Swiss Webster genetic background, which is distinct from that 

of the commonly used C57bl6 strain, the reproducibility of our results in this strain of mice 

further support the validity of our findings.  

The transcriptional mechanisms by which PK2 induction occurs in dopaminergic 

neurons remain to be determined and would also be of therapeutic value given that our 

mechanistic studies suggest that PK2 has neuroprotective functions in vitro. The PK2 

promoter has been shown to be replete with multiple E-box sequences (CACGTG) that are 

binding sites for by basic helix-loop-helix (bHLH) transcription factors such as HIF1α which 

has been shown to regulate the expression of PK-2 during angiogenesis (LeCouter et al., 

2003). Previous studies have shown that the expression of PK-2 in the CNS is regulated by 

the CLOCK/BMAL1 in SCN in a circadian fashion and by Ngn1/MASH1 during olfactory 

bulb biogenesis. We posit that the induction of PK2 in dopaminergic neurons would most 

likely be under the control of HIF1α, which has been shown to be activated by oxidative 

stress and by TNFα under normoxic conditions (Jiang et al., 2010). Further, HIF1α activation 

has been reported in nigral dopaminergic neurons following MPTP treatment and also in N27 

cells treated with MPP+, making it a likely candidate for transcriptional regulation of PK-2 in 
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this system (Sharp and Bernaudin, 2004; Lee et al., 2009; Correia and Moreira, 2010). The 

detailed transcriptional mechanisms regulating the induction of PK2 in dopaminergic neurons 

are currently under study in our laboratory.  

Our data also demonstrate that both receptors for PK2, PKR1 and PKR2 are present 

in the substantia nigra with PKR2 being expressed on nigral dopaminergic neurons. While 

PKR1 could be detected in nigral tissue lysates in Western blots, we failed to detect its 

expression on nigral dopaminergic neurons by immunohistochemistry. Microglia and 

astrocytes have been shown to express high levels of PKR1 (Koyama et al., 2006) and it is 

possible that these are the primary PKR1-expressing cells in nigral tissue lysates. We also 

detected expression of both PKR1 and PKR2 on N27 dopaminergic cells and primary 

dopaminergic neurons in EVM cultures. Previous reports have shown that PKR2 is the 

dominant prokineticin receptor present in the brain and that a PK2-PKR2 signaling axis 

mediates the known functions of PK2 such as olfactory bulb biogenesis and regulation of 

circadian rhythms (Cheng et al., 2006; Zhou, 2006). It is likely that the same ligand-receptor 

combination is relevant to PK-2 signaling in nigral dopaminergic neurons.  

A wealth of evidence supports a role for prokineticin signaling in cell survival in 

various tissues and PK2 is a known mediator of angiogenesis, hematopoiesis and 

neurogenesis(LeCouter et al., 2003; Battersby et al., 2004; LeCouter et al., 2004; Kisliouk et 

al., 2005). In a recent study, PK2 signaling was also shown to protect cardiomyocytes against 

oxidative stress and promote cardiomyocyte survival by activating the Akt pathway 

(Urayama et al., 2007). Since PK2 is upregulated and secreted in response to oxidative stress 

and neurotoxicity by dopaminergic neurons and since its receptors are expressed on the same 
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cells in vivo, we reasoned that the secreted PK2 could function as a neuroprotective factor 

and activate intracellular signaling pathways that mediate oxidative stress resistance and 

survival of dopaminergic neurons. We tested this hypothesis in N27 dopaminergic cells and 

primary neuron cultures and demonstrate for the first time that co-treatment with PK2 

attenuates the generation of intracellular ROS by MPP
+
 in dopaminergic cells. Further, PK2 

treated cells were protected against downstream caspase-3 activation and DNA fragmentation 

by MPP+ providing clear evidence for activation of anti-apoptotic survival signaling by PK-

2. The mechanism of MPP
+
 toxicity in dopaminergic cells is primarily through the inhibition 

of complex I (NADH/ubiquinone oxidoreductase) of the mitochondrial electron transport 

chain and usually results in activation of the intrinsic apoptotic pathway and is accompanied 

by mitochondrial fission. In PK2 co-treated cells, the activation of pro-apoptotic kinases JNK 

and ERK were both attenuated compared to cells treated with MPP
+
 alone. Further, the 

mitochondrial fragmentation that occurred 16 h after MPP+ exposure was significantly 

reduced in PK-2 treated cells where an intact mitochondrial network was evident at the same 

time point. The dopaminergic neruoprotective effect of PK2 against MPP
+
 toxicity was also 

evident in primary mesencephalic neuronal cultures in which co-treatement with PK2 

resulted in higher TH-positive neuron counts and increased uptake of tritiated dopamine 

compared to cultures treated with MPP+ alone. The protective effect of PK-2 on primary 

dopaminergic neurons against MPP+ toxicity was also evident morphologically when 

visualized using TH immunofluorescence.  

