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ABSTRACT

Exposure to environmental toxicants can increase the risk of developing age-related neurodegenerative disorders. Exposure
to the widely used organophosphate pesticide chlorpyrifos (CPF) is associated with increased risk of developing Alzheimer’s
disease and Parkinson’s disease, but the cellular mechanisms underlying CPF toxicity in neurons are not completely
understood. We evaluated CPF toxicity in mouse primary cortical neuronal cultures, using RNA-sequencing to identify
cellular pathways modulated by CPF. CPF exposure altered the expression of genes associated with intrinsic apoptosis,
significantly elevating expression of the pro-apoptotic mediator Bbc3/Puma. Bbc3 loss attenuated CPF driven neurotoxicity,
induction of other intrinsic apoptosis regulatory genes including Trp53 and Pmaip1 (encoding the NOXA protein), and
cleavage of apoptosis executors caspase 3 and poly (ADP-ribose) polymerase (PARP). CPF exposure was associated with
enhanced expression of endoplasmic reticulum stress-related genes and proteins and the accumulation of high molecular
weight protein species in primary neuronal cultures. No evidence of alterations in the ubiquitin-proteosome system were
observed, however, autophagy-related proteins were upregulated in CPF-treated Bbc3�/� neuronal cultures compared with
identically exposed WT cultures. Elevated autophagy-related protein expression in Bbc3�/� neuronal cultures was
associated with a reduction in CPF-induced high molecular weight alpha-synuclein and tau immunoreactive protein
aggregates. Studies indicate that Bbc3�/� neuronal cultures enhance the endoplasmic reticulum stress response and
upregulate protein clearance mechanisms as a component of resistance to CPF-mediated toxicity.
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A small proportion of neurodegenerative disease cases can be
attributed to genetic causes; however, the etiology of most neu-
rodegenerative disorders of the elderly is unknown (Chin-Chan
et al., 2015; Migliore and Coppede, 2009). It is widely believed
that a combination of genetic and environmental risk factors
underlies the development of certain neurodegenerative disor-
ders with epidemiological and experimental evidence clearly
associating pesticide exposure with increased risk of developing
Alzheimer’s disease (AD) and Parkinson’s disease (PD; Cannon

and Greenamyre, 2013; Costello et al., 2009; Hatcher et al., 2008;
Ritz and Yu, 2000; Tanner et al., 2011; Yan et al., 2016). Despite
the growing body of evidence from epidemiological, in vitro, and
in vivo studies, cellular mechanisms mediating pesticide neuro-
toxicity are not completely characterized. Delineating the mo-
lecular mechanisms by which environmental toxicant exposure
translates to neuronal cell death is anticipated to improve our
understanding of the initiation and progression of neurodegen-
erative disorders.
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Organophosphates (OPs) are among the most commonly
used classes of pesticides worldwide. Acute exposures can re-
sult from accidental poisoning, terrorist attacks, and suicidal
ingestions (Blain, 2011). Of the estimated 3 million acute OP poi-
sonings each year, approximately 1 million are due to occupa-
tional exposure (Karalliedde and Senanayake, 1989). Acute OP
exposure is toxic to the nervous system, resulting in cardiore-
spiratory depression, and seizures that can lead to long-term
cognitive abnormalities. Acute exposure to OP nerve agents,
such as sarin gas, can lead to life-long neurological consequen-
ces, including electroencephalogram (EEG) alterations and con-
vulsions (Sekijima et al., 1997), attention deficits and impaired
motor coordination (Loh et al., 2010), reduced gray matter vol-
ume (Yamasue et al., 2007), and memory decline (Hood, 2001).
Chronic OP exposure is observed in occupational settings, with
agricultural workers being among those most at-risk (Munoz-
Quezada et al., 2016). Chronic OP exposure can cause neurologic
and psychiatric deficits, including anxiety, depression, psycho-
sis, learning and memory deficits, and motor dysfunction, col-
lectively referred to as chronic OP-induced neuropsychiatric
disorders (Naughton and Terry, 2018). Epidemiologic studies
link chronic OP exposure to a broad range of neurologic disor-
ders, including developmental delay in children (Rauh et al.,
2006, 2011, 2012) and neurodegenerative disorders later in life
(Sanchez-Santed et al., 2016). Exposure to OPs has been shown
to increase risk of developing AD (HR ¼ 1.53; Hayden et al., 2010)
and PD (OR ¼ 1.87–5.3; Dhillon et al., 2008; Gatto et al., 2009;
Manthripragada et al., 2010).

The OP pesticide chlorpyrifos (CPF) is frequently implicated
in the context of neurodegenerative disease (Dhillon et al., 2008;
Gatto et al., 2009; Hayden et al., 2010; Manthripragada et al.,
2010). CPF enters the environment at an estimated 3.2–4.1 mil-
lion kg/year in the United States alone, with corn and soybean
production accounting for about 50% of its usage (Solomon
et al., 2014). The most common route of CPF exposure is inges-
tion through well water and food residue but inhalation (eg,
pesticide sprayers, rural living) and absorption (eg, dermal expo-
sure) of CPF are also well-documented (Poet et al., 2014). CPF is
an organothiophosphate metabolized by cytochromes p450
whose specificity is derived from insects’ rapid metabolism of
the P¼S bond in the thiophosphoryl group, forming the toxic
chlorpyrifos-oxon (CPO) metabolite. The mammalian metabolic
process removes the lipophilic P side groups first, oxidizing at a
much slower rate overall, and favoring the formation of the less
toxic metabolite, 3,5,6-trichloro-2-pyridinol (TCPy; Croom et al.,
2010). Despite structural and functional selectivity to insects,
human CPF exposure is of increasing concern in part because of
its capability of crossing the mammalian blood-brain-barrier
(Kopjar et al., 2018; Li and Ehrich, 2013; Parran et al., 2005;
Williamson Leah et al., 2006). More recent studies have
highlighted genetic polymorphisms that alter CPF metabolism
suggesting the potential for altered susceptibility to CPF toxicity
in human populations (Costa et al., 2013). CPF toxicity is typi-
cally associated with inhibition of acetylcholinesterase (AChE),
the main enzyme responsible for breaking down the neuro-
transmitter acetylcholine, resulting in cholinergic toxicity in
humans and death in insects. Interestingly, while CPF and its
metabolites have been found in central nervous system (CNS)
tissues of laboratory animals chronically exposed to CPF (Kopjar
et al., 2018; Williamson Leah et al., 2006), AChE inhibition has
not been convincingly correlated with neurologic dysfunction in
humans (Rohlman et al. 2011). Several studies have indicated
that AChE inhibition is neuroprotective (Ye et al., 2010; Zhang
and Greenberg, 2012) and CPF toxicity is readily observed in glial

cells that do not express AChE at high levels (Mense et al., 2006;
Thullbery et al., 2005). Moreover, pharmacologic inhibition of
AChE using agents such as donepezil and galantamine is a com-
mon strategy used to enhance cognitive function in AD
(Sharma, 2019). These disconnects underscore the importance
of further characterization of mechanisms of CPF-induced neu-
ronal cell death.

To characterize mechanisms of CPF neurotoxicity, we con-
ducted RNA-sequencing (RNA-Seq) experiments and identified
Bcl-2-binding component 3/p53 upregulated modulator of apoptosis
(Bbc3/Puma) as a key mediator of CPF-driven neuronal apoptosis.
Using Bbc3�/� neuronal cultures, we provide evidence that sup-
pression of Bbc3 improves survival following CPF exposure.
Improved survival in Bbc3�/� cultures is associated with en-
hanced expression of endoplasmic reticulum (ER) stress- and
autophagy-related markers, and a reduction in alpha-synuclein
and microtubule-associated protein tau immunoreactive pro-
tein aggregates. Our study identifies Bbc3 signaling as a pathway
of interest for neuroprotection and suggests a compensatory
mechanism associated with suppression of apoptosis capable
of reducing proteinopathy in pesticide-exposed neurons.

