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Abstract

Neurons are the most extensive and polarized cells that display a unique single long axon and multiple
dendrites, which are compartments exhibiting structural and functional differences. Polarity occurs early
in neuronal development and it is maintained by complex subcellular mechanisms throughout cell life. A
well-defined and controlled spatio-temporal program of cellular and molecular events strictly regulates
the formation of the axon and dendrites from a non-polarized cell. This event is critical for an adequate
neuronal wiring and therefore for the normal functioning of the nervous system. Neuronal polarity is very
sensitive to the harmful effects of different factors present in the environment. In this regard, rotenone is
a crystalline, colorless and odorless isoflavone used as insecticide, piscicide and broad spectrum pesticide
commonly used earlier in agriculture. In the present review we will summarize the toxicity mechanism
caused by this pesticide in different neuronal cell types, focusing on a particular biological mechanism
whereby rotenone could impair neuronal polarization in cultured hippocampal neurons. Recent advances
suggest that the inhibition of axonogenesis produced by rotenone could be related with its effect on mi-
crotubule dynamics, the actin cytoskeleton and their regulatory pathways, particularly affecting the small
RhoGTPase RhoA. Unveiling the mechanism by which rotenone produces neurotoxicity will be instru-
mental to understand the cellular mechanisms involved in neurodegenerative diseases influenced by this
environmental pollutant, which may lead to research focused on the design of new therapeutic strategies.
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Introduction

In all vertebrate and most invertebrate animals, the brain is the
central organ of the nervous system. In this regard, neurons are the
structural and functional units of the central nervous system, exhib-
iting a highly polarized morphology containing two structurally and
functionally domains, called the axon and the dendrites (Barnes and
Polleux, 2009; Yogev and Shen, 2017). The establishment and main-
tenance of neuronal polarity is carried out through several processes,
among which we include a diversity of signaling pathways, an asym-
metric distribution of cellular structures, and a specialized machin-
ery devoted to the transport of membrane organelles and proteins.
The precise regulation of the organization and dynamics of the cyto-
skeleton is essential for the development of neuronal polarity (Conde
and Caceres, 2009; Bentley and Banker, 2016; Schelski and Bradke,
2017). Dissociated cell culture of neurons is the canonical model for
studying neuronal physiology at the single cell level. In this context,
cultured hippocampal neurons represent a valid experimental model
to unravel the mechanisms involved in the neurotoxicity of certain
pesticides, since they undergo a stereotypic differentiation process in
vitro (Coullery et al., 2016; Sethi et al., 2017).

A multifactorial etiology is attributed to numerous neurodegen-
erative pathologies such as Parkinson’s disease, Alzheimer’s disease
and amyotrophic lateral sclerosis, which may result from the inter-
action between environmental factors and genetic predisposition
which could lead to disorders on neuronal polarization (Etemadifar
et al,, 2012; Dardiotis et al., 2013; Marques and Outeiro, 2013; Balt-
azar et al., 2014). Numerous authors have linked pesticides, includ-
ing rotenone, with these pathologies; however, their specific effect,
as well as the precise mechanisms, are not completely understood.
Rotenone, a broad-spectrum pesticide, has been strongly linked to
pathophysiological mechanisms implicated in experimental models
of human Parkinson’s disease (Johnson and Bobrovskaya, 2015).
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It has been demonstrated that the subcutaneous administration
of rotenone in a dose of 2-3 mg/kg per day during 7 days induces
the pathology of Parkinson’s disease in Lewis rats (Betarbet et al.,
2000). Despite the mechanisms related to the toxic effects caused
by rotenone in catecholaminergic neurons were extensively studied
(Ren et al., 2005; Ren and Feng, 2007), much less effort has been
devoted to analyze the effects of the pesticide on the morphological
differentiation of neuron, especially during the development of the
establishment of neuronal polarity and the mechanisms associat-
ed. Considering this, the present review article summarizes main
evidence about the mechanism by which rotenone affects both the
development and maintenance of neuronal polarity, pay in atten-
tion to new emerging questions and future challenges on the field
of neurotoxicity. Literature searches were performed on public
databases (PubMed) using the terms “Rotenone neurotoxicity” and
“Neuronal polarization”

Mechanism of Rotenone Toxicity in

Catecholaminergic Neurons
Rotenone, a potent mitochondrial complex I inhibitor (Xiong et al.,
2012), is a hydrophobic compound that easily traverses the blood
brain barrier causing disorders in the central nervous system. Nu-
merous studies have shown that rotenone administration (from 0.1
nM up to 10 uM) for a period of 12 hours, to rat embryonic mid-
brain cultured neurons of 14 days in vitro induces selective apop-
tosis on serotonergic and dopaminergic neurons (Ren et al., 2005;
Ren and Feng, 2007). Along this line, a similar result was obtained
when SH-SY5Y neuroblastoma cells were incubated for 24 hours
with 10 pM rotenone (Wu et al., 2018).

