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Abstract: Parkinson’s disease (PD) is a complex, multi-system, neurodegenerative disorder;
PD patients exhibit motor symptoms (such as akinesia/bradykinesia, tremor, rigidity, and postural
instability) due to a loss of nigrostriatal dopaminergic neurons, and non-motor symptoms such
as hyposmia, autonomic disturbance, depression, and REM sleep behavior disorder (RBD),
which precedes motor symptoms. Pathologically, α-synuclein deposition is observed in the
central and peripheral nervous system of sporadic PD patients. To clarify the mechanism of
neurodegeneration in PD and to develop treatment to slow or stop PD progression, there is a great
need for experimental models which reproduce neurological features of PD. Animal models exposed
to rotenone, a commonly used pesticide, have received most attention since Greenamyre and his
colleagues reported that chronic exposure to rotenone could reproduce the anatomical, neurochemical,
behavioral, and neuropathological features of PD. In addition, recent studies demonstrated that
rotenone induced neuropathological change not only in the central nervous system but also in the
peripheral nervous system in animals. In this article, we review rotenone models especially focused
on reproducibility of central and peripheral multiple features of PD. This review also highlights utility
of rotenone models for investigation of PD pathogenesis and development of disease-modifying
drugs for PD in future.
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease. PD has been
characterized by loss of nigrostriatal dopaminergic neurons, which causes motor symptoms such as
akinesia/bradykinesia, tremor, rigidity, and postural instability. These days, PD is well known as
a complex, multi-system, neurodegenerative disorder; PD patients also exhibit non-motor symptoms
such as hyposmia, autonomic disturbance, depression, and REM sleep behavior disorder (RBD),
which precedes motor symptoms. These prodromal PD symptoms are important for early recognition
of incident PD. The pathological hallmark of PD is the presence of Lewy body, which contains
α-synuclein, in the cytoplasm of neurons. Braak et al. [1] reported that PD pathology, Lewy bodies and
neurites, within the central nervous system (CNS), appeared first in the olfactory bulb and the brainstem
(dorsal motor nucleus of the vagus (DMV)), and then spread progressively through the substantia
nigra (SN), eventually leading to motor dysfunction, to reach the cerebral cortex. In addition, several
reports have demonstrated that PD pathology is also detected within the peripheral nervous system
(PNS): the intestinal myenteric plexus, gastric mucosa, cardiac sympathetic nerve, and skin nerve.
Constipation is a typical prodromal non-motor symptom in PD, which precedes motor symptoms by
10–20 years [2–4]. Therefore, it has been hypothesized that PD pathology propagates from the enteric

NeuroSci 2020, 1, 1–14; doi:10.3390/neurosci1010001 www.mdpi.com/journal/neurosci

http://www.mdpi.com/journal/neurosci
http://www.mdpi.com
https://orcid.org/0000-0002-2732-094X
https://orcid.org/0000-0002-2904-7836
http://dx.doi.org/10.3390/neurosci1010001
http://www.mdpi.com/journal/neurosci
https://www.mdpi.com/2673-4087/1/1/1?type=check_update&version=2


NeuroSci 2020, 1 2

nervous system (ENS) to the CNS via vagal nerve [5–7], although the pathogenesis in sporadic PD
remains unknown.

To clarify the mechanism of neurodegeneration in PD and to develop treatment to slow or stop
PD progression, there is a great need for experimental models which reproduce neurological features
of PD. For the past several decades, researchers reported various animal models using environmental
or synthetic neurotoxins, or expressing familial PD-related gene mutations [8,9]. As mentioned
above, PD neuropathology is not restricted to the nigrostriatal dopamine (DA) pathway. Accordingly,
animal models reproducing central and peripheral features of PD are required. Rotenone is used
to develop animal models of PD. Rotenone is a naturally occurring insecticide and pesticide that is
derived from the roots of several plants. Rotenone is highly lipophilic and therefore easily crosses the
biological membrane, including blood–brain barrier. It is well known that rotenone inhibits selectively
mitochondrial complex I, which causes ATP reduction and electron leakage, followed by production
of reactive oxygen species [10,11]. Rotenone models have received most attention since Greenamyre
and his colleagues reported that chronic exposure to rotenone could reproduce the histological,
neurochemical, behavioral, and neuropathological features of PD [12,13]. In addition, various studies
demonstrated that rotenone induced neuropathological changes not only in the CNS but also in the
PNS in animals. Moreover, the importance of rotenone models is strengthened by epidemiological
studies suggesting that pesticide exposure, particularly rotenone and paraquat, increases the risk of
PD [14,15]. Here, we review rotenone models especially focused on reproducibility of central and
peripheral multiple features of PD.

