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Abstract
Oxidative stress and apoptosis are two key pathophysiological mechanisms underlying
dopaminergic degeneration in Parkinson’s disease (PD). Recently, we identified that proteolytic
activation of protein kinase C-delta (PKCδ), a member of the novel PKC family, contributes to
oxidative stress-induced dopaminergic degeneration and that phosphorylation of tyrosine residue
311 (tyr311) on PKCδ is a key event preceding the PKCδ proteolytic activation during oxidative
damage. Herein, we report that a non-receptor tyrosine kinase Fyn is significantly expressed in a
dopaminergic neuronal N27 cell model. Exposure of N27 cells to the dopaminergic toxicant
dieldrin (60 μM) rapidly activated Fyn kinase, PKCδ-tyr311 phosphorylation and proteolytic
cleavage. Fyn kinase activation precedes the caspase-3-mediated proteolytic activation of PKCδ.
Co-treatment with p60-tyrosine-specific kinase inhibitor (TSKI) almost completely attenuated
dieldrin-induced phosphorylation of PKCδ-tyr311 and its proteolytic activation. Additionally,
TSKI almost completely blocked dieldrin-induced apoptotic cell death. To further confirm Fyn’s
role in the pro-apoptotic function of PKCδ, we adopted the RNAi approach. siRNA-mediated
knockdown of Fyn kinase also effectively attenuated dieldrin-induced phosphorylation of PKCδ-
tyr311, caspase-3-mediated PKCδ proteolytic cleavage, and DNA fragmentation, suggesting that
Fyn kinase regulates the pro-apoptotic function of PKCδ. Collectively, these results demonstrate
for the first time that Fyn kinase is a pro-apoptotic kinase that regulates upstream signaling of the
PKCδ-mediated apoptotic cell death pathway in neurotoxicity models of pesticide exposure.

Keywords
pesticides; oxidative stress; kinases; apoptosis; neurodegeneration

© 2011 Elsevier B.V. All rights reserved.
Address correspondence and proof requests to Dr. Arthi Kanthasamy, Parkinson’s Disorder Research Laboratory, Department of
Biomedical Sciences, 2024 Veterinary Medicine Building, Iowa Sate University, Ames, IA 50011, USA, Tel.: (515) 294-7238, Fax:
(515) 294-2315, arthik@iastate.edu.
Conflict of interest There are no conflicts of interest to declare.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurotoxicology. Author manuscript; available in PMC 2012 October 01.

Published in final edited form as:
Neurotoxicology. 2011 October ; 32(5): 567–577. doi:10.1016/j.neuro.2011.06.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Parkinson’s disease (PD) is a widespread neurodegenerative movement disorder
characterized by a preferential and progressive degeneration of dopaminergic neurons in the
mesencephalic region of the brain, resulting in irreversible motor dysfunction characterized
by bradykinesia, postural instability and muscular rigidity (Przedborski and Ischiropoulos,
2005; Przedborski and Vila, 2001; Schapira, 2009). This debilitating disorder affects about a
million people in the United States with an estimated 50,000 new cases reported each year
(Van Den Eeden et al., 2003). Intraneuronal proteinaceous inclusions termed as Lewy bodies
mark the pathological significance of this disease (Roodveldt et al., 2008; Uversky et al.,
2001). Despite research for several years, the etiopathogenesis of PD remains enigmatic.
Well-documented disease etiology and epidemiology point to a multifactorial causation to
this disease (Elbaz et al., 2007; Elbaz and Tranchant, 2007; Giasson and Lee, 2000; Paolini
et al., 2004). Among the many etiological factors is environmental exposure to the
organochloride pesticide dieldrin, which continues to pose a serious etiological threat in the
vulnerability to PD even 30 years after the chemical was banned by the Environmental
Protection Agency (EPA) in 1974 (Costello et al., 2009; Kitazawa et al., 2004; Kitazawa et
al., 2001; Kitazawa et al., 2003, Anantharam, 2002; Paolini et al., 2004; Priyadarshi et al.,
2000; Ritz and Yu, 2000; Tuchsen and Jensen, 2000). Prior to EPA ban, dieldrin was one of
the most widely used insecticides in agriculture, and its long half-life has resulted in its
bioaccumulation in the environment. As a result, humans continue to be exposed to dieldrin
through the food chain (Chopra et al., 2010; Doong et al., 1999; Jorgenson, 2001; Mustafa et
al., 2010; Phillips et al., 2010; Schafer and Kegley, 2002).

In addition to its long half-life, the lipophilicity of dieldrin also causes it to accumulate in
the central nervous system and adipose tissue (Corrigan et al., 1996; Corrigan et al., 1998;
Corrigan et al., 2000). Reports of higher levels of dieldrin in farm-raised salmon in
comparison to the North Atlantic salmon, and higher serum levels of dieldrin among Iowa
farmers reflect the environmental impact of dieldrin to the farming community (Corrigan et
al., 1996; Corrigan et al., 1998; Fleming et al., 1994). In non-neuronal tissues, dieldrin
toxicity has been linked to abnormalities in mammary gland development (Tarraf et al.,
2003), increased risk to breast cancer (Cameron and Foster, 2008) and reproductive toxicity
by affecting Leydig cell function (Fowler et al., 2007). Also, prenatal exposure to dieldrin in
an animal model of PD exacerbated the toxic effects of the classical parkinsonian toxicant
MPTP (Richardson et al., 2006). In vitro and in vivo studies indicate that the dopaminergic
neuronal system is especially sensitive to dieldrin toxicity (Kitazawa et al., 2004; Kitazawa
et al., 2001; Kitazawa et al., 2003; Sanchez-Ramos et al., 1998; Sharma et al., 2010).
Dieldrin has also been shown to induce oxidative stress via elevation of reactive oxygen
species in neuronal as well as non-neuronal cell types (Chun et al., 2001; Kannan et al.,
2000). Despite the established association of dieldrin to PD epidemiology, the cellular
mechanisms underlying dieldrin-induced dopaminergic degeneration is not completely
known. A recent discovery of cooperative toxicity of dieldrin and lindane, another
organochloride pesticide that also accumulates in the brain of PD patients (Corrigan et al.,
2000; Fleming et al., 1994), further underlines the significance of a multitude of
environmental factors contributing to the complex etiopathogenesis of this disorder (Sharma
et al., 2010).