It has been demonstrated that the selective and progressive do-
paminergic neurodegeneration provoked by rotenone is highly po-
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tentiated by the release of the enzyme NAD(P)H (nicotinamide ad-
enine dinucleotide/nicotinamide adenine dinucleotide phosphate)
oxidase-derived superoxide from the activated microglia (Gao et
al., 2003). In catecholaminergic neurons rotenone, at micromolar
concentrations, also exerts neurotoxicity by inhibiting complex I of
the mitochondrial respiratory chain and by inducing mitochondrial
membrane depolarization (Nistico et al., 2011), leading to oxidative
stress mediated by abnormal high levels of reactive oxygen species
and nitric oxide (Simon et al., 2000; Circu and Aw, 2010). Subse-
quently, rotenone activates c-Jun N-terminal kinase 3 (Choi et al.,
2010) and p38 mitogen-activated protein kinases/p53 signaling
pathway both in vivo and in vitro (Wu et al,, 2013). The activation
of p53 induce the translocation of the proapoptotic proteins Bim
(Bcl-2 interacting mediator) and Bax from the cytosol to the mito-
chondria, leading to the mitochondrial release of the proapoptotic
factors cytochrome ¢ and Smac (second mitochondria-derived
activator of caspases)/DIABLO (direct IAP-binding protein with
low PI), which finally promotes the proteolitic cleavege and final ac-
tivation of caspase 3 and 9 (Ahmadi et al., 2008; Lee et al., 2008; Lin
et al,, 2012). Rotenone also redistributes dopamine from synaptic
vesicles to the neuronal cytosol (Watabe and Nakaki, 2007); due to
the inhibition of vesicular monoamine transporter 2 activity (Guillot
and Miller, 2009; Choi et al.,, 2015). In this way rotenone also stimu-
lates reactive oxygen species production and protein carbonylation,
as well as decreases the levels of glutathione, the main endogenous
antioxidant of cells. Therefore, free dopamine in the neuronal cy-
toplasm induces the generation of quinones and semi-quinones
produced either by dopamine autooxidation or by its oxidation and
further enzymatic degradation by the monoamine oxidase (Forn-
stedt et al., 1990; Chiueh et al., 1993). Secondary metabolites pro-
duced by these reactions affect the physiology of proteins. Figure
1 summarizes the convergence of the rotenone-induced pathways
with catecholaminergic-mediated neuronal apoptosis

Rotenone Inhibits Neuronal Polarization in
Cultured Hippocampal Neurons

Cultured hippocampal neurons have been extensively used to study
neuronal polarization; they undergo a series of morphological
changes during differentiation. Initially (e.g., shortly after plating)
neurons do not have a discernible polarity displaying a large lame-
lipodia that in most cases completely surrounds the cell body (stage
I); later, lamelipodia collapse, being replaced by a symmetrical
array of minor processes (stage 2). Afterwards, one of these minor
neurites elongates to develop as the axon (stage 3) (Figure 2). One
week later, minor neurites are differentiated into dendrites (stage 4),
whereas synaptic development emerges after two weeks in culture
(stage 5) (Dotti et al., 1988).

Using this model system, morphological analysis has revealed
that rotenone administration below the apoptotic range (0.1 pM)
for 48 or 72 hours produces a selective and total inhibition of
axon formation without affecting the generation of minor neurites
(Sanchez et al., 2008). This suggests that rotenone does not prevent
initial process outgrowth, but the axonal specification process. This
phenomenon will be deeply analyzed in the next sections. On the
other hand, the treatment of dopaminergic neurons with 0.1 uM of
rotenone during first 24 or 48 hours after plating also selectively re-
duces the length of the longest neurite of developing neurons (San-
chez et al., 2008). These results suggest that in young developing
neurons the pesticide prevents axon outgrowth and elongation. Be-
sides, they are in accordance with studies carried out by Tomaselli
et al. (2005) who showed that 10 uM of the pesticide impairs the

extension of neurites in PC12 cells. Furthermore, authors proposed
that the developmental effect of the pesticide is specific and may
involve the activation of signaling cascades directly related with the
development of neuronal polarity.