2. Rotenone-Induced Central and Peripheral Neuropathology

2.1. Neuropathology in the CNS

Remarkable findings were reported by Greenamyre and his colleagues; chronic systemic exposure
to rotenone induced highly selective nigrostriatal dopaminergic degeneration accompanied by Lewy
body-like cytoplasmic inclusions and exhibited behavioral features of PD such as hypokinesia and
rigidity [12,13]. Since then, various studies demonstrated that rotenone treatment by different routes
of administration, such as intraperitoneal, subcutaneous, oral, and intranasal injection, induced
degeneration of nigrostriatal DA pathway in animals, including results from our laboratory [16–26].

As mentioned above, based on the Braak’s staging hypothesis [1], PD pathology in the CNS is
supposed to start from the olfactory bulb and the DMV, then spreads to the SN, and finally reaches the
cerebral cortex. To date, there are several reports demonstrating that rotenone administration causes
neuropathological change in the CNS that corresponds to Braak’s staging. Sherer et al. [11] reported
that systemic rotenone infusion by subcutaneous implantation of osmotic mini pumps modestly
elevated protein carbonyl levels as a measure of oxidative damage in the cortex and striatum, but not
in the cerebellum and hippocampus. In their rotenone-exposed rats, the largest elevations in soluble
protein carbonyls occurred in dopaminergic areas, the midbrain and olfactory bulb. Our previous
study also demonstrated that 6 week rotenone (50 mg/kg/day) administration reduced the number of
tyrosine hydroxylase (TH)-positive neurons in the glomerular layer of olfactory bulb [21]. However,
the dose of rotenone (50 mg/kg/day) in our previous research in 2015 was extremely high; rotenone
treatment induced high mortality. Morais et al. examined effects of oral administration of rotenone on
olfactory function in mice [27]. They demonstrated that oral administration of rotenone (30 mg/kg) for
7 days disrupted olfactory discrimination. Furthermore, recent studies demonstrated that intranasal
administration of rotenone induced hyposmia through lesion of dopaminergic neurons, activation of
microglia, and enhanced α-synuclein phosphorylation and its accumulation in the olfactory bulb [28,29].
These results suggest that the inhalation of environmental toxins induces the neurodegeneration of
cranial neurons through olfactory transport. Olfactory impairment is a predominant prodromal PD
symptom. Considering Braak’s staging theory, the olfactory bulb is focused upon as a gateway to



NeuroSci 2020, 1 3

environmental toxin as well as the ENS. Therefore, intranasal administration of rotenone can provide
useful PD models.

When the striatal DA levels are decreased by 60–80%, the PD motor symptoms appear [30].
Although the neuropathological mechanisms underlying non-motor symptoms of PD are not well
understood, there is evidence suggesting that non-motor symptoms may arise from the disruption of
both dopaminergic and nondopaminergic systems, and the involvement of diverse structures outside
the nigrostriatal system [31,32]. Multiple neurotransmitter pathways, in addition to the DA, could be
involved in the pathogenesis of PD: noradrenergic system in the locus coeruleus, the serotonergic
system in the dorsal raphe nuclei, and the cholinergic system of the nucleus basalis of Meynert and
the pedunculopontine nucleus [33]. Recently, Almeida et al. [34] reported that exposure to a low
dose of rotenone (2 mg/kg/day) by subcutaneous infusion with mini pumps for 1 month increased
hyperphosphorylated Tau, α-synuclein, amyloid-beta peptide, and protein carbonylation in the
hippocampus, SN, and locus coeruleus of aged Lewis rats. As mentioned above, locus coeruleus is also
a degenerative brain region in PD, which precedes the impairment of nigrostriatal DA pathway [35].
In addition, there is another report examining effects of rotenone on nondopaminergic systems;
intravenous infusion of rotenone (2.5 mg/kg/day) for 28 days induced loss of striatal dopaminergic
fibers, nigral dopaminergic neurons, striatal serotonergic fibers, striatal dopamine- and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32)-positive projection neurons, striatal cholinergic interneurons,
cholinergic neurons in the pedunculopontine tegmental nucleus, and noradrenergic neurons in the
locus coeruleus in Lewis rats [36]. These results suggest that rotenone can cause neurodegeneration
and α-synuclein accumulation in the PD pathology-related regions in the CNS.