MATERIALS AND METHODS

Research Animals
All mouse experiments were conducted according to the
ARRIVE guidelines and approved by the Institutional Animal
Care and Use Committee at Dartmouth (Protocol No. 00002117,
MCH). All mice used in these experiments were either pur-
chased from the Jackson Laboratory (Bar Harbor, Maine) or vali-
dated on an ongoing basis using PCR-based genotyping
(Supplementary Figure 5) and biochemical procedures.
Genotyping primers: Bbc3 Mutant Forward: TTGACGAG
TTCTTCTGAGGG, Bbc3 Mutant Reverse: CCTGGAATTACAGG
CAGTTGTCAGC, Bbc3 WT Forward: AAGGGTTAAAGGTCCCT
CGC, Bbc3 WT Reverse: AACTGAGGCTCCACCCATAG. Strains in-
clude C57BL/6J (Stock 000664) and Bbc3�/� (generously provided
by Dr Gerard Zambetti, St. Jude Children’s Research Hospital,
Nashville, Tennessee).

Cultivation of Primary Neuronal Cultures
Six or more embryos (E14.5-16.5) of mixed sexes were retrieved
from wild-type (WT) and Bbc3�/� time-mated female mice, the
dissected cortices were pooled and dissociated, and cortical
neurons were plated on poly-D-lysine (P6407) (Sigma-Aldrich, St
Louis, Missouri) and laminin-coated (L2020) (Sigma-Aldrich) tis-
sue culture dishes. Cells were incubated in enriched neurobasal
medium (21103049) (Thermo Fisher Scientific, Waltham,
Massachusetts) (500 ml NB media, 200 mM L-glutamine, B-27
with vitamin A, 1 ml penicillin/streptomycin (P/S) (1%), and
340 mg glucose) to reduce glial expansion.

CPF Dose-Finding and Exposure
Analytical standard grade CPF was purchased from
MilliporeSigma (No. 45395, Burlington, Massachusetts). A
100 mM stock of CPF was generated in dimethyl sulfoxide
(DMSO) (No. 276855, Sigma-Aldrich). The 100 mM stock was di-
luted in cell culture media to achieve desired CPF concentra-
tions, resulting in a final DMSO concentration of <0.5%.
Controls were treated with equivalent DMSO concentration.
Dose finding was conducted by analyzing doses ranging from 1
to 400 mM, coupled with analysis of toxicity and survival as de-
scribed in the following sections. We found that the IC50 of CPF
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in primary neuronal cultures was 50 mM, varying doses were
used as described throughout the results.

Cytotoxicity Assays
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays. Primary neurons were plated to a confluency of 50,000
cells/well in poly-D-lysine and laminin-coated 96-well dishes.
Cells were treated with CPF 4-6 days after plating. After CPF
treatment, media was removed and media containing 10% yel-
low tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide or MTT) (Sigma-Aldrich) was added to
each well. Cells were allowed to incubate for 4 h with the MTT
dye, dye-containing media was removed, and DMSO was added
to each well, to solubilize formazan crystals. Colorimetric
change was read on a plate reader (Bio-Rad iMark Microplate
Absorbance Reader, Hercules, California) at 595 nm.

Lactate dehydrogenase (LDH) assays. Lactate dehydrogenase (LDH)
was detected using a Cytotoxicity Detection Kit (LDH) (Sigma-
Aldrich). Briefly, conditioned media was collected from cultures
treated with CPF. Conditioned media was centrifuged at 12,000
RPM for 30 min at 4�C to remove cellular debris and frozen at
�80�C until LDH analysis. Media was thawed on ice and 100 ml
was added to the wells of a 96-well plate. 100 ml of LDH reaction
mixture was added to the media. The assay was incubated for
30 min at room temperature protected from light. The colori-
metric change was measured on a plate reader (Bio-Rad iMark
Microplate Absorbance Reader) at 490 nm. Fresh media was
used to calculate background LDH activity. Range was deter-
mined using vehicle-treated cell culture media as a low control
and apoptosis-inducing staurosporine-treated cell culture me-
dia as a high control. Background LDH levels present in the me-
dia alone were subtracted from all samples. Cytotoxicity was
measured using the following equation: (experimental val-
ue�low control)/(high control�low control) � 100.

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Immunoblotting
Samples were prepared in ice-cold lysis buffer (150 mM NaCl,
50 mM Tris, 1% Triton X-100) containing 1� phosphatase inhibi-
tor cocktail 2 (P5726) (Sigma-Aldrich) and 1� cOmplete Mini
Protease Inhibitor Cocktail (11836153001) (Sigma-Aldrich). 4�
NuPAGE LDS Sample Buffer (NP0008) diluted to 1� and 0.02%
beta-mercaptoethanol was added to all samples and samples
were boiled before loading into gels. The NuPAGE system was
used for gel electrophoreses, with precast 4–12% Bis-Tris protein
gels and MES/SDS running buffer (Thermo Fisher Scientific).
Gels were transferred to Immobilon-P PVDF membranes
(IPVH00010) (MilliporeSigma) for immunoblotting. Membranes
were blocked in a solution of 5% skim milk powder dissolved in
tris-buffered saline (TBS) and Tween 20 (TBS-T) before overnight
incubation with the primary antibody. The following day, anti-
species horseradish peroxidase (HRP)-conjugated secondary
antibodies were incubated with the membrane before develop-
ing in Pierce ECL Western Blotting Substrate (32106) (Thermo
Fisher Scientific). The following antibodies were used for apo-
ptotic analysis: anti-Pumaa/b (sc-374223) (Santa Cruz
Biotechnology, Inc., Dallas, Texas), anti-Caspase-3 (D3R6Y, No.
14220) (Cell Signaling Technology, Danvers, Massachusetts),
and anti-poly (ADP-ribose) polymerase (PARP; 46D11, No. 9532)
(Cell Signaling Technology). The following antibodies were used
for ER stress analysis: anti-CREB-2/ Activating transcription fac-
tor 4 (ATF4; sc-200) (Santa Cruz Biotechnology, Inc.) and anti-
GADD-153 (sc-7351) (Santa Cruz Biotechnology, Inc.). The

following antibodies were used for autophagy analysis: anti-
phospho-mammalian target of rapamycin (mTOR) (Ser2448)
(D9C2, No. 5536) (Cell Signaling Technology), anti-mTOR (7C10,
No. 2983) (Cell Signaling Technology), and anti-SQSTM1/p62
(No. 5114) (Cell Signaling Technology). The following antibodies
were used in protein solubility analysis: anti-phospho-Alpha-
Synuclein (Ser129) ([MJF-R13 (8-8)], ab168381) (Abcam,
Cambridge, Massachusetts), anti-phospho-Tau (Ser202, Thr205)
(AT8, No. MN1020) (Invitrogen, Thermo Fisher Scientific), anti-
Tau (HT7, No. MN1000) (Invitrogen, Thermo Fisher Scientific),
and anti-Ubiquitin (No. 3933) (Cell Signaling Technology). Anti-
b-Actin (AC-15, A3854) (Sigma-Aldrich) was used as a loading
control in all westerns.

mRNA Analysis
mRNA was isolated from cell lysates using the RNeasy Mini Kit
(74104) and further processed using the QIAshredder (79654)
and RNase-Free DNase Set (79254) (Qiagen, Germantown,
Maryland). Total purified mRNA was quantified using the
Nanodrop 2000 (NCCC Shared Instruments Resource). Equal
quantities of mRNA, normalized across samples, were reversed
transcribed into complementary DNA (cDNA) using the iScript
cDNA Synthesis Kit (1708891) (Bio-Rad Laboratories, Hercules,
California). Bbc3, Trp53, Pmaip1, and Ddit3 transcripts were ana-
lyzed and relative levels determined using the CFX96 Touch
Real-Time PCR Detection System (NCCC Shared Instruments
Resource) and SYBR Green reagent (Bio-Rad Laboratories). Bbc3
forward primer: GGTCTAG CCCGCGACAGT, and Bbc3 reverse
primer: GCACGGGCGA CTCTAAGTG. Trp53 Bbc3 WT Forward:
forward primer: CGAAGACTGGATGACTGCCA, and Trp53 reverse
primer: CGTCCATGCAGTGAGGTGAT. Pmaip1 forward primer:
GCCCAGATTGGGGACCTTAG, and Pmaip1 reverse primer: GTTA
TGTCCGGTGCACTCCA. Ddit3 forward primer: CCCTAGCTTGG
CTGACAGAG, and Ddit3 reverse primer: TGCTCCTTCTCCTTCAT
GCG. Real-time PCR data were normalized to actin transcript.