We have previously reported that caspase-3-dependent proteolytic activation of protein
kinase C delta (PKCδ), plays an important role in the progression of dieldrin-induced
apoptotic cascade in rat dopaminergic neurons (Kanthasamy et al., 2003; Kanthasamy et al.,
2005; Kanthasamy et al., 2008; Kitazawa et al., 2001; Kitazawa et al., 2003). We recently
demonstrated that dieldrin also impairs proteasomal activity resulting in the accumulation of
proteins degraded by the ubiquitin-proteasome pathway (Sun et al., 2005). Additionally, we
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showed that phosphorylation of PKCδ at amino acid residue tyr311 occurs during oxidative
stress in cellular models of PD (Kaul et al., 2005b). This study implicated the possibility that
a Src family kinase (SFK) may lie upstream of PKCδ in the signaling cascade and the
phosphorylation of tyr311 is a necessary step in the oxidative stress-induced proteolytic
activation of PKCδ during dopaminergic neuronal apoptosis. In the present study, we sought
to identify the member of SFK that lies upstream of PKCδ in the apoptotic signaling
cascade. We show that Fyn kinase lies upstream in the apoptotic signaling cascade and
activates PKCδ by tyr311 phosphorylation. Our functional studies show dieldrin-induced
Fyn kinase activation contributes to apoptotic cell death in neurotoxic pesticide exposure.

2. Materials and Methods
2.1 Chemicals

Dieldrin was purchased from Sigma (St. Louis, MO). The primary antibodies used in this
study - PKCδ (rabbit polyclonal), PKCδ-tyr311-phospho-specific (rabbit polyclonal), Fyn
kinase (rabbit polyclonal) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), β-Actin antibody (mouse monoclonal, Sigma, St. Louis, MO) was purchased from
Sigma. Secondary antibodies - IRDye 800-conjugated anti-rabbit (Rockland
Immunochemicals, Gilbertsville, PA) and Alexa Fluor 680 conjugate anti-mouse (LICOR,
Lincoln, NE) were used. Caspase substrate (Ac-DEVD-AFC) was obtained from Bachem
Biosciences (King of Prussia, PA). {γ-32P}ATP was purchased from Perkin-Elmer Life
Science Products (Boston, MA). The Bradford protein assay kit was purchased from Bio-
Rad Laboratories (Hercules, CA). RPMI (Roswell Park Memorial Institute) 1640 medium,
fetal bovine serum, L-glutamine, penicillin and streptomycin, Sytox green dye were
purchased from Invitrogen (Carlsbad, CA). Src assay kit and Src kinase peptide was
purchased from Millipore (Billerica, MA). Fyn kinase substrate was purchased from Enzo
Life Sciences (Plymouth Meeting, PA). p60-Tyrosine Kinase Specific Inhibitor (TSKI) was
synthesized at the Protein Facility, Office of Biotechnology, Iowa State University, Ames,
IA.

2.2 Cell Culture
Rat mesencephalic dopaminergic cells (N27 cells) represent a homogenous population of
tyrosine hydroxylase-positive neuronal cells. The cell line has been widely used as an in
vitro model of PD (Afeseh Ngwa et al., 2009; Clarkson et al., 1999; Sharma et al., 2010;
Song et al., 2010). N27 cells were cultured in RPMI 1640-medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 50 units of penicillin and 50 μg/ml of streptomycin.
The N27 cells were maintained in a humidified atmosphere with 5% CO2 at 37°C as
described previously (Yang et al., 2004; Zhang et al., 2007).

2.3 Treatment Paradigm
Dieldrin (60μM) was added to the cells for the duration of the experiment to evoke
neurotoxic responses, and the concentration was deduced from previously published studies
(Song et al., 2010; Sun et al., 2005). In the TSKI studies, cells with 70% confluency were
pretreated with 5μM TSKI (Kaul et al., 2005a) for 30 min before proceeding with dieldrin
treatment. At the end of the treatment, the cells were removed from the flask by using a cell
scraper and centrifuged for 200 × g for 5 min, washed with ice cold phosphate buffered
saline (PBS) twice, homogenized in radio-immunoprecipitation assay (RIPA) buffer and
sonicated as described previously (Afeseh Ngwa et al., 2009). Cell lysates, collected by
spinning down the cell fragments at 20,000 × g for 45 min at 4°C, were used to determine
PKCδ-tyr311 phosphorylation and PKCδ proteolytic cleavage. Untreated cells were
maintained in serum-free medium containing the DMSO (dimethyl sulfoxide, 0.1-0.2%) for
the duration of the treatment and used as control samples.
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2.4 Fyn kinase assay
At the end of dieldrin treatment, cells were washed with ice cold PBS and resuspended in
PKC lysis buffer (Kaul et al., 2005a). 50μg of crude protein was incubated with 150 μM Fyn
kinase substrate (Glu-Phe-Gly-Thr-Tyr-Gly-Thr-Leu-Ser-Lys-Lys-Lys) (Enzo Life
Sciences, Plymouth Meeting, PA) or 150μM Src kinase substrate (Lys-Val-Glu-Lys-Ile-Gly-
Glu-Gly-Thr-Tyr-Gly-Val-Val-Tyr-Lys), 100 μCi of {γ-32P}-ATP (Perkin Elmer), Src-Mn-
ATP cocktail and Src reaction buffer (Upstate/Millipore) for 10 min at 30°C with agitation.
20μl of 40% tricholoroacetic acid was added to precipitate the Fyn kinase or Src kinase
substrate peptide and 25μl of the mixture were spotted onto a P81 phosphocellulose square.
Five min after spotting, the squares were washed 5 times in 0.75% phosphoric acid in PBS
with a final wash step in acetone to fix the signals, according to the instructions of the
manufacturer. The squares were transferred onto a scintillation vial and the counts per
minute (CPM) counts were read in a liquid scintillation system after adding 5 ml of
scintillation cocktail to each vial. The radioactivity counts were normalized to protein
concentrations of the lysate.

