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ABSTRACT 

 

 

Mechanisms underlying the adverse impact of 

mitochondrial dysfunction and its 

prevention on the ubiquitin/proteasome 

pathway: relevance to Parkinson disease 

By      

Hu   Wang 

Advisor: Dr. Maria E. Figueiredo-Pereira 

 

 
Neuroinflammation has long been accepted as a probable 

factor in Parkinson disease(PD)(3,4). Besides neuroinflammation, 

mitochondrial impairment (5,6) and ubiquitin/proteasome pathway 

(UPP) dysfunction (7,8) have also been recognized as important 

contributors to the pathogenesis of PD.  

 Parkin, which plays a central role in the link between 

mitochondria and the UPP, is mutated in both familial and 

sporadic forms of PD (9). The function of Parkin was first 

described as an E3 ubiquitin ligase that delivers its substrates 

to the proteasome to be degraded. However, recent findings 

discovered another important role for Parkin, which is its 
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involvement in mitochondrial quality control (10) and 

mitochondrial dynamics (11).  

Since neuroinflammation, mitochondrial impairment, UPP 

dysfunction and Parkin are all involved in PD pathogenesis, it 

is of great interest and importance to investigate the 

interaction among these pathogenic elements. Therefore, the 

MAJOR AIMS of these studies were to: 

(1) Investigate whether Parkin is affected by 

neuroinflammation, mitochondrial and UPP 

dysfunction, and assess approaches to protect from 

these insults. 

(2) Determine the mechanisms by which mitochondrial 

impairment disturbs the UPP.     

Rat E18 midbrain and cerebral cortical neuronal cultures 

were used to carry-out our specific aims.  

 We used a pharmacological approach to mimic 

neuroinflammation, as well as mitochondrial and proteasomal 

dysfunction. The neuronal cultures were treated with: 

(1) Prostaglandin J2 (PGJ2), an endogenous product of 

inflammation, which inhibits mitochondrial complex I and impairs 

proteasomal function. 

(2) Mitochondrial toxins that target the electron transport 

chain (ETC): a) Oligomycin, which inhibits ATP synthase (complex 
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V); b) Antimycin, which inhibits complex III; c) Rotenone, which 

inhibits complex I;  

(3) Epoxomicin, a specific and irreversible proteasomal 

inhibitor.  

The results from the first aim reveal that:  

(1) Upon mitochondrial dysfunction a new form of 

Parkin (newParkin) is detected that is generated by calpain 

cleavage of full length Parkin. To our knowledge, we are the 

first to report this new form of Parkin.    

(2) NewParkin generated upon mitochondrial impairment 

translocates to mitochondria, and dissociates from the 26S 

proteasome. 

(3) Phosphorylation attenuates Parkin cleavage 

induced by mitochondrial impairment. 

(4) The endogenous product of inflammation PGJ2 and 

the proteasomal inhibitor epoxomicin, also lead to Parkin 

cleavage but under these conditions, cleavage is mediated by 

caspase and not calpain activation. 

(5) Increasing intracellular cAMP with the lipophilic 

peptide PACAP27 mitigates some of the adverse effects of the 

product of inflammation PGJ2, including caspase activation, 

caspase-mediated cleavage of Parkin, and loss of neuronal 

viability.  
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(6) Partially replenishing intracellular ATP with the 

nearly planar creatine analog cyclocreatine, diminishes Parkin 

cleavage triggered by mitochondrial impairment. 

 

The results from the second aim reveal that:  

(1) Mitochondrial toxins which deplete intracellular 

ATP levels, lead to the downregulation of protein ubiquitination, 

by adversely affecting the first step of the ubiquitination 

cascade, i.e. E1-mediated ubiquitin activation, which is ATP-

dependent.  

(2) Mitochondrial toxins downregulate 26S proteasome 

assembly via selective processing of the Rpn 10 subunit of the 

26S proteasome by calpain cleavage. To our knowledge, we are the 

first to identify this unique calpain substrate.  

(3) The 26S proteasome deficit induced by the 

mitochondrial toxins is accompanied by a rise in 20S proteasome 

levels. 

(4) These events were induced by acute (16h) and long 

term (up to seven days) mitochondrial impairment.    

 

 In summary, our results addressed the complex relationship 

among neuroinflammation, mitochondrial impairment, proteasomal 

dysfunction and Parkin, all of which are relevant to Parkinson 

Disease (PD). We identified the PARKIN-mitochondria-UPP link as 
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highly vulnerable to stress conditions, revealing a relevant 

mechanistic pathway to exploit for protecting against the 

progressive nature of PD. We identified two pharmacological 

approaches to diminish the adverse effects of an impaired 

PARKIN-mitochondria-UPP link, by increasing intracellular cAMP 

as well as ATP levels with PACAP27 and cyclocreatine, 

respectively. Our findings provide a new basis for the 

development of novel and more effective therapeutic strategies 

that prevent/stop neurodegeneration in PD. 
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CHAPTER I 
 

Introduction 

 

1.1.  Parkinson disease and Neuroinflammation  

Parkinson disease (PD) was first described by James Parkinson 

in 1817 in his essay ‘An Essay of the Shaking Palsy’ (12). Since 

then, many more cases have been reported.  PD is currently the 

second most common neurodegenerative disorder afflicting 1-2% of 

the population over 50 (13). Among the most characteristic 

pathological PD hallmarks are the gradual loss of dopaminergic 

(DA) neurons in the midbrain substantia nigra pars compacta 

(SNpc) and the presence of DA cytoplasmic inclusion bodies (Lewy 

bodies).  The appearance of Lewy bodies has long been suggested 

to be involved in the death of DA neurons (14).  Traditionally, 

the etiology of PD focused on (1) genetic mutations (familiar 

cases) in proteins such as α-synuclein, PINK1 and Parkin, and  

(2) non-familiar cases associated with environmental toxins such 

as rotetone, paraquat, and MPTP (1-methyl-4phenyl-1,2,3,6-

tetrahydropyridine). However, more recent studies support the 

notion that familiar as well as non-familiar cases of PD share 

an important pathogenic mechanism: chronic neuroinflammation. 

Exposing the brain to prolonged neuroinflammation for months, 
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and even years, will inevitably lead to neuronal damage. Glia 

and neuronal interactions during inflammation are thus 

particularly critical to neurodegeneration in PD [reviewed in 

(15)]. Glia activation involved in the neuroinflammation process 

could be one of the major contributors to the initiation and or 

progression of PD (16). At the histological level, the main 

actors of CNS inflammation are the activated microglia (17), the 

astrocytes and, to a lesser extent, the neurons themselves (18). 

Current studies are still assessing the degree of inflammation 

in the brain of PD patients. CSF markers fail to reflect exactly 

the situation of the brain, highlighting the difficulty of 

determining the real degree of inflammation in the PD brain (19-

21).  

The question persists regarding the role of inflammation in PD: 

Is it a driving force, a bystander or a beneficial response (22)? 

If inflammation cannot be ruled as the initiator of the disease, 

its systematic presence in the pathological areas of the brain 

and the decreased pathology observed after treatment with anti-

inflammatory drugs, links inflammation to the development of the 

disease. If the acute activation of microglia might be 

beneficial for the brain after injury, its chronic activation 

might not. Chronic inflammation may induce the release of toxic 

inflammatory products suspected to worsened the pathology and 

prevent the proper removal of waste products, emphasizing the 
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necessity of a close control of inflammation. Microglia 

activation into phagocytic glia might be beneficial for the 

removal of toxic aggregates or dying cells. However, neurotoxic 

inflammatory factors released by chronically activated glia can 

fuel the toxic course of events leading to neuronal death.  

Cyclooxygenases are key players in inflammation. They mediate 

the conversion of arachidonic acid into an assortment of 

prostanoids. Arachidonic acid signaling through the 

cyclooxygenase pathway yields an enormous variety of products, 

some of them with pro-survival, while others with pro-death 

effects. For instance, prostaglandins are known to be pro-

inflammatory under certain conditions and anti-inflammatory 

under others [reviewed in (23)]. The dual role of prostaglandins 

is quite complex as a single prostaglandin can bind to multiple 

receptors. For example, two receptors (DP1 and DP2) were 

identified for PGD2 the most abundant prostaglandin in the CNS. 

DP1 activation increases cAMP, activates protein kinase A and is 

linked to an anti-inflammatory response, while DP2 activation 

decreases cAMP, increases the cellular influx of calcium and 

triggers a pro-inflammatory response [reviewed in (24)]. PGD2-

mediated activation of DP1 was found to be neuroprotective while 

DP2 activation was neurotoxic (25). Besides binding to different 

receptors some prostaglandins such as PGD2, are spontaneously 

metabolized by non-enzymatic dehydration to cyclopentenone 
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prostaglandins of the J2 series. These cyclopentenone 

prostaglandins may have an 

anti-inflammatory effect by 

inhibiting the NFB pathway or 

a neurotoxic effect by 

inducing apoptosis [reviewed 

in (26)]. [The prostaglandin 

D2 conversion scheme on the 

left is from (27)]. 

Clearly, the effects of 

different prostaglandins are variable and may depend on factors 

such as intracellular concentrations, receptor types, cell types 

and timing of activation of downstream targets that participate 

in the inflammatory response. Rather than inhibiting COX, 

modulating the effects of PG through more specific interference 

with their selective synthases and/or their receptors may be 

more effective, as prostaglandins can play different roles in 

recovery or degeneration. Much more needs to be learned about 

the functions of inflammation in the normal and diseased CNS. 

The challenge resides in dissecting the dual nature of 

neuroinflammation as it has both positive and negative effects 

differing spatially and temporally in the CNS. 
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1.2. Why investigate the role of prostaglandin J2 (PGJ2) in PD 

Although it is generally accepted that chronic inflammation 

plays a major role in PD, the mechanistic understanding of how 

prostaglandins affect and/or participate in the progressive 

nature of this disease is still unclear. We propose that the 

endogenous and bioactive product of inflammation PGJ2 is 

implicated in PD, 

as the effects of 

PGJ2 recapitulate 

molecular, cellular 

and behavioral 

pathological 

processes in PD. 

There is strong 

data supporting 

this role for PGJ2: 

(1) In vitro. We and others showed that PGJ2 is highly 

neurotoxic (28), impairs the ubiquitin/proteasome pathway (UPP) 

(28-31) and mitochondrial function (32-34) (Fig. 1), potentiates 

dopamine toxicity (35), and up-regulates COX-2  (36), most 

likely leading to a positive feedback loop (Fig. 1, red). 

Moreover, PGJ2 signals via the DP2 receptor for PGD2(37,38) (Fig. 

1, green). DP2 is negatively coupled to cAMP and potentiates 
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neuronal injury (38,39). We established that the DP2 antagonist 

ramatroban (Fig. 1) mitigates PGJ2 neurotoxicity (data not shown 

here).  

(2) In vivo. The levels of PGJ2 are highly induced in vivo 

upon stroke (cerebral ischemia) (40,41) and traumatic brain 

injury (TBI) (42,43), both of which increase the long-term risk 

for PD (44-48) (Fig. 1, top). Thus, PGJ2 will have a major 

effect on the development of PD. In fact, we showed that 

microinfusing PGJ2 alone into the substantia nigra of mice is 

sufficient to induce molecular, cellular and behavioral traits 

similar to PD (49).  

One potential mechanism for PGJ2 involves mediating the 

transition from acute to chronic inflammation via a positive 

feedback loop, as shown for other prostaglandins (50). Another 

potential mechanism shown in non-neuronal cells, is that PGJ2 

and other prostaglandins can be transferred from cell to cell 

via exosomes (51) (Fig. 1, violet). These latter data are 

important, as exosomes are being considered as propagation 

vehicles for disease progression in PD (52).  

These exciting and important studies support the notion that 

PGJ2 causes neuronal injury critical to PD, and emphasize the 

need to investigate PGJ2-dependent neurotoxic mechanisms and how 

to prevent them in order to develop novel and more effective 

neuroprotective therapeutic strategies for PD neurodegeneration. 
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Figure 2. Ubiquitination and degradation of 
proteins by the ubiquitin/proteasome 
pathway (UPP). Protein ubiquitination is a 
complex ATP-dependent process in which 
ubiquitin (Ub) is sequentially activated by 
ubiquitin-activating enzymes (E1), transferred 
to ubiquitin-conjugating enzymes (E2) and 
ligated to protein substrates by ubiquitin 
ligases (E3). Most polyubiquitin chains are 
formed by isopeptide bonds between Gly76 
and Lys48 on adjacent ubiquitin molecules. 
Once a protein is polyubiquitinated, it is 
degraded rapidly by the 26S proteasome. De-
ubiquitinating enzymes (DUB) remove and 
disassemble polyubiquitin chains.  

Figure 2 

 

1.3. PD and UPP impairment  

  Protein aggregation as a result of misfolding is implicated in 

PD. Protein aggregates in PD are known as Lewy bodies and 

contain among other proteins, α-synuclein and ubiquitinated 

proteins (53). In order to survive under various stress and 

mutational conditions that lead to protein misfolding, cells 

have a repertoire of mechanisms that they can activate or 

inhibit according to their needs. Neuronal survival demands a 

dynamic, effective and safe capacity to deal with this abnormal 

protein burden. The ubiquitin/proteasome pathway (UPP, Figure 2) 

is the ultimate mechanism that cells use to ensure the selective 

destruction of misfolded or damaged proteins (54,55).  

 Besides α-synuclein and ubiquitinated proteins, other proteins 

such as Parkin and UCH-L1 support a role for UPP in PD. Parkin 

is an E3 ubiquitin ligase, an enzyme that catalyzes the addition 
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of ubiquitin to target proteins to be degraded by the proteasome. 

Parkin mutations account for approximately 50% of early-onset 

(<45 years) familial cases of PD (56) and are also associated 

with late-onset (≥60 years) PD cases (57). The gene uch-l1 

encodes for PGP 9.5, a de-ubiquitinating enzyme which is also a 

susceptible locus in familial PD (58).   

 Proteasome activity is reduced by approximately 44-55% in the 

SNpc of PD patients compared to age-matched controls. However, 

proteasome activity remains unchanged in other brain regions of 

PD patients such as cortex, striatum and hippocampus (59-62). 

Besides its activity, proteasome levels are also changed in the 

SNpc of PD patients: there is a 40% reduction in the content of 

proteasome α–subunits in PD patients compared to age-matched 

controls (63). Furthermore, the levels of PA28, a proteasome 

activator, are significantly decreased in the SNpc compared to 

frontal cortex and striatum (64). These findings support UPP 

changes in both familial and sporadic cases of PD thus singling 

out the UPP as a potential target for drug therapy.  

  Some PD models were developed based on UPP impairment. 

McNaught et al (65) reported that rats systemically injected 

with proteasome inhibitors exhibited PD-like clinical symptoms 

and pathology. However this model has not been consistently 

replicated, and remains controversial. Recently, Matsui and 

colleagues (66) injected lactacystin or epoxomicin into the CSF 
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of Medaka fish and detected selective DA neuronal loss, 

formation of inclusion bodies resembling Lewy bodies and reduced 

spontaneous movement, which mimics some of the PD pathology. Xie 

and colleagues (67) established another PD model by injecting 

the proteasome inhibitors lactacystin, PSI or MG-132 into the 

medial forebrain bundle (iMFB) of C57/BL mice. DA neurons in the 

SN degenerated preferentially and α–synuclein positive 

inclusion-like granules as well as decreased motor activities 

were observed.  Together, these findings support the role of UPP 

impairment in PD pathology.    