RNA-Sequencing
Cortical neuron cultures were prepared as described previously
and treated with 30 mM CPF or equivalent vehicle (DMSO) con-
centration for either 6 or 24 h. RNA-seq libraries were prepared
using the Lexogen Quantseq FWD 3’ Workflow and 200 ng of
RNA as input. Libraries were quantified, normalized and pooled
onto a single NextSeq500 Mid Output to generate an average of
[10M] paired-end 75 bp reads per sample. Reads were quality
trimmed and aligned to the mm10 mouse reference genome
and normalized using CLC Genomics Workbench v10 to produce
TPM gene expression count (Liu and Di, 2020). Data were ana-
lyzed together across both time points and arbitrary p value and
fold-change cutoffs were used to identify genes whose expres-
sion was persistently altered in CPF-treated cultures. Targets of
interest from this discovery study were validated using real-
time PCR as previously described. Access to the RNA-Seq data-
sets will be made available upon request. We are in the process
of submitting raw data to the appropriate NIH-approved public
resources.

RESULTS

Characterization of Gene Expression Changes Associated With CPF
Neurotoxicity In Vitro
CPF neurotoxicity was characterized in vitro using primary corti-
cal neuronal cultures established from embryonic mice.
Neuronal cultures were exposed to increasing doses of CPF
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across a range from 0 to 120 mM for 24 h. We observed significant
declines in MTT metabolism, a proxy for cellular viability
(Kumar et al., 2018), at concentrations of 60 mM (**p¼ .0039) and
120 mM (***p¼ .0001) compared with vehicle-treated (0mM) neuro-
nal cultures (Supplementary Figure 1A). LDH assays using a
time course of 48 h and the average dose for significant effects
in the MTT assays (80 mM) (Supplementary Figure 1A) confirm
temporal loss of viability with longer CPF incubation periods,
both at 24 h (*p¼ .0247) and 48 h (***p¼ .0002; Supplementary
Figure 1B). Collectively, these data show that CPF exposure
induces cell death in primary cortical neuron cultures at doses
>30 mM. Guided by these data, we conducted a discovery RNA-
Seq screen using pooled cultures representing 6 or more em-
bryos per group to identify changes associated with CPF expo-
sure in viable cultures by comparing WT cultures treated with
either vehicle (DMSO) or a sublethal 30 mM dose of CPF
(Supplementary Figure 1A) for 6 or 24 h. Principal component
analysis showed clustering of samples based on time and treat-
ment (Supplementary Figure 2). A heatmap of the top 100 differ-
entially expressed genes (DEGs) with minimum change of 2.5-
fold and a p value cutoff of .04 shows clustering of samples
based on treatment (Figure 1A). Panther Gene List Analysis was

used for ontologic analysis of DEGs whose expression was mod-
ulated 1.5-fold or more with a p value of < .04 by CPF at both
time points (Figure 1B and Supplementary Table 1). This analy-
sis identified enrichment of pathways related to intrinsic apo-
ptosis and ER stress including “intrinsic apoptotic signaling
pathway in response to ER stress,” “positive regulation of tran-
scription from RNA polymerase II promoter in response to ER
stress,” “response to ER stress,” “intrinsic apoptotic signaling
pathway,” “positive regulation of neuron apoptotic process,”
and “response to unfolded protein.”

Intrinsic Apoptotic Regulator Bbc3 Is Required for CPF Neurotoxicity
Close inspection of the pathways enriched by CPF exposure
identified genes of interest that appeared in multiple ontologic
sets. Among these was the pro-apoptotic mediator Bbc3 (aka
Puma) (Supplementary Tables 2 and 3; fold change 2.87,
p¼ 2.73e�3), which was observed in 4 of the top ontologic hits in-
cluding “response to ER stress,” “intrinsic apoptotic signaling
pathway in response to ER stress,” “intrinsic apoptotic signaling
pathway,” and “positive regulation of neuron apoptotic proc-
ess.” Based on its frequent appearance in cellular death-related
ontologic pathways, we decided to investigate the role of Bbc3 in

Figure 1. RNA-sequencing (RNA-Seq) indicates intrinsic apoptosis-related pathways upregulated in chlorpyrifos (CPF)-exposed primary cortical neurons. Primary corti-

cal neuron cultures were established from C57BL/6J (WT) embryos (E14.5-16.5). In order to detect the biological changes that were occurring in neurons prior to death,

the cultures were treated with either vehicle (DMSO) or a sublethal 30mM concentration of CPF (see Supplementary Figure 1) for 6 or 24 h. We conducted an unbiased

transcriptomic screen using RNA-Seq and analyzed the data using CLC Genomics. A, Heat map shows top 100 differentially expressed genes (DEGs) with a minimum

fold change of 2.5-fold with a p value cutoff of .04. B, Panther Gene List Analysis was used to generate ontologic data from all DEGs changed 1.5-fold or more with CPF

treatment with a p value of <.04 at both timepoints.
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CPF-induced neuronal loss. The RNA-Seq screen was not pow-
ered to be a stand-alone assay so we confirmed changes
detected in Bbc3 expression using real-time PCR in indepen-
dently established and treated primary neuronal cultures
obtained from wild type and Bbc3�/� mice (generously provided
by dr Gerard Zambetti, St. Jude Children’s Research Hospital,
Nashville, Tennessee; Jeffers et al., 2003). Bbc3 transcript was
upregulated by CPF exposure in WT cultures treated with the
IC50 of CPF (50 mM; Figure 3A) with peak expression observed at
12 h compared with vehicle-treated cells (Figure 2A). We also
evaluated CPF-driven changes in related mediators of intrinsic
apoptosis including transformation-related protein 53 (Trp53)
(gene that encodes for p53 protein) and phorbol-12-myristate-
13-acetate-induced protein 1 (Pmaip1) (gene that encodes for
NOXA protein). We observed variable expression of Trp53 in WT
neurons with 6 and 24 h of CPF exposure (Figure 2B) and found
significant CPF-mediated upregulation of the proapoptotic me-
diator Pmaip1 at 24 h in WT cultures, not observed in identically
treated Bbc3�/� cultures (Figure 2C). These findings verify modu-
lation of Bbc3 by CPF in neuronal cultures and indicate an im-
portant role for intrinsic apoptosis in CPF neurotoxicity.

To further characterize the role of Bbc3 in CPF-induced neu-
rotoxicity, we evaluated the IC50 of CPF in both WT and Bbc3�/�

primary neurons. WT and Bbc3�/� neuronal cultures were
treated with a range of CPF concentrations (1–400 lM) for 24 or
72 h, or 7 days. The IC50 of CPF was significantly higher in Bbc3�/

� neurons than in WT cultures at 24 or 72 h, or 7 days (Figure
3A). Next, we evaluated the impact of CPF on apoptosis in pri-
mary neuronal cultures derived from WT and Bbc3�/� mice fol-
lowing 6, 12, and 24 h of exposure. LDH release assays confirm
increasing cytotoxicity at 12 and 24 h in CPF exposed WT cul-
tures, while this toxicity was not observed in identically ex-
posed Bbc3�/� neuronal cultures (Figure 3B). These data indicate
that Bbc3 is a key mediator of CPF neurotoxicity and that Bbc3
inactivation is neuroprotective in CPF exposed cultures.