To further characterize the mechanisms by which PK-2 protects dopaminergic cells 

against MPP+ toxicity, we looked at various protective signaling pathways relevant to 
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oxidative stress and mitochondrial dysfunction. In an unexpected finding, we noticed 

increased levels of the anti-apoptotic PINK-1 protein in N27 cells co-treated with PK2 and 

MPP
+ 

compared to cells treated with either MPP
+
 alone or untreated controls suggesting that 

PK2 signaling can protect dopaminergic cells by a PINK-1 dependent mechanism. In recent 

years, the role of PINK-1 in protecting cells against oxidative stress and maintaining 

mitochondrial integrity has been well established (Clark et al., 2006; Gautier et al., 2008). Of 

particular importance to our results here, are studies which have demonstrated that cells 

deficient in PINK-1 have increased susceptibility to oxidative stress and mitochondrial 

dysfunction accompanied by increased fragmentation of the mitochondria (Lutz et al., 2009). 

On the other hand, overexpression of PINK-1 has been shown to protect cells against 

oxidative stress indicating that the expression levels of this kinase could be critical in 

determining the susceptibility or resistance of cells to mitochondrial dysfunction and 

oxidative stress (Petit et al., 2005; Mai et al., 2010). Our results demonstrating that PK2-

treated cells are protected against MPP
+
 induced oxidative stress and mitochondrial 

fragmentation are well explained by the fact that these cells have increased expression of 

increased PINK-1 expression and identify a previously unknown link between PK2 and 

PINK-1 signaling. Interestingly, the levels of Parkin, which has been shown to function 

analogous to PINK-1, did not change with PK2 treatment. Although further studies would be 

required to elucidate the detailed mechanism by which PK-2 increased PINK-1 levels in N27 

cells, these finding suggests that there could be immense therapeutic value to developing 

PK2 mimetics as prokineticin GPCR agonists to increase the survival of dopaminergic 

neurons in PD 
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Taken together, the results of our studies presented here, have far-reaching 

implications for dopaminergic degeneration in PD and for PK2 biology in general. To our 

knowledge, this is the first report showing that PK2 can be rapidly induced following 

neurotoxic insults or neurodegeneration in the adult mammalian brain. Given that the 

prokineticin receptors, are ubiquitously expressed in the brain it is likely that the upregulation 

and release of PK-2 from neurons could be an early response to neuronal injury in different 

areas of the brain and could be associated with other neurodegenerative besides PD.  
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Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Induction and release of PK-2 in dopaminergic N27 cells and calcium 

mobilization by recombinant PK-2. A, Western blots for intracellular and secreted PK2 

protein by N27 cells.  N27 cells were treated with TNF (30 ng/ml) and MPP
+
 (200 μM) for 

12 h. At the end of the treatment, supernatants were collected and concentrated using a 

Vivaspin centrifugal concentrator with a 3 kDa molecular weight cutoff. Cell lysates were 

prepared using a modified RIPA buffer. Equal amounts of protein (50 μg/well) were loaded 

and samples were immunoblotted for PK-2 using a rabbit polyclonal antibody. Actin was 

A B 

C D 
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used as the internal control to verify equal protein loading. PK-2 expression was induced in 

N27 cells following exposure to TNF and MPP
+
 in both cells and the extracellular 

supernatants indicating that these cells upregulate and secrete PK-2 similar to dopaminergic 

neurons in vivo. B, PK2 immunofluorescence in N27 cells. Intracellular localization of PK2 

was determined using immunocytochemistry following exposure to TNF and MPP
+
 for 12 h. 

Cells were incubated overnight in a PK2 primary antibody and visualized using a species-

specific  Alexa-488 (green) secondary antibody. Hoechst dye was used to stain the nucleus 

(blue). Images were captured using a Nikon TE-2000 fluorescence microscope at 60X 

magnification. Cytosolic expression of PK-2 (green) was evident and appeared to be 

localized in the secretory pathway. C, Western blot of prokineticin receptors PKR1 and 

PKR2 in N27 cells. Lysates were probed for PKR1 and PKR2 expression by Western 

blotting using a goat polyclonal antibody to PKR1 (red) and a rabbit polyclonal antibody to 

PKR2. Bands were visualized using a IR-dye tagged secondary antibodies. Tubulin was used 

as the internal control to demonstrate equal protein loading. Both PKR1 and PKR2 were 

expressed by N27 dopaminergic cells. D, Calcium mobilization by PK2 in N27 cells. 