2.2. Neuropathology in the PNS

Several studies demonstrated that rotenone induced neuropathological change not only in the
CNS but also in the PNS in animals [37–39]. The DMV is important in autonomic control of the bowel
movement. Constipation is a well-known non-motor symptom in PD, which precedes motor symptoms
by 10–20 years [2–4]. In addition, several reports have demonstrated that PD pathology is also detected
within the ENS [40,41]. Therefore, the DMV can be a key area as a junction of progression of PD
pathology from the ENS to the CNS via vagal nerve [5–7,42]. Pan-Montojo et al. demonstrated that
chronically and intragastric-administered rotenone (5 mg/kg/day) induced α-synuclein accumulation
in the DMV and the intermediolateral nucleus of the spinal cord (IML) [38]. However, in their rotenone
models, neuronal loss was not observed in the DMV and IML. We recently reported neuropathological
change in the DMV of rotenone-treated mice; chronic systemic exposure to a low dose of rotenone
(2.5 mg/kg/day) for 4 weeks by subcutaneous implantation of rotenone-filled osmotic mini pump
induced degeneration of cholinergic neurons in the DMV, where α-synuclein was accumulated in
neuronal soma [19].

Experiments, including our research, showed rotenone exposure induced α-synuclein
accumulation in the ENS of mice [19,37–39]. Drolet et al. demonstrated that rotenone treatment
(2.0 mg/kg, intraperitoneal (i.p.)) for 6 weeks induced loss of small intestine myenteric plexus
and α-synuclein aggregation pathology similar to that of enteric Lewy-bodies in PD [37].
Pan-Montojo et al. [38] reported that daily intragastric administration of rotenone (5 mg/kg) induced
α-synuclein accumulation in the ENS besides the DMV, IML, and SN with PD-like pathology progression.
Furthermore, they demonstrated remarkable findings using their rotenone models; hemivagotomy
(i.e., the resection of the truncus vagalis anterior) prevented α-synuclein accumulation in the DMV
and nigral dopaminergic neurodegeneration, and then delayed appearance of motor deficits [39].
These results suggest that rotenone can initiate the progression of PD pathology in the ENS and that
this progression is based on the transneuronal and retrograde vagal axonal transport of α-synuclein.
Our recent study also demonstrated rotenone-induced neuropathology in the ENS; systemic rotenone
exposure decreased the intestinal myenteric plexus with α-synuclein accumulation [19].
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It is reported that chronic exposure to rotenone (1–2 mg/kg, subcutaneous (s.c.)) for 7–27 days
induced loss of nerve fibers and their fragmentation in sciatic nerves of rats [43]. The rotenone-treated
rats exhibited peripheral motor nerve dysfunction as reflected by decreased motor nerve conduction
velocity, suggesting a continuous motor neuropathy after rotenone exposure. These results suggest that
rotenone-induced peripheral neuropathology is also associated with motor dysfunction in addition to
degeneration of nigrostriatal pathway.

3. Rotenone Reproduced Motor Features of PD

Various studies demonstrated that rotenone models produced by different routes of
administration exhibit PD-like motor deficits originating from degeneration of nigrostriatal DA
pathway [12,16,17,19,21–26,36,38,39,44,45]. Rats exposed to rotenone by continuous intravenous
administration became hypokinetic and had unsteady movement and hunched posture, and some of
them developed severe rigidity and exhibited shaking of one or more paws that was similar to rest
tremor in PD, which the DA agonist was responsible for [12]. Subcutaneous injection of rotenone also
develops motor dysfunction [18]. Richter et al. demonstrated daily subcutaneous injection of rotenone
(2.5–5 mg/kg) developed motor dysfunction in mice: decreased locomotor activity, impairment of
motor coordination, abnormal gait, reduction of grip strength [46]. Recently, we also demonstrated that
chronic subcutaneous infusion of rotenone (2.5 mg/kg/day) for 4 weeks induced motor deficits in mice
assessed by open field, rotarod, and cylinder test [19]. Cannon et al. reported that daily intraperitoneal
injection of rotenone (3 mg/kg) developed bradykinesia, postural instability, and rigidity, which were
attenuated by apomorphine [16]. These results are consistent with those of another study; rats that
received daily intraperitoneal injection of rotenone (3 mg/kg) for 11 days exhibited decrease in motor
skill, muscle strength, and balance [45]. In addition, Inden et al. reported that daily oral administration
of rotenone (30 and 100 mg/kg) induced behavior impairment in mice assessed by the rotarod test [17].
Thus, rotenone can reproduce motor features of PD regardless of the route of administration.