Rotenone Affects Microtubule and Actin
Cytoskeleton Stability During Neuronal

Polarization in Hippocampal Neurons

A delicate balance of both negative and positive signals regulates the
cellular machinery that specifies which of the minor processes differ-
entiate into an axon. When this equilibrium is broken (by a pro-po-
larizing signal), a positive feedback cycle is initiated, and a single
minor neurite grows faster in order to become an axon. This self-ac-
tivating system produces strong negative feedback signals directed to
the rest of the neurites, preventing the development of additional ax-
ons (Arimura and Kaibuchi, 2007; Conde and Céceres, 2009; Takano
et al., 2017). During axonal formation, rigorous cellular mechanisms
strictly regulate the dynamics and stability of both the microtubule
and actin cytoskeletons, as well as the vesicular transport and mem-
brane addition at sites of active growth (Quiroga et al., 2018). It is
of capital importance to emphasize that the cytoskeleton provides
a crucial scaffolding to coordinate different signaling pathways to
promote the growth of a single axon and numerous dendrites. Cur-
rently, it has been well described a four step-process required for the
conversion of a minor neurite into an axon: (1) an increase in the
amount of plasma membrane addition due to polarized transport
and vesicle fusion to the selected neurite; (2) a local enhancement
of the activity of signaling molecules, such as Rho GTPases; (3) an
increase in actin dynamics on the leading neurite and (4) an increase
in microtubule formation at the site of axonal specification (Arimura
and Kaibuchi, 2007). Thus, both actin and microtubules are crucial
components of the cytoskeleton indispensable for the development
of polarity in neurons (Schelski and Bradke, 2017).

Considering the inhibitory role of rotenone on neuronal polarity,
we wonder about a putative link between this pesticide and cyto-
skeleton dynamics. In fact, pioneering studies demonstrated that
rotenone binds reversibly to tubulin for preventing microtubule
assembly, evaluated on the mammalian cell line CHO (Brinkley et
al.,, 1974) as well as on in vitro microtubule formation assays (Mar-
shall and Himes, 1978), both experiments either in the presence or
absence of MAPs (microtubule-associated proteins). Subsequently,
it was shown that some of the toxic effects of the rotenone, both in
non-neuronal and neuronal cells, involve microtubule depolymer-
ization. In this regard, experiments performed on cultured dopami-
nergic and serotoninergic neurons, rotenone (from 0.1 nM up to 10
uM), produces both microtubule depolymerization and disruption
of the vesicular transport through microtubules, triggering the
consequent accumulation of dopamine-containing vesicles in the
neuronal cell body (Ren et al., 2005; Ren and Feng, 2007). This issue
leads to oxidative stress increment and sequentially to dopamine ox-
idation stored at the cytoplasm that were released from the synaptic
vesicles (Ren et al., 2005; Ren and Feng, 2007). Moreover, previous
works have shown that rotenone inhibits mitosis and prevents MCF-
7 and HelLa cells proliferation by altering microtubule assembly with
an half maximal inhibitory concentrations of 0.4 + 0.1 uM and 0.2 +
0.1 uM, respectively (Srivastava and Panda, 2007).

At neuronal level, recent studies carried out in cultured hippo-
campal neurons showed that rotenone-treated neurons exhibit
enhanced microtubule dynamics, elevating the chance that these
neurons fail to differentiate into an axon due to failures to generate
stable microtubules (Bisbal et al., 2018). In agreement with this ob-
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servation, the microtubule-stabilizing drug Taxol, partially reverts
this inhibitory effect of the pesticide on axonogenesis (Bisbal et al.,
2018).

Regulation of actin activity and organization within growth cones
is another key event involved in the establishment of neuronal po-
larity. In this context, it has been demonstrated that application of
low doses of cytochalasin D, an actin-depolymerizing drug, favors
the penetration of microtubules inside the neuritic tips and conse-
quently leads to the formation of supernumerary axons (Bradke and
Dotti, 1999). Results from our group (Sanchez et al., 2008) pointed
out that the depolymerization of actin with cytochalasin D reverts
the inhibitory effects of the pesticide (0.1 pM) on axonogenesis.
Therefore, rotenone may also impair axon formation by stabilizing
F-actin at axonal growth cone. In agreement with these results, it
has been shown that rotenone, in addition to moderately decreasing
ATP levels, may also reduce the actin polymerization rate in GD25
cells (Zeller et al., 2013).

Effect of Rotenone upon GTPases Family
The family of small RhoGTPases is a group of signaling G proteins,
whose prototypical members arecell division control protein 42
(Cdc42), Racl, and RhoA. One of the main roles of this family is
regulate the assembly, disassembly, and dynamic reorganization of
the actin and microtubule neuronal cytoskeleton (Wojnacki et al.,
2014). It is not surprising, therefore, that they play crucial roles in
the differentiation, growth, guidance and branching of axons, and
any modification (up- or down-regulation) in their activities can af-
fect the establishment of neuronal polarity and consequently cause
developmental and neurodegenerative diseases (Antoine-Bertrand
et al., 2011; Stankiewicz and Linseman, 2014; Datta et al., 2015).

