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Abstract
Exposure to environmental neurotoxic metals, pesticides and other chemicals is increasingly
recognized as a key risk factor in the pathogenesis of chronic neurodegenerative disorders such as
Parkinson’s and Alzheimer’s diseases. Oxidative stress and apoptosis have been actively
investigated as neurotoxic mechanisms over the past two decades, resulting in a greater
understanding of neurotoxic processes. Nevertheless, emerging evidence indicates that epigenetic
changes, protein aggregation and autophagy are important cellular and molecular correlates of
neurodegenerative diseases resulting from chronic neurotoxic chemical exposure. During the Joint
Conference of the 13th International Neurotoxicology Association and the 11th International
Symposium on Neurobehavioral Methods and Effects in Occupational and Environmental Health,
the recent progress made toward understanding epigenetic mechanisms, protein aggregation,
autophagy, and deregulated kinase activation following neurotoxic chemical exposure and the
relevance to neurodegenerative conditions were one of the themes of the symposium. Dr.
Anumantha G. Kanthasamy described the role of acetylation of histones and non-histone proteins
in neurotoxicant-induced neurodegenerative processes in the nigral dopaminergic neuronal
system. Dr. Arthi Kanthasamy illustrated the role of autophagy as a key determinant in cell death
events during neurotoxic insults. Dr. Ajay Rana provided evidence for posttranslational
modification of α-synuclein protein by the Mixed Linage Kinase (MLK) group of kinases to
initiate protein aggregation in cell culture and animal models of Parkinson’s disease. These
presentations outlined emerging cutting edge mechanisms that might set the stage for future
mechanistic investigations into new frontiers of molecular neurotoxicology. This report
summarizes the views of symposium participants, with emphasis on future directions for study of
environmentally and occupationally linked chronic neurodegenerative diseases.
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1. Epigenetic mechanisms of pesticide-induced dopaminergic degeneration
in a Parkinson’s disease model (AGK)

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting
several million people worldwide. Patients with PD experience substantial motor disability
such as rigidity, bradykinesia, impaired balance, and resting tremor. Pathologically, the
disease is characterized by the significant degeneration of dopaminergic neurons,
predominantly in the substantia nigra pars compacta (SNpc), and the associated dopamine
depletion in the striatum. Its neuropathological hallmarks also include the presence of
cytosolic inclusions known as Lewy bodies in the surviving pigmented neurons. The cause
of PD remains elusive, but environmental chemical exposures along with susceptible gene
mutations have been postulated to be involved in the etiology of PD (Obeso et al., 2010).

The association of agricultural chemical exposure with PD development has been studied
extensively in order to understand the etiopathogenesis of PD and to develop a therapy for
the disease. Specifically, several epidemiological studies have shown that exposure to
pesticides, in particular the widely used organochlorines and the bipyridyl herbicide
paraquat, is associated with increased risk of developing PD (Bove et al., 2005, Kanthasamy
et al., 2005, Dinis-Oliveira et al., 2006). More importantly, post-mortem analysis revealed
the presence of elevated levels of organochlorine pesticides in the brains of PD patients
(Fleming et al., 1994, Corrigan et al., 2000, Kanthasamy et al., 2005, Brown et al., 2006).
Consistent with these findings, toxicological evidence obtained using experimental models
suggests that exposure to pesticides can cause dopaminergic neuronal degeneration in both
cell culture and animal models, induce Parkinsonian-like symptoms in animals, and promote
α-synuclein-positive cellular inclusions similar to Lewy bodies (Sanchez-Ramos et al.,
1998, Brooks et al., 1999, Betarbet et al., 2000, Kitazawa et al., 2001, McCormack et al.,
2002, Kitazawa et al., 2003, Richardson et al., 2006, Kanthasamy et al., 2008). To date,
several hypotheses have been proposed, which attempt to clarify the pathogenic mechanisms
underlying the pesticides-induced dopaminergic neurotoxicity; these include increased
oxidative stress, generation of reactive oxygen species (ROS), impairment of the ubiquitin-
proteasome system and others (Cory-Slechta et al., 2005, Sun et al., 2005, Wang et al., 2005,
Sun et al., 2006, Sun et al., 2007, Yang and Tiffany-Castiglioni, 2007). However, the exact
molecular pathways leading to pesticides-induced dopaminergic neurodegeneration remain
elusive.