Calcium flux induced by recombinant PK-2 in N27 cells was determined using the Fluo-4 

NW assay kit with nanomolar doses of the recombinant PK-2 protein. Calcium-free HBSS 

was used on the control group. The calcium-flux data was expressed as the net change in 

fluorescence signal (Df) representing the maximum signal after background subtraction for 

each dose of PK-2. As shown, PK2 mobilized calcium downstream of its two GPCRs in a 

dose-dependent manner in N27 cells. Asterisks denote a significant (* p<0.05 and *** 

p<0.001) difference between control and PK-2 treated groups.  
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Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Prokineticin-2 is highly induced in substantia nigra dopaminergic neurons 

following MPTP treatment in a mouse model of Parkinson’s disease. C57bl/6 mice were 

injected with 4 doses of MPTP (18 mg/kg) at 2 h intervals. Mice were sacrificed at various 

time points after the last injection. A, Double labeling immunohistochemistry for PK-2 and 
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TH in mouse substantia nigra sections. Mice were anesthetized and perfused transcardially 

with 4% PFA 24 h after MPTP treatment and 30 micron sections were cut using a freezing 

microtome. Substantia nigra sections were stained for TH (red - Alexa 555) and PK-2 (green 

- Alexa 488). High levels of PK-2 expression was evident in almost all TH-positive neurons 

as seen in the merged image (yellow color). A few adjacent cells with neuronal morphology 

that were not positive for TH also displayed PK-2 in the nigral region. Representative images 

at 20X magnification are shown. B, Western blots for PK-2 protein expression. Increased 

nigral PK-2 expression was also confirmed by Western blotting. Mice were sacrificed at 3 , 

12 , 24 and 72 hours after MPTP treatment. Nigral and striatal tissues were dissected out 

using a brain matrix and lysates were probed for PK-2 by Western blotting with a rabbit 

polyclonal antibody. Increased PK-2 expression in the substantia nigra (top panel) was 

evident as early as 3 h after the last MPTP injection and remained elevated upto 72 hours 

later. Interestingly, while PK-2 expression was increased in the substantia nigra lysates at 24 

h (bottom panel), its level in the striatum remained the same after MPTP treatment. 

Representative blots are shown and experiments were repeated more than three times C, 

Realtime qRT-PCR for PK-2 mRNA expression in the substantia nigra. PK-2 mRNA 

expression in substantia nigra tissues was determined 24 h after MPTP treatment by real-time 

SYBR green qRT-PCR using pre-validated primers. 18S rRNA was used as the internal 

standard for normalization and the fold increase in gene expression was determined by the 

ΔΔCt method. Significantly higher expression of PK-2 (***p<0.001) was evident in nigral 

tissues following MPTP treatment. Data represent the group mean ± SEM from four mice. 

Experiments were repeated twice. 
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Figure 3.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Visualization of PK-2 induction in vivo using the GENSAT Prok2-EGFP 

reporter transgenic mouse model. Prok2-EGFP transgenic mice were generated as part of 

the GENSAT project on a FVB/N-Swiss Webster hybrid genetic background using bacterial 

artificial chromosomes (BAC) . A, Validation of the PK-2 EGFP reporter transgenic mouse 

model by genotyping. All mice were genotyped for presence of the transgene prior to 

experiments according to the recommended PCR protocolusing mouse tail genomic DNA. B, 
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PK-2 expression in the olfactory bulb and suprachiasmatic nucleus (SCN). Expression of the 

EGFP reporter was determined in the olfactory bulb and the SCN where PK-2 is known be 

constitutively expressed  at high levels. Free-floating sections (30 microns) from the 

olfactory bulb and the SCN were cut using a freezing microtome, mounted on glass slides 

and directly visualized for EGFP fluorescence. High levels of EGFP fluorescence was 

evident in both target regions confirming the veracity of PK-2 expression in the transgenic 

mice. C, Increased EGFP expression in the substantia nigra following MPTP-treatment. 

Prok2-EGFP transgenic mice were injected with four doses of MPTP (20 mg/kg) at 2 h 

intervals or saline and were sacrificed 24 h after the last injection. Nigral tissue was dissected 

and lysates were probed for GFP and PK-2 protein expression by Western blotting. Increased 

protein levels of GFP along with a concomitant increase in PK-2 protein expression was seen 

in MPTP-treated mice confirming that PK-2 is highly induced in this mouse strain following 

MPTP treatment similar to results obtained with C57 black mice. D, Visualization of EGFP 

expression in the Prok2-EGFP transgenic mouse substantia nigra. Free-floating nigral 

sections (30 microns) were obtained from  saline or MPTP-treated transgenic mice sacrificed 

24 h after the last injection. Sections were stained for TH on the red channel using an Alexa-

555 secondary antibody and EGFP fluorescence was directly imaged on the green channel 

(488 nm excitation). Increased EGFP expression is evident in the MPTP-treated mouse 

substantia nigra as seen in the merged image with TH. In saline controls little or no 

expression of EGFP was evident in these mice similar to results obtained with C57 black 

mice. Image magnifications are 20X. Representative images are shown and all experiments 

were repeated at least three times. 
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Figure 4.  

 

 

 

 

 

Figure 4. PK-2 expression is increased in the substantia nigra of human PD patients. A, 

Western blot for PK-2 protein levels in PD brain tissue lysates and age-matched controls. 