2.5 siRNA transfection
The pre-validated Silencer® small interfering RNA (siRNA) specific to Fyn kinase mRNA
(Catalog no. AM16708, siRNA ID no. 200364) or non-specific siRNA (no. 4611) were
obtained from Ambion Inc. (Applied Biosystems/Ambion, Austin TX). The sequence for
Fyn-siRNA is: sense, 5′-GCAUUACUCAGAGAGACCtt-3′; antisense, 5′-
GGCUCUCUCUGAGUAAUGCtg-3′and for non-specific siRNA is sense,
5′AATTCTCACATTCGGAGAACCTGTCTC-3′; antisense, 5′-
AAGTTCTCCGAAGTGTGAGAACCTGTCTC-3′. N27 cells were transiently transfected
with the Fyn kinase specific and non-specific siRNA duplexes by the AMAXA Nucleofector
Kit (AMAXA) Briefly, N27 cells were resuspended with transfection buffer provided with
the kit to a final concentration of 4 to 5 × 106 cells/100μl and mixed with the siRNA
duplexes. The final concentration of the siRNA was 5 nM. Electroporation was executed
with an AMAXA Nucleofector instrument following the manufacturer’s protocol. The
transfected neurons were either transferred to 6 well plate or T-175 flasks for 24 to 36 h
before further treatments.

2.6 Enzymatic Assay for Caspase-3
After dieldrin exposure, cells were washed in ice-cold PBS (pH 7.4) and resuspended in
caspase lysis buffer at 37°C for 20 min. Lysates were centrifuged at 14,000×g. Cell-free
supernatants were incubated with Acetyl-DEVD-amino-4-methylcoumarin (50μM) - the
fluorometric caspase-3 substrate used for the reaction as described previously (Afeseh Ngwa
et al., 2009; Kitazawa et al., 2003). The formation of 7-amino-4-methylcoumarin (AFC),
resulting from caspase-3 activity was measured fluorometrically, using a Gemini XS
fluorescence microplate reader (Molecular Devices Inc.) at 400 nm excitation and 505 nm
emission.

2.7 DNA Fragmentation Assay
DNA fragmentation was measured using Cell Death Detection ELISA Plus Assay Kit
(Roche Diagnostics), as described in our recent publications (Kaul et al., 2005b; Song et al.,
2010). This assay is a fast, highly sensitive and reliable assay for the detection of DNA
fragmentation by the quantification of histone-associated low molecular weight DNA in the
cytoplasm of cells. After centrifuging, the supernatants were dispensed into streptavidin-
coated 96-well plates containing 80μl of HRP-conjugated antibody cocktail. After 2 h of
incubation at ambient temperature, the absorbance of the ELISA reaction was measured at
490 nm and 405 nm using a microplate reader (SpectraMAX 190, Molecular Devices Inc.).
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The difference in the absorbance at OD 405 and OD 490 nm was used to measure the actual
DNA fragmentation level.

2.8 Sytox cell death assay
Cell death was determined after exposing the N27 cells to dieldrin (Roth et al., 1997; Song
et al., 2010) using the Sytox green cytotoxicity assay. The Sytox green cytotoxicity assay is
based on the principle that Sytox green cannot enter cells with intact membranes (live cells),
but permeates cells with compromised plasma membranes and intercalates with the DNA to
produce green fluorescence (Roth et al., 1997). Briefly, N27 cells were knocked down for
Fyn kinase using Fyn specific siRNA or non-specific siRNA transient transfection. Post-
transfection, the cells were seeded at equal densities in 6 well plates. Briefly, cells were
incubated with 60μM dieldrin under serum-free conditions and proceeded with the Sytox
green assay, as described previously (Roth et al., 1997; Song et al., 2010). In the Sytox
assay, dead cells can be viewed under a fluorescence microscope and the cell death could be
quantified on a fluorescent microplate reader (SpectraMax Gemini XS, Molecular Devices
Inc.) at an excitation at 485 nm and emission at 538 nm.