 

1.4. PD and mitochondrial impairment  

 Mitochondria have long been suggested to play a critical role 

in PD pathogenesis. MPTP, a mitochondrial complex I inhibitor, 

was the first drug to provide a link between mitochondrial 

impairment and idiopathic PD (68). The findings that 

mitochondrial complex I is deficient in the substantia nigra of 

PD patients (69) and that other mitochondrial complex I 

inhibitors, such as rotenone, induce PD-like symptoms in animals 

(70) later confirmed the link between mitochondrial dysfunction 

and PD pathogenesis. Besides mitochondrial complex I inhibition, 

the levels of ROS which are mainly produced in mitochondria were 

also found to be increased in PD patients (71). In familial PD, 

α–synuclein, pink1, parkin and dj-1 are the most common mutated 
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genes and they all interact with mitochondria (72,73). α–

Synuclein accumulates in mitochondria during PD pathogenesis 

(74,75). PINK1 and Parkin regulate mitochondrial dynamics and 

function (76). Translocation of DJ-1 to mitochondria protects 

them from oxidative stress (77). Overall, these findings support 

a role for mitochondrial dysfunction in neurodegeneration in PD. 

  

1.5.  Parkin  

Parkin was first mapped to human chromosome 6q25.2-27 in 1997 

(78). This gene was named parkin because point mutations and 

several exon deletions were identified in a number of families 

with Autosomal Recessive Juvenile Parkinsonism (AR-JP) (79). It 

is estimated that 50% of AR-JP patients have parkin mutations 

(80). However, a series of reports revealed that parkin 

mutations also occur in sporadic PD patients (81-83). Having one 

normal and one mutant form of parkin increases the risk of late-

onset PD, reflecting the dosage effect of parkin mutations (84). 

Further evidence supports the notion that Parkin is relevant to 

PD: (1) a recent Positron Emission Tomography (PET) study showed 

that patients with parkin mutations exhibit striatal dysfunction 

that is similar to that of sporadic PD patients (85).          

(2) Animal models expressing mutant parkin exhibit hallmarks of 

PD. Mice which carry Q311X parkin exhibit age-dependent motor 

deficits, dopaminergic neuron degeneration, and accumulation of 
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Figure 3 – The structure of PARKIN. A – Primary structure and domains, REP = repressor element. B – Spatial 
representation highlighting domain interactions in the 3D structure, the C431 catalytic cysteine, and W403 which 
stabilizes autoinhibited parkin. C – Model showing the E2 UbxH5B/Ube2D2 bound to parkin. D – Proposed model 
for parkin activation requiring relieving the inhibitory interaction between RING1 and RING2. Stars – active site 

cysteines in parkin and E2. A, B and C from (1); D from (2). 

Figure 3 

D 

protein K-resistant α-synuclein (86). (3) Parkin was found to co-

localize with inclusion bodies in PD patients (87,88). 

 

1.5.1. Parkin Structure 

    

Parkin is a 465 amino acid protein which is conserved in 

evolution. Rat Parkin has strikingly 85% similarity with human 

Parkin in amino acid sequence and 95% with mouse. Parkin is 

composed of 5 known different domains (Figure 3): an N-terminal 

UBL (ubiquitin-like) domain (1-76 a.a), two C-terminal RING 

(Really Interesting New Gene) domains (RING1, 236-293 a.a; RING2, 

413-450 a.a respectively), one IBR (In Between RING) domain 

(327-380 a.a) between the RING domains, and a newly identified 

RING0 domain (145-215 a.a) (89).  The UBL domain binds to the 

26S proteasome through its subunit Rpn10 to deliver substrates 
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to be degraded (90). The RING0 domain has a cysteine at position 

212 that when mutated (C212Y) leads to the formation of cellular 

inclusions and to defective ubiquitination (91). The other two 

RING domains and the IBR domain are critical for substrate 

recognition and E2 enzyme binding. The RING2 domain plays a role 

in transferring the ubiquitin from the E2 to the substrate, 

preparing the substrate for degradation by the 26S proteasome.  

The RING domain is a type of Zn
2+ 

finger domain, and the three 

RING domains as well as the IBR domain of Parkin each bind to 

two Zn
2+
. The binding directly affects Parkin structure in its 

stability and proper folding and the removal of Zn
2+ 

leads to the 

near complete unfolding of Parkin (92,93). Interestingly, 

mutations in the RING1 domain increase Parkin aggregation and 

the formation of inclusions (94). The UBL and RING-IBR-RING 

domains are highly conserved among human, rat and mouse (95). 

Parkin contains 35 cysteines which not only promote Zn
2+
 

binding, but also play an important role in the protective 

function of Parkin. Oxidative stress and other stress conditions 

induce modifications of the cysteines located within and outside 

the RING-IBR-RING domain, changing the solubility of Parkin, 

increasing Parkin aggregation, and perturbing its E3 ligase 

activity (96,97). Moreover, a recent study revealed that under 

physiological conditions, sulfhydration of these cysteines by 

hydrogen sulfide enhances the catalytic activity of Parkin and 
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its neuroprotective function (98). This is in agreement with the 

finding that Parkin sulfhydration is depleted in the brains of 

PD patients (98).  The cysteine at position 431 within the RING2 

domain is the active site, since its mutation to serine (C431S) 

disrupts the E3 ligase activity of Parkin, as well as its 

translocation to mitochondria (99). 

 

1.5.2. Alternative splicing of Parkin 

In human, rat and mouse there are 12 different Parkin 

transcripts generated by alternative splicing (100): TV1 to TV12.  

These variant transcripts (TV) contain different numbers of 

exons suggesting that their functions differ from normal Parkin. 

Alterations in the isoform profile of Parkin in the frontal 

cortex of normal individuals compared to PD patients, suggests 

that Parkin isoform profiles are relevant to LB pathogenesis and 

the development of PD (101,102). Parkin isoform expression also 

changes during development, as the 55kDa isoform is present in 

adult mouse brain while the 22kDa and 50kDa isoforms are 

detected in the fetal and adult mouse brain (103). 

 

 1.5.3. Parkin Cleavage products 

Parkin can be cleaved by several proteases. During apoptosis 

caspase-1, caspase-3 and caspase-8 cleave Parkin at Asp126 into 

a 38kDa and a 12kDa fragment (104). Caspase-1 and caspase-8 are 
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directly responsible for Parkin inactivation. The serine 

protease HtrA2/Omi, which is located in the mitochondrial 

intermembrane space(105), cleaves Parkin between the RING1 and 

IBR domains generating 17kDa and 19kDa fragments (106). The 

HtrA2/Omi cleavage inactivates the E3 ligase ability of Parkin 

to ubiquinate syniphilin-1. Uncharacterized Parkin cleavage 

fragments are detected in PD patients (107). 

 

 1.5.4. Parkin Tissue distribution and subcellular localization 

In primates, Parkin is expressed ubiquitously in the brain, 

being detected mostly in neurons, but also in glia and blood 

vessels (108). Parkin is present not only in the SN, but also in 

other regions of the brain such as cerebellum and caudate-

putamen, a region of the brain that receives dopaminergic 

neuronal projections (109-111).  Human autopsy studies confirmed 

the same tissue distribution: Parkin is identified in the 

substantia nigra of sporadic PD, as well as in familial PD 

patients (112). There is one single report claiming that Parkin 

protein is missing in the adult mouse midbrain SN pars compacta, 

while Parkin mRNA was detected (113). 

Concerning subcellular localization, Parkin is enriched in the 

cytoplasm (114-116), while it is also localized in neurites 

(117), postsynaptic fractions (118), Golgi apparatus (119), 

endoplasmic reticulum (120), and nucleus (94).  Parkin 
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localization changes upon stress. When the proteasome is 

inhibited, Parkin is recruited to centrosomes via binding to γ-

tubulin, and locally ubiquitinates misfolded substrates (121). 

DNA damage induces Parkin nuclear translocation to promote DNA 

repair (122). When mitochondrial membrane potential is 

dissipated, Parkin translocates to mitochondria to promote the 

degradation of mitochondrial substrates as well as mitophagy 

(123,124). However, that Parkin translocates to mitochondria is 

a controversial issue, as the majority of the supporting studies 

include cell lines (125,126). Currently, only a few studies 

confirmed the translocation of Parkin to the mitochondrion in 

neurons (127,128), while most studies with primary neuronal 

cultures dispute this finding (129-131). 

 

1.5.5. Parkin Function 

 

1.5.5.1 Parkin E3-ligase related function 

As an E3 ligase, Parkin ubiquitinates its substrates and 

targets them to proteasomes to be degraded. So far, multiple 

potential substrates are reported to be ubiquitinated by Parkin 

(9,94,132). However, whether these substrates represent “true” 

Parkin substrates is still controversial (9). Aminoacyl-tRNA 

synthetase-Interacting Multifuncational Protein type 2 (AIMP2) 
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(133) and Far up stream element Binding Protein-1 (FBP-1) (134) 

are proposed to be true Parkin substrates.  

Changes in the expression of Parkin cause a number of cellular 

dysfunctions related to its E3 ligase activity. For example, 

Parkin knock-out with overexpression of Pael-R induces 

progressive and selective catecholaminergic neuronal loss (135). 

Pael-R, which is an ER stress-induced protein, is one of 

reported Parkin substrates. Parkin regulates cellular 

cytoskeleton homeostasis through ubiquitination and degradation 

of α/β tubulin (136). The cell cycle is also regulated by Parkin 

via its substrates: β-catenin (137), cyclin E (138) and RanBP2 

(139). Mitophagy and mitochondrial fission and fusion are also 

controlled by Parkin. The translocation of Parkin to 

mitochondria leads to the recruitment of 26S proteasomes to 

mitochondria resulting in the degradation of a range of 

mitochondrial outer membrane proteins, such as Mitofusin 1/2 and 

Drp-1, thus inducing mitophagy (140,141). General and neuron-

specific overexpression of Parkin in adult Drosophila increases 

their lifespan and physical activity, reduces protein 

aggregation during aging, changes mitochondrial morphology, and 

increases mitochondrial activity (142). Parkin can also regulate 

metal transport via ubiquitination followed by degradation of a 

divalent metal transporter (143). Moreover, Parkin directly 
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modulates proteasome activity when it binds to Rpn10, a subunit 

of the 26S proteasome (144). 

 

1.5.5.2. Alternate functions of Parkin 

Parkin exhibits a number of E3 ligase independent functions. 

Parkin acts as a repressor of p53 expression by physically 

interacting with its promoter to exhibit anti-apoptotic 

properties (145). In contrast to its anti-apoptotic function,  

Parkin expression in TNF-α-treated HeLa cells induces apoptotic 

cell death (146). Moreover, Parkin regulates fat uptake in mice 

and human cells (147). Finally, Parkin suppresses stress-

activated protein kinase pathways including c-Jun and p38 

pathway, to protect against tyrosine-mediated dopamine 

neurotoxicity in SH-SY5Y cells (148). The latter reveals a 

potential neuroprotective mechanism for Parkin, against 6-OHDA 

(149), MPTP (150) and α-synuclein overexpression (151), in 

models of PD. 

 

1.6. PACAP and PD (from Cell Biochem Biophys. 2013 May 18. (Epub 

ahead of print). Copyright was obtained from Springer. 

PACAP (pituitary adenylate cyclase-activating peptide) exists 

in two bioactive molecular forms, one with 38 residues (PACAP38) 

and a shorter form corresponding to the N-terminal 27 residues 

of PACAP38 (PACAP27) (152). PACAP is a 38-amino acid peptide and 

http://www.ncbi.nlm.nih.gov/pubmed/?term=He+Huang%2C+Hu+wang


18 

 

 

a member of the vasoactive intestinal polypeptide (VIP)-

secretin-growth hormone-releasing hormone-glucagon superfamily. 

This superfamily of peptides binds to two types of receptors:  

(a) type I receptor (PAC1-R), which has a much higher affinity 

for PACAP than for VIP and activates both adenylate cyclase (AC) 

and phospholipase C (PLC); (b) type II receptors (VPAC1-R and 

VPAC2-R), which have a similar affinity for PACAP and VIP, and 

activate primarily AC (152). Gene expression profiles of the 

three different PACAP receptors by real time PCR, revealed that 

PAC1-R expression declines during later stages of development, 

while VPAC1-R and VPAC2-R expression increases from newborn to 

the later stages of development (153). 

PACAP regulated genes involved in neuritogenesis, cell 

morphology modulation, and cell survival have been screened in 

both PC12 cells and in vivo (154). A recent proteomics study 

conducted upon PACAP administration further explored the 

mechanisms by which PACAP exerts its neurotrophic and 

neuroprotective effects in the brain (155).  

The neuroprotective effects of PACAP are mediated by both the 

canonical cAMP/PKA pathway and the non-canonical cAMP/ERK1/2 

pathway (156). These two downstream PACAP-mediated pathways seem 

to be activated in a concentration-dependent manner, as the 

effects of subpicomolar PACAP38 levels are mainly mediated by 

ERK type MAPK, whereas those of nanomolar PACAP38 levels result 
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from activation of the cAMP/PKA pathway (157).  

PACAP was found to have neuroprotective effects in several in 

vivo and in vitro models of neurodegenerative disorders 

including PD, Huntington disease (HD) and Alzheimer disease (AD) 

(158). In vivo, PACAP protects against MPTP (159), 6-OHDA (160) 

and paraquat (161) neurotoxicity in rodent models of PD. 

Moreover, PACAP deficiency sensitizes dopaminergic neurons to 

toxic insults, and regulates central and peripheral inflammatory 

activation (162). In vitro, PACAP protects neurons against 

salsolinol (163), MPP+ (164), 6-OHDA (165) and rotenone (166) 

neurotoxicity.  