Epigenetic modifications, particularly acetylation and deacetylation of the histone-tail, play
a pivotal role in the epigenetic regulation of gene expression and many other cellular events,
including growth, differentiation, development, learning and memory, and apoptosis (Abel
and Zukin, 2008). Histone acetylations catalyzed by histone acetyltransferases (HATs)
promote a more relaxed chromatin structure and allow various transcription factors access to
the promoter of target genes; in contrast, deacetylation by histone deacetylase (HDACs)
results in a condensed state of chromatin and consequent transcriptional repression (Saha
and Pahan, 2006, Yang and Seto, 2007). Thus, aberrant histone acetylation modifications
can produce an altered gene expression profile that might lead to disease states. Indeed,
disrupted histone acetylation signaling has been proposed to be a common contributor to a
variety of brain disorders that involve significant neuronal loss and dysfunction, especially
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stroke, fragile X tremor ataxia syndrome, and Huntington’s and Alzheimer’s diseases
(Chuang et al., 2009). However, modified histone acetylation, as a potential mechanism
linking environmental pesticide exposure to PD pathogenesis, has not yet been explored.
Our recent studies have characterized a critical role for disrupted histone acetylation
homeostasis in the neurotoxic pesticides-induced dopaminergic cell death in cell culture
models of PD. In the rat mesencephalic dopaminergic N27 neuronal cell model,
organochlorine pesticide dieldrin (100 μM) exposure induced a time-dependent increase in
the acetylation of core histones H3 and H4 (Song et al., 2010). The dieldrin-induced histone
hyperacetylation occurred as early as 5 min following dieldrin exposure, suggesting that
histone acetylation is an early event in dieldrin neurotoxicity (Song et al., 2010). Similarly,
exposure to paraquat also increased acetylated histone H3, whereas acetylation of histone
H4 remain unaltered (Song et al., 2011). Fig. 1 provides a representative example of
dieldrin-induced histone acetylation in N27 dopaminergic neuronal cells (Song et al., 2010).
Furthermore, we explored the molecular basis of hyperacetylation of histones by dieldrin.
Our results suggest that hyperacetylation contributed to dieldrin-induced proteasomal
dysfunction, resulting in accumulation of a key histone acetyltransferase, CBP. In support of
this finding, administration of the HAT inhibitor anacardic acid or specific knockdown of
CBP protein by siRNA both effectively attenuated the dieldrin-induced histone acetylation
(Song et al., 2010). Intriguingly, a distinct mechanism involving reduction of specific
HDAC levels and associated HDAC activity, without affecting HAT activity, was observed
in paraquat-induced histone H3 hyperacetylation, suggesting that HAT- and/or HDAC-
dependent signaling pathways may play a role in mediating the histone hyperacetylation
induced by various neurotoxicants. Using the HAT inhibitor anacardic acid, we also
demonstrated that HAT inhibition can significantly attenuate the dieldrin and paraquat
activated major events of the apoptotic pathway, including caspase-3 activation, PKCδ
proteolytic activation and DNA fragmentation in N27 cells (Song et al., 2010, Song et al.,
2011), suggesting a neuroprotective effect of HAT inhibitors in protecting dopaminergic
neurons against pesticide-induced apoptotic cell death. In addition, anacardic acid was
neuroprotective against dieldrin-induced dopaminergic neuronal degeneration in primary
mesencephalic neuronal cultures, further suggesting the possibility of a novel
neuroprotective strategy targeting HAT activation. Collectively, for the first time, our results
demonstrate that neurotoxic pesticide exposure induces acetylation of core histones and that
hyperacetylation plays a key role in dopaminergic neuronal degeneration following
neurotoxic insults.

2. Signaling cross-talk between ubiquitin-proteasome dysfunction,
mitochondrial dysfunction and autophagy in a neurotoxicity model of
dopaminergic neuronal degeneration (AK)

In addition to epigenetic modifications, several other pathogenic mechanisms, including
oxidative stress, mitochondrial dysfunction, impairment of the ubiquitin proteasome system
(UPS) and deregulated autophagy, have long been proposed to be involved with
development of PD (Mattson, 2000, Chung et al., 2001, Vila and Przedborski, 2003, Abou-
Sleiman et al., 2006, Olanow, 2007, Tansey et al., 2007, Burke, 2008, Cheung and Ip, 2009,
Levy et al., 2009). The current belief is that dopaminergic neuronal degeneration in PD is
likely to result from a combination of multiple interlinking signaling pathways rather than
from a single unifying mechanism (Sulzer, 2007, Obeso et al., 2010). However, the
functional significance of the aforementioned pathogenic mechanisms and their potential
cross talk in the mechanism of dopaminergic neurodegeneration is still unclear.