2.9 Western blot analysis
Western blotting for PKCδ-tyr311 phosphorylation, PKCδ proteolytic cleavage and Fyn
kinase was performed as described previously (Afeseh Ngwa et al., 2009). Briefly, cell
lysates containing equal amounts of protein were loaded in each lane and separated on a
10-12% SDS-PAGE gel. After separation, proteins were transferred to nitrocellulose
membrane and non-specific binding sites were blocked by incubation for 1 h in Licor
blocking buffer. The membranes were then treated with the appropriate antibodies, PKCδ
polyclonal antibody (1:2000), Fyn polyclonal antibody (1:1000) and polyclonal PKCδ-
tyr311 antibody (1:1000) followed by treatment with secondary anti-mouse or anti-rabbit
antibodies, as appropriate. To confirm equal protein loading in each lane, the membranes
were reprobed with monoclonal β-actin antibody (1:10000). Western blot was performed
using IR-conjugated anti-rabbit dye, Alexa Flour 680 conjugated anti-mouse IgG secondary
antibodies. Western blot images were captured and analyzed with an Odyssey IR Imaging
System (LICOR) as per the manufacturer’s instructions after correcting integrated band
intensity values for background as described previously (Afeseh Ngwa et al., 2009; Song et
al., 2010).

2.10 Data analysis
Data analysis was performed using Prism 4.0 Software (GraphPad Prism, San Diego, CA).
Data was first analyzed using Student t-test or one-way ANOVA, and then Tukey’s post-hoc
test to compare all treatment groups. Differences with p<0.05 were considered significant.

3. Results
3.1 Fyn kinase but not Src kinase is activated in dieldrin-treated dopaminergic cells

We had previously shown that exposure of dopaminergic neuronal cells to dieldrin induces
oxidative stress, mitochondrial dysfunction, proteasomal dysfunction, caspase-3 mediated
proteolytic cleavage of PKCδ to mediate apoptotic cell death of dopaminergic neurons in a
dose- and time-dependent manner (Kitazawa et al., 2001; Kitazawa et al., 2003; Song et al.,
2010; Sun et al., 2005). Dieldrin-induced proteolytic cleavage of PKCδ can be blocked by
co-treatment with caspase inhibitors (Kitazawa et al., 2003, Kanthasamy et al., 2008). Also
our recent study demonstrated that pharmacological inhibition of non-receptor tyrosine
kinases significantly prevented parkinsonian toxicant MPP+ induced PKCδ-tyr311
phosphorylation, proteolytic cleavage of PKCδ and attenuated apoptotic cell death of N27
dopaminergic neuronal cells (Song et al., 2010; Sun et al., 2005; Sun et al., 2007, Kaul,
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2005b). Western blot analysis revealed that Src and Fyn are both expressed in N27 cells (Fig
1A). To determine which of the non-receptor tyrosine kinases, Src or Fyn are activated, we
exposed N27 cells to 60 μM dieldrin for up to 60 min. Cell lysates were subject to in vitro
kinase assays using Peptide-Lys-Val-Glu-Lys-Ile-Gly-Glu-Gly-Thr-Tyr-Gly-Val-Val-Tyr-
Lys (Src kinase substrate) or Peptide-Glu-Phe-Gly-Thr-Tyr-Gly-Thr-Leu-Ser-Lys-Lys-Lys
(Fyn kinase substrate) and {32P}-ATP as described in the methods section. Fyn and Src have
almost similar affinities for their respective substrates, Src kinase peptide (Km 101.6μM)
(Cheng et al., 1992) and Fyn kinase peptide (Km 70μM) (Cheng et al., 1992). As shown in
Fig 1B, dieldrin-induced a two to three-fold increase in Fyn kinase activity in 15 minutes
compared to vehicle-treated cell lysates. On the other hand, dieldrin failed to induce
increases in Src-kinase activity even up to 60 min (Fig. 1C). Further, dieldrin did not inhibit
basal Src kinase activity over a 60 min period in N27 cells suggesting that dieldrin does not
inhibit Src kinase. These results suggest that Fyn kinase is preferentially activated in N27
dopaminergic cells in response to dieldrin exposure.

3.2 Dieldrin induces PKCδ-tyr311 phosphorylation
Several tyrosine kinases have been shown to phosphorylate tyr311 of PKCδ in response to
several apoptotic stimuli with varied biological effects (Konishi et al., 2001; Murugappan et
al., 2009; Song et al., 1998; Zhu et al., 2008). Since dieldrin induced increases in Fyn kinase
activity, we performed Western blot to determine if dieldrin also induces tyrosine 311
phosphorylation of PKCδ. We used a phospho-specific antibody directed against tyr311
PKCδ protein that recognizes both full-length (72-74kDa) and cleaved (38kDa)
phosphorylated PKCδ and an another antibody directed against native PKCδ that can
recognize both phosphorylated and non-phosphorylated native (72-74) and cleaved PKCδ
proteins (38-41kDa). As shown in Fig. 2A, Western blot analysis revealed that 60 μM
dieldrin treatment induces PKCδ-tyr311 phosphorylation as early as 15 min using a
phospho-specific antibody directed against phospho-tyr311 PKCδ (72-74 kDa). Tyr311
phosphorylation of PKCδ was quantified by densitometry of the phopho-tyr311 PKCδ to
native PKCδ and was expressed as percentage of control. Densitometric analysis reveals that
dieldrin induced a two- to three-fold increase in full-length PKCδ-tyr311 phosphorylation at
15 min (Fig. 2B). The time course study revealed that most of the native tyr311
phosphorylated PKCδ protein was cleaved within 60 min of incubation with dieldrin, as
evidenced by a reduction in the intensity of the tyr311 phosphorylated full-length PKCδ and
a concomitant increase in the tyr311 phosphorylated regulatory fragment (Fig. 2A). There
was no increase in either native or cleaved tyr311 phosphorylated PKCδ levels in vehicle-
treated cells.