Overall, these studies reveal that proteins with expression 

profiles altered by PACAP treatment are involved in many 

cellular processes including cytoskeleton modulation, synaptic 

plasticity, cellular differentiation, neuroprotection, 

neurodegeneration and apoptosis, supporting that PACAP is a 

promising therapeutic peptide for treatment of multiple neural 

disorders (155). 
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CHAPTER II 

 

 
New form of Parkin generated by calpain cleavage upon 

mitochondrial dysfunction in rat midbrain cultures:  

relevance to Parkinson disease 
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2.1. ABSTRACT 

Parkin is an E3 ubiquitin ligase that plays a role in the 

ubiquitin/proteasome pathway. Parkin is suggested to also 

regulate mitophagy as well as nuclear gene transcription through 

mechanisms that are not fully characterized. In our current 

studies, we identified a new form of cleaved Parkin (newParkin) 

in rat midbrain cultures undergoing mitochondrial impairment. In 

rat cerebral cortical cultures, we detected full length Parkin 

in mitochondrial and cytoplasmic fractions regardless of 

cellular conditions, while newParkin was detected mostly in 

mitochondrial fractions. NewParkin is generated by calpain 

cleavage, as it is blocked by a calpain inhibitor and is 

refractory to a caspase inhibitor. The size of newParkin differs 

from a caspase-dependent cleaved fragment of Parkin, and 

newParkin appears as a doublet potentially resulting from its 

phosphorylation and/or cleavage. Phosphorylation of full length 

Parkin protects its cleavage by calpain. We demonstrate that 

stabilizing intracellular ATP levels with the nearly planar 

creatine analog cyclocreatine prevents the cleavage of full 

length Parkin by calpain. Increasing cAMP levels with the 

lipophilic peptide PACP27 prevents caspase-mediated Parkin 

cleavage. Delineating mechanisms to stabilize Parkin integrity 

provide novel therapeutic strategies for Parkinson disease. 
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2.2. MATERIALS AND METHODS 

2.2.1. Materials - Inhibitors: oligomycin A, antimycin A, and 

rotenone (Sigma-Aldrich, St. Louis, MO); epoxomicin (Peptides 

International Inc., Louisville, KY); calpain inhibitor III and 

calpeptin (Calbiochem/EMD Bioscience, Gibbstown, NJ); caspase-3 

inhibitor (Z-DEVD-FMK) and the proteasome substrate Suc-LLVY-AMC 

(BACHEM Bioscience Inc., King of Prussia, PA); PGJ2 and okadaic 

acid (Cayman Chemical, Ann Arbor, MI). Activators: PACAP27 

(BACHEM Bioscience Inc., King of Prussia, PA) and cyclocreatine 

(Sigma, St. Louis, MO). Primary antibodies: rabbit polyclonal 

anti-Parkin (1:1000, cat#2132); rabbit polyclonal anti-caspase 3 

(1:1000, cat# 9662)(both from Cell Signaling Technology, Danvers, 

MA); rabbit polyclonal anti-ubiquitinated proteins (1:1,500, 

cat# Z0458, Dako North America, Carpinteria, CA); rabbit 

polyclonal anti-β5 (1:5,000, cat# PW8895), mouse monoclonal 

anti-Rpt6 (1:2,000, cat# PW9265), anti-Rpn10 (1:2000, cat# 

PW9250), anti-α5 (1:2,000, cat# PW8125), (all from ENZO Life 

Sciences, Inc., Farmingdale, NY); mouse monoclonal anti-β-actin 

(1:10,000, cat# A-2228, Sigma, St. Louis, MO); rabbit polyclonal 

anti-caspase-3 (1:1000, cat# 9662)(Cell Signaling Technology, 

Danvers, MA); mouse monoclonal anti-spectrin α chain (clone AA6, 

cat# MAB1622, Millipore, Billerica, MA); mouse monoclonal anti-

βIII-tubulin (1:10,000, cat# MMS-435P, Covance, Oakland, CA); 

rabbit polyclonal anti-HSP90 (1:2000, cat# PA3-013, Thermo 
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Scientific, Rockford, IL); Rabbit polyclonal heme oxygenase 1 

(HO-1) antibody (1:2000,cat#sc-10789), rabbit polyclonal TOM20 

antibody (1:1000, cat#sc-11415) (Santa Cruz biotechnology Inc, 

Santa Cruz, CA);  Mouse monoclonal fibrillarin antibody (1:1000, 

cat#ab4566, Abcam, Cambridge, MA); Rabbit polyclonal VDAC 

antibody(1:1000, cat#PC548, Calbiochem, Gibbstown, NJ) Secondary 

antibodies with HRP conjugate (1:10,000, Bio-Rad Laboratories, 

Hercules, CA).  

 

2.2.2. Primary neuronal cultures – These studies include two 

different types of primary neuronal cultures obtained from 

Sprague Dawley rat embryonic (E18, both sexes) midbrain and 

cerebral cortical neurons. 

 1) Rat E18 ventral midbrain cultures: These cells, routinely 

prepared in our laboratory as in (167), are ideal to use in our 

studies. The proteins that we study, including Parkin, calpain, 

caspases, ubiquitinated (Ub)-proteins, and others, are 

endogenously expressed and detectable in these cultures. These 

ventral midbrain neuronal cultures contain dopaminergic and 

other types of neurons, providing for the simultaneous analysis 

of multiple cell types. Taking this heterogeneity into account, 

besides biochemical analyses, the cell cultures were analyzed by 

immunofluorescence to specifically identify dopaminergic 

(tyrosine hydroxylase, TH+) neurons as described in (168). 
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Studies with these cells will address the biological functions 

of wild type Parkin, as relevant to “sporadic” PD.   

2) Rat E18 cerebral cortical neuronal cultures: In assays that 

require large numbers of cells, cortical cultures were used, as 

they express Parkin that in terms of “calpain cleavage” responds 

in a manner similar to the midbrain cultures.  

3) Culture preparation: Dissociated cultures from midbrain and 

cerebral cortical neurons were prepared as follows: The isolated 

midbrain and cortices free of meninges were digested with papain 

(0.5mg/ml from Worthington Biochemical Corp., Lakewood, NJ) in 

Hibernate E without calcium (BrainBits LLC., Springfield, IL) at 

37
o
C for 30min in a humidified atmosphere containing 5% CO2. 

After removal of the enzymatic solution, the tissues were gently 

dissociated in Neurobasal media (Invitrogen, Carlsbad, CA). 

Dissociated tissues were centrifuged at 300Xg for 2min. The 

pellet was resuspended in Neurobasal media without antibiotics 

and plated on 10cm dishes pre-coated with 50µg/mL poly-D-lysine 

(Sigma, Saint Louis, MO). Cells were plated at a density of 6X10
6
 

cells per 10cm dish, or 2.5X10
5 
cells per well on 24-well plates 

(cell viability only). Cultures were maintained in Neurobasal 

media supplemented with 2% B27 and 0.5mM L-Glutamax (all from 

Invitrogen) at 37°C in a humidified atmosphere containing 5% CO2. 

Half of the medium was changed every 4 days. Experiments were 

run upon 8-11 DIV. According to manufacturer’s specifications, 



26 

 

 

Neurobasal medium contains several proprietary factors that 

ensure a mostly pure (>95%) neuronal culture; glial growth is 

inhibited without a need for the anti-mitotic agent 

arabinofuranosyl cytidine (169,170).  

Midbrain isolation was carried-out as in Dr. David Sulzer’s 

lab (Columbia University, NY) and described in the Sulzer’s lab 

protocol: Postnatal ventral midbrain dopamine neuronal culture 

protocols (Figures below). 

       

VTA: ventral tegmental area; MB: midbrain. Figure modified from Dr. David Sulzer’s lab “Postnatal ventral midbrain 
dopamine neuronal culture protocols”. 
 

2.2.3. Culture treatments – Neurons were treated (1.5h to 16h) 

with DMSO or with the different drugs in DMSO added directly to 

Neurobasal supplemented with 0.5mM L-Glutamax (all from 

Invitrogen).  

 

2.2.4. Mitochondrial fractionation - Mitochondrial fractionation 

was carried-out with a mitochondrial isolation kit cat# 89874 

(Pierce, Rockford, IL). Cells were harvested with ice cold 1×PBS 

and centrifuged at 800×g for 2 min. The pellet was resuspended 

MB 



27 

 

 

with 800μl reagent A plus a protease inhibitor cocktail (Sigma, 

cat# P8340). Samples were vortexed (medium speed, 5s) and 

incubated on ice (2min). Upon addition of other reagents, an 

aliquot representing the total lysate was removed. The remaining 

sample was centrifuged (700Хg, 10min, 4
o
C). The pellet (crude 

nuclear fraction) was separated from the supernatant, which was  

centrifuged again (12,000Хg, 15min, 4
o
C). The resulting 

supernatant (cytosolic fraction) was separated from the pellet, 

which contained the enriched mitochondrial fraction. The 

mitochondrial pellet was washed with reagent C, centrifuged 

(12,000Хg, 5min, 4
o
C) and the pellet resuspended in 1% SDS lysis 

buffer. Cold acetone (1:3 dilution) was added to the cytosolic 

fraction, stored at -20°C overnight, centrifuged (19,000Хg, 

15min), and the pellet was air dried and resuspended in 1% SDS 

lysis buffer. All fractions were boiled (100
o
C) for 5min. Four 

fractions resulted from this procedure: total lysate, crude 

nuclear, cytosolic and enriched mitochondrial fractions. Protein 

concentration was determined with the bicinchoninic acid assay 

(BCA) kit (Pierce, Rockf., IL). 

 

2.2.5. ATP assay - Steady state ATP content was measured with a 

kit using the sensitive luciferin/luciferase system (Molecular 

Probes, Carlsbad, CA). This assay is based on luciferase 

requiring ATP for light production using luciferin as a 
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substrate. Cells were harvested with 4% trichloroacetic acid 

followed by centrifugation (19,000Xg, 15min at 4ºC). ATP steady 

state levels were determined in cleared supernatants upon 

neutralizing the samples with 10mM Tris-HCl, pH 8.0. Samples 

were then added to the reaction buffer containing luciferin and 

assayed using a Luminoskan Ascent microplate luminometer (Thermo 

Electron Corporation, Waltham, MA). Protein concentration was 

determined with the bicinchoninic acid assay kit (Pierce, Rockf., 

IL) upon resuspending the pellet with buffer (10mM Tris-HCl, pH 

8.0 and 1% SDS), and sonication. ATP levels were normalized for 

protein concentration.  

 

2.2.6. Cell viability assay - Cells were treated under various 

conditions for 1h to 16h. Cell viability was assessed with the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) assay as described in (171).  

 

2.2.7. Western blotting - After treatment, cells were rinsed 

twice with PBS and harvested by gently scraping into hot (100
o
C) 

SDS buffer (0.01M Tris-EDTA, pH 7.5 and 1% SDS) to make sure all 

intracellular proteins were included. Samples were subjected to 

a 5min boil at 100C followed by brief sonication. After 

determination of the protein concentration with the 

bicinchoninic acid assay kit (Pierce, Rockf., IL) the following 
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was added to each sample (final concentrations):                

-mercaptoethanol (4%), bromophenol blue (0.005%), and glycerol 

(4%). Following SDS-PAGE on 6%, 8%, 10% or 12% polyacrylamide 

gels, proteins were transferred to an Immobilon-P membrane 

(Millipore, Bedford, MA). The membranes were probed with the 

respective antibodies and antigens were visualized by a standard 

chemiluminescent horseradish peroxidase method with the ECL 

reagent.  

 

2.2.8. In gel proteasome activity and levels - Upon treatment 

with vehicle (control, DMSO) or the respective drugs, cells were 

washed twice with PBS and harvested for the in gel assay as 

described in (172). The native gels loaded with 30µg 

protein/lane, were run at 150V for 120min. The in gel proteasome 

activity was detected by incubating the native gel on a rocker 

for 10min at 37
o
C with 15ml of 300μM Suc-LLVY-AMC followed by 

exposure to UV light (360nm). Gels were photographed with a 

NIKON Cool Pix 8700 camera with a 3-4219 fluorescent green 

filter (Peca Products, Inc). Proteins on the native gels were 

transferred (110mA) for 2h onto PVDF membranes. Immunoblotting 

was carried-out for detection of the 20S and 26S proteasomes 

with the anti-Rpt6 and anti-β5 antibodies, which react with 

subunits of the 19S or the 20S particles, respectively, thus 

detecting 26S and 20S proteasomes. Antigens were visualized by a 
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chemiluminescent horseradish peroxidase method with the ECL 

reagent.  

 

2.2.9. Glycerol gradient sedimentation centrifugation - Cells 

were harvested in 25mM Tris-HCl, pH 7.5, 2mM ATP and 1mM DTT. 

Following homogenization and sonication the lysates were 

centrifuged (19,000xg for 15min) at 4
o
C. The cleared supernatants 

(one mg of protein/sample) were subjected to centrifugation 

(83,000xg for 24h) at 4
o
C in a Beckman SW41 rotor in a 10-40% 

glycerol gradient (fractions 1 to 24) made in the same lysis 

buffer. Following centrifugation 24 fractions (500l each) were 

collected. Aliquots (50l) of each fraction were assayed for 

chymotrypsin-like activity with the substrate Suc-LLVY-AMC. 

After 3h of incubation at 37
o
C samples were read with a 

spectrofluorometer. In addition, proteins were precipitated with 

acetone from 450l of each fraction and subjected to western blot 

analysis (10% gels). The membranes were probed with the 

respective antibodies and antigens were visualized by a standard 

chemiluminescent horseradish peroxidase method with the ECL 

reagent.  

 

2.2.10. Caspase-3 and calpain activation – Cell lysates were 

analyzed by standard western blotting with anti-caspase-3 
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(rabbit polyclonal antibody, 1:1000 from Cell Signaling, cat# 

9662) to detect caspase-3 cleavage that are indicative of 

apoptosis. Calpain activation was assessed with the anti-α-

spectrin antibody (mouse monoclonal antibody, 1:5000 from 

Millipore, cat# MAB1622). Calpain cleavage of α-spectrin 

generates a 150/145kDa doublet, while caspase cleavage generates 

a 120kDa fragment. 

 

2.2.11. Mitochondrial membrane potential and ROS measurements – 

Upon treatment with the drugs, mitochondrial membrane potential 

(m) was assessed with TMRE (Abcam Inc.), and ROS with H2DCFDA 

(Invitrogen). At the designated time points, treatment medium 

(DMEM) with the drugs was removed, and fresh DMEM without drugs 

but with TMRE (200nM) or H2DCFDA (20µM) was added to separate 

cultures. Following a 30-min dye-loading incubation that 

included Hoechst 33342 for nuclear staining for the last 5-min, 

the cultures were changed to fresh dye-free DMEM. The dyes were 

allowed to re-equilibrate in the fresh dye-free media, then TMRE 

and H2DCFDA fluorescence were imaged on a Nikon Eclipse TE 200 

inverted epifluorescence microscope. The following 

excitation/emission wavelengths were used for: TMRE (red) 

549/575nm, ROS (green) 495/529nm, and Hoechst 33342 (blue) 

350/461nm.  
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2.2.12. OXYBLOT – To detect carbonyl groups on proteins, the 

oxyblot assay was used (Oxyblot Protein Oxidation Detection Kit, 

Millipore, cat#S7150). Cells were harvested with RIPA buffer, 

stored at -80
o
C overnight for lyses,  followed by centrifugation 

(19,000×g, 10min, 4
o
C). The protein concentration of the 

supernatant was determined with the BCA assay. Samples were 

normalized to 20µg of protein in 5μl per sample, the proteins 

were denatured by adding 5μl of 12% SDS, for a final 6% SDS 

concentration. Samples were derivatized by adding 10μl of 1X 

DNPH (2,4-dinitrophenylhydrazine) solution, and incubated at 

room temperature for 15min. Then 1.5 volumes of neutralization 

buffer and  2-mercaptoethanol (β-ME) were added to the sample 

mixture (β-ME final concentration: 5%v/v or 0.74M). Samples were 

run on 12% gels, followed by western blotting probed with 

primary rabbit anti-DNP antibody and secondary goat anti-rabbit 

IgG HRP-conjugated antibody. 

 

2.2.13 Statistical analysis - Statistical significance was 

estimated using one-way ANOVA (Tukey-Kramer multiple comparison 

test) with the Instat 2.0, Graphpad Software (San Diego, CA).  
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2.3. RESULTS 

 

2.3.1. Oligomycin, PGJ2, and epoxomicin induced cleavage of 

Parkin – To compare the effects of mitochondrial and proteasome 

impairment on Parkin, rat midbrain neuronal cultures were 

treated with (1) oligomycin (Oligo), which binds to a 

polypeptide in the F0 baseplate and blocks ATP synthesis by the 

F0/F1 mitochondrial ATP synthase (173); (2) epoxomicin (Epox), a 

specific and irreversible inhibitor of the proteasome, which 

forms a covalent adduct with the amino terminal Thr of the 20S 

proteasome catalytic subunits, generating irreversible 

morpholino adducts (174,175); and (3) prostaglandin J2 (PGJ2), 

an endogenous and bioactive product of inflammation known to 

inhibit the proteasome and to adversely affect mitochondria.  

As shown in Fig. 4 (panels 2, next page), all three drugs 

induce the cleavage of Parkin in a time-dependent manner. 