4. Rotenone Reproduced Non-Motor Features of PD

PD is a complex, multi-system, neurodegenerative disorder. To investigate the mechanism of
neurodegeneration in PD and to develop novel treatment to stop PD progression, there is a great
need for experimental models which exhibit non-motor symptoms corresponding to prodromal PD in
addition to motor dysfunction. Recent studies examined reproducibility of non-motor features of PD
in rotenone models.

4.1. Olfactory Impairment

Hyposmia is one of the most common, best-characterized non-motor features and a well-known
sign of prodromal PD [47,48]. About 80–90% of PD patients have impaired olfaction, which is
in line with Braak’s hypothesis. Therefore, hyposmia has received attention as a biomarker for
earlier diagnosis of PD. Several studies demonstrated that olfactory impairment was observed in
rotenone-treated animals [49,50]. Stereotaxic injection of rotenone into the SN of rats reduced olfactory
discrimination ability under the modulation of D2 receptors within the glomerular layer of the olfactory
bulb [50]. In addition, Aurich et al. demonstrated neuronal loss of TH-positive neurons in the
SN pars compacta could inflict olfactory impairment in rats, which received stereotaxic injection of
rotenone [49]. These findings suggest that impairment of DA neurotransmission in the olfactory bulb
and the nigrostriatal pathway may have important roles in olfaction disturbance.

4.2. Gastrointestinal Dysfunction

Gastrointestinal dysfunction is a well-known non-motor symptom in PD and includes excessive
salivation, dysphagia, impaired gastric emptying, constipation, and impaired defecation, and precedes
the presentation of motor symptoms [2–4]. Recently, a large-scale prospective study demonstrated that
lower bowel movement frequencies predicted the future PD crisis [51]. The cause of the gastrointestinal
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dysfunction remains unclear. However, Lewy body pathology is detected at almost every level of
the gastrointestinal tract of PD patients [40–42,52,53]. The bowel movement is controlled by vagal
parasympathetic innervation which connects ENS and CNS. Therefore, it has been hypothesized that PD
pathology propagates from the ENS to the CNS via vagal nerve [5–7,42]. Based on these observations,
the presence of PD pathology in the gastrointestinal tract may represent one of the earliest manifestations
of the disease. Therefore, developing PD models that exhibit gastrointestinal dysfunction is important
for investigation of disease-modifying drugs. Pan-Montojo et al. reported chronic intragastric rotenone
administration decreased gut motility, assessed by weighing stool pellets [39]. Tasselli et al. [54]
examined effects of oral administration of rotenone on gastrointestinal function in mice; gastrointestinal
motility was assessed by measuring gastric emptying, total transit time, fecal pellet output, and bead
latency. Although there was no change in gastric emptying and total transit time by rotenone treatment,
fecal pellet output was significantly reduced in rotenone-treated mice, which was not associated
with changes in wet weight or in the percentage of water content. Morais et al. also reported that
oral administration of rotenone (30 mg/kg) for 7 days induced gastrointestinal dysfunction [27].
They evaluated gastrointestinal transit by measuring the distance that Evans blue solution migrated in
the intestine from the pylorus to the most distal point of the intestine 6 h after Evans blue administration.
Rotenone treatment significantly decreased intestinal transit. These results indicate that rotenone
induces gastrointestinal dysfunction, which is understandable because rotenone directly affects enteric
neurons by oral/gastrointestinal administration in these experiments.