Proteolytic cleavage of PKCδ observed in Fig. 2A was confirmed in experiments using
antibody raised against native PKCδ. As shown in Fig. 2A, treatment of N27 cells with 60
μM dieldrin over a 60 min period resulted in native PKCδ (72-74 kDa) protein to be
proteolytically cleaved to yield 38 kDa regulatory and 41 kDa catalytically active fragments.
The time course study revealed significant levels of native PKCδ protein was cleaved within
1 h of incubation compared to vehicle-treated cells. Density of the 43 kDa β-actin band was
identical in all lanes confirming equal protein loading. Our results are consistent with our
previous study where 100-300 μM dieldrin induces an increase in cleaved PKCδ
accompanied by a concomitant decrease in native full-length PKCδ over a 5 h period in a
dose- and time-dependent manner (Kanthasamy et al., 2008; Kitazawa et al., 2003). These
results suggest dieldrin-induced tyr311 phosphorylation of PKCδ is accompanied by its
proteolytic cleavage.
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3.3 Fyn kinase inhibitor attenuates PKCδ-tyr311 phosphorylation and PKCδ proteolytic
activation

In order to determine the functional relevance of Fyn activation in dieldrin neurotoxicity, we
examined whether non-receptor tyrosine kinase specific inhibitor (TSKI) alters the
neurotoxic response of dieldrin. Our results show that pretreatment with 5μM TSKI
effectively blocked dieldrin-induced Fyn kinase activity (Fig. 3A). Dieldrin induced a
significant 75% increase in Fyn kinase activity compared to vehicle-treated cells. In the
presence of TSKI and dieldrin, Fyn kinase activity was not significantly different from
control. We also observed a significant reduction in basal Fyn kinase activity in TSKI-alone-
treated cells. We also determined if pharmacological inhibition of Fyn kinase blocks tyr311
phosphorylation and proteolytic cleavage of PKCδ. As shown in Fig. 3B, pretreatment with
tyrosine kinase-specific inhibitor (5μM TSKI) for 30 min significantly blocked 60 μM
dieldrin-induced proteolytic cleavage of PKCδ. Similarly, pretreatment with TSKI also
blocked dieldrin-induced PKCδ–tyr311 phosphorylation (Fig. 3C). Density of the 43 kDa β-
actin band was identical in all lanes confirming equal protein loading. These results
collectively suggest that Fyn kinase mediates PKCδ-tyr311 phosphorylation, proteolytic
cleavage of PKCδ and that Fyn kinase possibly lies upstream of PKCδ in tyr311
phosphorylation-dependent activation during apoptotic signaling.

3.4 Pharmacological inhibition of Fyn kinase protects against dieldrin induced apoptotic
cell death

We examined whether attenuation of Fyn kinase activation has any effect on dieldrin-
induced apoptotic events. Since the pharmacological inhibitor specific to Fyn kinase was not
available, we used TSKI which inhibits Src kinase and other tyrosine kinases at IC50
>7.5μM (Sato et al., 1990). To determine, if TSKI also protects against dieldrin-induced
apoptotic cell death, we used caspase-3 activity and DNA fragmentation as markers of
apoptotic cell death in N27 dopaminergic cells. As shown in Fig. 4A, pretreatment with
5μM TSKI significantly blocked 60 μM dieldrin-induced increases in caspase-3 activity.
Quantitative analysis revealed an increase in caspase-3 activity by 200 to 250% in dieldrin
treated cells, whereas TSKI treatment almost completed blocked dieldrin-induced caspase-3
activation. To further confirm whether TSKI protects against dieldrin-induced apoptotic cell
death, we performed a quantitative DNA fragmentation assay as described in our previous
publications (Afeseh Ngwa et al., 2009; Kaul et al., 2005b). Fig. 4B shows that the dieldrin-
induced DNA fragmentation in N27 cells was significantly attenuated in cells pretreated
with Fyn kinase inhibitor TSKI (5μM). Quantitative analysis revealed an increase in DNA
fragmentation by 100 to 125% in dieldrin treated cells, and that TSKI treatment brought
back the dieldrin-induced DNA fragmentation to basal level. Together these data indicate
the pro-apoptotic role of Fyn kinase in environmental toxicant dieldrin-induced apoptosis of
dopaminergic neuronal cells.

3.5. Attenuation of dieldrin-induced PKCδ-tyr311 phosphorylation and proteolytic
activation of PKCδ by siRNA-Fyn

To further confirm the role of Fyn in PKCδ kinase activation during dieldrin neurotoxicity,
we used RNAi approaches. N27 cells were transfected siRNA-Fyn or siRNA-Non-Specific,
cell lysates were extracted at 24 h post transfection and the levels of Fyn kinase expression
were determined by Western blotting. As shown in Fig. 5A, Fyn-siRNA significantly
suppressed Fyn expression. Non-specific siRNA (siRNA-NS) had no silencing effect on Fyn
expression at 24 h post-transfection (Fig. 5A). Densitometric analysis data to determine the
efficiency of Fyn knock-down indicates a significant reduction of Fyn expression in Fyn
siRNA treated compared to non-specific RNA treated cells (Fig. 5B). Next we determined if
siRNA-Fyn blocks dieldrin-induced PKCδ-tyr311 phosphorylation and proteolytic cleavage
of PKCδ in siRNA-Fyn and siRNA-NS transfected N27 cells during dieldrin treatment. As
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shown in Fig. 5, we detected dieldrin induced tyr311 phosphorylation of PKCδ at 15 min
(Fig. 5C) and proteolytic cleavage of PKCδ in 60 min (Fig. 5D) in N27 cells transfected
with non-specific siRNA (siRNA-NS). On the contrary, dieldrin failed to induce PKCδ-
tyr311 phosphorylation at 15 min (Fig. 5C) and proteolytic cleavage of PKCδ in 60 min
(Fig. 5D) in N27 cells transfected with Fyn specific siRNA (siRNA-Fyn). These results
demonstrate that siRNA-Fyn effectively suppressed dieldrin-induced PKCδ-tyr311
phosphorylation and proteolytic cleavage.