However, the pattern of cleaved Parkin differs among the three 

drugs. While the size of the Parkin fragment(s) induced by PGJ2 

and Epox are below 37kDa, the ones induced by Oligo are above 

37kDa and appear as a clear doublet.   

The three drugs also differed in relation to their effects on 

(1) the levels of ubiquitinated proteins, and (2) on activation 

of caspase 3 and calpain. Oligo decreased the levels of 

ubiquitinated (Ub) proteins to below basal levels (Fig. 4, panel 
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1), and activated calpain (Fig. 4, panel 4), indicated by 

cleavage of spectrin to the 145/150kDa calpain-specific 

fragments (Fig. 4, panel 4, -spectrin CL1). PGJ2 and Epox 

increased Ub-proteins (Fig. 4, panels 1) and activated caspase 3 

(Fig. 4, panels 3) established by its cleavage to a 17kDa 

fragment known to correspond to activated caspase 3. Note that 

Oligo also induces caspase 3 cleavage, but the generated 

fragment (~29kDa) reflects caspase 3 inactivation (Fig. 4, panel 

3). These results clearly indicate that proteasome and 

mitochondrial impairment diverge on their impact (1) on the 

function of the ubiquitin/proteasome pathway (UPP), in 

particular on Parkin cleavage and Ub-protein levels, and (2) on 

cell death pathways represented by caspase 3 (apoptosis) or 

calpain (necrosis) activation.  
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2.3.2. Calpain and caspase-dependent cleavage of Parkin induced 

by oligomycin, PGJ2, or epoxomicin - It is known that Parkin is 

a substrate for caspases, as  it is cleaved by caspase-1, 

caspase-3 and caspase-8 at Asp126, leading to its inactivation 

(176). To our knowledge, we are the first to report that in rat 

midbrain neuronal cultures proteasome inhibition (with epox), 

and the neurotoxic prostaglandin PGJ2 induce caspase-3 mediated 

Parkin cleavage. This notion is supported by inhibition of 

Parkin-cleavage with a caspase-3 specific inhibitor, under these 

conditions. Furthermore, we identified a new form of cleaved 

FIGURE 4. Effects of 
oligomycin (Oligo), PGJ2, 
and epoxomicin (Epox) on: 
ubiquitinated (Ub)-proteins 
(panels 1), and on the 
cleavage of Parkin (panels 
2), caspase 3 (panels 3), 

and -spectrin (panels 4). 
Rat midbrain neurons were 
treated as indicated. Total 
lysates were analyzed by 
western blotting (50 µ g of 
protein/lane) probed with the 
respective antibodies. Actin 
(panels 5, loading control). 
Molecular mass markers in 
kDa are shown on the left. 
Data represent one of at 
least three experiments for 
each condition.  FL, full 
length, CL, cleaved, Act, 
active. 
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Parkin (newParkin) detected upon mitochondrial impairment with 

Oligo in rat midbrain cultures (Fig. 5, panels 1).  

 

 

 

 

NewParkin is generated by calpain cleavage, as it is blocked 

by a calpain inhibitor (Fig. 5, panel 1, left), and is 

refractory to a caspase inhibitor (Fig. 5, panel 1, right). 

NewParkin migrates at a size that differs from the caspase-

cleaved fragment triggered by PGJ2 and, to a lesser extent, by 

epoxomicin (Fig. 5). 

 

Fig. 2 - Wang and Figueiredo-Pereira
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FIGURE 5. Oligomycin (Oligo, 5nM) induces calpain-dependent cleavage of PARKIN (CL) that is blocked by pre-
treatment with the calpain inhibitor calpeptin (CPT, left) but not by the caspase 3 inhibitor (C3I, Z-DEVD-FMK, 

right). PGJ2 (10µ M) and epoxomicin (Epox, 20nM) trigger caspase-dependent cleavage of PARKIN. Cleaved -
spectrin (panels 2) depicts calpain (CL1) or caspase (CL2) activation/inhibition. Actin (panels 3, loading control). 
Rat midbrain neurons were treated as indicated. Total lysates were analyzed by western blotting (50 µ g of 
protein/lane) probed with the respective antibodies. Molecular mass markers in kDa are shown on the left and on 
the right. Data represent one of at least three experiments for each condition. FL, full length, CL, cleaved,       
LgEx, long exposure. 
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2.3.3. The effect of oligomycin on Parkin is mimicked by other 

mitochondrial inhibitors – To tested if other mitochondrial 

inhibitors recapitulate the effect of Oligo on Parkin, rat 

midbrain neuronal cultures were treated with two different 

mitochondrial toxins that affect different elements of the 

electron transport chain: (1) rotenone that binds to ND1 and 

inhibits NADH–ubiquinone reductase activity of complex I (177), 

and (2) antimycin A that binds to the quinone reduction site of 

complex III (ubiquinol-cytochrome c oxidoreductase), inhibiting 

the reduction of cytochrome c. Rotenone is particularly relevant 

to PD, as its effects mimic some of its pathological features 

(178). Like Oligo, the two other mitochondrial inhibitors 

induced calpain-dependent cleavage of Parkin (Fig. 6A, panel 1, 

next page), caspase 3 to an inactive form (Fig. 6A, panel 2 and 

3), and -spectrin (Fig. 6A, panel 4). From the three 

mitochondrial drugs tested, rotenone caused the weakest changes 

as it required the highest concentrations to generate detectable 

levels of newParkin with our western blot analysis (Fig. 6B). 

Thus, we show that three mitochondrial toxins, which inhibit 

oxidative phosphorylation at different steps, lead to the 

generation of a calpain-cleaved form of Parkin. 
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2.3.4. Subcellular localization and phosphorylation of newParkin 

- Parkin is an E3 ubiquitin ligase that (a) regulates 

mitochondrial dysfunction via mitophagy, and (b) targets some 

mitochondrial as well as cytoplasmic substrates for proteasomal 

mediated degradation. We thus investigated the subcellular 

localization of cleaved Parkin in rat cerebral cortical cultures 

treated with Oligo (5nM), PGJ2 (10µM), and Epox (20nM). We 

carried-out these studies with cortical cultures instead of 

midbrain cultures, because this study requires large numbers of 

cells that are easily prepared from the rat embryonic brains. As 

shown in Fig. 7A (panels 1 & 2), the cortical neurons respond to 

the three drugs in a manner that is similar to the midbrain 

FIGURE 6. A - Oligomycin (O, 5nM), 
antimycin A (A, 5nM), and rotenone (R, 20nM 
and 30nM) induce calpain-dependent 
cleavage of PARKIN (CL) (panel 1). PGJ2 (J, 
10µ M) and epoxomicin (E, 20nM) trigger 
caspase-dependent cleavage of PARKIN 
(panel 1). Cleaved caspase 3 indicates 
calpain activation (panel 2), and caspase 

activation (panel 3). Cleaved -spectrin 
(panel 4) also depicts calpain (CL1) or 
caspase (CL2) activation. Actin (panel 5) is 
the loading control). B – Rotenone triggers the 
generation of newParkin (calpain-cleaved) in 
a concentration-dependent manner. Actin is 
the loading control. Rat midbrain neurons 
were treated as indicated. Total lysates were 
analyzed by western blotting (50 µ g of 
protein/lane) probed with the respective 
antibodies. Molecular mass markers in kDa 
are shown on the left. Data represent one of 
at least three experiments for each condition. 
FL, full length, CL, cleaved. 
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cultures. It is clear that full length (FL) Parkin is detected 

in nuclear, mitochondrial and cytoplasmic fractions regardless 

of cellular conditions as reported in (179). However, most of 

the newParkin fractionates with the mitochondria, while caspase-

cleaved Parkin is distributed between the nuclear and 

mitochondrial fractions (Fig. 7A, panels 1 & 2). Subcellular 

markers are: nuclear – fibrillarin (Fig. 7A, panels 3 & 4), a 

nucleolar protein that is regulated by the UPP (180); 

mitochondrial – Tom20 (Fig. 7A, panel 5 & 6), a peripheral member 

of the TOM complex that is the primary receptor for import of 

mitochondrial precursor proteins (181), and VDAC (Fig. 7A, panel 

7 & 8), the voltage-dependent anion channel located on the 

mitochondrial outer membrane (182);  and cytosolic – Hsp90 (Fig. 

7A, panel 9 & 10) a well established chaperone (183).  

 Very few studies address the phosphorylation of endogenous 

Parkin in primary neuronal cultures. We show in midbrain 

neuronal cultures that the phosphatase inhibitor okadaic acid 

(OA) stabilizes the phosphorylation state of full length (FL) 

Parkin indicating its transient phospho/dephospho cycle (Fig. 7B, 

compare lanes a/b with c/d). In addition, phosphorylation of FL 

Parkin decreases its susceptibility to calpain-cleavage induced 

by oligomycin (Fig. 7B, compare CL Parkin in lanes b and d).  
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2.3.5. Parkin association with the 26S proteasome - We 

previously demonstrated in rat cortical neurons that, upon 

mitochondrial impairment, calpain activation leads to selective 

cleavage of the Rpn10 subunit of the 26S proteasome, as other 

proteasome subunits tested were not affected (184 and chapter 3). 

Thus, like Parkin, Rpn10 is cleaved by calpain upon 

mitochondrial impairment. Based on these data, we determined 
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FIGURE 7. A – Subcellular localization of full length (FL) 
and cleaved (CL) parkin (panels 1 & 2), upon treatment 
with oligomycin (O, 5nM), PGJ2 (J, 10µ M) and epoxomicin 
(E, 20nM), all for 16h. Subcellular markers are as follows: 
nuclear - fibrillarin, panels 3 & 4; mitochondrial – Tom20 
(panels 5 & 6) and VDAC (panels 7 & 8), and cytosolic - 
Hsp90 (panels 9 & 10). B – Phosphorylation state of full 
length (FL) and newParkin (parkin CL) upon treatment 
without (-) and with oligomycin (+, O, 5nM) in the presence 
and absence of the phosphatase inhibitor okadaic acid 
(OA, 400nM). Actin is the loading control. Rat midbrain 
neurons were treated as indicated, with OA added 30-min 
prior to oligomycin. Total lysates were analyzed by western 
blotting (50 µ g of protein/lane) probed with the respective 
antibodies. Molecular mass markers in kDa are shown on 
the left in B. Data represent one of at least three 
experiments for each condition. Ph – phosphorylated. 
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whether calpain cleavage of Parkin and Rpn10 affects the 

association of Parkin with the proteasome. For this purpose, 

total extracts from cells treated with vehicle (DMSO, control) 

or oligomycin (5nM, 8h) were fractionated by glycerol gradient 

sedimentation centrifugation. Fractions were analyzed for Suc-

LLVY-AMC hydrolysis which reflects the chymotrypsin-like 

activity (Fig. 8, next page). As expected, the chymotrypsin-like 

activity of the 26S proteasome (white squares) was significantly 

lower than in controls (black squares, fraction 14, peak for 

26S). The activity of 20S proteasomes, however, was increased in 

the oligomycin-treated cells (fraction 8, peak for 20S). The 

proteasome elution pattern was confirmed by western blot 

analyses of each fraction with the anti-Rpt6 antibody that 

reacts with an ATPase subunit of the 19S particle (rows 1 for 

control and oligomycin-treated), and the anti-α5 antibody that 

reacts with a subunit of the 20S core particle, (rows 2 for 

control and oligomycin-treated). The levels of the Rpn10 subunit 

were significantly reduced upon oligomycin treatment (rows 3 for 

control and oligomycin-treated). Finally, under control 

conditions, FL Parkin eluted slightly to the left (row 4, peak 

fractions 8-10) of the 26S proteasome peak (fraction 14). 

Oligomycin-treatment not only induced Parkin cleavage, but also 

exacerbated the gap between the Parkin peak (row 4, fractions 6-

8) and the 26S proteasome peak (fraction 14), suggesting 
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dissociation of Parkin from the 26S proteasome.  

 

 

 

2.3.6. Effects of oligomycin, PGJ2 and epoxomicin on the 

proteasome – We assessed with the native in-gel assay, the 

effects of the three drugs on proteasome activity and levels in 

the midbrain neurons as described in (184). The in-gel assay 

detects the three assembled forms of the proteasome: 26S 

proteasomes with either two regulatory caps [26S (2)] or one cap 

[26S(1)], and the 20S core particle alone (20S). The three drugs 

decreased 26S proteasome activity with epoxomicin being the most 

efficient of the three (Fig. 9). Oligomycin (O, 5nM) and PGJ2 (J, 

Fig. 5 - Wang and Figueiredo-Pereira
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FIGURE 8. Sedimentation velocity of 
proteasomes and parkin in rat 
cerebral cortical neurons. Total 
lysates (one mg protein/sample) were 
fractionated by glycerol density 
gradient centrifugation (10-40% 
glycerol corresponding to fractions 1 
to 24). For analysis every two 
fractions were combined. Aliquots 

(50l) of the combined fractions 
obtained from control (black 
squares), and oligomycin (5nM, 8h, 
white squares) treated cells were 
assayed for chymotrypsin-like activity 
with Suc-LLVY-AMC (top graph). 
Immunoblot analyses of the 
combined fractions probed with 
antibodies that react with Rpt6 and 
Rpn10 (19S regulatory particle, 
panels 1 and 3, respectively) or α5, 
(core particle, panels 2). Fractions 
were also probed for parkin (panels 
4). Proteins were precipitated with 

acetone from 450l of the combined 
fractions. Similar results were 
obtained in duplicate experiments.  
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10µM) also decreased the levels of the 26S proteasome while 

increasing those of the 20S proteasome. Epoxomicin however, did 

not increase 20S proteasome levels. 

  

 

2.3.7. Comparison of the effects of oligomycin, PGJ2 and 

epoxomicin on cell viability, ATP, oxidative stress, and 

mitochondrial membrane potential (m) – Since the three drugs 

act via different mechanisms, we compared their effects on cell 

viability and mitochondrial function assessed by ATP levels, 

oxidative stress, and m. At the concentrations and times 

tested, oligomycin (Oligo, 5nM) was the most neurotoxic, 

decreasing cell viability by ~50%, followed by PGJ2 (10µM, ~20% 

FIGURE 9. Effects of oligomycin, PGJ2 
and epoxomicin on proteasome activity 
and levels in rat midbrain neurons. 
Cultures were treated for 16h with 
DMSO (▬, control), oligomycin (O, 
5nM), PGJ2 (J, 10µ M), or epoxomicin 
(E, 20nM). Cleared lysates 
(25µ g/sample) were subjected to non-
denaturing gel electrophoresis. The 
chymotrypsin-like active of fully 
assembled 26S and 20S proteasomal 
(indicated on the left by arrows) were 
assessed with Suc-LLVY-AMC by the 
in-gel assay (two top panels). To 
improve detection of 20S proteasome 
activity, 0.04% SDS was added to the 
reaction buffer (second panel). 
Proteasome levels were detected by 
immunoblotting with anti-Rpt6 anti-β5 
antibodies (labeled on the right).  
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decrease) and epoxomicin (Epox, 20nM, less than 4%, not 

significant), as shown in Fig. 10A, below. Oligo was the only 

one that decreased intracellular ATP levels, causing ~60% 

depletion (Fig. 10B).  