Several studies reported that animals treated with rotenone by other routes of injection
also exhibit gastrointestinal dysfunction [7,19,37,55]. Drolet et al. [37] reported that rats injected
intraperitoneally with rotenone (2.0 mg/kg) for 6 weeks exhibited functional deficit in gastrointestinal
motility, which was associated with α-synuclein aggregate pathology and neuron loss in the
ENS. In addition, Greene et al. [55] reported that chronic rotenone infusion by osmotic mini pump
(3 mg/kg/day) for 22–28 days caused delayed gastric emptying and enteric neuronal dysfunction. In this
study, they explored behavioral gastrointestinal motility, electrophysiological function of the ENS,
and concurrently, motor behavior and TH expression in the CNS. Rotenone-treated animals had higher
residual stomach content after a meal, indicating a significant delay in solid gastric emptying associated
with rotenone intoxication, and a transient decrease in colon motility, as assessed by one-hour
stool frequency. In addition, rotenone-treated rats exhibited a physiological defect of inhibitory
neurons in the ENS, however, the total number of enteric neurons was not changed. These results
suggest that rotenone disrupted gastrointestinal motility, which preceded motor dysfunction or
CNS neuropathology, corresponding with the PD pathological condition. Our recent research also
demonstrated that chronic systemic rotenone infusion using mini pump induced gastrointestinal
dysfunction accompanied by enteric neuropathology in mice [19]. Control mice defecated constantly
every 5 min, in contrast, all rotenone-treated mice took 15 min until first fecal output. Further,
fecal pellets produced by rotenone-treated mice varied in weight. Taken together with these
observations, it is indicated that rotenone causes enteric functional disturbance and neuropathology
despite systemic rotenone exposure, intraperitoneal and subcutaneous injections, suggesting the
ENS is more susceptible and vulnerable to rotenone than the CNS. Recently, an interesting study
was performed by Perez-Pardo et al. They reported that both oral and intrastriatal administrations
of rotenone induced not only dopaminergic cell loss in the SN and PD-like motor deficits but also
delayed intestinal transit, inflammation, and α-synuclein accumulation in the ENS [7,44]. Chronic
peripheral inflammation is associated with central neuroinflammation and degeneration. Oral rotenone
administration induces chronic inflammation in the periphery, affecting pathological changes in the
gut and the brain via a dysfunctional gut–brain axis. On the other hand, environmental factors injected
in the brain may start a detrimental process in the brain, subsequently affecting the gastrointestinal
tract. Although the mechanism of peripheral neuropathological change by brain injection of rotenone
is still unknown, possible bidirectional communication is suggested between the gut and brain for the
genesis of PD-like pathology; the brain-to-gut axis could be also involved in PD progression.
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4.3. Cardiovascular Dysfunction

Cardiovascular dysfunctions, such as postural hypotension, blood pressure variability, and cardiac
dysrhythmias, are also commonly seen in PD patients before the appearance of motor symptoms [32].
In addition, α-synuclein aggregation and distal-dominant degeneration of the cardiac sympathetic
nervous system were observed in PD patients [56]. Despite the clinical evidence for altered
cardiovascular function in PD, there are relatively few studies examining this change in experimental
models of PD [57–59]. Zhang et al. examined effects of daily intraperitoneal rotenone injections
(1 mg/kg) for 21 days on cardiovascular function and changes in catecholaminergic neurons in
the medulla oblongata and nigrostriatal DA system in rats [59]. The number of TH-positive
neurons in the SN and DA content in the striatum were decreased 1 week after rotenone treatment.
The rotenone-injected rats exhibited motor dysfunction after 13 days of treatments, which is considered
to be derived from DA system disruption. Interestingly, rotenone-treated rats showed dysfunction
of cardiac autonomic regulation, assessed by electrocardiogram and reduction of mean blood
pressure, which preceded nigral dopaminergic neurodegeneration and motor deficits. Moreover,
they demonstrated that DA β-hydroxylase (DBH)- and TH-positive neurons in the rostral ventrolateral
medulla, but not in the caudal ventrolateral medulla and nucleus tractus solitarii, gradually decreased
in the rotenone-treated rats, which began at the 7th day and lasted till the 21st day. These results
suggest that rotenone-induced degeneration of catecholaminergic neurons in the medulla oblongata
might account for the cardiovascular dysfunction.