Bbc3 is a well-characterized mediator of intrinsic apoptosis
(Han et al., 2001), an ontologic process we identified to be signifi-
cantly modulated by CPF exposure (Figure 1B). To verify that
Bbc3 functioned in intrinsic apoptosis-related processes in our
CPF-exposed neuronal cultures, we performed SDS-PAGE and
subsequent immunoblotting with lysates obtained from WT

and Bbc3�/� neuronal cultures treated with vehicle (DMSO) or
WT IC50 (50mM) CPF for 6, 12, or 24 h (Figure 4). As expected, we
found an increase in BBC3 protein expression in WT neurons
exposed to CPF (Figs. 4A and 4B). We observed cleavage of ca-
nonical mediators of intrinsic apoptosis including CASP3 in WT
neurons exposed to CPF that was not observed in identically
treated Bbc3�/� neuronal cultures (Figs. 4A and 4B). Additionally,
PARP cleavage was elevated in WT samples treated with CPF
over time and only observed at long exposures in Bbc3�/� sam-
ples (Figs. 4A and 4B). Collectively, these findings indicate that
in primary neuronal cultures, CPF exposure results in Bbc3-de-
pendent canonical intrinsic apoptosis.

Bbc3 Loss Alters Protein Homeostasis in CPF Exposed Neuronal
Cultures
Having confirmed a role for Bbc3 in neurotoxic apoptosis result-
ing from CPF exposure, we shifted our attention to the related
ER stress response pathway (Sano and Reed, 2013), also
enriched in our ontologic analysis of DEGs in WT DMSO- and
CPF-exposed cultures (Figure 1B). We analyzed DNA damage in-
ducible transcript 3 (Ddit3) (encoding C/EBP homologous protein
[CHOP] protein), a key mediator of ER stress elevated in our
RNA-Seq dataset (Supplementary Tables 2 and 3; fold change
2.67, p¼ 2.00e�3). We saw a more significant induction of Ddit3
transcript with CPF exposure in Bbc3�/� cultures compared with
WT cultures, with the highest levels found after 6 h of treatment
(Figure 5A). After validating this RNA-Seq hit, we sought to eval-
uate ER stress-related markers at the protein level. ATF4 is a key
transcription factor working upstream of Ddit3/CHOP in the ER
stress response (Wortel et al., 2017) whose expression was also
observed to be significantly elevated following CPF-treatment in
our RNA-Seq analysis (Supplementary Tables 2 and 3; fold
change 1.78, p¼ 8.76e�3). We treated WT and Bbc3�/� neuronal
cultures with vehicle (DMSO) or 50 mM CPF for 6, 12, for 24 h and
performed SDS-PAGE and immunoblotting analysis for both
ATF4 and CHOP. We observed ATF4 upregulation following CPF
exposure across both genotypes, which was only statistically
significant in the Bbc3�/� cultures (Figs. 5B and 5C). Additionally,
we observed a trending increase in CHOP protein expression
with CPF treatment in Bbc3�/� cultures (Figs. 5B and 5C). These
data suggest a mechanism in which Bbc3 loss, associated with

Figure 2. Intrinsic apoptosis-related transcripts are up-regulated in a Bbc3-dependent manner upon chlorpyrifos (CPF) exposure. Primary cortical neuronal cultures

were established from WT and Bbc3�/� embryos (E14.5–E16.5) and treated with vehicle (DMSO) or 50mM for 6, 12, or 24 h. RNA was collected using the RNeasy Mini Kit

(Qiagen). Equal quantities of mRNA normalized across samples were reversed transcribed into cDNA using the iScript cDNA Synthesis Kit. (A) Bbc3, (B) Trp53 (encodes

for the protein p53), and (C) Pmaip1 (encodes for the protein NOXA) transcripts were analyzed and relative levels determined using the CFX96 Touch Real-Time PCR

Detection System. CPF treatment induced Bbc3 expression, with significant elevation observed at 12 h (2-way ANOVA, **p¼ .0051 [genotype], nsp¼ .1902 [treatment], and
nsp¼ .0610 [genotype � treatment]; WT 24 DMSO to WT 12 CPF *p ¼ .0190). Variable Trp53 expression with CPF treatment was observed (2-way ANOVA, *p ¼ .0176 [geno-

type], nsp ¼ .1281 [treatment], nsp ¼ .0758 [genotype � treatment]). Treatment with CPF elevated Pmaip1 expression in a genotype-specific manner (2-way ANOVA, ***p ¼
.0002 [genotype], ***p ¼ .0002 [treatment], ****p < .0001 [genotype � treatment]) with the greatest induction observed at the 6 and 24 h timepoints (WT 24 DMSO to WT 24

CPF, ****p < .0001; WT 6 CPF to WT 24 CPF, ***p ¼ .0004; WT 12 CPF to WT 24 CPF, ****p < .0001). Data are representative of 3 biologic replicates.
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enhanced survival (Figs. 3 and 4), also results in a heightened ER
stress response.

RNA-Seq findings of a CPF-induced ER stress response in WT
cultures and observation of elevated ER stress response in more
viable CPF-treated Bbc3�/� neuronal cultures prompted us to
considered the prediction that Bbc3 loss forced cells that would
otherwise undergo apoptosis to adapt and survive under ER-
stress conditions. Exposure to CPF has been previously shown
to cause protein aggregation, a well-characterized inducer of ER
stress, in the SN56 septal basal forebrain cholinergic neuron cell
line (Moyano et al., 2018). We evaluated protein solubility in WT
and Bbc3�/� CPF-exposed primary neuronal culture lysates to

determine (1) if CPF-induced protein aggregation and (2) if Bbc3
loss impacts this biology in association with increased ER stress.
We conducted serial ultracentrifugation and immunoblotting
experiments to characterize proteins known to misfold and ag-
gregate during human neurodegenerative disease processes, in-
cluding alpha-synuclein (Hijaz and Volpicelli-Daley, 2020;
Spillantini et al., 1997, 1998), tau (Grundke-Iqbal et al., 1986a;
Khatoon et al., 1992), and phosphorylated forms of alpha-
synuclein (Anderson et al., 2006; Hasegawa et al., 2002 ) and tau
(Grundke-Iqbal et al., 1986b; Kopke et al., 1993) associated with
pathogenesis (Figure 6). We observed an increase in high-
molecular weight phospho-alpha-synuclein (Ser129) in the

Figure 4. Characterization of intrinsic apoptosis in primary cortical neurons exposed to chlorpyrifos (CPF). Primary cortical neuronal cultures were established from

WT and Bbc3�/� embryos (E14.5–E16.5) and treated with vehicle (DMSO) or 50mM CPF for 6, 12, or 24 h. A, Cortical lysate was collected and analyzed using SDS-PAGE and

immunoblotting for apoptosis proteins of interest using antibodies for BBC3, Total/cleaved caspase 3(CASP3), and Total/cleaved poly (ADP-ribose) polymerase (PARP).