Three families of regulatory proteins control the RhoGTPases
cycle between active and inactive states: (a) guanine nucleotide
exchange factors (GEFs), which stimulate Rho activity favoring the
exchange of guanosine diphosphate for guanosine triphosphate
(GTP); (b) GTPase activating proteins, responsible for stimulating
the hydrolysis of GTP causing, in this way, the inactivation of the
Rho-GTPases; and (c) The guanine nucleation-dissociation inhib-
itors that bind to the RhoGTPases and prevent their activity. In
their active state, the RhoGTPases bind and modify the activity of
downstream effectors regulating, in this way, many cellular events
(Cherfils and Zeghouf, 2013). In cultured hippocampal neurons,
rotenone (0.1 uM) is able to reduce both Cdc42 and Ras-related C3
botulinum toxin substrate 1 (Racl) activities, whereas an up-reg-
ulating effect over RhoA activity is detected (Sanchez et al., 2008).
The initial extension of neurites is not influenced by the suppres-
sion of either Racl or Cdc42 (Kunda et al., 2001; Sosa et al., 2006).
Conversely, the normal activity of Cdc42 and Racl is essential for
axonogenesis (Kunda et al., 2001; Nishimura et al., 2005; Sosa et
al., 2006), therefore the decrease in their activities would prevent
axonal formation. On the other hand, the increase in RhoA leads
to the stabilization of the F-actin, inhibiting axonal growth (Bito et
al., 2000; Conde et al., 2010). These observations could explain why
rotenone inhibits axonal growth without affecting the development
of minor neurites.

Consistent with this, inhibition of Rho kinase (ROCK) activity,
a downstream effector of RhoA, as well as increased Racl activa-
tion induced by ectopic expression of its GEF Tiam1 (T lymphoma
invasion and metastasis 1), reverts the inhibition caused by the
pesticide on axon formation in cultured hippocampal neurons.
Together, these data indicate that some of the neurotoxic effects of
pesticide are linked with an inhibition of actin dynamics via modi-
fications of Rho-GTPase activity (Sanchez et al., 2008).
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After evaluating rotenone-increased RhoA activity effect (Sanchez
et al., 2008), opposed results were obtained by Fujimura and Usuki
(Fujimura and Usuki, 2012), which reported that in cortical neurons
rotenone (0.1 pM) only decreases the activity of Racl, without af-
fecting RhoA activity. Strikingly, in this report authors indicate that
either RhoA knockdown or ROCK activity inhibition in cultured
hippocampal neurons, protects neurons from the effect of rotenone,
suggesting a role of RhoA signaling on the neurotoxic effect trig-
gered by the agrochemical. Subsequent studies using a FRET (Forster
resonance energy transfer)-based second generation RhoA biosensor
(Pertz et al., 2006; Fritz et al., 2013) confirmed the increase of RhoA
activity, an observation that was experimentally complemented by
pull-down assays (Sanchez et al., 2008). Furthermore, results ob-
tained through the use of the Eevee-ROCK FRET biosensor (Li et al.,
2017), show that the agrochemical increases the activity of ROCK
and that this activation is reduced by Taxol (Bisbal et al., 2018).
These results would provide additional evidence of the participation
of RhoA in the arrest of axon growth induced by rotenone.

Rotenone Prevents Axonogenesis Through
Lfc/RhoA Pathways

So far, more than 80 RhoGEFs have been identified in the human
genome (Rossman et al., 2005; Goicoechea et al., 2014). Among
them, the most studied RhoA GEFs are Arhgefl (Rho guanine nu-
cleotide exchange factor 1) and Lfc (GEF-H1). Arhgefl expression
is enhanced in early stages of neuronal development. Both in pri-
mary cortical neurons and in Neuro-2a cells, Arhgef] acts as a neg-
ative regulator of neurite outgrowth by regulating F-actin dynamics
through RhoA-cofilin pathway (Xiang et al., 2016). Along the same
line, Lfc localizes both at the Golgi apparatus and minor neurites
growth cone of developing neurons, negatively regulating neurite
sprouting and axonal formation through the RhoA signaling path-
way (Conde et al., 2010). In this regard, it has been described that
inactive Lfc remains attached to microtubules and its activation
only occurs after its release, which depends on microtubule depo-
lymerization (Birkenfeld et al., 2008). After this, Lfc switch on and
promotes RhoA activity, impairing axonal formation and neurite
sprouting (Conde et al., 2010).