4.4. Depression

Depression is common in PD patients and predates the onset of motor symptoms [60]. Several
experiments demonstrated depression-like behavior in rotenone models [61–65]. Santiago et al. [63]
examined whether nigral injection of rotenone induced depressive-like behaviors and alterations of
neurotransmitters similar to those observed in PD. They showed that rotenone produced depressive-like
behaviors, anhedonia, and behavioral despair, which were accompanied by hippocampal 5-HT
reduction. Morais et al. also reported that daily intraperitoneal administration of rotenone (2.5 mg/kg)
for 10 days developed depressive-like behaviors in rats, assessed by forced swim test and sucrose
preference test [62]. They also suggested rotenone-induced depression-like behavior was associated
with serotonin and noradrenaline turnovers in the striatum and hippocampus. It was also reported
that subcutaneous injections of rotenone also induced depression-like behaviors, assessed by forced
swim test [61,64].

4.5. Sleep Disorders

Sleep disorders, such as insomnia, RBD, central sleep apnea, restless legs, and nocturnal akinesia,
are well-known non-motor symptoms in PD patients [66]. RBD appears at least a decade before
the first motor symptoms [5], therefore, it can be a marker of prodromal neurodegenerative disease.
There is a report showing sleep disturbance in rotenone models [67]. Chronic subcutaneous infusion of
rotenone by implantation of rotenone-filled pump reduced locomotion activity, increased slow-wave
sleep during the dark (active) phase and decreased slow-wave sleep during the light (rest) period,
and enhanced REM in the dark period. The rotenone-induced sleep disturbance, such as excessive
daytime sleepiness and insomnia during the nighttime, was thought to be derived from loss of
TH-positive neurons in the SN, because DA has been regarded as a wake promoter.

4.6. Cognitive and Memory Impairment

Cognitive decline and dementia are usually considered to be a non-motor symptom of late-stage
PD. Recently, it was reported that poor cognitive functioning is associated with an increased risk of
parkinsonism and PD [68], suggesting that cognitive dysfunction could be a sign of prodromal PD.
Apolipoprotein E (ApoE) is a protein associated with neurodegenerative disease, including Alzheimer’s
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disease. A previous meta-analysis of PD patients revealed that ApoE was indeed positively associated
with sporadic PD [69]. In addition, alteration in protein levels of ApoE is also associated with the
progression of PD [70]. Furthermore, it is known that reduced activity of mitochondrial complex I has
also been associated with increased expression of ApoE [71]. Taking these findings into consideration,
it is suggested that rotenone treatment can induce cognitive impairment as a consequence of complex
I inhibition. Indeed, several studies reported that rotenone-treated animals exhibit cognitive and
memory dysfunction [7,72,73]. The first investigation of rotenone-induced cognitive deficits was
reported by Kaur et al. [73]. Intraperitoneal injection of rotenone (3 mg/kg) for 30 days disrupted
spatial long-term memory, assessed by elevated plus-maze test in rats. In addition, it is reported
that intrastriatal injection of rotenone also caused spatial recognition impairment [7]. Rotenone
treatment disturbed the ability to react to a spatial novelty in mice. Moreover, Haider et al. recently
demonstrated rotenone-induced memory and cognitive impairment in rats [72]. They examined effects
of subcutaneous rotenone administration on memory by Morris water maze and cognitive ability
by novel object recognition test. Rotenone administration induced memory impairment, testified by
significantly increased escape latency, decreased time spent in target quadrant, and crossing over
target quadrant as compared with that of control group. Besides, rotenone treatment significantly
decreased preference index, assessed by novel object recognition test, indicating cognitive impairment.
They also demonstrated that rotenone treatment increased ApoE expression in the striatum of rats.
These rotenone models could be useful for research of the relationship between cognitive dysfunction
and neuropathological change in the brain.

4.7. Pain and Somatosensory Disturbances

Changes in sensory function and onset of pain are a common feature of PD [74]. About 60–70%
of PD patients experience various types of pain, including neuropathic, visceral, musculoskeletal,
or dystonic pain [73,75], which often precede motor impairments [76]. Kim et al. reported that
intrathecal administration of rotenone produced hyperalgesia in mice [77]. In this study, sensitivity
of the hind paw was assessed by measuring foot withdrawal frequencies in response to mechanical
stimuli. The first significant hyperalgesia was detected 5–8 h after rotenone treatment and persisted
until 48 h post-injection. Thus, the results showed that inhibition of spinal mitochondrial complex I led
to a slow and long-lasting hyperalgesia in mice.