Substantia nigra lysates from PD brain tissue and age-matched controls were probed for PK-

2 expression using a rabbit polyclonal antibody directed against an internal region of the 

human  PK-2 protein. A total of 50 μg protein was loaded for each sample and actin was used 

as the internal loading control. Increased levels of PK-2 was evident in most PD samples 

compared to controls although some variability in PK-2 expression levels was observed in 

both control and PD patients. A representative blot is shown and experiments were repeated 
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twice. B, Densitometric analysis of PK-2 protein levels. Band intensities for PK-2 were 

determined from six control and PD samples and were normalized using actin as the internal 

control. The data was expressed as a fold change over control. Asterisks denote a significant 

(* p<0.05) difference between control and PD samples. C, PK-2 immunohistochemistry in 

human nigral tissue sections. Sections from PD brains and age-matched controls were 

processed for immunohistochemistry using a rabbit polyclonal antibody that detects human 

PK-2 (green - Alexa488). Tyrosine hydroxylase (Red - Alexa555) was used as a marker for 

dopaminergic neurons and Hoechst stain (blue) was used to label the nucleus. PK-2 

expression was low or almost absent around melanized dopaminergic neurons in control 

midbrain  nigral sections while high levels of PK-2 was evident in sections from PD brains. 

More than 90% of the PK-2 positive cells (green) were also TH-positive (red) as seen in the 

merged image. Representative images are shown and experiments were repeated twice.  
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Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Expression of prokineticin receptors in the mouse substantia nigra and 

primary mesencephalic neurons. A, Western blot for prokineticin receptors PKR1 and 

PKR2 in mouse nigral tissue lysates. C57 black mice were treated with 4 doses of MPTP (18 

mg/kg, i.p.) and sacrificed at the indicated time points. Nigral tissues were dissected and 
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lysates probed for the two prokineticin receptors PKR1 and PKR2 using rabbit polyclonal 

antibodies. Tubulin was used as the loading control. Both PKR1 and PKR2 were highly 

expressed in the substantia nigra. Representative blots are shown and experiments were 

repeated at least three times. B, Expression of PKR2 on substantia nigra dopaminergic 

neurons. Free floating nigral sections (30 microns) were cut and processed for PKR2 and TH 

immunohistochemistry. PKR2 (green - Alexa488) was detected using a rabbit polyclonal 

antibody and TH (red – Alexa555) using a mouse monoclonal antibody. PKR2 expression in 

nigral sections was evident as punctate staining and was highly expressed on TH-positive 

dopaminergic neurons as seen in the merged image. Image magnification is 60X.  C, 

Expression of prokineticin receptors in primary neuronal cultures. Primary mouse embryonic 

(E14) ventral mesencephalic neuron cultures were processed for immunocytochemistry at 4 

days in vitro. Cells were fixed with 4% PFA for 15 minutes and stained with rabbit 

polyclonal antibodies to PKR1 and PKR2 (green – Alexa488). Dopaminergic neurons were 

labeled with TH (red – Alexa555). Species-specific Alexa dye-tagged secondary antibodies 

were used to detect each primary antibody and Hoechst (blue) was used to stain the nucleus. 

As seen in the merged image on the right, both PKR1 and PKR2 were highly expressed by 

TH-positive dopaminergic neurons (merged yellow). PKR1 was also expressed along 

neuronal processes besides the neuron cell body while PKR2 expression was localized more 

the neuronal cell bodies. PKR1 and PKR2 were expressed on non-dopaminergic neuronal 

cells as well as seen from the merged image although several Hoechst-positive neuronal cells 

were negative for prokineticin receptor expression. Image magnifications are 20X and 

representative images are shown. Experiments were repeated three times.  
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Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Exogenous recombinant PK-2 protects N27 cells against MPP+ mitochondrial 

neurotoxicity and increases PINK-1 protein. A, Recombinant PK-2 attenuates intracellular 

ROS generation by induced by MPP
+ 

or co-treated with various doses of recombinant PK-2. 
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N27 cells were treated with 200 μM MPP+ in 2% serum RPMI for 8 hours and total 

intracellular ROS levels were determined by quantifying the DCFDA dye fluorescence using 

a plate reader. MPP+ induced a significant increase in ROS generation which was reduced 

with PK-2 cotreatment in a dose-dependent manner suggesting that PK-2 signaling via its 

GPCRs activates survival signaling that protects against MPP
+
 oxidative stress. B-C, PK-2 

signaling attenuates MPP
+
 induced caspase-3 activation and DNA fragmentation. N27 cells 

were treated with MPP
+
 (200 μM) or co-treated with PK-2 (25 nM) and cells were collected 

for caspase-3 activity assays (B) at 8 h and DNA fragmentation analysis (C) at 16 h.  