A study conducted to analyze a probable interrelation between
the pesticide, RhoA activity, Lfc expression and axonogenesis
showed that rotenone (0.1 uM) increases Lfc protein levels in cul-
tured hippocampal pyramidal neurons. Moreover, the suppression
of Lfc expression, but not of Arhgefl, prevents the inhibition of
axonogenesis caused by rotenone (Bisbal et al., 2018). Finally, these
results suggest that, in cultured neurons, rotenone induces micro-
tubules destabilization and detachment of Lfc from microtubules,
which promotes RhoA and ROCK activation and, sequentially, the
inhibition of axonogenesis (Figure 2).

A striking aspect that remains to be explored is the effect of ro-
tenone on neuronal development and differentiation in situ. Most
of the available evidence regarding the effect of rotenone on axon
dendrite formation derives from studies in cultured neurons. This
is important since at least for certain neuronal types (e.g. corti-
cal pyramidal neurons) neuronal polarization in situ is different
from that observed in culture; for instance, while in situ, there is a
multipolar to bipolar transition at the time of axon specification,
this phenomenon has not been observed in cultured neurons (Fu-
nahashi et al., 2014; Hansen et al., 2017). Future analyses of the
effect of rotenone on neuronal polarization in situ promises great
advances on our knowledge of the cellular and molecular mecha-
nisms involved in the neurotoxicity caused by this agrochemical.
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Final Conclusions

Considering the progressive increasing incidence of neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s diseases, as
well as multiple sclerosis and other aging-associated neurodegener-
ative disorders, it is vital to understand the mechanisms by which
environmental contaminants can affect the nervous system and
increase the risk of producing such pathologies. Here we discuss

Rotenone
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Figure 1 Model illustrating the molecular mechanisms implied in
rotenone-induced neurotoxicity in dopaminergic neurons.

Rotenone favors the production of reactive oxygen species (ROS) in the
cytoplasm by three different mechanisms that include: 1) By depolymeriz-
ing microtubules. When the microtubules are depolymerized, the vesicular
transport of dopamine (DA) is interrupted, which results in an increase in
the concentration of cytosolic DA and the consequent increase in ROS levels
due to autooxidation of the DA caused by monoamine oxidases (MAO). 2) By
inhibition of complex I of the mitochondrial chain and 3) By the activation of
several ROS-generating enzymes like the nicotinamide adenine dinucleotide
phosphate (NADPH)-oxidases. It is important to note that rotenone can in-
duce neuronal oxidative stress (OS) through the activation of microglia. The
accumulation of ROS leads to OS due to the oxidation of nucleic acids, pro-
teins and lipids that mediate the activation of the signaling cascades that lead
to apoptosis. VMAT?2: Vesicular monoamine transporter 2; p38MAPK: p38
mitogen-activated protein kinases; JNK3: c-Jun N-terminal kinase 3; Bim: Bcl-
2 interacting mediator; CytC: cytochrome ¢; Smac: second mitochondria-de-
rived activator of caspases; DIABLO: direct IAP-binding protein with low PL
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recent findings on how rotenone exerts neurotoxicity in cultured
neurons and more significantly on the cellular mechanism by
which the pesticide affects neuronal development. Understanding
the molecular mechanisms involved in neurotoxicity caused by
environmental factors is crucial both for the early detection of
neurodegenerative alterations and for the promising translation of
possible therapies, which is the final purpose.

Acknowledgments: The authors of this paper thank Dr. Alfredo Cdceres and Dr.
Carlos Wilson (both from Instituto Mercedes y Martin Ferreyra (INIMEC-CON-
ICET), Argentina) for their careful proofreading of the manuscript.

Author contributions: Manuscript conception and writing: MB and MS.
Conflicts of interest: The authors declare that there are no conflicts of interest.
Financial support: None.

Copyright license agreement: The Copyright License Agreement has been
signed by both authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are dis-
tributed under the terms of the Creative Commons Attribution-NonCommer-
cial-ShareAlike 4.0 License, which allows others to remix, tweak, and build
upon the work non-commercially, as long as appropriate credit is given and the
new creations are licensed under the identical terms.

References

Ahmadi FA, Grammatopoulos TN, Poczobutt AM, Jones SM, Snell LD, Das M,
Zawada WM (2008) Dopamine selectively sensitizes dopaminergic neurons
to rotenone-induced apoptosis. Neurochem Res 33:886-901.

Antoine-Bertrand J, Villemure JF, Lamarche-Vane N (2011) Implication of rho
GTPases in neurodegenerative diseases. Curr Drug Targets 12:1202-1215.

Arimura N, Kaibuchi K (2007) Neuronal polarity: from extracellular signals
to intracellular mechanisms. Nat Rev Neurosci 8:194-205.

Baltazar MT, Dinis-Oliveira R], de Lourdes Bastos M, Tsatsakis AM, Du-
arte JA, Carvalho F (2014) Pesticides exposure as etiological factors of
Parkinson’s disease and other neurodegenerative diseases--a mechanistic
approach. Toxicol Lett 230:85-103.