3.6. RNAi-mediated knockdown of Fyn kinase rescues dopaminergic neuronal cells from
dieldrin -induced cytotoxic and apoptotic cell death

To further substantiate the pro-apoptotic function of Fyn in dieldrin-induced apoptotic cell
death, we examined the effect of Fyn siRNA on dieldrin-induced increases in caspase-3
enzyme activity, cytotoxic and apoptotic cell death. We performed Sytox green cytotoxicity
assays to determine cell viability (Afeseh Ngwa et al., 2009; Kaul et al., 2005b).
Microscopic analysis revealed that exposure to 60 μM dieldrin for 60 min induced a
significant increase in the number of Sytox green positive cells in non-specific siRNA
transfected N27 cells compared with untreated controls (Fig. 6A). On the other hand,
microscopic analysis clearly displayed the protective effect of Fyn knockdown, as evident
by the reduced number of Sytox-positive green cells in siRNA-Fyn transfected N27 cells
(Fig. 6A). The neuroprotective effect of siRNA-Fyn on dieldrin-induced cell death was
further confirmed by the quantification of Sytox green fluorescence using a multiplate
reader. Cytotoxic cell death was significantly increased by 400% in cells exposed to 60 μM
dieldrin for 60 min in siRNA-NS transfected N27 cells as compared to untreated control
cells (Fig. 6B). Dieldrin-induced cell death was dramatically attenuated in siRNA-Fyn
transfected cells (Fig. 6B).

To determine if siRNA-Fyn also blocks dieldrin-induced caspase-3 activity and DNA
fragmentation, we performed caspase-3 assays and DNA fragmentation ELISA sandwich
assays in siRNA-Fyn and siRNA-NS transfected cells after dieldrin exposure. Caspase-3
activity was significantly increased in cells exposed to dieldrin (60 μM) for 60 min in
siRNA-NS transfected N27 cells as compared to untreated control cells (Fig. 6C). Dieldrin-
induced caspase-3 activation was almost completely suppressed in siRNA-Fyn transfected
cells. To further characterize the functional role of Fyn activation in apoptotic cell death, we
examined the effect of siRNA-Fyn on dieldrin-induced DNA fragmentation. DNA
fragmentation was increased 2.5-fold in siRNA-NS transfected N27 cells following dieldrin
treatment and was almost completely blocked in siRNA-Fyn transfected cells (Fig. 6D).
Together, these results demonstrate that siRNA-Fyn effectively suppressed caspase-3
activation and thereby attenuated dieldrin-induced DNA fragmentation, demonstrating a key
proapoptotic function of Fyn kinase in dieldrin-induced dopaminergic cell death.

4. Discussion
Previously we have shown that dieldrin induces caspase-3-mediated proteolytic activation of
PKCδ by proteolysis in which the native kinase (72-74kDa) is cleaved resulting in
regulatory (38kDa) and catalytic (41kDa) fragments (Kanthasamy et al., 2003; Kitazawa et
al., 2003). This event persistently activates the kinase to mediate apoptosis of dopaminergic
neuronal cells (Kitazawa et al., 2003). In the current study, we show that the environmental
neurotoxicant dieldrin induces Fyn kinase activity in dopaminergic neuronal cells to
modulate tyr311 phosphorylation-dependent activation of PKCδ and apoptosis. The
important findings of the present study are: 1) dieldrin rapidly induces Fyn kinase activation
and PKCδ-tyr311 phosphorylation as early as 15 min following dieldrin exposure in
dopaminergic neuronal cells, 2) the pharmacological inhibitor TSKI protects against
dieldrin-induced phosphorylation of PKCδ-tyr311, caspase-3-mediated PKCδ proteolytic
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activation and apoptotic cell death of dopaminergic cells, and 3) Both TSKI and Fyn siRNA
both protected against dieldrin-induced neurotoxicity. Fig.7 explains the signaling schematic
of how Fyn mediates the PKCδ-tyr311 phosphorylation-dependent activation during
dopaminergic apoptosis. These findings suggest that Fyn is an important proapoptotic
molecule and Fyn activation is an early signaling event in the execution of apoptosis
following exposure of dopaminergic cells to the environmental neurotoxicant dieldrin. To
our knowledge, this is the first report of Fyn kinase activation during the apoptotic cell death
of nigral dopaminergic neurons following exposure to an environmental neurotoxicant.

Human exposure to organochlorine pesticides is widespread owing to large scale usage of
these pesticides starting in the 1940s, their resistance to biodegradation and the resultant
bioaccumulation in the food chain. Significant levels of residual organochloride pesticides
including dieldrin continue to be detected in the soil, sediment, serum and breast milk of the
general population throughout the world (Kanthasamy et al., 2005; Miller and Milne, 2008;
Mueller et al., 2008; Mustafa et al.; Sun et al., 2006a; Sun et al., 2006b; Sun et al., 2006c).
Epidemiological and case-control studies continue to associate the increased incidence of
PD with elevated exposure to dieldrin (Corrigan et al., 1996; Corrigan et al., 1998; Corrigan
et al., 2000; Elbaz et al., 2009; Elbaz and Tranchant, 2007; Fleming et al., 1994; Hancock et
al., 2008; Kamel et al., 2007; Li et al., 2005). The increased susceptibility of dopaminergic
neurons to the toxic effects of dieldrin in comparison to other neuronal cell types is well
established (Hatcher et al., 2007; Kitazawa et al., 2004; Kitazawa et al., 2001; Sanchez-
Ramos et al., 1998; Sharma et al., 2010).