Caspase-3 activity was determined using a fluorescent peptide substrate (Ac-DEVD-AFC) 

and DNA fragmentation was quantified using a sensitive ELISA. The raw data was 

normalized to the total amount of protein per sample (in mg) determined using a Bradford 

protein assay and expressed as fluorescence units per mg of protein (FU/mg protein) for 

caspase-3 activity and absorbance units per mg protein (AU/mg protein) for the DNA 

fragmentation ELISA. MPP
+
 treatment induced robust activation of caspase-3 at 8 h (B) and 

resulted in DNA fragmentation at 16 h (C). Co-treatment with PK-2 significantly attenuated 

both the activation of caspase-3 and DNA fragmentation induced by MPP
+
. Data represents 

the group mean ± SEM. Asterisks denote a significant difference (** p<0.01 and *** 

p<0.001) difference between control and MPP
+
 treatment groups. # # p <0.01 between MPP+ 

treatment and the PK-2 co-treatment groups. D, PK-2 signaling blocks MPP
+
 induced 

mitochondrial fragmentation. N27 cells were treated with MPP+ (200 μM) for 16 h in 2% 

serum media and then incubated with MitoTracker Red dye for 15 minutes to label the 

mitochondria. Cells were fixed in 4% PFA and the nucleus was stained using Hoechst (blue). 
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Mitochondrial fragmentation was visualized by fluorescence microscopy using a Nikon TE-

2000 fluorescence microscope and images were captured at 60X magnification. MPP
+
 

treatment resulted in highly fragmented mitochondria (center panel) which was attenuated by 

cotreatement with PK-2 as seen by the presence of an intact mitochondrial network and 

significantly less fragmented mitochondria. E, PK-2 attenuates activation of pro-apoptotic 

signaling pathways by MPP
+
. N27 cells were treated with MPP

+
 (200 μM) or co-treated with 

PK-2 for 12 h and lysates were probed for the activation of pro-apoptotic signaling pathways. 

MPP+ treatment induced activation of ERK and JNK as seen by increased phosphorylation at 

their respective active sites. MPP+ also caused an increase in the levels of the short MCL-1 

isoform (MCL-1S) which is known to drive prop-apoptotic signaling following activation of 

the mitochondrial cell death pathway. Consistent with the results obtained with caspase-3 

activity and DNA fragmentation assays, co-treatment with recombinant PK-2 decreased the 

levels of active (phospho) JNK and ERK1/2 and also suppressed the increase in MCL-1S 

induced by MPP
+
.F, PK-2 modulates PINK-1 and FOXO-3A signaling to protect against 

MPP
+
 neurotoxicity. Lysates from N27 cells treated with either MPP

+
 or co-treated with PK-

2 were probed PINK-1, PARKIN and phospho FOXO-3A (Thr-32) by Western blotting. 

Cells co-treated with PK-2 expressed higher levels of the PINK-1 protein and increased 

phospho FOXO-3A (Thr-32) compared to either untreated controls or MPP
+
 treated cells 

suggesting that these survival signaling pathways might be relevant in PK-2 mediated 

protection of N27 cells from MPP+ induced cell death. Representative blots are shown and 

experiments were repeated twice. 
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Figure 7.  

 

 

 

 

 

 

 

Figure 7. PK-2 protects primary dopaminergic neurons from MPP
+
 neurotoxicity. A, 

Calcium mobilization by PK-2 in primary EVM neuronal cultures. Primary EVM neuron 

cultures were treated with nanomolar doses of recombinant PK-2 and the calcium flux 

quantified using the Fluo-4 NW calcium assay kit. Control cells were treated with calcium-

free HBSS. Calcium-flux data was expressed as the net change in fluorescence signal (Df) 

representing the maximum signal after baseline subtraction for each dose of PK-2. As shown, 

PK-2 mobilized calcium in a dose-dependent manner in primary neuron cultures, which also 

express both prokineticin receptors (Fig. 4). Data represent the group mean ± SEM. Asterisks 
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denote a significant (*** p<0.001) difference between HBSS-treated controls and PK-2 

treated groups. B,C Dopamine uptake assay and TH+ neuron counts in primary EVM 

neuronal cultures. Primary EVM cultures were grown in neurobasal medium in 24 well plates 

on poly-D-lysine coated coverslips and treated 4 days after plating (DIV-4). Cells were 

treated with MPP
+
 (5 μM) for 24 h or co-treated with recombinant PK-2 (25 nM). PK-2 was 

added at the beginning of the treatment and again 12 hours later. For dopamine uptake assays 

(B) cells were washed in Krebs-Ringer buffer and then incubated with 5 μM [
3
H]-Dopamine 

for 20 minutes at 37°C. Cultures were then washed in ice-cold KRB, dissolved in 1 N NaOH 

and mixed with scintillation fluid. Radioactivity counts were determined using a Tricarb 

scintillation counter. The non-specific uptake of dopamine determined in paralell wells in the 

presence of mazindol was subtracted and the specific dopamine uptake was plotted for each 

group as percent control (B). For TH-positive neuron counts, cultures were fixed in 4% PFA 

at the end treatment and dopaminergic neurons were visualized by TH-immunocytochemistry 

using an Alexa-555 secondary antibody (red). Cells from  eight independent fields were 

counted from each group in triplicate and data was expressed as percent control (C).Data 

represent the group mean ± the SEM. Asterisks denote a significant (*** p<0.001) difference 

between the control and MPP
+
 treated group. # # denotes p<0.01 and # denotes p<0.05 PK-2 

between the MPP
+
 and PK-2 co-treatment groups. Co-treatment with PK-2 significantly 

improved dopaminergic neuron survival and function compared to MPP
+
 treatment alone.  D, 