Barnes AP, Polleux F (2009) Establishment of axon-dendrite polarity in
developing neurons. Annu Rev Neurosci 32:347-381.

Bentley M, Banker G (2016) The cellular mechanisms that maintain neuro-
nal polarity. Nat Rev Neurosci 17:611-622.

Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Gree-
namyre JT (2000) Chronic systemic pesticide exposure reproduces fea-
tures of Parkinson’s disease. Nat Neurosci 3:1301-1306.

Birkenfeld J, Nalbant P, Yoon SH, Bokoch GM (2008) Cellular functions of
GEF-H1I, a microtubule-regulated Rho-GEF: is altered GEF-H1 activity a
crucial determinant of disease pathogenesis? Trends Cell Biol 18:210-219.

Bisbal M, Remedi M, Quassollo G, Céceres A, Sanchez M (2018) Rotenone
inhibits axonogenesis via an Lfc/RhoA/ROCK pathway in cultured hip-
pocampal neurons. ] Neurochem 146:570-584.

Figure 2 Rotenone inhibits axon growth by an
Lfc/RhoA/ROCK via in cultured
hippocampal neurons.

Rotenone produces a selective and complete
inhibition of axonogenesis in cultured hippo-
campal neurons. The mechanism involved in
the inhibition of the axonogenesis implies the
stimulation of the RhoA/ROCK pathway result-
ing from the changes in microtubule dynamics
and the simultaneous release of Lfc (GEF-H1), a
microtubule-associated guanine nucleotide ex-
change factor (GEF) specific for RhoA. Micro-
graph shows control and rotenone-treated 72

C

[ —
3

hs hippocampal cultured neurons stained with
anti tyrosinated tubulin (green) and anti-axonal
marker Taul (red) antibodies. hs: Hours; GTP:
guanosine triphosphate; GDP: guanosine di-
phosphate; ROCK: Rho kinase.

765



Bisbal M, Sanchez M (2019) Neurotoxicity of the pesticide rotenone on neuronal polarization: a mechanistic approach.

Neural Regen Res 14(5):762-766. doi:10.4103/1673-5374.249847

Bito H, Furuyashiki T, Ishihara H, Shibasaki Y, Ohashi K, Mizuno K, Maeka-
wa M, Ishizaki T, Narumiya S (2000) A critical role for a Rho-associated
kinase, p160ROCK, in determining axon outgrowth in mammalian CNS
neurons. Neuron 26:431-441.

Bradke F, Dotti CG (1999) The role of local actin instability in axon forma-
tion. Science 283:1931-1934.

Brinkley BR, Barham SS, Barranco SC, Fuller GM (1974) Rotenone inhibition of
spindle microtubule assembly in mammalian cells. Exp Cell Res 85:41-46.

Cherfils J, Zeghouf M (2013) Regulation of small GTPases by GEFs, GAPs, and
GDIs. Physiol Rev 93:269-309.

Chiueh CC, Miyake H, Peng MT (1993) Role of dopamine autoxidation, hy-
droxyl radical generation, and calcium overload in underlying mechanisms
involved in MPTP-induced parkinsonism. Adv Neurol 60:251-258.

Choi WS, Kim HW, Xia Z (2015) JNK inhibition of VMAT2 contributes to
rotenone-induced oxidative stress and dopamine neuron death. Toxicolo-
gy 328:75-81.

Choi WS, Abel G, Klintworth H, Flavell RA, Xia Z (2010) JNK3 mediates
paraquat- and rotenone-induced dopaminergic neuron death. ] Neuro-
pathol Exp Neurol 69:511-520.

Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox systems, and
apoptosis. Free Radic Biol Med 48:749-762.

Conde C, Céceres A (2009) Microtubule assembly, organization and dynam-
ics in axons and dendrites. Nat Rev Neurosci 10:319-332.

Conde C, Arias C, Robin M, Li A, Saito M, Chuang JZ, Nairn AC, Sung CH,
Caceres A (2010) Evidence for the involvement of Lfc and Tctex-1 in axon
formation. ] Neurosci 30:6793-6800.

Coullery RP, Ferrari ME, Rosso SB (2016) Neuronal development and axon
growth are altered by glyphosate through a WNT non-canonical signaling
pathway. Neurotoxicology 52:150-161.

Dardiotis E, Xiromerisiou G, Hadjichristodoulou C, Tsatsakis AM, Wilks
MF, Hadjigeorgiou GM (2013) The interplay between environmental and
genetic factors in Parkinson’s disease susceptibility: the evidence for pesti-
cides. Toxicology 307:17-23.