B, BBC3 protein levels increased in WT cultures treated with CPF over time (2-way ANOVA, ****p< .0001 [genotype], *p¼ .0491 [treatment], *p¼ .0491 [genotype � treat-

ment]; WT 24 DMSO to WT 24 CPF [*p¼ .0191]; WT 6 CPF to WT 24 CPF [**p¼ .0065]; WT 12 CPF to WT 24 CPF [*p¼ .0310]). Total CASP3 levels remained fairly stable across

all samples (2-way ANOVA, nsp¼ .1234 [genotype], nsp¼ .8424 [treatment], nsp¼ .3583 [genotype � treatment]) while levels of cleaved CASP3 increased in WT samples

with increasing time exposed to CPF (2-way ANOVA, ***p¼ .0003 [genotype], **p¼ .0043 [treatment], **p¼ .0047 [genotype � treatment]; WT 24 DMSO to WT 24 CPF

[****p< .0001]; WT 6 CPF to WT 24 CPF [***p¼ .0010]; WT 12 CPF to WT 24 CPF [**p¼ .0038]). Cleavage of CASP3 was not observed in Bbc3�/� samples. Levels of total PARP

remained fairly constant (2-way ANOVA, *p¼ .0452 [genotype], nsp¼ .2903 [treatment], nsp¼ .0844 [genotype � treatment]). PARP cleavage was elevated in WT samples

treated with CPF (2-way ANOVA, **p¼ .0029 [genotype], *p¼ .0267 [treatment], *p¼ .0178 [genotype � treatment]; WT 24 DMSO to WT 24 CPF [**p¼ .0012]; WT 6 CPF to

WT 24 CPF [**p¼ .0050]). PARP cleavage was not consistently observed at light exposures in Bbc3�/� samples. Only at dark exposures was PARP cleavage seen in Bbc3�/�

cultures treated with CPF; however, it was not significant compared with Bbc3�/� 24 DMSO levels. At longer exposures, we still observe elevated PARP cleavage in WT

cultures exposed to CPF (2-way ANOVA, nsp¼ .1737 [genotype], *p¼ .0228 [treatment], nsp¼ .2787 [genotype � treatment]; WT 24 DMSO to WT 24 CPF [*p¼ .0107]; WT 6

CPF to WT 24 CPF; [*p¼ .0438]). Two-way ANOVAs were performed on 3–5 biologic replicates. Error bars in (B) represent SEM.

Figure 3. Bbc3�/� primary cortical neurons are resistant to chlorpyrifos (CPF)-induced cell death. (A) IC50 curves for WT and Bbc3�/� primary cortical neurons treated 24

or 72 h, or 7 days with [1–400 lM] CPF. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays were performed to assess viability. All data were normal-

ized to vehicle-treated (DMSO) controls. Mean percent viability is shown for 3 biologic replicates, error bars represent standard deviation after log-transformation of

CPF concentrations. p Values were determined using nonlinear regression. We saw a significantly higher IC50 value of CPF-treated Bbc3�/� neurons (172.3 lM) compared

with WT neurons (54.98 lM) (****p< .0001) at 24 h, at 72 h (Bbc3�/�, 137.5 lM; WT, 48.31 lM; ****p< .0001), and at 7 days (Bbc3�/�, 134.9 lM; WT, 43.75 lM; ****p< .0001). B, A

lactate dehydrogenase assay was performed on media of WT and Bbc3�/� primary cortical neurons exposed to 50mM CPF for 6, 12, or 24 h or equivalent vehicle (DMSO)

for 24 h. With increasing time exposed to the approximate WT IC50 of CPF (approximately 50mM), there was an increase in cytotoxicity in WT cultures (2-way ANOVA;

**p¼ .0027 (genotype), ***p¼ .0008 (treatment), nsp¼ .0936 (genotype � treatment); WT 24 DMSO to WT 12 CPF, *p¼ .0140; WT 24 DMSO to WT 24 CPF, ***p¼ .0008). An in-

crease in cytotoxicity was seen from 6 to 24 h in WT cultures as well (WT 6 CPF to WT 12 CPF, **p¼ .0043). No significant difference in cytotoxicity was observed in iden-

tically exposed-Bbc3�/� primary cortical neurons. Error bars represent SEM.
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TBS-soluble fraction in WT cultures treated with CPF. CPF treat-
ment also caused an increase in phospho-alpha-synuclein in
the Bbc3�/� cultures, but to a much lesser extent (Figs. 6A and
6B). A similar pattern was also observed in the SDS soluble frac-
tion (Figs. 6C and 6D). We observed high molecular weight
phospho-tau (Ser202, Thr205) and total tau in CPF-treated WT
cultures which was attenuated or absent in identically treated
Bbc3�/� cultures (Figs. 6C and 6D; see also Supplementary Figure
3). These changes in the abundance and solubility of disease-
associated proteins suggested Bbc3�/� loss conferred enhanced
protein clearance in the context of CPF-induced proteinopathy
(Figure 6 and Supplementary Figure 3).

Under homeostatic conditions protein aggregation can in-
duce ER stress, upregulating protein clearance mechanisms
including proteasomal degradation (Hoseki et al., 2010) and
autophagy (Rashid et al., 2015). To evaluate the ubiquitin/pro-
teasome system in our cultures, we immunoblotted for ubiq-
uitin to determine if CPF exposure resulted in global changes
in highly ubiquitinated species in soluble (TBS) and insoluble
(SDS) protein fractions. We did not identify differences in
global ubiquitination across genotypes or treatments within
either of the 2 fractions (Figure 6). Since global ubiquitination
did not appear to be significantly altered, we evaluated indica-
tors of autophagy. We conducted SDS-PAGE and immunoblot-
ting of lysates obtained from WT and Bbc3�/� cultures treated
with DMSO or 50 mM CPF for 6, 12, or 24 h. We identified a de-
cline in the ratio of phospho-mTOR (Ser2448) to total mTOR, a
negative regulator of autophagy (Jung et al., 2010), in both gen-
otypes with CPF-treatment over time (Figs. 7A and 7B).
Although multiple comparisons analysis following 2-way
ANOVA did not withstand this more rigorous test, we found a
trending decline in the ratio of phospho-mTOR (Ser2448) to to-
tal mTOR with CPF treatment in Bbc3�/� cultures that was not
observed in WT cultures. Indicative of enhanced autophagic
flux, we observed a robust induction of p62 in Bbc3�/� CPF-treated
cultures which was significantly higher than we observed in
identically exposed WT cultures (Figs. 7A and 7B). Overall, these
data suggest that CPF exposure caused ER stress and protein ag-
gregation, and that these processes were potentially counteracted
by autophagy. Moreover, enhanced survival associated with Bbc3-
loss augments these neuroprotective processes in association
with enhanced clearance of disease-associated protein aggre-
gates (Figs. 6 and 7).

DISCUSSION

This study provides experimental evidence relevant to multiple
epidemiologic studies indicating that CPF exposure increases
the risk of neurodegenerative disease (Costello et al., 2009;
Dhillon et al., 2008; Gatto et al., 2009; Hayden et al., 2010;
Manthripragada et al., 2010; Narayan et al., 2013). Data indicate
that the BH3-only, pro-apoptotic mediator, Bbc3, is a key effector
of CPFs cytotoxic effects (Figs. 1–4). Intrinsic apoptosis occurring
in CPF-exposed cultures was associated with protein aggrega-
tion, and elevated ER stress- and autophagy-related protein ex-
pression (Figs. 5–7). The findings highlight dysregulated
proteostasis as a cellular mechanism associated with CPF-
induced neurotoxicity and suggest that modulation of pathways
associated with intrinsic apoptosis may be useful in mitigating
these effects.