Representative images of dopaminergic neurons in primary EVM cultures. Images were 

acquired at 20X magnification. As shown, MPP+ treatment caused extensive degeneration of 

dopaminergic neurons which was attenuated in the presence of recombinant PK-2  
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CHAPTER VI 

GENERAL CONCLUSION 

 

This section presents a general overview of the results and findings described in the 

thesis herein, with a special emphasis on future directions and overall implications of these 

findings for the pathogenesis and progression of Parkinson’s disease.  The major findings 

pertaining to each research manuscript and their specific implications are covered in the 

‘results and discussion’ sections of the relevant chapter.  

Distinct PKCδ activation mechanisms in dopaminergic neurons and microglia 

Taken together, the results from chapter 2 and 3 demonstrate that PKCδ is activated 

in both dopaminergic neurons and microglial cells by two distinct mechanisms. In 

dopaminergic neurons, PKCδ is proteolytically activated by caspase-3 via the extrinsic 

apoptotic cascade downstream of TNFR1 signaling and promotes apoptosis. In microglial 

cells however PKCδ protein expression is highly induced following microglial activation by 

LPS, TNFα or aggregated alpha-synuclein with a concomitant increase in kinase activity, 

indicative of a classical PKC activation mechanism involving phosphorylation at the 

activation loop. While proteolytic activation of PKCδ in dopaminergic neurons promotes 

apoptosis, the induction of PKCδ in microglial cells promotes activation and 

proinflammatory responses.  Further, the induction of PKCδ in microglia appears to be a 

common downstream target of distinct microglial activation stimuli, LPS via TLR4, TNFα 

through its TNF receptors and aggregated alpha  synuclein via phagocytosis (Zhang et al., 

2005b).  
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Previous studies from our laboratory have shown that during dopaminergic cell death 

induced by oxidative stress or neurotoxic insults such as MPP+, proteolytic activation of 

PKCδ occurs via the intrinsic mitochondrial apoptotic pathway and promotes apoptosis. 

Proteolytic activation of PKCδ by TNFR1 signaling lends further support for a direct 

neurotoxic role for TNFα signaling on dopaminergic neurons in addition to potentiating 

microglial neurotoxicity. Our finding that PKCδ is proteolytically activated in the substantia 

nigra following stereotaxic LPS infusion demonstrates that this signaling pathway is relevant 

to dopaminergic degeneration initiated by inflammatory insults in vivo. It also indicates that 

proteolytic activation of PKCδ could be a common downstream mediator during 

dopaminergic cell death induced by diverse neurotoxic signaling mechanisms that converge 

on the extrinsic and mitochondrial apoptotic pathways.  

A TNFα-PKCδ signaling loop between microglia and neuronal cells during 

progressive dopaminergic degeneration and sustained microglial activation is also evident 

from these findings (Figure 1). Dopaminergic degeneration is initiated by various neurotoxic 

factors and injured dopaminergic cells release factors such as MMP-3 and alpha synuclein 

aggregates, which can activate microglia and induce the upregulation of PKCδ.  PKCδ most 

likely regulates the proinflammatory response in the microglia by activating the p65/NFκB 

pathway. Activation of the NFκB pathway leads to the sustained upregulation of PKCδ in 

these cells and the induction of proinflammatory mediators including iNOS and TNFα (Jin et 

al., 2011). The microglial TNFα can then act on compromised dopaminergic neurons by 

signaling through its TNFR1 receptor and lead to activation of caspase-3 via caspase-8. 

Activation of caspase-3 leads to downstream activation of PKCδ in dopaminergic cells 
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resulting in proteolytic cleavage of PKCδ into its catalytic fragment (CF) and regulatory 

fragment (RF). The catalytic fragment translocates to the nucleus and promotes cell death in 

dopaminergic neurons.  This leads to release of further soluble mediators from dopaminergic 

neurons which activate microglial cells, potentially amplifying the signaling loop and leading 

to sustained reactive microgliosis (Block et al., 2007a) 

 

Figure 1: Distinct mechanisms of PKCδ activation in microglia and dopaminergic cells 

 

 

 

  

 

 

 

 

 

 

 

 

PKCδ substrates and signaling pathways  

 The downstream substrates of PKCδ proapoptotic signaling have been identified 

including laminin, DNA-PK and histone H1 in the nucleus (Kanthasamy et al., 2003b) and 
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these are likely to be involved in PKCδ signaling during TNF-induced dopaminergic cell 

death. The upstream signaling pathway that results in proteolytic activation of PKCδ by TNF 

in N27 cells remains to be defined. Since there is substantial cross talk between the extrinsic 

and intrinsic apoptotic pathways downstream of TNF death receptor signaling via t-bid (Chen 

and Goeddel, 2002), TNF signaling could synergize with other neurotoxic mediators that 

initiate dopaminergic degeneration via mitochondrial apoptosis, with PKCδ being a common 

downstream target (Korsmeyer et al., 2000; Anantharam et al., 2002; Kaul et al., 2003b; 

Afeseh Ngwa et al., 2009). This could be one potential mechanism by which TNF can sustain 

reactive microgliosis and promote dopaminergic cell death resulting in progressive 

neurotoxicity (Block et al., 2007a).  