Datta D, Arion D, Corradi JP, Lewis DA (2015) Altered expression of CDC42
signaling pathway components in cortical layer 3 pyramidal cells in schizo-
phrenia. Biol Psychiatry 78:775-785.

Dotti CG, Sullivan CA, Banker GA (1988) The establishment of polarity by
hippocampal neurons in culture. ] Neurosci 8:1454-1468.

Etemadifar M, Abtahi SH, Akbari M, Maghzi AH (2012) Multiple sclerosis
and amyotrophic lateral sclerosis: is there a link? Mult Scler 18:902-904.
Fornstedt B, Pileblad E, Carlsson A (1990) In vivo autoxidation of dopamine

in guinea pig striatum increases with age. ] Neurochem 55:655-659.

Fritz RD, Letzelter M, Reimann A, Martin K, Fusco L, Ritsma L, Ponsioen B,
Fluri E, Schulte-Merker S, van Rheenen J, Pertz O (2013) A versatile tool-
kit to produce sensitive FRET biosensors to visualize signaling in time and
space. Sci Signal 6:rs12.

Fujimura M, Usuki F (2012) Differing effects of toxicants (methylmercury,
inorganic mercury, lead, amyloid beta, and rotenone) on cultured rat cere-
brocortical neurons: differential expression of rho proteins associated with
neurotoxicity. Toxicol Sci 126:506-514.

Funahashi Y, Namba T, Nakamuta S, Kaibuchi K (2014) Neuronal polariza-
tion in vivo: Growing in a complex environment. Curr Opin Neurobiol
27:215-223.

Gao HM, Liu B, Hong JS (2003) Critical role for microglial NADPH oxidase
in rotenone-induced degeneration of dopaminergic neurons. ] Neurosci
23:6181-6187.

Goicoechea SM, Awadia S, Garcia-Mata R (2014) 'm coming to GEF you:
regulation of RhoGEFs during cell migration. Cell Adh Migr 8:535-549.
Guillot TS, Miller GW (2009) Protective actions of the vesicular monoamine
transporter 2 (VMAT2) in monoaminergic neurons. Mol Neurobiol

39:149-170.

Hansen AH, Duellberg C, Mieck C, Loose M, Hippenmeyer S (2017) Cell
polarity in cerebral cortex development-cellular architecture shaped by
biochemical networks. Front Cell Neurosci 11:176.

Johnson ME, Bobrovskaya L (2015) An update on the rotenone models of Par-
kinson’s disease: their ability to reproduce the features of clinical disease and
model gene-environment interactions. Neurotoxicology 46:101-116.

Kunda P, Paglini G, Quiroga S, Kosik K, Caceres A (2001) Evidence for the in-
volvement of Tiam1 in axon formation. ] Neurosci 21:2361-2372.

Lee J, Huang MS, Yang IC, Lai TC, Wang JL, Pang VF, Hsiao M, Kuo MY
(2008) Essential roles of caspases and their upstream regulators in rote-
none-induced apoptosis. Biochem Biophys Res Commun 371:33-38.

Li C, Imanishi A, Komatsu N, Terai K, Amano M, Kaibuchi K, Matsuda M
(2017) A FRET biosensor for ROCK based on a consensus substrate se-
quence identified by KISS technology. Cell Struct Funct 42:1-13.

Lin TK, Cheng CH, Chen SD, Liou CW, Huang CR, Chuang YC (2012) Mi-
tochondrial dysfunction and oxidative stress promote apoptotic cell death
in the striatum via cytochrome c/caspase-3 signaling cascade following
chronic rotenone intoxication in rats. Int ] Mol Sci 13:8722-8739.

766

Marques S, Outeiro TF (2013) Epigenetics in Parkinson’s and Alzheimer’s
diseases. Subcell Biochem 61:507-525.

Marshall LE, Himes RH (1978) Rotenone inhibition of tubulin self-assembly.
Biochim Biophys Acta 543:590-594.

Nishimura T, Yamaguchi T, Kato K, Yoshizawa M, Nabeshima Y, Ohno S,
Hoshino M, Kaibuchi K (2005) PAR-6-PAR-3 mediates Cdc42-induced Rac
activation through the Rac GEFs STEF/Tiam1. Nat Cell Biol 7:270-277.

Nistico R, Mehdawy B, Piccirilli S, Mercuri N (2011) Paraquat-and rote-
none-induced models of Parkinson’s disease. Int ] Immunopathol Phar-
macol 24:313-322.

Pertz O, Hodgson L, Klemke RL, Hahn KM (2006) Spatiotemporal dynamics
of RhoA activity in migrating cells. Nature 440:1069-1072.

Quiroga S, Bisbal M, Céceres A (2018) Regulation of plasma membrane ex-
pansion during axon formation. Dev Neurobiol 78:170-180.