Non-receptor tyrosine kinases are involved in multiple proliferative and cell death signaling
pathways. Previously it has been shown that toxicants such as methylmercury, lead, and
herbicides, including paraquat and members of the pyrethroid insecticide group, activate Fyn
kinase in the central nervous system (CNS) progenitor cells. Activation of Fyn by this
diverse group of chemicals was implicated as a factor in pro-oxidant-mediated disruption of
normal CNS development (Li et al., 2007). Fyn has also been shown to be a substrate of
caspase-3 in T cells undergoing physiological apoptosis (Ricci et al., 2001; Ricci et al.,
1999). Here we show that acute dieldrin treatment induces activation of Fyn kinase but not
Src kinase in dopaminergic neuronal cells during the early stages of apoptosis. Dieldrin
increased superoxide production via protein kinase C and tyrosine kinases in human
neutrophil (Pelletier and Girard, 2002; Pelletier et al., 2001), but the isoforms involved in
the dieldrin exposure were not identified. Recently we and others demonstrated that
phosphorylation of PKCδ tyr311 by non-receptor tyrosine kinase and caspase-3-dependant
cleavage are the key determinants of pro-apoptotic function of PKCδ (Kaul et al., 2005b; Lu
et al., 2007). Non-receptor tyrosine kinases that have been known to phosphorylate PKCδ
are Src, Fyn, Lyn, Lck, and Syk. Generally, phosphorylation of tyrosine residues on PKCδ is
associated with increases in kinase activity, altered sub-cellular localization and change in
its substrate preferences (Gschwendt et al., 1994; Haleem-Smith et al., 1995; Li et al., 1994).
The tyrosine residues on PKCδ that can be phosphorylated during oxidative stress include
tyr-52 and tyr-187 on the N terminus of the protein, tyr-512 and tyr-523 on the C terminus,
and tyr-311 at the intermediate hinge region (Li et al., 1996; Li et al., 1994). Konishi et al.
have demonstrated that H2O2 treatment induces the phosphorylation of PKCδ at various
tyrosine residues including tyr-311, tyr-332, and tyr-512 in COS cells, but phosphorylation
at tyr-311 is critical for initiation of PKCδ catalytic activity (Konishi et al., 1997; Konishi et
al., 2001). PKCδ tyrosine phosphorylation has also been shown to regulate pro-oxidant
etoposide-induced apoptotic cell death in C-6 glial cells (Blass et al., 2002). Ceramide-
induced phosphorylation of tyrosines - tyr311 and tyr332 of PKCδ in the golgi complex was
associated with increased kinase activity and apoptosis (Kajimoto et al., 2001; Kajimoto et
al., 2004). Recently, Lu et al. showed phosphorylation of tyr332 was necessary for the
caspase-3-dependant proteolytic cleavage of PKCδ during TRAIL-induced apoptosis in
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HeLa cells (Lu et al., 2007). However, none of these studies demonstrated that
phosphorylation of PKCδ-tyr311 is required for caspase-3-mediated proteolytic activation of
PKCδ. We have previously shown that over-expression of PKCδY311F mutant in
dopaminergic cells attenuated pro-oxidant-induced proteolytic activation of PKCδ and
apoptosis (Kaul et al., 2005b).

In the present study, we demonstrate that pharmacological inhibition of Fyn kinase with
TSKI significantly inhibited dieldrin-induced PKCδ-tyr311 phosphorylation, caspase-3-
mediated PKCδ proteolytic cleavage and DNA fragmentation. Since TSKI is not just a
specific inhibitor of Fyn but widely used as inhibitor of Src family kinases (Kaul et al.,
2005b), we further employed siRNA targeted against Fyn to specifically inhibit Fyn
function. Here we show that siRNA targeted against Fyn kinase rescues dopaminergic cells
from dieldrin-induced PKCδ-tyr311 phosphorylation, caspase-3-mediated PKCδ proteolytic
cleavage and DNA fragmentation cells clearly establishes a proapoptotic function for Fyn
kinase in dopaminergic cell death. Fyn siRNA suppressed dieldrin induced cytotoxic cell
death to lesser extent than caspase-3 activation and DNA fragmentation at 1 h and we
attribute this to caspase-3 activation and DNA fragmentation preceding cytotoxic cell death.
We believe a complete protection would be observed over a 3 h exposure period. Although
TSKI and Fyn siRNA both attenuated dieldrin-induced dopaminergic cell death, results
obtained with siRNA-mediated suppression of Fyn kinase activity unequivocally confirm
the role of Fyn kinase compared to TSKI, which is not a selective inhibitor of Fyn kinase.
On the other hand, one also cannot rule out the role of caspase-independent cell death
pathways that may contribute to dieldrin-induced effects on cell death.