Reactive oxygen species (ROS) are generated whenever electron 

transport through the ETC is slowed (185,186). Proteins are one 

of the major targets of ROS that introduce carbonyl groups 

(aldehydes and ketones) at lysine, arginine, proline or 

threonine residues in a site-specific manner, thus serving as 

markers of ROS-mediated protein damage (187). Using the oxyblot 

kit for immunodetection of carbonyl groups on proteins, we 

established that among the three drugs, PGJ2 most effectively 

increased the oxidation status of proteins in the midbrain 

cultures (Fig. 10C). This finding is further strengthened by the 

demonstration that hemeoxygenase-1 (HO-1) increases upon 

treatment with PGJ2 (Fig. 10C). Although HO-1 is maintained at 

low levels in the brain under normal conditions, its levels 

increase upon oxidative damage and inflammation (188). As 

expected ROS production was elevated the most in response to 

1.5h treatment with PGJ2, followed by oligomycin, as measured by 

H2DCFDA fluorescence (Fig. 11A, gain of green immunofluorescence).  
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FIGURE 11. Effects of oligomycin (O, 5nM), PGJ2 (J, 10µ M) and epoxomicin (E, 20nM) on (A) ROS assessed with 

H2DCFDA (gain of green immunofluorescence), and (B) mitochondrial membrane potential (m) assessed with 
TMRE (loss of red immunofluorescence) in rat midbrain cultures treated as indicated for 1.5h. Nuclei were 
counterstained with DAPI.  

 
 

FIGURE 10. Effects of oligomycin (Oligo/O), PGJ2, and 
epoxomicin (Epox/E) on: (A) Cell viability assessed with 

the MTT assay. (B) ATP steady state levels (pmoles/g 
of protein) measured with the luciferin/luciferase system. 
(C, left) Protein carbonyls detected with the oxyblot kit. 
(C, right) HO-1 levels analyzed by western blotting. 
Midbrain cultures were treated as indicated. Percentages 
in A represent the ratio between the data for each 
condition and control (100%). Values indicate means and 
s.e. from at least three determinations per group. 
Asterisks identify values that are significantly different 
from control (** p<0.01; *** p<0.001). J, PGJ2. 

 
 

Fig. 7 - Wang and Figueiredo-Pereira
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Oligomycin (O, 5nM) and PGJ2 (J, 10µM), but not epoxomicin (E, 

20nM), decreased TMRE signal after 1.5h treatment, (Fig. 11B, 

loss of red immunofluorescence, previous page). This decline in 

TMRE signal by PGJ2 reflects a decrease in m, that results, at 

least in part, from inhibiting complex I (34), and thus reducing 

proton efflux from the mitochondria. The decline in m caused 

by longer-term (not acute) oligomycin treatment is consistent 

with the overall loss of metabolic (i.e. namely NADH) activity 

(assessed by the MTT assay), and may also be caused by 

uncoupling proteins activated in response to prolonged elevation 

of m (189,190).  

 

2.3.8. PACAP27 and cyclocreatine mitigate some of the effects of 

PGJ2 and oligomycin, respectively – cAMP-signaling has been 

shown to be neuroprotective(191). Particularly, we previously 

established that raising intracellular cAMP levels with the 

lipophilic peptide PACAP27 prevents the cleavage of TAU and 

caspase 3 activation induced by PGJ2 in rat cerebral cortical 

neuronal cultures (192). We now demonstrate in rat midbrain 

cultures (Fig. 12A, next page) that PACAP27 mitigates PGJ2-

induced caspase activation (panel 2), caspase-dependent Parkin 

cleavage (panel 3), and loss in cell viability (panel 5). 

However, PACAP27 did not seem to cause a decline in the levels 
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of ubiquitinated proteins elevated by PGJ2 (Fig. 12A, panel 1). 

PACAP27 failed to abolish the oligomycin effects that we 

analyzed in midbrain cultures (data not shown), thus we tested 

another protective approach. Since oligomycin inhibits ATP 

synthesis by mitochondria, we decided to increase ATP production 

by a different pathway, i.e. the phosphagen system. We did not 

consider activating glycolysis, since this approach can increase 

lactic acid production leading to pH changes. The phosphagen 

system involves phosphagen kinases, such as creatine kinase, 

that function to temporally buffer ATP levels in cells, 

including neurons, that display high and variable rates of 

aerobic energy production  (193). To activate the creatine 

phosphate/creatine kinase (CP/CK) phosphagen system we treated 

rat midbrain cultures with cyclocreatine, as this compound is 

phosphorylated and dephosphorylated by CKs at the same rate as 

creatine, but has the advantage of crossing membranes due to its 

relatively planar structure(194). We show (Fig. 12B, next page) 

that cyclocreatine (CCr, 5mM) mitigated the oligomycin-induced 

ATP depletion (panel 6) and calpain-dependent cleavage of Parkin 

panel 2) and -spectrin (panel 3), but did not affect the levels 

of ubiquitinated proteins (panel 1). Changes in cell viability 

are not apparent (panel 5), due to the short term treatment.  
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FIGURE 12. PACAP and cyclocreatine diminish the effects of PGJ2 or oligomycin (Oligo), respectively. Rat E18 
midbrain cultures were treated with DMSO (0, control, vehicle), or: (A) PGJ2 (10µ M, 16h) in conjunction with water 
(control, vehicle) or PACAP27 (100nM); in (B) Oligo [5nM, 1h (panels 5 & 6) or 4h (panels 1-4)] in conjunction with 
cyclocreatine (CCr, 5mM in medium). For the 4h Oligo treatment CCr was co-added and then added again two 
hours post-Oligo. Total lysates were analyzed by western blotting (50 µ g of protein/lane) probed with the 
respective antibodies. Molecular mass markers in kDa are shown in the middle. Data represent one of at least 
three experiments for each condition. Cell viability (panels 5) was assessed with the MTT assay. Percentages 

represent the ratio between the data for each condition and control (100%). ATP steady state levels (pmoles/g of 
protein) were measured with the luciferin/luciferase system. Values indicate means and s.e. from at least 4 
determinations. Asterisks identify values that are significantly different as indicated, with **p<0.01, ***p<0.001.  
 

Fig. 9 - Wang and Figueiredo-Pereira
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2.4. DISCUSSION 

In this study we characterize the vulnerability of Parkin to 

proteasomal and mitochondrial impairment, and establish 

pharmacological approaches that maintain Parkin integrity. In 

particular, we address the effects of the endogenous product of 

inflammation PGJ2, the mitochondrial inhibitor oligomycin, and 

the proteasome inhibitor epoxomicin, on Parkin integrity in rat 

midbrain neuronal cultures. 

We demonstrate that the three drugs induce Parkin cleavage to 

distinct fragments. Parkin cleavage triggered by PGJ2 and 

epoxomicin is mediated by caspase, while oligomycin provokes 

calpain-dependent Parkin cleavage. Caspase cleavage of Parkin 

was previously characterized in Parkin overexpressing cell lines 

treated with apoptotic inducers (195,196). The latter studies 

reported that caspase-1 and -8 directly cleave Parkin after 

Asp126 located within the linker region between its Ubl and 

RINGO domains, but the caspase-3 site remains unclear. The 

ubiquitin ligase activity of Parkin is abrogated by its caspase-

cleavage, and this cleavage is not affected by the PD disease-

causing mutations tested (195). PGJ2 is a product of 

inflammation postulated to activate the Fas/FasL death signaling 

pathway (33) and caspase 8 (192), thus linking inflammatory 

stress to caspase-mediated loss of Parkin ubiquitin ligase 
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activity and accumulation of its substrates. Furthermore, 

proteasome inhibition sensitizes cells to apoptosis mediated by 

the death signaling pathway via retardation of caspase-8 

degradation (197,198), thus also linking proteasome impairment 

to loss of Parkin activity.  

Upon ATP depletion, low ATP levels disable the plasma membrane 

Ca
2+ 
pump (PMCA) and the sarcoplasmic/endoplasmic reticulum Ca

2+
-

ATPase (SERCA), which require ATP to pump cytosolic Ca
2+ 

 out of 

the cell or into the ER lumen, respectively (199). This 

disruption will cause an elevation of cytosolic Ca
2+ 
leading to 

the activation of several Ca
2+
–dependent proteases including 

calpain. We show that upon mitochondrial deficiency, calpain-

cleavage of Parkin in midbrain neuronal cultures is induced by 

three mitochondrial toxins, olygomycin, antimycin and rotenone, 

which inhibit different elements of the electron transport chain. 

It is highly likely that this Parkin cleavage is due to calpain-

dependent processing, as it is prevented by pre-treatment with a 

calpain inhibitor and not by a caspase inhibitor.  

Calpains do not have a strict cleavage specificity, although 

some preferences for particular amino acid sequences, secondary 

structure (disordered regions) and PEST regions were suggested 

(200,201). To find a putative calpain cleavage site on Parkin, 

we used two computational programs [http://ccd.biocuckoo.org/ 

(202) and http://calpain.org (203)]. We predict two calpain 

https://gcmail.hunter.cuny.edu/owa/redir.aspx?C=471a6a2f0f7442ecae2b2737974494be&URL=http%3a%2f%2fccd.biocuckoo.org%2f
https://gcmail.hunter.cuny.edu/owa/redir.aspx?C=471a6a2f0f7442ecae2b2737974494be&URL=http%3a%2f%2fcalpain.org
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cleavage sites (P1 position) in human/rat full-length Parkin:  

(1) Gln71 within the following sequence in human: IVHIVQ-RPWRK 

and in rat: IVHIVQ-RPQRK, with a predicted molecular weight of 

43.6, and located within the Ubl domain. (2) Ala134 within the 

following sequence in human: KDSPPA-GSPAG and in rat: SDSEAA-

RGPAA, with a predicted molecular weight of 36.9, and located 

within the linker region between the Ubl and RINGO domains, 

close to the caspase-cleavage site.     

From all reported Parkin alternative splicing variants 

[reviewed in (204)], transcript variant 3 (TV3) lacks exons 3-5 

that encode for a.a. 58-206 of full-length Parkin (205). TV3 has 

a predicted molecular weight of ~36kDa (204) that is similar to 

the caspase- or calpain-cleaved forms of Parkin. However, since 

the latter Parkin forms are not detected in cells treated with 

caspase or calpain inhibitors, and TV3 lacks the caspase and 

calpain (predicted) cleavage sites, we conclude that the shorter 

Parkin forms detected in our studies are cleavage products of 

full-length Parkin.   

One of the predicted Parkin calpain-cleavage sites (Ala134) is 

in close proximity to two Parkin phosphorylation sites (Ser131 

and Ser136), identified in Parkin overexpressing cell lines upon 

treatment with the phosphatase inhibitor okadaic acid (206). The 

latter study established that Parkin is constitutively 
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phosphorylated at the N- and C-terminus, but its 

phospho/dephospho cycle is rapid as phosphatase inhibitors are 

necessary to detect phosphoparkin. In our current studies with 

rat midbrain cultures, we confirmed these findings, i.e. the 

stabilization of putative phosphoparkin upon treatment with 

okadaic acid. We also extend these results by predicting that 

phosphoparkin is less vulnerable to calpain-cleavage induced by 

oligomycin, as the levels of newParkin are decreased in the 

presence of okadaic acid. We speculate that phosphorylation at 

Ser131 and Ser134, in proximity to the calpain predicted 

cleavage site, protect Parkin from calpain cleavage. Furthermore, 

since okadaic acid exhibits selectivity for PP2A over PP1, the 

two most abundant serine/threonine phosphatases in mammalian 

cells (207),  it is possible that PP2A curbs Parkin 

phosphorylation, just as it does for Tau hyperphosphorylation 

(208). These premises require verification in future studies. 

The subcellular fractionation of Parkin with the midbrain 

cultures demonstrates that newParkin generated upon 

mitochondrial dysfunction localizes mostly to the mitochondrial 

fraction. In addition, the glycerol gradient sedimentation 

suggests that oligomycin treatment shifts the elution pattern of 

Parkin away from the 26S proteasome. Other studies showed that 

Parkin associates and regulates the 26S proteasome via binding 

of its Ubl domain to the Rpn10 subunit of the 26S proteasome 
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(90,144). Together, all of these findings suggest that upon 

mitochondrial impairment, calpain cleavage of Parkin promotes 

its dissociation from the 26S proteasome and its translocation 

to the mitochondria. We speculate that calpain-cleavage of 

Parkin at the putative Gln71 site located within its Ubl domain, 

could diminish the Parkin/Rpn10 interaction under conditions of 

ATP depletion when protein ubiquitination is limited by E1 

inhibition as we previously demonstrated (184). This could free 

Parkin to translocate to mitochondria to promote mitophagy. 

Interestingly, the Arg to Pro mutation at position 42 of the Ubl 

domain of Parkin, identified in patients with autosomal-

recessive juvenile parkinsonism (ARJP), disrupts the Rpn10-

Parkin interaction(90). This disruption could mediate the “loss 

of function” of Parkin on the regulation of the 26S proteasome 

(144).  

Overall, the above data support the notion that the Parkin-

mitochondria-UPP link is affected by the product of inflammation 

PGJ2, and by mitochondrial as well as proteasomal impairment. 

Based on our observations, the mitochondrial deficit induced by 

PGJ2 increases ROS production without mitigating ATP levels, 

increases the levels of ubiquitinated proteins and caspase-

mediated Parkin cleavage. These effects are replicated by 

proteasome inhibition with epoxomicin. In contrast, oligomycin 

significantly reduces mitochondrial production of ATP and 
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protein ubiquitination, and leads to calpain-mediated Parkin 

cleavage. Both of these situations are associated with PD 

pathogenesis, since both caspase and calpain activation are 

linked to PD  (209). Two studies report the detection of Parkin 

processed to a ~41/42kDa form in human brains of a control (210) 

and a PD patient (211), but there is no discussion of the 

possible cleavage mechanisms. Potential neuroprotective 

strategies for PD should be aimed at targeting both apoptotic 

and nonapoptotic pathways. Since cAMP-signaling is considered to 

be neuroprotective(191), we tested the effects of raising 

intracellular cAMP levels with the lipophilic peptide PACAP in 

the rat midbrain cultures. PACAP27 mitigated the loss of cell 

viability, caspase 3 activation, and caspase-cleavage of Parkin 

induced by PGJ2, as well as epoxomicin-induced cleavage of 

Parkin (not shown here). Calpain-cleavage of Parkin induced by 

oligomycin, was diminished by cyclocreatine. The latter was used 

in vivo to improve cognition in mice with creatine transporter 

deficiency (194) and in other neurodegenerative conditions 

including PD (212). These data are highly significant to PD since 
Parkin dysfunction is associated with familial as well as 

sporadic forms of PD, thus it is of interest to develop means to 

prevent its cleavage and thus preserve its function. 
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3.1. ABSTRACT 

Proteasomal and mitochondrial dysfunction are implicated in 

chronic neurodegenerative diseases. To investigate the impact of 

mitochondrial impairment on the proteasome we treated rat 

cerebral cortical neurons with oligomycin, antimycin, or 

rotenone, which inhibit different elements of the electron 

transport chain. Firstly, we observed a reduction in 

ubiquitinated proteins and E1 activity. Secondly, we established 

that 26S proteasomes are disassembled with a decline in activity. 