5. Concluding Remarks

To clarify the mechanism of neurodegeneration in PD and to develop disease-modifying drugs
for PD treatment, animal models which reproduce the pathological hallmarks and clinical features
of PD are required. Because PD neuropathology is not restricted to the nigrostriatal DA pathway,
reproducibility of central and peripheral features of PD in animal models has been focused upon.
Rotenone models of PD have received most attention because the pesticide can reproduce pathological
conditions of PD. To date, various studies demonstrated that rotenone treatment by different routes of
administration induced central and peripheral neuropathological features and motor and non-motor
PD-like symptoms as a consequence of neuropathological changes (Figure 1 and Table 1). Rotenone
can induce degeneration of nigrostriatal DA pathway with Lewy pathology and motor dysfunction,
which responds to DA agonists. In addition, rotenone also causes time-dependent neuropathological
changes in the CNS, such as in the olfactory bulb, hippocampus, locus coeruleus, and pedunculopontine
tegmental nucleus, that correspond to Braak’s staging hypothesis. Moreover, rotenone can initiate
PD-like pathology and α-synuclein accumulation in the ENS, subsequently inducing propagation of
α-synuclein to the DMV, possibly by the transneuronal and retrograde axonal transport. Accordingly,
these extensive neurotoxic effects of rotenone can recapitulate non-motor symptoms, such as olfactory,
gastrointestinal, and cardiovascular dysfunction, depression, sleep disorders, cognitive impairment,
and hyperalgesia, which precede motor deficits, similar to those observed in prodromal PD (Figure 1).
The utility of rotenone models in the development of disease-modifying drugs is substantiated in
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the previous reports. Perez-Pardo et al. demonstrated that uridine and fish oil diet prevented
rotenone-induced gastrointestinal pathology and dysfunction in both oral and intrastriatal rotenone
exposure in mice [44]. Farombi et al. also reported that kolaviron, a natural anti-inflammatory,
anti-oxidative, and anti-apoptotic biflavonoid, ameliorated oxidative stress in the gut and intestinal
barrier deficits in stereotaxic rotenone models [78]. Recently, we reported that intake of coffee
components, caffeic acid and chlorogenic acid, enhanced the antioxidative properties of enteric glial
cells and prevented rotenone-induced neurodegeneration in myenteric plexus [20]. These results
indicate that enteric environmental modification exerts protective effects in the ENS. In addition,
based on a hypothesis that PD pathology propagates from the ENS to the CNS, these findings suggest
a possible food-based therapeutic strategy for early treatment of PD. Moreover, several studies
demonstrated that some drugs and flavonoids improved depression-like behavior [61,65,79] and
cognitive and memory impairment [72,73] in rotenone models: for example, antidepressive effects of
curcumin, melatonin, and ibuprofen, improvement of cognitive and memory impairment by pistachio
and carotenoid compound lycopene. Taken together, rotenone models could be useful for the evaluation
of candidate drugs for prodromal PD treatment.
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Figure 1. Neuropathological regions and associated behavioral manifestation in rotenone animal
models. Rotenone treatment induces central and peripheral neuropathological features and motor and
non-motor Parkinson’s disease (PD)-like symptoms.

Table 1. Summary of reproducibility of central and peripheral features of PD in rotenone models.

Animal Dose
Route

Central
Neuropathology

Peripheral
Neuropathology Motor

Symptom

Non-motor
Symptom Ref

DA OB Other DMV ENS Other OI GI Other

SD,
Lewis

rat

2–3 mg/kg
i.v. + + [12]

Lewis
rat

1–3 mg/kg
s.c. + Hip, LC [11,13,34]

Lewis
rat

2.75–3 mg/kg
i.p. + + [16]
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Table 1. Cont.

Animal Dose
Route

Central
Neuropathology

Peripheral
Neuropathology Motor

Symptom

Non-motor
Symptom Ref

DA OB Other DMV ENS Other OI GI Other

Wistar
rat

2.5 mg/kg
i.n. + [29]

Wistar
rat

12 ug/site
intranigral + + Hip + + Dep [49,50,63]

Lewis
rat

2.5 mg/kg
i.v. +

PP, LC
Hip

Cb, Cx
+ [36]

Lewis
rat

1, 2 mg/kg
i.p. + + [37]

Lewis
rat

3 mg/kg
s.c. - + [55]

SD
rat

2 mg/kg
s.c. + ScN + [43]