CPF exposure has been associated with the development of
numerous neurological deficits (Rauh et al., 2006, 2011, 2012)
and neurodegenerative disorders (Dhillon et al., 2008; Gatto
et al., 2009; Manthripragada et al., 2010), but our understanding
of the mechanisms of toxicity remains limited. Here, we used
primary cortical neuronal cultures to begin to understand the
impact of CPF on cellular populations in the CNS, in particular,
neurons. Glial contamination is always a confound when ana-
lyzing neurotoxicity in primary neuron cultures. We used previ-
ously reported methods to prevent such contamination
including the isolation of cortices at E14.5–16.5 and cultivation
in B27-supplemented neurobasal media. Embryonic neuronal
cultures isolated from rats grown in B27-supplemented neuro-
basal media had glial growth reduced to <0.5% of the pure neu-
ronal population (Brewer et al., 1993). Moreover, subcortical
neuronal cultures isolated from rat brains at E17 have been
shown to contain <1.5% astrocytes (GFAPþ cells) at 10 days
in vitro (d.i.v.) reaching only 10–15% by 22 d.i.v. (Patel et al., 1988).
Our cultures were allowed to grow for 4-6 days prior to treat-
ment and harvesting. Direct analysis of specific neuronal sub-
types was not the primary goal of this mechanistic study;
however, primary cultures such as those utilized here can pro-
vide mechanistic evidence relevant to neurodegenerative disor-
ders. AD is characterized by brain atrophy, with the most severe
cellular loss seen within cortical and hippocampal regions
(Donev et al., 2009) of both cholinergic (Ferreira-Vieira et al.,
2016) and catecholaminergic neurons (Pan et al., 2020). PD is
classically defined by loss of dopaminergic neurons within the

Figure 5. Chlorpyrifos (CPF) exposure induces endoplasmic reticulum (ER) stress in a Bbc3-dependent manner. Primary cortical neuronal cultures were established

from WT and Bbc3�/� embryos (E14.5–E16.5) and treated with vehicle (DMSO) or 50 mM CPF for 6, 12, or 24 h. A, RNA was collected and equal quantities of mRNA were

normalized across samples and reversed transcribed into cDNA. Ddit3 (encodes for the protein C/EBP homologous protein [CHOP]) transcripts were analyzed and rela-

tive levels determined using real-time PCR. Levels of Ddit3 transcript increased with CPF treatment in Bbc3�/� cultures (2-way ANOVA, nsp¼ .0704 [genotype], *p¼ .0200

[treatment], nsp¼ .2340 [genotype � treatment]; Bbc3�/� DMSO to Bbc3�/� 6 CPF *p¼ .0149). B, Cortical lysate was collected and analyzed using SDS-PAGE and immuno-

blotting for ER stress-related proteins ATF4 and CHOP was conducted. C, Levels of ATF4 protein were increased upon CPF treatment in Bbc3�/� cultures compared with

treated WT cultures (2-way ANOVA, **p¼ .0013 [genotype], **p¼ .0053 [treatment], nsp¼ .7094 [genotype � treatment]). CHOP protein expression was elevated with CPF

treatment in Bbc3�/� cultures (2-way ANOVA, ***p¼ .0008 [genotype], nsp¼ .0509 [treatment], nsp¼ .5421 [genotype � treatment]) and although not statistically signifi-

cant, was trending (Bbc3�/� DMSO to Bbc3�/� 12 CPF nsp¼ .0548). All statistical analyses were performed using 2-way ANOVAs with multiple comparisons across 3 or 4

biological replicates. Error bars in A and C represent SEM.
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Figure 6. Chlorpyrifos (CPF) exposure results in aberrant protein accumulation. WT and Bbc3�/� embryonic cortical neurons (E14.5–E16.5) were exposed to vehicle

(DMSO) or 50 mM CPF for 6, 12, or 24 h. Lysate was harvested and protein solubility assay was performed by conducting ultracentrifugation using buffers of increasing

stringency. Lysates from the tris-buffered saline (TBS) fraction (least stringent) and SDS fraction (most stringent) were analyzed using SDS-PAGE followed by immuno-

blotting. Membranes were probed with antibodies for proteins known to misfold and aggregate in the neurodegenerative disease process including anti-phospho-al-

pha-synuclein, anti-phospho-tau, anti-tau, and anti-ubiquitin. A and B, Within the TBS soluble fraction, CPF exposure increases high molecular weight (MW) phospho-

alpha-synuclein (Ser129) in CPF-exposed WT cultures and, to a lesser extent, in CPF-treated Bbc3�/� cultures. C and D, In the SDS soluble fraction, high MW phospho-al-

pha-synuclein (Ser129), high MW phospho-tau (Ser202, Thr205), and high MW total tau is increased with CPF treatment in WT cultures, that is either slightly attenu-

ated, or completely absent, in Bbc3�/� cultures. There does not appear to be any major differences in ubiquitination across fractions, genotypes, or treatments. (B and

D) Densitometry was performed and data normalized to actin in the TBS fraction. SDS fractions vary based on the presence of insoluble protein in this original sample.

Data represent 1 biologic replicate, but as noted in the Methods, each biologic replicate consists of pooled neurons from at least 6 embryos.



substantia nigra pars compacta, but evidence of neuronal cell
death within other brains regions and diffuse Lewy body pathol-
ogy, including in cortical regions, is commonly observed in the
disease (Giguere et al., 2018). Additional studies are needed to
dissect the impact of CPF intoxication on neurochemically dis-
tinct cell types in our cultures, and to ascertain the impact of
unanticipated glial contamination. However, previous findings
support the presence of multiple relevant cell types including
cholinergic (Andre et al., 1994) and catecholaminergic (Iacovitti
et al., 1987) neurons. These culture models represent a useful
system to conduct future studies based on our findings of
disease-related pathobiologies including proteinopathy and
alterations in ER- and autophagy-related mechanisms.

Transcriptomic and ontologic analyses clearly implicated in-
trinsic apoptotic pathways in CPF-exposed cortical neuronal
cultures (Figure 1B). These findings are consistent with other
reports (Lee et al., 2014; Park et al., 2015) demonstrating CPF-
mediated induction of p53-mediated apoptosis in both neuronal
and nonneuronal cell lines. Our study extends these findings,
identifying the pro-apoptotic mediator Bbc3 as a key node in
CPF-associated apoptotic signaling. Prior to our studies, Bbc3,
and other genes related to the intrinsic apoptotic pathway, were
similarly detected in common carp exposed to CPF (Jiao et al.,
2019) and zebrafish larvae exposed to the toxic metabolite CPO
(Garcia-Reyero et al., 2016). To expand our understanding of re-
lated Bbc3 signaling in the context of CPF exposure, we evalu-
ated the related genes Trp53 (encodes for p53 protein) and
Pmaip1 (encodes for NOXA protein). Trp53 is a known transcrip-
tional regulator of Bbc3 and Pmaip1 (Han et al., 2001; Oda et al.,
2000), shown to induce their expression following exposure to
various lethal stimuli (Fridman and Lowe, 2003). Trp53 expres-
sion was elevated following 6 h of CPF exposure, but expression
normalized by the 12-h timepoint. Although unexpected, this
finding may be related to the primary mechanism of p53 activa-
tion that relies on protein stabilization rather than transcrip-
tional elevation (Shiloh and Ziv, 2013). Perhaps more
interestingly, certain chemical carcinogens repress expression
of TP53 in the context of oncogenesis. Condensed tobacco
smoke particulate suppresses the TP53 apoptotic response
(Narayanan et al., 2015). In addition to carcinogenesis, Bbc3 ac-
tivity has been demonstrated in the context of p53-independent
stimuli including dexamethasone and serum deprivation

(Han et al., 2001). Our work is consistent with chemical modula-
tion of p53 function and prompts further study of CPF’s interac-
tions with intrinsic apoptotic pathways in the context of
neurological disorders.