Thirdly, we show to our knowledge for the first time, that 

calpain is activated triggering the selective processing of the 

26S proteasome subunit Rpn10. Other proteasome subunits tested 

were not affected. Calpain also cleaved caspase 3 to an inactive 

fragment, thus preventing apoptosis that is an energy-dependent 

cell death pathway. In addition, calpain cleaved the microtubule 

associated protein TAU, a major component of neurofibrillary 

tangles in Alzheimer disease and other tauopathies. Fourthly, we 

detected a rise in 20S proteasome levels and activity. Finally, 

we show that both acute (16h) and long-term (up to seven days) 

mitochondrial impairment led to down-regulation of 

ubiquitinated-proteins, 26S proteasome disassembly, and a rise 

in 20S proteasomes. We postulate that upon mitochondrial 

dysfunction, ATP-depletion and calpain activation contribute to 

the demise of protein turnover by the ubiquitin/ proteasome 
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pathway. The concomitant rise in 20S proteasomes, which seem to 

degrade proteins in an unregulated and energy-independent manner, 

in the short term may carry out the turnover of randomly 

unfolded oxidized proteins. However, if chronic it could lead to 

neurodegeneration, as regulated protein degradation by the 

ubiquitin/proteasome pathway is essential for neuronal survival. 

 

3.2. INTRODUCTION 

Proteasome function is essential for neuronal homeostasis 

and survival. Neurons are also critically dependent on 

mitochondria for energy production necessary for maintaining 

homeostasis, neurotransmission and plasticity. There is a mutual 

dependence between mitochondrial and proteasomal function (213). 

Mitochondria provide ATP required for 26S proteasomal 

degradation of ubiquitinated proteins, some of which are 

mitochondrial proteins. Emerging evidence implicates proteasomal 

and mitochondrial dysfunction in ageing and neurodegenerative 

disorders such as Alzheimer disease (AD) (214,215).  In neurons 

this is particularly important because, on the one hand neurons 

have a limited glycolytic capacity (216) thus are particularly 

sensitive to the ageing-associated decline in mitochondrial 

bioenergetics (217). On the other hand intraneuronal 

accumulation of ubiquitinated proteins, indicative of proteasome 

malfunction, is a hallmark of most chronic neurodegenerative 
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diseases including AD (218). Notably, the impact of 

mitochondrial impairment on proteasome function remains poorly 

defined. 

One of the principal mechanisms by which mitochondrial 

dysfunction contributes to ageing and neurodegeneration is via 

the limitation in ATP production that can cause an energy crisis 

in neurons (219). Brain glucose hypometabolism is detected early 

in AD patients and is implicated in the initiation and 

progression of AD pathology (220). ATP loss in AD brains was 

estimated to reach as much as 50% in stable advanced dementia 

(221). This energy deficit may have a drastic impact on brain 

function. Degradation of proteins by the 26S proteasome is 

highly dependent on ATP binding and hydrolysis (222).  

Another deleterious mechanism associated with mitochondrial 

dysfunction is a net increase in the production of reactive 

oxygen species (223). Oxidative stress induced by reactive 

oxygen species (ROS) alters the structure of cellular proteins 

(187) which, if not repaired, must be removed by proteolysis to 

prevent their accumulation and aggregation. One of the major 

roles of the proteasome is to degrade oxidatively modified 

proteins, but whether ubiquitination is required remains elusive 

(224). Some studies support the notion that oxidatively modified 

proteins in cells are removed by the 20S proteasome 

independently of ubiquitination (225). Others demonstrate that 
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upon oxidative stress there is an increase in the levels of 

ubiquitinated proteins, and in ubiquitin-activating and 

ubiquitin-conjugating enzyme activities, suggesting that the 

ubiquitination machinery is recruited to degrade oxidatively 

modified proteins (226). This is an important issue since there 

is ample evidence that neural tissue is especially vulnerable to 

oxidative stress, which plays an important role in many 

neurodegenerative disorders (227). Neurons exhibit a higher 

sensitivity to proteasome inhibition than astrocytes, mostly 

because they undergo increased levels of oxidized proteins (228). 

Impaired clearance of oxidatively modified proteins can cause 

their aggregation and directly promote progression of the 

neurodegenerative process (229). Both deleterious consequences 

of mitochondrial impairment, i.e. restricted ATP generating 

capacity and ROS production, are likely to contribute to 

impaired proteasome-dependent proteolysis in neurons 

(222,230,231).  

It is postulated that in neurons even a modest restriction 

of ATP production by mitochondria far outweighs the negligible 

effects of ROS, although the underlying mechanisms are not 

clearly understood (219). In our current study with neurons, we 

demonstrate that low ATP levels caused by mitochondrial 

dysfunction, correlate with impairment of the 

ubiquitin/proteasome pathway (UPP): there is a decline in E1 and 
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26S proteasome activities, both of which are energy-dependent, 

with a concomitant rise in 20S proteasomes. This decline in UPP 

function occurs upon acute and long-term mitochondrial 

impairment. Notably, upon energy depletion, calpain activation 

leads to the selective cleavage of Rpn10, a 26S proteasome 

subunit. Other proteasome subunits tested were not affected. 

Rpn10 cleavage combined with ATP depletion, contribute to the 

demise of 26S proteasome function, a critical step in the UPP. 

We postulate that under acute mitochondrial stress conditions, 

unregulated and energy-independent protein degradation via 20S 

proteasomes could carry-out the degradation of randomly unfolded 

oxidized proteins. However, regulated and ATP-dependent protein 

degradation via the UPP is essential for long-term neuronal 

survival.  

 

3.3. MATERIALS AND METHODS (THOSE THAT DIFFER FROM CHAPTER 2) 

 

3.3.1. Materials - Primary antibodies: rabbit polyclonal anti-β5 

(1:5000, cat# PW8895), mouse monoclonal anti-Rpt6 (1:2000, cat# 

PW9265), anti-Rpn10 (1:2000, cat# PW9250), anti-α5 (1:2000, cat# 

PW8125), anti-Rpn2 (1:2000, cat# PW9270), anti-Rpt5 (1:2000, 

cat# PW8770), all from ENZO Life Sciences, Inc.; rabbit 

polyclonal anti-UBE1a (1:1000, cat# 4890), and anti-E2-25K/Hip2 

(1:1000, cat# 3847), all from Cell Signaling Technology; mouse 
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monoclonal TAU C5 (1:50000; detects all TAU isoforms; ep: a.a. 

210–241), courtesy of Dr. L. Binder (Northwestern University, 

Chicago, IL).  

 

3.3.2. Culture treatments –For long term (one day to 7 days) 

studies, neurons were maintained for the entire time in DMEM 

with 2% B27 supplemented with 0.5mM L-Glutamax and 1mM sodium 

pyruvate. Drugs were added once at the beginning of each 

experiment, following the same protocol as for the acute studies. 

 

3.3.3. Cell viability assays - Cell viability with propidium 

iodide (Invitrogen) and 6-CFDA (Sigma) cell staining were 

carried out following the respective manufacturer’s 

specifications.  

 

3.3.4. Evaluation of endogenous E1- and  E2-25k-ubiquitin thiol 

esters – Upon treatment with vehicle (control, DMSO) or with the 

respective drugs, cortical neurons were washed twice with PBS, 

harvested with a thiol stabilizing buffer [5mM Tris-HCl, pH 7.8, 

8.7M urea, 1% Nonidet P-40, 20mM N-ethylmaleimide, 3mM EDTA, 2% 

protease inhibitor cocktail (Sigma)], and kept on ice for 15min 

for lysing, as described in (232). Samples were sonicated for 

10s, centrifuged at 19,000Xg for 15min at 4
o
C, mixed (30μg) 1:2 

(volume) with thiol ester gel buffer (33mM Tris-HCl, pH 6.8, 
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2.7M urea, 2.5% SDS and 13% glycerol), and boiled for 5min. 

After determination of the protein concentration with the 

Bradford assay (Bio-Rad Laboratories), the normalized samples 

were separated into reducing (with 4% -mercaptoethanol) and non-

reducing (no -mercaptoethanol) aliquots for SDS-PAGE, followed 

by western blotting with anti-E1 and anti-E2 antibodies, as 

described above. 

 

3.4.RESULTS 

 

3.4.1.Oligomycin, antimycin, and rotenone as mitochondrial 

inhibitors (Hu Wang: antimycin and rotenone data) –  

To investigate the link between mitochondrial impairment and 

loss of neuronal viability, rat cerebral cortical neurons were 

treated with three mitochondrial inhibitors that affect 

different elements of the electron transport chain: (1) rotenone 

binds to ND1 and inhibits NADH–ubiquinone reductase activity of 

complex I (177), (2) antimycin A binds to the quinone reduction 

site of complex III (ubiquinol-cytochrome c oxidoreductase) 

inhibiting the reduction of cytochrome c  (233), and (3) 

oligomycin binds to a polypeptide in the F0 baseplate and blocks 

ATP synthesis by the F0/F1 mitochondrial ATP synthase (173). As 

shown in Fig. 13A (next page), all three drugs decrease ATP 

levels in a concentration dependent manner. Oligomycin was the 
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most efficient, as 5nM of this drug lowered ATP levels by ~75%. 

The 25% ATP that remains upon oligomycin-treatment must be 

generated in a mitochondrial-independent manner by glycolysis. 

The decline in ATP levels induced a loss of neuronal viability 

(Fig. 13B) assessed with the MTT assay, which is reduced largely 

within the cytoplasm of most cells (234,235). From the three 

drugs tested, rotenone caused the weakest changes in all assays, 

except for ROS. 

Figure 1 – Huang, Wang, Perry & Figueiredo-Pereira
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FIGURE 13. Effects of oligomycin, antimycin and rotenone on ATP levels and viability in rat cerebral cortical neurons. Neurons were 
treated with oligomycin (panels 1 and 2), antimycin (panels 3) and rotenone (panels 4) for the times and concentrations indicated. (A) ATP 

steady state levels (pmoles/g of protein) were assessed with the luciferin/luciferase system. (B) Cell viability was assessed with the MTT 
assay. Percentages represent the ratio between the data for each condition and control (100%). Values indicate means and s.e. from at least 
three experiments per group. Asterisks identify values that are significantly different from control (* p<0.05; ** p<0.01; *** p<0.001). 
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3.4.2. Effect of oligomycin, antimycin, and rotenone on m and 

ROS (Hu Wang: all data) –  

Oligomycin (5nM), antimycin (5nM), and rotenone (10nM) all 

decreased TMRE signal after 1.5h or 4h treatment, as did the 

protonophore FCCP (100 nM) (Fig. 14A, next page). This decline 

in TMRE signal is likely to reflect a decrease in m. By 

inhibiting complex I and III respectively, and thus reducing 

proton efflux from the mitochondria, rotenone and antimycin are 

classically associated with decreased m, as supported by our 

decline in TMRE signal. Under non-glycolytic conditions, acute 

oligomycin treatment is typically associated with increased m 

due to the oligomycin-induced blockade of proton influx through 

the ATP synthase. Oligomycin will decrease m when m is being 

maintained by reversal of the ATP synthase by hydrolyzing 

glycolysis derived ATP (236), but this scenario is not 

consistent with our oligomycin-induced decline in ATP levels at 

these same 1.5h and 4h time points (Fig. 13). Rather, a decline 

in m caused by longer-term oligomycin treatment would be 

consistent with the overall loss of metabolic (i.e. namely NADH) 

activity we observed by MTT assay at these same time points, and 

may also be caused by uncoupling proteins activated in response 

to prolonged elevation of m (189,190).  
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ROS are generated whenever electron transport through the ETC 

is slowed (185,186). As expected ROS production in response to 

1.5h or 4h oligomcyin (5nM), antimycin (5nM), and rotenone (10nM) 

treatment was elevated as measured by H2DCFDA fluorescence (Fig. 

14B). For the TMRE and ROS measurements, only the 1.5h and 4h 

time points were quantified because quantification of later time 

points would be confounded by significant loss of cell 

integrity and thus not informative. 
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Figure 2– Huang, Wang, Perry, & Figueiredo-Pereira
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FIGURE 14. Effects of oligomycin (Olig), antimycin (Ant) and rotenone (Rot) on mitochondrial membrane 

potential m and ROS in rat cerebral cortical neurons. Neurons were treated with oligomycin (5nM), antimycin 

(5nM) and rotenone (10nM) for the times indicated. (A) Mitochondrial membrane potential (m) was assessed with 
TMRE. The effect of the uncoupler FCCP (carbonylcyanide-p-trifluoromethoxyphenylhydrazone) is shown for 
comparison. (B) ROS was assessed with H2DCFDA. Total fluorescence from cells was quantified in each image field 
using ImageJ. Values (AFU, arbitrary fluorescent units) indicate means and s.e. from 10-15 images per group pooled 
over two independent experiments for each group, and normalized to time-matched DMSO (vehicle) control = 1. 
Asterisks identify values that are significantly different from control (** p<0.01; *** p<0.001). 
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3.4.3. The decline in polyubiquitinated proteins induced by the 

three mitochondrial inhibitors is linked to E1 failure        

(Hu Wang: antimycin and rotenone data) –  

Chronic neurodegenerative disorders like AD, are linked to 

mitochondrial dysfunction and to accumulation/aggregation of 

ubiquitinated (Ub) proteins (237). We examined the effect of the 

three mitochondrial inhibitors on Ub-protein levels in the 

cortical neurons. Oligomycin and antimycin decreased Ub-proteins 

in a concentration (Fig. 15A and 15B, panels 1, below) and time 

(established for oligomycin, Fig 15C, panel 1) dependent manner. 

Only the highest concentration of rotenone tested (10nM) 

significantly lowered Ub-protein levels. In neurons treated with 

oligomycin, but not with antimycin or rotenone, the decline in 

Ub-proteins coincided with a rise in free mono ubiquitin, 

observed in a concentration (Fig. 15B, panel 2) and time (Fig. 

15C, panel 2) dependent manner. The effect of prostaglandin J2 

(J2) on Ub-proteins in neurons is shown for comparison in Fig. 

15E. J2 is an endogenous product of inflammation (27) shown to 

increase the levels of Ub-proteins (238), in contrast to the 

mitochondria toxins.  

To address a mechanism mediating the decline in Ub-proteins 

induced by oligomycin, we focused on the E1A ubiquitin 

activating enzyme, and on the E2 conjugating enzyme E2-25K. E1 

activity requires ATP for formation of a thiol ester adduct with 
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ubiquitin, a process that is sensitive to reducing agents, such 

as β-mercaptoethanol (239). In principle, if E1 activity is 

impaired all protein ubiquitination including E1-E2 

transthiolation, should be diminished. To assess E1- and E2-

ubiquitin thiol ester levels, the samples were run on SDS-PAGE 

under reducing (with β-mercaptoethaol) and non-reducing (without 

β-mercaptoethaol) conditions. As shown in Fig. 15D (panels 1 and 

4, left lanes), under non-reducing conditions E1-ubiquitin thiol 

ester (~126kDa) migrated ~9kDa above native E1 (117kDa), 

consistent with the additional mass of ubiquitin. Oligomycin- 

and antimycin-treatment abolished the E1-ubiquitin thiol ester, 

reflecting the loss of the ubiquitin monomer. The effect of 

rotenone on E1-ubiquitin thiol ester was very minor 

(undetectable). A similar pattern was observed for the E2 

conjugating enzyme E2-25K. Its E2-ubiquitin thiol ester (~33kDa), 

which is dependent on E1 transthiolation activity, was 

eliminated in neurons treated with oligomycin (Fig. 15D, panel 2, 

three left lanes). Under reducing conditions (Fig. 15D, panel 1 

and 4, right lanes) only native E1 and E2 were detected. 