The precise signaling mechanism and downstream targets of PKCδ during microglial 

activation are currently under investigation. However, potential downstream targets for 

regulation by PKCδ can be inferred based on the known substrates and functions of PKCδ in 

innate immune cells. Both NFκB/p65 and the p47-PHOX subunit of the NADPH oxidase 

complex are substrates for PKCδ in other cell types (Cheng et al., 2007; Mut et al., 2010) and 

regulate multiple arms of the microglial activation response including cytokine release, 

superoxide production and iNOS activation. Our findings suggest that microglia isolated 

from PKCδ knockout (PKCδ-/-) mice have attenuated nitric oxide and  intracellular ROS 

generation, as well as reduced levels of proinflammatory cytokines and chemokines 

compared to microglia from wildtype (PKCδ +/+) mice. This suggests that NFκB or NADPH 

oxidase activity may be affected in microglia isolated from PKCδ knockout mice. The 

serine/threonine and tyrosine phosphorylation status of PKCδ during microglial activation is 
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also currently being investigated and may provide novel insight into understanding the 

detailed mechanism of PKCδ activation in these cells and help define substrate specificity of 

the kinase.  

PKCδ signaling in regulation of systemic inflammatory responses  

Recent studies have shown that the brain has a heightened sensitivity to systemic 

inflammatory insults. In particular, the systemic injection of LPS causes an elevation of TNF 

alpha in the brain for up to ten months, while the peripheral levels of TNF return to basal 

levels in less than a week. Further, TNFα signaling was found to be important for the transfer 

of peripheral systemic inflammation into the brain (Qin et al., 2007). We obtained similar 

results with LPS-injected PKCδ wildtype mice, which showed elevated levels of TNFα 

mRNA in the brain (20- to 40-fold over saline controls). Further, these mice showed 

significant LPS-induced sickness behavior typical of LPS activation at 48 hours. PKCδ 

knockout (PKCδ -/-) mice however, recover rapidly from LPS-induced sickness and are 

almost normal at 48 hours with behavioral parameters similar to those of saline controls. 

Importantly, the brain TNF mRNA levels are significantly reduced in these mice (two to 

threefold over saline controls) suggesting an important role for PKCδ signaling in mediating 

the systemic inflammatory response to LPS and the heightened inflammatory state in the 

brain. Our results from the behavioral studies with PKCδ knockout mice using the systemic 

LPS injection model are intriguing in the light of similar results published recently in a 

model of lung injury induced by polymicrobial sepsis (Kilpatrick et al., 2011). Targeted 

inhibition of PKCδ in this model effectively prevented lung injury following polymicrobial 

sepsis suggesting that PKCδ is a crucial regulator of proinflammatory events in the lung. The 
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specific immune cell types and the mechanisms involved are yet to be defined although based 

on the existing literature, neutrophils and monocytes/macrophages are likely to be the 

primary innate immune cells involved 

Dual neuroprotective outcome of targeted PKCδ inhibition 

 The simultaneous activation of PKCδ in both microglia and dopaminergic neurons by 

distinct mechanisms during dopaminergic degeneration suggests that the use of small-

molecule inhibitors could be an effective therapeutic strategy against dopaminergic 

degeneration. Targeted kinase inhibition of PKCδ using TAT-PKCδ peptides or small 

molecule inhibitors has shown to be effective in inhibiting PKCδ signaling in vivo (Zhang et 

al., 2007c; Kilpatrick et al., 2011).  Importantly, our findings reported here suggest that 

inhibition of PKCδ could result in significant dopaminergic neuroprotection by acting on 

both the microglial neurotoxic response and directly preventing dopaminergic neuron loss. 

Targeted PKCδ inhibition could therefore be very effective at shutting down the self-

perpetuating neurotoxicity that is believed to drive sustained reactive microgliosis and 

dopaminergic neurotoxicity. Our neuroprotection experiments with the MPTP model in 

PKCδ knockout mice demonstrate this mechanistically. In PKCδ knockout mice, the 

microglial activation response in the substantia nigra is blunted in both LPS and MPTP 

models. The nigrostriatal system is also effectively preserved in these mice in the MPTP 

model of PD with significant protection in terms of neurochemical and behavioral 

parameters. Similar results were obtained in previous studies from our research group using 

the PKCδ inhibitor rottlerin, demonstrating the feasibility of this approach. Although the 
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neuroinflammatory responses were not evaluated in that study, significant protection of the 

nigrostriatal system against MPTP was evident in rottlerin-treated mice. 