Although we observed CPF-induced upregulation of Trp53,
Bbc3, and Pmaip1 in WT cultures (Figure 2), we did not detect ro-
bust modulation of Trp53 and Pmaip1 in Bbc3�/� CPF-treated cul-
tures using real-time PCR. These findings are surprising since
the current literature does not suggest that Bbc3 regulates Trp53
or Pmaip1. We postulate that this response might be cell-type
and/or stimulus-specific and that Bbc3 may have an unreported
function in maintaining normal levels of Trp53 and Pmaip1. It is
also possible that germ-line deletion of Bbc3 resulted in a com-
pensatory mechanism of intrinsic apoptotic regulation, possibly
related to other pro-apoptotic BH3-only proteins including Bik,
Bad, and Bim whose function in intoxicated Bbc3�/� mice
remains to be characterized. Notably, there was unexpected
temporal regulation of Trp53 and Pmaip1 within our
CPF-exposed cultures, with the 12-h time point showing no in-
duction of expression (Figs. 2B and 2C). This observation may
represent the initial upregulation of DNA repair machinery (6-h
timepoint), following which cells attempt to overcome CPF-
related DNA damage and repair the genome (12-h timepoint;
Williams and Schumacher, 2016). Over time, cultures are ulti-
mately unable to overcome CPF insult and apoptotic program-
ming is once again induced (24-h timepoint) (Figs. 2B and 2C).
This temporal phenomenon was not observed for Bbc3 tran-
script in WT cultures (Figure 2A), suggesting that, similar to the
discussion above, Bbc3 may be functioning in a p53-
independent manner. Interestingly, it has been reported that
following ATF4-mediated ER stress in primary cortical neuronal
cultures, the ATF4-transcriptional target CHOP can directly bind
the Bbc3 promoter and cause transcriptional upregulation inde-
pendent of p53 (Galehdar et al., 2010). Consistent with this re-
port, we observed elevations in the ATF4-CHOP axis following
CPF treatment (Figure 5). Loss of Bbc3 conferred resistance to
CPF-induced intrinsic apoptosis (Figure 4), thereby improving
survival (Figs. 3 and 4). Prior reports by others describe similar
findings in other cell types derived from Bbc3�/� mice. Bbc3 loss
confers resistance to intrinsic apoptotic stressors including ion-
izing radiation in thymocytes (Jeffers et al., 2003), and cytokine
deprivation, glucocorticoid exposure, staurosporine, and

Figure 7. Autophagy is induced with chlorpyrifos (CPF) exposure and further increased in Bbc3�/� cultures. Primary cortical neuronal cultures were established from

WT and Bbc3�/� embryos (E14.5–E16.5) and treated with vehicle (DMSO) or 50mM CPF for 6, 12, or 24 h. A, Protein lysate was collected and analyzed using SDS-PAGE and

immunoblotting for autophagy-related proteins of interest using anti-phospho-mammalian target of rapamycin (mTOR; Ser2448), anti-mTOR, and anti-p62. (B) The ra-

tio of phospho-mTOR (Ser2448) to total mTOR modestly decreased with CPF-treatment within both genotypes (2-way ANOVA, nsp¼ .0531 [genotype], *p¼ .0165 [treat-

ment], nsp¼ .8457 [genotype � treatment)]. Although none of the multiple comparisons were statistically significant, there was a trending decline in ratio of phospho-

mTOR (Ser2448) to total mTOR with CPF treatment in Bbc3�/� cultures at 12 h (Bbc3�/� DMSO to Bbc3�/� 12 CPF, nsp¼ .0518). p62 levels were slightly increased in WT

CPF-treated cultures, but significantly increased in identically treated Bbc3�/� cultures (2-way ANOVA, **p¼ .0036 [genotype], ***p¼ .0002 [treatment], nsp¼ .0738 [geno-

type � treatment]). All statistical analyses were performed using 2-way ANOVAs with multiple comparisons across 4 biological replicates. Error bars in (B) represent

SEM.
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phorbol ester in thymocytes and spleen cells (Villunger et al.,
2003). Further supporting our findings, Bbc3�/�mice and mesen-
cephalic neuronal cultures derived from them are resistant to
PD-associated toxicants including 6-OHDA (Bernstein et al.,
2011) and MPPþ (Bernstein and O’Malley, 2013).

Ontologic analysis of RNA-Seq data also identified ER stress
as an aspect of CPF toxicity (Figure 1 and Supplementary Table
1). Typically triggered as a protective mechanism during the
regulation of protein folding (Sano and Reed, 2013), prolonged
ER stress can result in cellular apoptosis (Xu et al., 2005). CPF ex-
posure has been reported to cause ER stress in a nonneuronal
cell line (Reyna et al., 2017). We confirmed upregulation of tran-
scripts and proteins involved in the ER stress response within
our primary neuronal cultures (Figure 5). Unexpectedly, evalua-
tion of markers of ER stress indicated that this stress response
was enhanced in Bbc3�/� cultures, as measured by elevations in
ATF4 and Ddit3/CHOP (Figure 5). This was surprising because in-
duction of an ER stress response is typically associated with ap-
optosis rather than survival (Sano and Reed, 2013). We interpret
these findings to indicate that suppression of Bbc3 in the con-
text of pesticide exposure leads to a more robust ER stress-
related response resulting from a failure of intoxicated cells to
undergo programmed cell death. Such a phenomenon is of in-
terest based on the goal of protecting neuronal cell populations
in individuals facing either acute or chronic OP poisoning.
Findings are consistent with our observation of ER stress-
related alterations in gene expression in the RNA-Seq study,
however, are not sufficient to definitively confirm ER stress.
Functional characterization of ER stress and evaluation of addi-
tional markers including the phosphorylated and total forms of
PERK, eIF2A, and IRE1 would strengthen these data and shed
light on which branch of the unfolded protein response may be
modulated by CPF exposure.

Many neurodegenerative disorders are characterized by the
pathogenic misfolding and aggregation of proteins, including
alpha-synuclein, tau, amyloid-beta, and huntingtin (Ross and
Poirier, 2004). ER stress is associated with dysregulation of the
protein lifecycle, but can be overwhelmed, augmenting protein
aggregation (Lindholm et al., 2006). CPF has been shown to in-
crease levels of pathogenic proteins species, including Ab 1-40,
Ab 1-42, and phosphorylated (pS199) tau (Moyano et al., 2018)
and CPF’s toxic metabolite, CPO, is associated with the forma-
tion of high-molecular weight protein aggregates of porcine tu-
bulin (Schopfer and Lockridge, 2018). Consistent with these
studies, CPF elicited high molecular weight protein accumula-
tion in primary neuronal cultures. We identified high-molecular
weight, alpha-synuclein and tau immunoreactive aggregates in
CPF-treated cultures, with neurons lacking Bbc3�/� exhibiting
far less protein aggregation (Figure 6). Protein misfolding and
accumulation have been shown to elicit a feed-forward loop,
with misfolded proteins triggering ER stress and prolonged ER
stress causing further accumulation of aberrant proteins. When
under duress, cells increase the expression of molecular chaper-
ones to aid in protein folding, slow down protein synthesis,
and/or enhance protein degradation through a variety of mech-
anisms (Lindholm et al., 2006). Disruptions in the ubiquitin-
proteasome system lead to accumulation of highly ubiquiti-
nated, aggregated protein complexes (Berke and Paulson, 2003).
Despite these associations, we saw no major differences in
ubiquitination across genotypes or treatment groups (Figure 6).
This prompted us to evaluate alternative mechanisms that may
account for the reduction in high-molecular weight proteins we
observed in Bbc3�/� cultures treated with CPF.