Methamphetamine (MA) is a powerful psychostimulant drug of abuse that has been shown
to markedly affect the central nervous system and neurobehavior in both animal models and

Kanthasamy et al. Page 3

Neurotoxicology. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



humans (Ricaurte et al., 1982, Wilson et al., 1996). Exposure to MA, in particular high
doses or exposure over long periods, produces significant damage to the nigrostriatal
dopaminergic pathway in a pattern similar to that seen in PD patients, including long-term
reduction in striatal dopamine levels, reduced tyrosine hydroxylase activity, and pronounced
loss of dopaminergic neurons (Nakayama et al., 1993, Miller and O’Callaghan, 1994,
O’Callaghan and Miller, 1994, McCann et al., 2008, Morrow et al., 2011). The
epidemiological data demonstrating a higher incidence of PD in MA-addicted users further
strengthen the putative association of MA with the etiology of PD (Callaghan et al., 2010).
Accumulating evidence suggests that MA-induced neurotoxicity probably results from
enhanced oxidative stress involving elevated reactive oxygen species (ROS) generation, but
the precise molecular mechanisms accounting for the neurotoxic action of MA on
dopaminergic neurons await more detailed investigation.

We used MA as a model toxicant to characterize the autophagic mechanism during
neurotoxic insults as well as to evaluate potential cross-talk between autophagy with
impaired UPS and mitochondrial dysfunction in MA neurotoxicity. In our recent study, we
showed that rat mesencephalic dopaminergic neuronal cells, referred to as N27 cells, are an
excellent cell culture model to study the mechanism of methamphetamine (MA)-induced
neurotoxicity (Kanthasamy et al., 2011). We also demonstrated that exposure of N27
dopaminergic neuronal cells to MA resulted in the appearance of cytoplasmic vacuolar
structures indicative of autophagic vacuoles (Kanthasamy et al., 2006). The induction of
autophagy was further confirmed by LAMP-2 lysosomal-associated membrane protein 2)
and LC3 (microtubule associated protein 1 light chain 3) staining (Kanthasamy et al., 2006).
The MA-induced autophagy is an early event during MA treatment, which was evidenced as
early as 3 h after the start of MA treatment in N27 cells. Importantly, when autophagy was
inhibited using a pharmacological inhibitor (3-methyladenine) or genetic knockdown by an
siRNA specific for LC3, the neuronal cells became sensitized to MA-induced apoptosis,
suggesting a neuroprotective role for autophagy in MA-induced neurotoxicity (Lin et al.,
2012). The overexpression of LC3 partially conferred resistance against MA-induced
neurotoxicity, further supporting the protective role of autophagy in MA neurotoxicity.
Intriguingly, further analysis demonstrated that MA-induced autophagy was preceded by
reduction in proteasomal function and concomitant dissipation of mitochondrial membrane
potential (MMP), which was subsequently followed by significant increases in PKCδ
proteolytic activation and caspase-3 activation, as well as accumulation of ubiquitin positive
aggregates and elevated LC3-II (microtubule associated light chain-3 II) levels. These
results suggest that MA-induced autophagy serves as an adaptive strategy for inhibiting
mitochondrial mediated apoptotic cell death and degradation of aggregated proteins. Fig. 2
shows the representative electron microscopic analysis of autophagosomes with damaged
mitochondria in MA-treated dopaminergic N27 cells within 12 h of exposure (Lin et al.,
2012). To further explore the mechanisms of observed cross-talk between autophagy and
impaired UPS and mitochondrial dysfunction, we examined the role of PKCδ by using a
genetic approach (PKCδ siRNA knockdown and PKCδ cleavage-resistant mutant). Our
laboratory previously reported that the kinase, PKCδ, functions as an oxidative stress-
sensitive kinase, and that its persistent activation by caspase-3-mediated proteolytic cleavage
has a promotional role in multiple models of PD-associated dopaminergic
neurodegeneration (Anantharam et al., 2002, Kaul et al., 2003, Kitazawa et al., 2003, Kaul et
al., 2005, Latchoumycandane et al., 2005, Jin et al., 2011a, Jin et al., 2011b). Interestingly,
siRNA-mediated knockdown of PKCδ or overexpression of cleavage resistant mutant of
PKCδ dramatically reduced MA-induced autophagy, proteasomal function, and associated
accumulation of ubiquitinated protein aggregates, which closely paralleled cell survival. Our
findings suggest that proteolytic activation of PKCδ has pivotal roles in apoptotic cell death
mechanisms associated with UPS dysfunction, mitochondrial impairment and autophagy
during neurotoxic insults (Sun et al., 2008, Saminathan et al., 2011). Collectively, these data
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demonstrate a considerable cross-talk between autophagy and apoptosis dependent cell
death signaling events during neurotoxic insults in dopaminergic neurons.