 Dominant negative inhibitors to soluble TNFα have recently shown tremendous 

efficacy in protecting dopaminergic neurons from nigrostriatal degeneration in animal 

models of PD. This is likely due to a similar dual-neuroprotective effect of TNF inhibition 

that prevents both direct dopaminergic neurotoxicity and a potentiation of the microglial 

inflammatory responses. Our results here identify that PKCδ signaling could act downstream 

of TNF in dopaminergic neurons and upstream of microglial TNFα release. Taken together, 

the findings reported here provide further rational for targeting PKCδ in PD and could be an 

effective therapeutic strategy to mitigate microglial neurotoxicity and progressive 

dopaminergic degeneration.  

Relevance of PK2 signaling to Parkinson’s disease  

The findings reported in chapter V demonstrate that PK2 is highly induced following 

dopaminergic neuron injury in cell culture and animal models of PD and is also elevated in 

the postmortem human PD brains. These findings suggest intriguing new functions for PK2 

in the pathophysiology of Parkinson’s disease and neurodegeneration in general by providing 

the first evidence for the induction of PK2 expression in neurons following injury or in a 

neurodegenerative disease. We believe that the induction of PK2 in the MPTP model of PD 

is most likely mediated by oxidative stress-induced activation of the basic helix-loop-helix 

transcription factor HIF1α that has previously been shown to occur in the MPTP model of 

PD (Lee et al., 2009). HIF1α can activate E-box elements, which are abundantly expressed 

on the PK2 promoter proximal to the transcription start site. This hypothesis is being tested 
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using HIF1 activators and inhibitors in cell culture and animal models of PD. Our 

preliminary results using HIF1α agonists in N27 cells suggest that PK2 can be induced in 

dopaminergic cells by HIF1α activation. Further studies are being performed to validate this 

hypothesis in vitro and in the MPTP mouse model.  

PK2 as a potential neuroprotective factor for dopaminergic  neurons  

We verified that receptors for PK2 are expressed on primary dopaminergic neurons, 

N27 dopaminergic cells and in the mouse substantia nigra confirming that the dopaminergic 

neurons themselves could be the target of secreted PK2 in the nigra. Our functional studies 

demonstrate that PK2 protects dopaminergic neurons in vitro from MPP
+
 induced oxidative 

stress and cell death by a novel mechanism involving the upregulation of the mitochondrial 

survival kinase PINK1. The activation of two important survival kinases, the Akt and MAPK 

pathways, have been consistently reported in several studies using different cell types from 

neurons to hematopoietic cells. In almost all studies to date, prokineticin signaling has been 

associated with cell survival and differentiation or cell migration and activation. To date, 

there is no evidence linking prokineticin signaling with apoptotic or other cell degenerative 

signaling pathways. Rather, PK2 signaling in the CNS has been associated with adult 

neurogenesis in the subventicular zone and olfactory bulb suggesting that PK2 can function 

as a neurotrophic factor and a chemoattractant in the brain.  Interestingly, receptors for 

prokineticins, (particularly PKR2) are constitutively expressed across the brain at high 

density even in areas such as the midbrain where no prokineticin ligand is normally 

detectable.  It is possible that PK2 is induced locally at sites of neuronal injury or 

degeneration in the brain and functions as a neuroprotective factor by signaling through 
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PKR2. Taken together, the results of our mechanistic studies clearly demonstrate that PK2 

can effectively protect against mitochondrial oxidative stress and neurotoxicity in 

dopaminergic neurons. These findings thus have immense therapeutic implications for 

targeting the prokineticin GPCRs expressed on these cells using PK2 agonists 

Potential functions of PK2 signaling in microglia and astrocytes 

Both microglia and astrocytes have been shown to express prokineticin receptors 

(Koyama et al., 2006). Therefore, PK2 released from dopaminergic neurons may also play a 

role in regulating microglia and astrocyte responses. Based on previous studies and known 

functions of PK2 on immune cells, it is likely that the PK2 released from injured 

dopaminergic neurons is a chemoattractant or aproliferation signal for microglia and 

astrocytes in the substantia nigra. Secreted PK2 can therefore direct the migration of 

astrocytes and microglia to sites of neuronal injury and facilitate neuron survival by 

potentially eliciting glial neurotrophic factors. PK2 can also function as a pro or anti-

inflammatory mediator on microglia and astrocytes and thus regulate dopaminergic neuron-

glia interactions. Our preliminary studies suggest that indeed PK2 functions as a 

chemoattractant for microglia and astrocytes in vitro. Current studies are focused on 

establishing the overall neuroprotective functions of PK2 signaling in vivo using adenoviral 

overexpression of PK2 in the mouse substantia nigra and the MPTP model of PD. The effect 

PK2 on astrocyte and microglial migration and a potential mechanisms of neuroprotective 

glial responses is also being evaluated in cell culture and animal models.  
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