ER stress has been reported to preferentially upregulate
autophagy in neurons (Nijholt et al., 2011). mTOR negatively reg-
ulates autophagy (Jung et al., 2010) and we observed decreases
in the phospho-mTOR (Ser2448) pool following CPF-treatment
in both WT and Bbc3�/� cultures (Figure 7). We also noted induc-
tion of the classic autophagy marker p62, also known as seques-
tosome (SQSTM1), in CPF-treated neuronal cultures (Figure 7).
These responses were heightened in Bbc3�/� cultures, indicative
of enhanced autophagy-related processes, which was associ-
ated with a reduction in toxic protein accumulation (Figure 6).
These findings are consistent with previous reports of a neuro-
protective role for autophagy in CPF-induced cell death ob-
served in SH-SY5Y cells pretreated with either the autophagic
flux inhibitor, bafilomycin A, or rapamycin, an mTOR inhibitor
(Singh et al., 2018). These findings support a model in which
Bbc3�/� neurons, unable to execute a programmed cell death re-
sponse, undergo prolonged upregulation of autophagic mecha-
nisms resulting in enhanced protein clearance (Figure 8). It
should be noted that p62 is typically degraded during autophagy
(Yoshii and Mizushima, 2017), yet we see immediate induction
with CPF treatment within Bbc3�/� cultures. This phenomenon
has been previously reported with CPF-treated SH-SY5Y cells
(Park et al., 2013; Singh et al., 2018) and is believed to be caused
by an increased formation of autophagosomes. Consistent with
this model, after the significant increase in p62 levels observed
at the 6-h mark, there is a step-wise decline over time, antici-
pated as the result of ongoing degradation at the later time-
points. This finding has exciting implications, but additional
autophagy studies, such as autophagic flux assays (Yoshii and
Mizushima, 2017), will be important to fully validate these data.
The links between ER stress- and autophagy-related markers
we identify are supported by prior reports (Rashid et al., 2015).
For example, in a phenomenon coined aggrephagy, ER stress-
induced activation of the ATF4-Ddit3 axis stimulates expression
of autophagy receptor genes including SQSTM1 (p62).
Upregulated SQSTM1 then interacts with ubiquitinated sub-
strates bound for autophagic degradation, enhancing their
clearance (Rubio et al., 2014).

Forward looking studies will confirm and investigate other
genes identified in our RNA-Seq experiment, likely to be rele-
vant to CPF’s toxic effects. For example, the most significantly
upregulated gene in our study was the relatively uncharacter-
ized gene Pagr1a (also known as PA1) (Supplementary Tables 2
and 3; fold change 44.61, p¼ 2.95e�6). Although little is known
about its function, it has been shown to interact with PAXIP1
(also known as PTIP) at sites of DNA damage. The PTIP/PA1
complex promotes cell survival after DNA damage (Gong et al.,
2009). CPF exposure has previously been associated with DNA
damage both in vitro (Li et al., 2015) and in vivo (Mehta et al., 2008;
Rahman et al., 2002). Interestingly, DNA damage is a well-
characterized trigger of apoptosis (Norbury and Zhivotovsky,
2004). Therefore, the possibility of convergent mechanisms of
CPF-induced molecular changes leading to apoptosis should be
considered. In addition to this example, Supplementary Tables
2–4 list multiple novel genes presenting numerous opportuni-
ties to improve our understanding of CPF toxicity in neuronal
cells.

AChE inhibition is a widely reported outcome of CPF expo-
sure, caused by the toxic CPF metabolite, CPO (Kousba et al.,
2004). Although we treated our cells with the parent compound,
CPF, evidence suggests that CPF is rapidly hydrolyzed in aque-
ous solutions, such as water (Racke, 1993). Our own experimen-
tal evidence suggests that following addition of CPF into water,
a proportion of it is immediately converted to CPO and the inert
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metabolite TCPy (Supplementary Figure 4). Although levels of
CPF steadily drop over the course of a 7-day time period, levels
of CPO and TCPy remain quite stable (Supplementary Figure 4).
We believe these findings can extend to conditions within our
liquid cell culture media, likely occurring at equivalent levels in
WT and Bbc3�/� cultures. Therefore, we cannot rule out the pos-
sibility that the toxicity we observed is due to not only CPF, but

potentially CPF’s metabolites as well. Interestingly however, we
believe that the cell death we observed is not due to the poten-
tial AChE inhibition occurring, as prior reports indicate that
AChE is upregulated during apoptosis, and that suppression of
AChE, such as that accompanied by AD drugs like donepezil,
inhibits cell death (Park et al., 2004; Zhang and Greenberg, 2012;
Zhang et al., 2002). This study suggests a mechanism that may

Figure 8. Proposed model of chlorpyrifos (CPF)-induced molecular changes impacting neuronal survival. CPF exposure results in protein aggregation and endoplasmic

reticulum (ER) stress in WT cultures. Although autophagic mechanisms are slightly enhanced, presumably in order to clear these misfolded proteins, WT neurons are

unable to overcome this stress and ultimately undergo Bbc3-mediated intrinsic apoptosis, as is evidenced by increased cytotoxicity and elevation of apoptotic execu-

tioners, cleaved CASP3 and cleaved PARP. Similar events occur in Bbc3�/�cortical neurons; however, the lack of Bbc3 prevents these cells from undergoing intrinsic apo-

ptosis, protecting them from cell death as shown by reduced cleavage of apoptotic substrates. Therefore, CPF exposure leads to continued ER stress, shown by

elevations in ATF4 and CHOP, and autophagy, suggested by enhanced mTOR dephosphorylation and increased p62 expression, in Bbc3�/� cultures resulting in en-

hanced protein clearance. Therefore, Bbc3 appears to be a key node in the cytotoxic effects of CPF exposure as Bbc3�/� neurons are protected from CPF-induced neuro-

nal cell death as they lack of intrinsic apoptotic machinery and clear pathogenic, aggregated protein species. Created with BioRender.
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be AChE independent, and suggests the use of Bbc3�/� cultures
to discover novel pathways of interest related to OP exposure
and disease-related compensatory neuroprotective processes.

Others have suggested negative regulation of Bbc3 as a po-
tential therapy for both cardiovascular and neurodegenerative
disease (Tichy et al., 2018) and although loss of Bbc3 proves ben-
eficial in our model, there is a potential for deleterious off target
effects because Bbc3 is utilized for homeostatic processes across
virtually all cell types. In addition, suppression of Bbc3 or related
tumor suppressor genes like Trp53 have the potential to cause
neoplasia (Yu et al., 2006). Although more work is needed, our
unexpected findings of Bbc3-related transcriptional modulation
are important because they may provide inroads towards char-
acterizing novel cell-type specific functions and identify new,
safer targets that can be evaluated for suppressing proteinop-
athy in the context of neuroprotection. During aging, protein
clearance is compromised, such that ER stress can no longer
elicit as robust an adaptive response, thought to be a function of
reduced component expression and failure of chaperone sys-
tems (Naidoo, 2009). For example, levels of the molecular chap-
erone binding immunoglobulin protein (BiP) are found at
reduced levels within the brains of aged rats compared with
their younger counterparts (Paz Gavilan et al., 2006; Hussain and
Ramaiah, 2007), and BiP deletion accelerates prion propagation
in vivo (Park et al., 2017). Although long-term ER stress can be
deleterious, resulting in cellular apoptosis (Hetz and Saxena,
2017), data from our study suggests that mild ER stress pro-
motes neuronal survival in the face of proteinaceous insult.
Supportive of this finding, deletion of Atf6a, an important medi-
ator of one branch of the ER stress response, resulted in in-
creased neuronal degeneration and ubiquitin accumulation
within the brains of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP)-injected mice (Hashida et al., 2012). Further, mild ER
stress induction has been shown be beneficial to reduce mis-
folded protein accumulation and increase longevity in C. elegans
(Matai et al., 2019). We believe our data highlight a complex in-
terplay between a widely used toxicant, ER stress, and protein
clearance mechanisms, potentially including autophagy. These
data inform our understanding of neuroprotective cellular biol-
ogies and suggest Bbc3-inactivated cells and animals as useful
models in which to explore these processes to aid in our under-
standing of aging, exposure, and neurodegenerative disease.

SUPPLEMENTARY DATA
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