Together these data demonstrate that due to mitochondrial 

impairment, ATP depletion in neurons prevents E1 from forming 

thiol ester intermediates with ubiquitin, resulting in an 

overall down-regulation of Ub-proteins. 
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FIGURE 15. Effects of oligomycin, antimycin and rotenone on: ubiquitinated(Ub)-proteins and mono 
ubiquitin(Ub) in rat cerebral cortical neurons (A, B, and C), and on the levels of E1- and E2-ubiquitin thiol 
esters (D). Effect of prostaglandin J2 (15µ M, J2) on ubiquitinated proteins (E). Rat cerebral cortical neurons 
were treated as indicated. Total lysates were analyzed by western blotting (30 µ g of protein/lane) probed with the 
respective antibodies to detect in: (A, B and C) - Ub-proteins (panels 1), free mono ubiquitin (panels 2), and βIII-
tubulin (βIII-tub, loading control, panels 3);  (D) - E1-ubiquitin (Ub) and E2-Ub thiol esters (upper bands) and native 
E1 and E2 (lower bands) run under non-reducing conditions (left side panels), or reducing conditions with β-
mercaptoethanol (right side panels); actin (loading control, panels 3 and 5); (E) - Ub-proteins and βIII-tub (loading 
control). Molecular mass markers in kDa are shown on the left and right. In A, B and C the levels of ubiquitinated 
proteins (polyUb/βIII-tub) and mono Ub, (monoUb/βIII-tub) were semi-quantified by densitometry (values in tables). 
Data represent the percentage of the pixel ratio for Ub-proteins and monoUb over the respective loading control for 
each condition compared to control (100%). Values are means from at least three experiments. Asterisks identify 
values that are significantly different from control (*p<0.05, **p<0.01, ***p<0.001).  
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3.4.4. Perturbing mitochondria in neurons causes a decline in 

26S proteasomes and a concomitant increase in 20S proteasomes  

(Hu Wang: antimycin and rotenone data) –  

 The activity and assembly of 26S proteasomes are highly 

dependent on ATP binding and hydrolysis (222,240). We thus 

assessed with the native in-gel assay, the effects of the three 

mitochondrial inhibitors on proteasome activity and levels in 

the cortical neurons. The in-gel assay detects the three 

assembled forms of the proteasome: 26S proteasomes with either 

two regulatory caps [26S (2)] or one cap [26S(1)], and the 20S 

core particle alone (20S). Proteasome activity was determined 

with the substrate Suc-LLVY-AMC, which assesses the 

chymotrypsin-like activity (Fig. 16A, B and C, panels 1). Under 

control conditions (lanes marked with “0”), the activity of the 

20S proteasome is substantially lower than that of the 26S, 

because the 20S is a latent proteasome form (241). Proteasome 

levels were determined by immunoblotting with the anti-Rpt6 

antibody that reacts with an ATPase subunit of the 19S particle 

(Fig. 16A, B and C, panels 2), and with the anti-β5 antibody 

(Fig. 16A, B and C, panels 3). The β5 subunit is a component of 

the 20S core, thus its antibody detects assembled 26S and 20S 

proteasomes. The three mitochondria inhibitors decreased 26S 

proteasome activity in a concentration (Fig. 16A and B, panels 1) 

and time (oligomycin, Fig. 16C, panel 1) dependent manner. 
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Furthermore, the three drugs caused the disassembly of the 26S 

proteasome, as its levels decreased while those of the 20S 

proteasome increased (Fig. 16A, B and C panels 2 and 3). Semi-

quantification of proteasome activity and levels for each 

condition is listed in the respective tables shown in Fig. 16. 
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FIGURE 16. Effects of oligomycin, antimycin and rotenone on proteasome activity and levels in rat cerebral 
cortical neurons. Neurons were treated for 16h with antimycin or rotenone (A) or oligomycin (B), or with 5nM 
oligomycin for different time points (C). Cleared lysates (30µ g/sample) were subjected to non-denaturing gel 
electrophoresis as described under “Experimental Procedures”. Fully assembled 26S and 20S proteasomal 
(indicated in the middle by arrows) chymotrypsin-like activity was assessed with Suc-LLVY-AMC by the in-gel assay 
(panels 1). Proteasome levels were detected by immunoblotting with anti-Rpt6 (panels 2) and anti-β5 antibodies 
(panels 3). Proteasome chymotrypsin-like activity and levels were semi-quantified by densitometry (values in tables). 
Percentages represent the ratio between data for each condition and control (DMSO) considered to be 100%. Values 
are means from at least three experiments. Asterisks identify values that are significantly different from control 
(*p<0.05, **p<0.01, ***p<0.001).  
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 We corroborated by glycerol gradient fractionation that 

mitochondrial dysfunction in neurons causes a shift from 26S to 

20S proteasomes (Fig. 17, next page). Since oligomycin has the 

strongest effect, we only tested this drug here. Total extracts 

from cells treated with vehicle (DMSO, control) or oligomycin 

(5nM, 8h) were fractionated by glycerol density gradient 

centrifugation. Fractions were analyzed for Suc-LLVY-AMC 

hydrolysis which reflects the chymotrypsin-like activity (graph). 

Compared to control, the chymotrypsin-like activity of 

oligomycin-treated cells was significantly reduced in the 

fractions corresponding to the elution of the 26S proteasomes: 

fractions 12-16 (peak for 26S), compare oligomycin-treatment 

(white squares) with control (black squares). In contrast, the 

activity of 20S proteasomes (fractions 7-9, peak for 20S) was 

increased in the oligomycin-treated cells. 

 To confirm the proteasome elution pattern, aliquots from each 

fraction were subjected to western blot analyses with the anti-

Rpt6 antibody that reacts with an ATPase subunit of the 19S 

particle (rows 1 and 3, control and oligomycin-treated, 

respectively), and the anti-α5 antibody that reacts with a 

subunit of the 20S core particle, (rows 2 and 4, control and 

oligomycin-treated, respectively). From these experiments we can 

conclude that an 8h treatment with 5nM oligomycin triggers the 
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disassembly of 26S proteasomes with a parallel increase in 20S 

proteasomes.  
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FIGURE 17. Effects of oligomycin on the sedimentation velocity of proteasomes in rat cerebral cortical 
neurons. Total lysates (one mg protein/sample) were fractionated by glycerol density gradient centrifugation (10-

40% glycerol corresponding to fractions 1 to 24). Aliquots (50l) of each fraction obtained from control (black 
squares), and oligomycin (5nM, 8h, white squares) treated cells were assayed for chymotrypsin-like activity with Suc-
LLVY-AMC (top graph). Immunoblot analyses of each fraction probed with antibodies that react with Rpt6 (19S 
regulatory particle, panels 1 and 3) or α5, (core particle, panels 2 and 4). Proteins were precipitated with acetone 

from 450l of each fraction. Similar results were obtained in triplicate experiments.  
 

3.4.5. Mitochondrial dysfunction causes a selective decline in 

the levels of the Rpn10 subunit of the 19S particle that concurs 

with calpain but not caspase activation  

(Hu Wang: antimycin and rotenone data) –  
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We considered that the decrease in 26S proteasome levels 

induced by oligomycin could be caused by a reduction in subunit 

levels. We thus investigated the effect of oligomycin on 

subunits of the 19S (Rpn2, Rpt5, Rpt6, and Rpn10) and 20S (α5 

and β5) proteasome particles. Notably, from all of the 

proteasome subunits tested, only Rpn10 levels were reduced by 

oligomycin in a concentration (Fig. 18A, top row) and time (Fig. 

18B, top row) dependent manner.  

Since oligomycin triggers a loss of neuronal viability, we 

contemplated the possibility that apoptosis was induced and that 

the ensuing caspase activation was responsible for cleaving 

Rpn10, thus decreasing its levels. However, we did not observe 

cleavage of pro-caspase 3 (33kDa) to its active form (17kDa) in 

neurons treated with oligomycin (Fig. 18C, panel 1). Instead, 

pro-caspase 3 was processed to a ~29kDa fragment (Cl-caspase 3) 

and not to its active 17kDa form. The latter 17kDa fragment 

triggered by the endogenous product of inflammation 

prostaglandin J2 (J2), is shown for comparison in Fig. 18C 

(panel 1, last lane). J2 induces apoptosis in neurons (33). 

We next investigated if calpain was activated upon 

mitochondrial dysfunction by assessing cleavage of one of its 

substrates, -spectrin. Oligomycin-treatment clearly induced 

cleavage of -spectrin (280kDa) to 145/150kDa fragments, which 

are indicative of calpain activation (Fig. 18C, panel 2). In 
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contrast, there was no detection of the 120kDa -spectrin 

fragment, a marker of apoptotic cell death generated by caspase 

3 processing of -spectrin (242). For comparison, J2-induced 

cleavage of -spectrin to the caspase-mediated 120kDa fragment 

is shown (Fig. 18C, panel 2, last lane). Oligomycin also induced 

the cleavage of another calpain substrate, the microtubule 

associated protein TAU (Fig. 18D, panels 1 and 2). TAU is a 

major component of neurofibrillary tangles in AD (243). Together, 

these results suggest that the selective decline in Rpn10 

induced by mitochondrial dysfunction may be triggered by 

calpain-mediated processing.  FIGURE 18 (below and next page) 
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FIGURE 18. Effects of oligomycin on proteasome subunit levels (A and B), caspase 3 and α-spectrin (C), and 
TAU cleavage (D) in rat cerebral cortical neurons. Neurons were treated as indicated. Total lysates were analyzed 
by western blotting (30 µ g of protein/lane) probed with the respective antibodies to detect in: (A and B) - proteasome 
subunits (19S particle: Rpn10, Rpn2, Rpt5 and Rpt6; 20S core: α5 and β5) and βIII-tubulin (loading control); (C) – 
caspase 3 (panel 1) and α-spectrin (panel 2); the effect of J2 is shown for comparison; (D) – TAU (panels 1 and 2) 
and actin (loading control, panel 3). Molecular mass markers in kDa are shown in the center (A and B), on the right 
(C) and on the left (D). Similar data were obtained in triplicate experiments. Pro (full length), Cl (cleaved) and Act 
(active) caspase 3; Tau FL, full length TAU. (E) Fluorescence staining with propidium iodide (PI, panels 1 and 2), 6-
CFDA (panels 3 and 4), and Hoechst (panels 5 and 6) of neurons treated as indicated. In panels 5 and 6, the nuclei 
of the neurons within the white boxes are magnified and shown on the bottom right of each panel. DIC, differential 
interference contrast images. Similar results were obtained in triplicate experiments. 
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Fluorescence staining confirmed that oligomycin induces 

necrosis. Propidium iodide (PI) staining of oligomycin-treated 

neuronal cultures (Fig. 18E, panel 2) indicates necrotic cell 

death, as due to their extensive membrane damage, PI quickly 

moves into necrotic cells. The intact membrane of living cells 

(Fig. 18E, panel 1) and apoptotic cells prevents PI cell entry 

(244). Although apoptosis affects mainly the nucleus, in its 

later phases the plasma membrane becomes leaky and can also 

uptake PI (244). Staining with 6-carboxyfluorescein diacetate 

(6-CFDA) is used to detect living cells. When this non-

fluorescent compound enters living cells, it is hydrolyzed by 

esterases generating 6-carboxyfluorescein that appears as green 

fluorescence (245). Thus, necrotic cells do not appear green 

(Fig. 18E, panel 4) while living cells do (Fig. 18E, panel 3). 

Nuclear morphology is shown with Hoechst staining (Fig. 18E, 

panels 5 and 6). 

We established that antimycin mimics the effects of oligomycin 

on Rpn10, caspase 3, -spectrin, and TAU cleavage (Fig. 19,next 

page). However, rotenone had only weak or undetectable effects 

on the cleavage of the latter proteins (Fig. 19). Since Rpn11, a 

deubiquitinating subunit, is linked to mitochondrial function 

(246), we investigated if its levels were altered by any of the 

three mitochondrial inhibitors. As shown in Fig. 19 (panel 2) no 

changes in Rpn11 were detected. 
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FIGURE 19. Effects of antimycin and rotenone on Rpn10 (panel 1), Rpn11 (panel 2), caspase 3 (panel 3), α-
spectrin (panel 4), and TAU cleavage (panels 5 & 6) in rat cerebral cortical neurons. Neurons were treated for 
16h with antimycin (Ant) or rotenone (Rot). Oligomycin (Olig) was included for comparison. Total lysates were 
analyzed by western blotting (30 µ g of protein/lane) probed with the respective antibodies; βIII-tubulin (βIII-tub, 
loading control). Molecular mass markers in kDa are shown in the center. Similar data were obtained in triplicate 
experiments. Pro (full length), Cl (cleaved) and Act (active) caspase 3; Tau FL, full length TAU. 
 

3.4.6. Upon mitochondrial impairment, Rpn10 is processed by 

calpain and not by proteasomes or lysosomes  

(Hu Wang: Fig. 20B, C and D)–  

Since oligomycin has the strongest effect, we only focused on 

this drug here. To sort out which proteolytic activity processes 

Rpn10 upon treatment with oligomycin, we pretreated neurons with 

inhibitors of the proteasome (Ep, epoxomicin), lysosome (CQ, 

chloroquine), and calpain [calpain inhibitor III (Cp3, Z-Val-

Phe-CHO) and calpeptin (Cpt, Z-Leu-Nle-CHO)]. Only the calpain 

inhibitors (Fig. 20A, dashed box) prevented the decline in Rpn10 

(panel 1). Furthermore, the calpain inhibitors blocked cleavage 

of pro-caspase 3 (panel 2), -spectrin (panel 3), and TAU (panel 
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4). Pre-treatment with the calpain inhibitors also prevented the 

decline in 26S proteasome activity (Fig. 20B, panel 1) and 

assembly (Fig. 20B, panels 2 and 3) triggered by oligomycin. 

Surprisingly, Cp3 by itself inhibited 26S proteasome activity 

without triggering its disassembly, while Cpt stimulated the 20S 

proteasome. The two inhibitors per se did not alter proteasome 

levels by much, thus their individual effects on proteasome 

activity could be due to a secondary effect on the proteasome 

itself (for Cp3), and/or on a putative 20S proteasome activating 

factor regulated by calpain. Anyway, it is clear that the two 

calpain inhibitors prevented the negative effect of oligomycin 

on proteasomes. 

The calpain inhibitors failed to prevent the decline in E1-

activity (Fig. 20C) or the loss in viability induced by 

oligomycin (Fig. 20D). This is not surprising, since the calpain 

inhibitors target calpain, but not ATP depletion. 
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FIGURE 20. Calpain inhibitors but not proteasome or lysosomal inhibitors prevent/diminish the effects of 
oligomycin on: (A) Rpn10 (panel 1), caspase 3 (panel 2), α-spectrin (panel 3), and TAU (panel 4); (B) 
proteasome activity (panel 1) and levels (panels 2 and 3); but not on (C) E1-thiol ester, and (D) cell viability. 
Rat cerebral cortical neurons were pre-treated for 30min with epoxomicin (ep, proteasome inhibitor), chloroquine (CQ, 
lysosomal inhibitor), calpain inhibitor III (Cp3, Z-Val-Phe-CHO), calpeptin (Cpt, calpain inhibitor Z-Leu-Nle-CHO) 
where indicated, and then with oligomycin (Oligo). Total lysates were analyzed in: (A and C) - by western blotting (30 
µ g of protein/lane) probed with the respective antibodies using actin as loading control. In (A) panel 2, Pro (full 
length), Cl (cleaved) caspase 3; in panel 4, Tau FL, full length TAU. In (C) E1-ubiquitin (Ub) thiol ester (upper bands) 
and native E1 (lower bands) run under non-reducing conditions (panels 1 and 2), or reducing conditions with β-
mercaptoethanol (panels 3 and 4). Molecular mass markers in kDa are shown on the right. Similar data were 
obtained in triplicate experiments. (B) – by the in-gel assay (30µ g/sample) to assess 26S and 20S proteasome 
(indicated on the left by arrows) chymotrypsin-like activity (panel 1) and levels detected by immunoblotting with anti-
Rpt6 (panel 2) and anti-β5 antibodies (panel 3). βIII-tubulin, loading control. Proteasome chymotrypsin-like activity 
and levels were semi-quantified by densitometry (values in tables). Percentages represent the ratio between data for 
each condition and control (DMSO) considered to be 100%. Values are means from at least three experiments. (D) 
Cell viability was assessed with the MTT assay. Percentages represent the ratio between the data for each condition 
and control (100%). Values indicate means and s.e. from 8 determinations per group. Asterisks identify values that 
are significantly different from control (* p<0.05; ** p<0.01; *** p<0.001). 
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3.4.7. Long-term (7 days) incubations with lower doses (one nM) 

of oligomycin mimicked the effects of acute (up to 16h) 

treatment with higher (5nM) oligomycin doses – In the previous 

experiments we investigated the effects of short-term (up to 

16h) incubations with oligomycin (5nM). We also treated neurons 

with a low dose (one nM) of oligomycin for 7 days, to mimic the 

effect of chronic mitochondrial impairment. The same phenomena 

were observed upon the long 7 day treatment (Fig. 21): 26S 

proteasome activity (A, panel 1) and levels (B, panel 1), Ub-

proteins (C), and ATP (D) all declined upon oligomycin treatment. 