Ren Y, Feng ] (2007) Rotenone selectively kills serotonergic neurons through a
microtubule-dependent mechanism. ] Neurochem 103:303-311.

Ren Y, Liu W, Jiang H, Jiang Q, Feng J (2005) Selective vulnerability of
dopaminergic neurons to microtubule depolymerization. J Biol Chem
280:34105-34112.

Rossman KL, Der CJ, Sondek J (2005) GEF means go: turning on RHO GT-
Pases with guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol
6:167-180.

Sanchez M, Gastaldi L, Remedi M, Céceres A, Landa C (2008) Rotenone-in-
duced toxicity is mediated by Rho-GTPases in hippocampal neurons. Tox-
icol Sci 104:352-361.

Schelski M, Bradke F (2017) Neuronal polarization: from spatiotemporal sig-
naling to cytoskeletal dynamics. Mol Cell Neurosci 84:11-28.

Sethi S, Keil KP, Chen H, Hayakawa K, Li X, Lin Y, Lehmler HJ, Puschner B,
Lein PJ (2017) Detection of 3,3’-dichlorobiphenyl in human maternal plas-
ma and its effects on axonal and dendritic growth in primary rat neurons.
Toxicol Sci 158:401-411.

Simon HU, Haj-Yehia A, Levi-Schaffer F (2000) Role of reactive oxygen spe-
cies (ROS) in apoptosis induction. Apoptosis 5:415-418.

Sosa L, Dupraz S, Laurino L, Bollati F, Bisbal M, Caceres A, Pfenninger KH,
Quiroga S (2006) IGF-1 receptor is essential for the establishment of hip-
pocampal neuronal polarity. Nat Neurosci 9:993-995.

Srivastava P, Panda D (2007) Rotenone inhibits mammalian cell prolifera-
tion by inhibiting microtubule assembly through tubulin binding. FEBS |
274:4788-4801.

Stankiewicz TR, Linseman DA (2014) Rho family GTPases: key players in
neuronal development, neuronal survival, and neurodegeneration. Front
Cell Neurosci 8:314.

Takano T, Wu M, Nakamuta S, Naoki H, Ishizawa N, Namba T, Watanabe
T, Xu C, Hamaguchi T, Yura Y, Amano M, Hahn KM, Kaibuchi K (2017)
Discovery of long-range inhibitory signaling to ensure single axon forma-
tion. Nat Commun 8:33.

Tomaselli B, Podhraski V, Heftberger V, Bock G, Baier-Bitterlich G (2005)
Purine nucleoside-mediated protection of chemical hypoxia-induced neu-
ronal injuries involves p42/44 MAPK activation. Neurochem Int 46:513-
521.

Watabe M, Nakaki T (2007) Mitochondrial complex I inhibitor rotenone-elicit-
ed dopamine redistribution from vesicles to cytosol in human dopaminergic
SH-SY5Y cells. ] Pharmacol Exp Ther 323:499-507.

Wojnacki J, Quassollo G, Marzolo MP, Caceres A (2014) Rho GTPases at the
crossroad of signaling networks in mammals: impact of Rho-GTPases on
microtubule organization and dynamics. Small GTPases 5:¢28430.

Wu F, Wang Z, Gu JH, Ge JB, Liang ZQ, Qin ZH (2013) p38(MAPK)/
p53-mediated Bax induction contributes to neurons degeneration in rote-
none-induced cellular and rat models of Parkinson’s disease. Neurochem
Int 63:133-140.

Wu X, Liang Y, Jing X, Lin D, Chen Y, Zhou T, Peng S, Zheng D, Zeng Z,
Lei M, Huang K, Tao E (2018) Rifampicin prevents SH-SY5Y cells from
rotenone-induced apoptosis via the PI3K/Akt/GSK-3B/CREB signaling
pathway. Neurochem Res 43:886-893.

Xiang X, Li S, Zhuang X, Shi L (2016) Arhgefl negatively regulates neurite
outgrowth through activation of RhoA signaling pathways. FEBS Lett
590:2940-2955.

Xiong N, Long X, Xiong J, Jia M, Chen C, Huang J, Ghoorah D, Kong X, Lin
Z, Wang T (2012) Mitochondrial complex I inhibitor rotenone-induced
toxicity and its potential mechanisms in Parkinson’s disease models. Crit
Rev Toxicol 42:613-632.

Yogev S, Shen K (2017) Establishing neuronal polarity with environmental
and intrinsic mechanisms. Neuron 96:638-650.

Zeller KS, Riaz A, Sarve H, Li J, Tengholm A, Johansson S (2013) The role
of mechanical force and ROS in integrin-dependent signals. PLoS One
8:€64897.

C-Editors: Zhao M, Yu J; T-Editor: Liu XL