In conclusion, we demonstrate that Fyn kinase-mediated tyr311 phosphorylation and
caspase-3-dependent proteolytic activation of PKCδ facilitates dopaminergic cell death in
cell culture models of PD. Selective targeting of the proapoptotic Fyn kinase by siRNA
could rescue dopaminergic neurons. The results obtained from the N27 rat dopaminergic
neuronal cell line also further necessitate examination of similar changes in human cell
lines. Currently, we are using SH-SY5Y, a human neuroblastoma cell line to study
neurotoxic mechanisms. Preliminary studies indicate that neurotoxicants induce proteolytic
activation of PKCδ in SH-SY5Y cells. We are currently investigating the role of Fyn in this
human cell model. Further evaluation of changes to Fyn activity in lower and
environmentally relevant concentrations of dieldrin is also being pursued. The proapoptotic
function of Fyn kinase in dopaminergic degeneration may have therapeutic implications in
environmentally linked Parkinson’s disease.
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Fig. 1. Dieldrin exposure induces Fyn kinase activity and not Src kinase in dopaminergic
neuronal cell model
N27 dopaminergic cells treated with dieldrin (60μM) for a period of 15 min were lysed and
~50μg of protein was used for Western blot (A), Fyn kinase assay (B) and Src kinase assay
(C) and as described in materials and methods. Dieldrin induced a statistically significant
increase in 32P phosphorylation of the Fyn kinase substrate peptide (B) and not Src kinase
substrate peptide (C) in dopaminergic neuronal cells. All the data represent mean ± S.E.M.
for each of three independent experiments performed in triplicate or quadruplicate.
***p<0.001.
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Fig. 2. Dieldrin induces phosphorylation of PKCδ-tyr311 in dopaminergic neuronal cell model
N27 dopaminergic cells treated with dieldrin (60μM) were lysed and ~50μg of protein was
used to determine tyrosine phosphorylation of PKCδ by Western blot (A) Dieldrin-treated
cells depicted increases in PKCδ-tyr311 phosphorylation as compared to the untreated cells
and proteolytic cleavage of PKCδ native protein at 60 min. (B) Densitometric analysis of the
immunoblots are expressed as relative band intensities of phospho-PKCδ-tyr311 to native-
PKCδ (mean ± S.E.M. of three independent experiments). **p < 0.01.
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Fig. 3. Inhibition of Fyn kinase activity attenuates dieldrin-induced apoptosis in dopaminergic
neuronal cell model
N27 dopaminergic cells treated with dieldrin (60μM) for 15 min and 60 min. At the end of
treatments cells were lysed and cell lysates were analyzed for Fyn kinase activity, caspase-3
activity and DNA fragmentation. (A) Inhibition of dieldrin-induced Fyn kinase activation by
TSKI. (B) and (C) Dieldrin-induced PKCδ-tyr311 phosphorylation and PKCδ proteolytic
activation was assayed following TSKI pretreatment. The results are expressed as mean ±
SEM of three independent experiments. @p <0.05, Control and 5 M TSKI, **p < 0.01
Control and 60μM Dieldrin, ## p < 0.01, 60μM Dieldrin and Dieldrin ± 5μM TSKI.
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Fig. 4. Phosphorylation at tyr311 on PKCδ is essential for dieldrin- induced apoptosis
N27 dopaminergic cells treated with dieldrin (60μM) for 15 min and 60 min. At the end of
treatments cells were lysed and cell lysates were analyzed for tyr311 phosphorylation and
PKCδ proteolytic activation by immunoblotting. (A) TSKI inhibited dieldrin induced
caspase-3 activation. (B) TSKI attenuated dieldrin induced DNA fragmentation. The data in
(A) and (B) are representative blots from three independent experiments. The results are
expressed as mean ± SEM of three independent experiments. **p < 0.01, ## p < 0.01.
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Fig. 5. Fyn kinase phosphorylates PKCδ on tyr311 to modulate its dieldrin-induced proteolytic
activation
N27 dopaminergic cells were transiently transfected with Fyn kinase specific siRNA and
non-specific siRNA and treated with 60μM Dieldrin for a duration of 15 min and 60 min. At
the end of treatments, cell lysates were immunoblotted for Fyn kinase, PKCδ and PKCδ-
tyr311 phosphorylation. (A) Western blotting for Fyn kinase shows knockdown of Fyn
kinase. (B) Densitometric analysis of 59 kDa Fyn kinase band intensities. (C) and (D)
Immunoblotting shows that Fyn-specific siRNA inhibited dieldrin-induced PKCδ proteolytic
activation and PKCδ-tyr311 phosphorylation.
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Fig. 6. Fyn siRNA protects dopaminergic neurons from dieldrin-induced apoptosis
N27 dopaminergic neuronal cells were transiently transfected with Fyn kinase specific
siRNA and non-specific siRNA. Cells were treated with 60μM Dieldrin for 60 min and
assayed for Sytox green cytotoxicity assay, caspase-3 assay and DNA fragmentation. (A)
Phase-contrast and fluorescence microscopic images of Sytox fluorescence staining in the
non-specific and Fyn siRNA-transfected dopaminergic neurons. (B) Quantification of the
Sytox staining in a fluorescence plate reader. (C) and (D) Caspase-3 activation and DNA
fragmentation in siRNA-Fyn and siRNA-non-specific transfected N27 dopaminergic cells.
The results are expressed as mean ± SEM of two independent experiments in triplicate or
quadruplicate. **p < 0.01,## p < 0.01.
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Fig. 7. Schematic representation of dieldrin-induced apoptotic signaling cascade
Exposure of dopaminergic cells to environmental neurotoxicant dieldrin induces an early
signaling event of activating Fyn kinase. Fyn kinase phosphorylates PKCδ-tyr311, which is
at close proximity to the caspase-3 recognition site on PKCδ. Upon phosphorylation of this
tyrosine residue, the caspase-3 site becomes available for proteolysis of PKCδ. As shown in
our previous publication (Kaul et al., 2005b), mitochondrial-dependent proteolytic activation
of PKCδ results in apoptotic cell death of dopaminergic neurons.
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