To improve detection of the 20S proteasome, 0.04% SDS was added 

to the activity reaction buffer at the same time as the 

substrate. 20S proteasome activity (Fig. 21A, panel 2) and 

levels (Fig. 21B, panel 2) increased concurrently with the 

decline in 26S proteasomes.  
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Figure 9 – Huang, Wang, Perry & Figueiredo-Pereira
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FIGURE 21. Effects of long-term incubations (up to 7 days) with oligomycin on rat cerebral cortical neurons. 
Neurons were treated with oligomycin (1nM) up to 7 days. Total lysates were analyzed by the in-gel assay 
(30µ g/sample) to assess 26S and 20S proteasome (A) chymotrypsin-like activity (panels 1 and 2), and (B) levels 
detected by immunoblotting with anti-Rpt6 (panel 1), anti-β5 (panel 2) and anti-βIII-tubulin (βIII-tub, loading control) 
antibodies. Arrows in the middle indicate assembled 26S and 20S proteasomes. (A, panel 2) To improve detection of 
20S proteasome activity, 0.04% SDS was added to the reaction buffer. In (C) lysates were analyzed by western 
blotting (30 µ g of protein/lane) for ubiquitinated proteins (Ub-proteins). Molecular mass markers (kDa) are on the left. 

In (D) ATP steady state levels (pmoles/g of protein) were assessed with the luciferin/luciferase system. Controls in 
C and D (0, Olig.) represent the average between one and 7 days without oligomycin. Values depict the mean and 
s.e. from at least three determinations. Asterisks identify values that are significantly different from control (* p<0.05; 
** p<0.01). 
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3.5. DISCUSSION  

In this study we characterize some of the mechanisms by which 

mitochondrial toxins (oligomycin, antimycin, and rotenone) 

affect the ubiquitin/proteasome pathway (UPP) in cortical 

neurons. It is clear that among the three drugs tested, rotenone 

caused the weakest changes on the UPP, as on ATP levels. In the 

first place, we show that mitochondrial impairment slows down 

the ubiquitination cascade by blocking its first step, i.e. by 

preventing ubiquitin-activation by the E1 enzyme. These results 

have implications for the sequence of events leading to chronic 

neurodegenerative diseases, such as AD, that are characterized 

by mitochondrial and UPP dysfunction. It is clear that these two 

phenomena are related in the course of AD. For therapeutic 

purposes, it would be important to determine which occurs 

upstream, UPP or mitochondrial impairment. On one hand, our data 

show that treatment with the three mitochondrial inhibitors 

blocks the ubiquitination cascade, thus diminishing the levels 

of ubiquitinated proteins instead of promoting their 

accumulation. On the other hand, it is well established that 

proteasome inhibition leads to accumulation of ubiquitinated 

proteins and affects mitochondrial function (247,248). Together 

these data support the notion that UPP impairment may precede 

mitochondrial dysfunction at least in the neurodegenerative 

process that leads to accumulation of ubiquitinated proteins.  
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In the second place, we demonstrate that mitochondrial 

impairment provokes the demise of 26S proteasomes in neurons. 

26S proteasome dysfunction is caused by its disassembly that 

seems to be linked to selective processing of the Rpn10 subunit 

by calpain. Other proteasome subunits tested were not affected. 

Proteasome subunits Rpn2, Rpn10, and Rpt5 were reported to be 

cleaved in a caspase-mediated manner to facilitate the apoptotic 

program (249). Rpn10 is a subunit of the 19S regulatory particle 

that is a receptor for polyubiquitinated proteins (250,251), and 

was recently mapped to the apex of the 26S proteasome (252). We 

show now for the first time to our knowledge, that the decline 

in Rpn10 upon mitochondrial deficiency is due to calpain-

dependent processing, as it is prevented by pre-treatment with 

calpain inhibitors and not by proteasome or lysosomal inhibitors. 

Calpains do not have a strict cleavage specificity, although 

some preferences for particular amino acid sequences, secondary 

structure (disordered regions) and PEST regions were suggested 

(200,201). To find a putative calpain cleavage site on Rpn10, we 

used two computational programs [http://ccd.biocuckoo.org/ (202) 

and http://calpain.org (203)]. We determined that a predicted 

calpain cleavage site on human Rpn10 is Ala360 (P1 position) 

within the following sequence: AIRNAMGSLA-SQAT. 

Notably, an rpn10 mutant that binds the proteasome but not 

polyubiquitin chains rescued proteasome disassembly and loss of 

https://gcmail.hunter.cuny.edu/owa/redir.aspx?C=471a6a2f0f7442ecae2b2737974494be&URL=http%3a%2f%2fccd.biocuckoo.org%2f
https://gcmail.hunter.cuny.edu/owa/redir.aspx?C=471a6a2f0f7442ecae2b2737974494be&URL=http%3a%2f%2fcalpain.org
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viability in an rpn11-1 rpn10 lethal mutant (253). Another 

study showed that the levels of Rpn10 are diminished in old mice, 

while those of α5 remained unchanged. It was postulated that the 

decline in Rpn10 levels could be one of the major factors 

responsible for decreased proteasome function occurring with 

aging (254). These studies further support a critical 

requirement for Rpn10 in proteasome assembly.  

Besides Rpn10, we observed calpain-mediated cleavage of two 

other proteins that are relevant to AD: caspase 3 and the 

microtubule associated protein TAU. Caspase 3 was cleaved to a 

fragment (29kDa) that seems to be associated with caspase 

inactivation (200). Calpain processing of caspase 3 to an 

inactive form could be a measure to prevent execution of the 

apoptotic pathway under conditions of ATP-deficit, as apoptosis 

is an energy-dependent death pathway (199). Calpain-activation 

is linked to ATP-depletion and necrosis, a cell death pathway 

characterized by a bioenergetic catastrophe (199). In fact, 

calpain-activation was shown to be induced by electron transport 

chain inhibitors, such as the ones used in our studies: rotenone, 

antimycin and oligomycin (255). 

TAU is a major component of neurofibrillary tangles in AD and 

other tauopathies. TAU is reported to be cleaved by caspases 

and/or calpain depending on the pathological condition (256). 

Caspase 3-induced TAU cleavage at Asp 421 has a high tendency 
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for aggregation (243). Calpain-induced TAU fragments, including 

a typical “17 kDa” fragment, represents a marker for enhanced 

calpain activity in AD (257,258).  We detected this typical 

17kDa fragment in oligomycin- and antimycin-treated neurons, and 

observed preventive effects by calpain inhibitors. The dual 

vulnerability of TAU to calpain and caspases needs to be taken 

into consideration if preserving TAU integrity is considered as 

a therapeutic goal for AD and other tauopathies (256). 

In the third place, we establish that mitochondrial toxins 

raise the activity and level of 20S proteasomes in neurons. It 

was proposed that 20S proteasomes in concert with 

immunoproteasomes degrade 70% to 80% of all oxidized proteins 

that are not aggregated (259,260). In addition, 26S proteasomes 

and the ubiquitination machinery are more vulnerable to 

oxidative damage than 20S proteasomes (261). Since we show that 

mitochondrial inhibitors cause a likely decline in m and 

elevate ROS, it is possible that 20S proteasomes are recruited 

under these conditions, to promote turnover of oxidized proteins, 

as these proteins may not be ubiquitinated (229,262). However, 

under mild conditions of oxidative stress, the UPP is up-

regulated (224). Whether 26S or 20S proteasomes degrade 

oxidatively modified proteins remains to be confirmed.  

In summary, our findings support a mechanism in neurons by 

which mitochondrial impairment causes a decline in the function 
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of the ubiquitin/proteasome pathway: the steps of the 

ubiquitin/proteasome pathway that are energy-dependent are down-

regulated, i.e. ubiquitin-activation via E1 and 26S proteasome 

function. Concomitantly, 20S proteasome activity and levels are 

increased, possibly to promote protein degradation in a 

ubiquitin- and ATP-independent manner. Besides ATP-depletion, 

calpain activation promotes the switch from 26S to 20S 

proteasomes, as calpain processes the Rpn10 proteasome subunit. 

Rpn10 could act as a 26S proteasome gatekeeper to promote its 

disassembly when ATP is in short supply. Under low energy 

conditions, upgrading 20S proteasome levels and activity would 

ensure efficient protein degradation without energy expenditure. 

The reduction in ubiquitinated proteins and 26S proteasomes as 

well as the increase in 20S proteasomes in neurons was observed 

upon acute and long-term mitochondrial impairment. We postulate 

that under acute stress conditions, unregulated protein 

degradation as carried-out by 20S proteasomes may be sufficient 

to promote degradation of randomly unfolded oxidized proteins. 

However, regulated protein degradation by the 

ubiquitin/proteasome pathway is essential for long-term neuronal 

survival.  
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CHAPTER IV 

 

MODEL AND CONCLUSIONS 
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 Neuroinflammation, mitochondrial impairment and UPP 

dysfunction, have long been individually attributed to be 

involved in the pathogenesis of PD. However emerging evidence 

suggests that PD is a multifactorial disorder (263,264). Few 

studies tried to integrate the relationship among these three 

pathological factors.              

 Our studies reveal that regardless of which of the factors 

neuroinflammation, mitochondrial impairment or proteasomal 

dysfunction cause neuronal damage resulting in caspase or 

calpain activation, they all lead to the cleavage of a common 

protein: Parkin. The newParkin identified upon mitochondrial 
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impairment translocates to mitochondria probably to regulate 

mitophagy. In addition to Parkin cleavage, our data reveal that 

calpain activation induced by mitochondrial impairment also 

cleaves Rpn10, resulting in the downregulation of 26S 

proteasomes with a concomitant increase in 20S proteasomes. As 

Parkin binds to the 26S proteasome via Rpn10 to deliver 

substrates for degradation, calpain-mediated Parkin cleavage 

could free newParkin for its translocation to mitochondria. Our 

data also establish that cyclocreatine preserves the integrity 

of full-length Parkin under conditions of ATP deficit induced by 

mitochondrial impairment. Furthermore, PACAP27 rescues midbrain 

neurons from caspase-cleavage of Parkin. Thus PACAP27 has 

neuroprotective potential against neuroinflammation and 

proteasomal inhibition in PD.    

 In conclusion, since PD is associated with multifaceted 

pathological mechanisms, we propose that to treat (stop/delay) 

the progression of neurodegeneration in PD, a combinatorial 

therapeutic approach that includes targeting necrosis (calpain 

activation) and apoptosis (caspase activation) is necessary. 
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CHAPTER V  
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We clearly show that both calpain and caspase activation lead 

to Parkin cleavage. This finding drives us to hypothesize that a 

common pathologic element among neuroinflammation, mitochondrial 

impairment and proteasomal dysfunction is Parkin cleavage. 

Based on our data we propose the following future studies: 

 

(1) Characterize calpain-cleavage sites in Parkin. 

The caspase-cleavage site in Parkin is Asp126 (196). However, 

the calpain-cleavage site(s) in Parkin remains unclear. Based on 

our computational analysis with the two programs 

http://calpain.org] and [http://ccd.biocuckoo.org], we predict 

two calpain-cleavage sites in human/rat Parkin: Gln71 and Ala134. 

To verify this prediction, new experimental approaches including 

site-directed mutagenesis need to be carried-out:  

1) In vitro cleavage assay: incubate purified calpain 

with purified Parkin Q71 mutant and Parkin A134 mutant in vitro 

and then, by western blotting analyze whether NewParkin is 

detected. If newParkin is not detected, this means that our 

prediction is correct.  

2) In vivo cleavage assay: transfect SK-N-SH cells with 

the Parkin Q71 mutant or the Parkin A134 mutant. Under the same 

treatment conditions (Oligomycin 5nM for 16h), confirm whether 

NewParkin is still detected by western blot analysis. If 

http://calpain.org/
http://ccd.biocuckoo.org/
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newParkin is not detected, this means that our prediction is 

correct. 

 

(2)  Verify Parkin phosphorylation sites that protect it 

from calpain-cleavage. 

Since okadaic acid has high affinity for the inhibition of 

PP2A over PP1, and full-length phosphoParkin may be protected 

from calpain cleavage, it would be of interest to identify the 

phosphorylation sites in full-length Parkin. First, by using 

different protein kinase inhibitors reported to inhibit 

phosphorylation of Parkin in vitro (206) such as H89(PKA 

inhibitor), D4476 (casein kinase inhibitor), GF109203X (PKC 

inhibitor), it can established which kinase specifically 

phosphorylates full-length Parkin. Second, site-directed 

mutagenesis of Ser131 and Ser136, should be carried-out to 

determine if Parkin phosphorylation at these two sites 

influences calpain-cleavage of Parkin. In vitro incubations of 

purified calpain with Ser131 and Ser136 mutants of Parkin will 

further confirm this premise.  

 

(3) Establish the impact of calpain-cleavage of Parkin on 

its function  

We predict that Parkin is cleaved at its N-terminus to 

generate NewParkin. We show that NewParkin is mostly detected in 
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the mitochondrial enriched fraction. It is not known whether:  

(a) newParkin can still ubiquitinate its substrate to mediate 

their proteasomal degradation, and (b) newParkin promotes 

mitophagy.  

Based on these considerations, the following experiments 

will verify the function of NewParkin: 

a) Western blot analysis of Parkin “true” substrates such as 

AIMP2 and FBP-1, to establish their level of 

ubiquitination under conditions that promote the 

generation of NewParkin.  

b) In vitro incubations of NewParkin with AIMP2 or FBP-1 in 

the presence of E1/E2, ubiquitin and ATP, followed by 

western blot analysis to provide direct evidence for the 

ubiquitination activity of NewParkin. 

c) Western blot analysis for mitophagy markers will reveal 

whether overexpression of NewParkin in neurons promotes 

mitophagy. 

 

(4) Validation of NewParkin in PD patients 

Cleaved Parkin with a molecular weight similar that we 

predicted for newParkin, was identified in brains of PD patients. 

It is critical to confirm that NewParkin is detected in the 

brain of PD patients by western blot analysis. To validate 

newParkin, PD patient brain lysates and rat midbrain lysates 
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where newParkin is detected, should be compared.     
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