Wistar
rat

1, 2.5 mg/kg
i.p. + RVLM +

CV
Dep [59,62,65]

Wistar
rat

1.5 mg/kg
s.c. + Hip Dep [61]

SD
rat

3 mg/kg
s.c. + DR +

Dep
Sleep [64,67]

Wistar
rat

1.5, 3 mg/kg
s.c. + + CI [72,73]

C57BL
mouse

10, 30 mg/kg
p.o. + + + +

[17,23,44,
54]

Swiss
mouse

1 mg/kg
s.c. + + [24,45]

ICR
mouse

1, 3 mg/kg
i.p. + + [25]

C57BL
mouse

5 mg/kg
s.c. - + [46]

BALB/c
mouse

0.35 mg/kg
i.n. + + + + [22,28]

C57BL
mouse

50 mg/kg
s.c. + + + + [21]

C57BL
mouse

5 mg/kg
contact + + + + + + [26]

Swiss
mouse

30 mg/kg
p.o. + + + + + [27]

C57BL
mouse

5 mg/kg
p.o. + + + IML + + [38,39]

C57BL
mouse

2.5 mg/kg
s.c. + + + + + [19,20]

C57BL
mouse

5.4 µg/site
intrastriatal + + + + CI [7,44]

C57BL
mouse

50–2500 pmol
intrathecal Pain [77]

DA: nigrostriatal DA pathway; OB: olfactory bulb; DMV: dorsal motor nucleus of the vagus; ENS: enteric nervous
system; Hip: hippocampus; LC: locus coeruleus; PP: pedunculopontine nucleus; Cb: cerebellum; Cx: cortex; RVLM:
rostral ventrolateral medulla; DR: dorsal raphe; IML: intermediolateral nucleus of the spinal cord; ScN: sciatic nerves;
OI: olfactory impairment; GI: gastrointestinal impairment; CV: cardiovascular dysfunction; Dep: depression; Sleep:
sleep disorders; CI: cognitive impairment; i.v.: intravenous; s.c.: subcutaneous; i.n.: intranasal; i.p.: intraperitoneal;
p.o.: per oral. +: positive; -: negative; blank: not examined.

Despite these advantages of rotenone models, the adoption of the models, in particular rotenone
infusion models, is limiting because of variability in animal sensitivity and the inability of other
investigators to consistently reproduce the PD neuropathology. To dissolve this issue, other various
routes of administration of rotenone have been developed: intraperitoneal, oral, intragastric,
subcutaneous injection, and intranasal inoculation. Especially, oral, intragastric, subcutaneous,
and intranasal administrations are unique routes which are based on a background that pesticide
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exposure, particularly exposure to rotenone and paraquat, increases the risk of PD [14]. However,
these administrations still have disadvantages: high mortality of animals, difficulty in method, and
health hazard of investigators exposed to the toxin by daily administration. The variability and
reproducibility of rotenone PD models would depend on various routes of administrations and applied
animal species. In addition, high mortality of animals exposed to rotenone may lead to unstable
experimental results. Recently, we established a high-reproducible rotenone model using C57BL/6J
mice [19]; the rotenone mouse model was produced by chronic systemic exposure to a low dose of
rotenone (2.5 mg/kg/day) for 4 weeks by subcutaneous implantation of rotenone-filled mini pump.
Our rotenone models exhibited motor deficits and gastrointestinal dysfunction as a consequence of
neurodegeneration with α-synuclein accumulation in the SNpc, DMV, and the intestinal myenteric
plexus. The survival rate of rotenone-treated mice was not different from that of control group. The zero
mortality is extremely important because that leads to stability of rotenone sensitivity. Furthermore,
simple administration of pump implantation enables other investigators to reproduce rotenone toxicity
constantly. To date, most of the rotenone models were produced in rats [80]. Although the pathogenesis
in sporadic PD remains unknown, there is a consensus that both genetic and environmental factors
are thought to contribute to PD pathogenesis. Thus, the rotenone model using C57BL mice, which
is a common strain of genetically modified animal, could be expanded to genetic mouse models of
PD, and that could provide useful animal models to investigate possible interaction between pesticide
exposure and genetic defects. Our low-dose rotenone mouse model would contribute to investigation
of PD pathogenesis and development of disease-modifying drugs for PD in the future.
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