3. Alpha-synuclein and Mixed Lineage Kinases (MLK): partners of offense
in Parkinson’s disease (AR)

Defects in the ubiquitin proteasome system and autophagy lead to the accumulation and
aggregation of toxic proteins, which may eventually result in neurodegeneration. In fact, the
presence of insoluble proteinaceous aggregates or inclusion bodies is a common
pathological feature in human neurodegenerative disorders including PD. The presence of
cytosolic proteinaceous inclusions known as Lewy bodies (LBs) and Lewy neurites (LN) is
a key pathological feature of PD. The LBs are primarily made from an unfolded protein, α-
synuclein. In addition, several kinases including MLK, are colocalized in the LBs
(Nakamura et al., 1997, Zhu et al., 2006, Nagao and Hayashi, 2009). α-Synuclein proteins in
LBs are highly phosphorylated as well as ubiquitinated, and these post-translational
modifications of α-synuclein are thought to promote neurotoxicity. Specifically,
phosphorylation of α-synuclein at S129 is believed to play an important role in α-synuclein
metabolism and PD pathogenesis (Fujiwara et al., 2002, Anderson et al., 2006). Recently,
Polo Like Kinases (PLKs) have been shown to phosphorylate α-synuclein at S129 (Inglis et
al., 2009, Mbefo et al., 2010), however the roles of PLKs in α-synuclein aggregation or PD
pathogenesis is not fully understood.

We recently identified a kinase that phosphorylates α-synuclein and promotes its
aggregation. Our observed that MLK3, a member of the Mixed Linage Kinase (MLK)
family, is localized within LBs in close association with α-synuclein in the human PD brain
(Fig. 3, unpublished observations). Alpha-synuclein protein was also directly
phosphorylated by MLK3, a kinase that has recently been implicated in neurodegeneration
in the mouse model of PD (Saporito et al., 1999, Wang et al., 2004). We also identified the
specific phosphorylation sites and their roles in α-synuclein aggregation. Our preliminary
results suggested that the phosphorylation-site deficient α-synuclein proteins were not
aggregated and did not cause neurotoxicity in the cellular model of PD. In N27
dopaminergic cells, the Parkinsonian toxicant MPP+ caused MLK3 activation and
aggregation of α-synuclein protein, whereas the MLKs inhibitor prevented the MPP+-
induced α-synuclein aggregation. Interestingly, the pan-MLKs inhibitor, CEP-1347 was
shown to prevent dopaminergic neuronal loss in pre-clinical animal models of PD (Kaneko
et al., 1997) and thus went on for clinical trials (up to Phase III), which was later abandoned
due to several issues related to pharmacology of the pan-inhibitor and types/stages of PD
patients recruited for the PRECEPT trial (Marras et al., 2009, Yacoubian and Standaert,
2009). Nevertheless, these results clearly suggested that MLK group of kinases are viable
targets of neurodegenerative diseases. Our recent observation with α-synuclein and MLK3
knock out animals suggest that MLKs inhibitor could prove beneficial to halt the
progression of the disease by preventing the activation of MLK3 and thus aggregation of α-
synuclein protein. Furthermore, there is an urgent need to develop better inhibitors of MLKs
group of kinase to treat neurodegenerative diseases.

4. Summary
Epigenetics is emerging as an important and novel mechanism in neurodegenerative
diseases. Our data presented in the review demonstrate that alterations of epigenetic
patterns, more precisely histone modifications, may play a critical role linking
environmental neurotoxins to the pathogenesis of PD. However, there are still several
unanswered questions regarding the precise mechanism by which epigenetics contributes to
neurodegenerative diseases. Future studies elucidating genome-wide histone modification
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and DNA methylation profiles will provide an integrated understanding of the development
of human neurodegenerative diseases. Furthermore, we suggest a significant mechanistic
link between autophagy, mitochondrial dysfunction, impaired UPS and apoptosis during
exposure to neurotoxic insults. In addition, we also identified that phosphorylation of α-
synuclein via MLK3 kinase signaling may represent a key molecular mechanism in PD
pathogenesis. Collectively, these data illustrate the need for a cooperative approach to
resolve the complexity underlying PD pathogenesis and highlight the need for developing
integrative mechanism-based therapeutic strategies for the treatment of neurodegenerative
diseases.
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Fig. 1. Dieldrin induced a rapid histone hyperacetylation in dopaminergic neuronal N27 cells
N27 dopaminergic cells were exposed to dieldrin (100 μM) for 5–30 min, and the
acetylation of histones H3 and H4 was subsequently detected by Western blot analysis using
anti-acetyl-lysine antibody. Native H3 was used as an internal control. A time-dependent
increase in histone acetylation was observed.
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Fig. 2. Electron microscopic (EM) analysis of MA-induced mitochondrial damage in N27
dopaminergic cells
N27 dopaminergic cells were treated with PBS (CON; Panel a) or MA (2 mM; Panel b) for
12 h and examined by EM. EM analysis revealed swollen mitochondria with disorganized
cristae in MA treated N27 dopaminergic cells (blue arrows), whereas control cells revealed
tubular mitochondria (red arrows).
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Fig. 3. Co-localization of MLK3 and α-synuclein in SNpc from the human PD brain
MLK3 (DAB-brown stain) and α-synuclein (Blue-Vector) were co-localized in the SNpc
region of human PD and control brain samples.
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