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Abstract
Parkinson disease (PD) is a debilitating neurodegenerative motor disorder, with its motor
symptoms largely attributable to loss of dopaminergic neurons in the substantia nigra. The causes
of PD remain poorly understood, although environmental toxicants may play etiologic roles.
Solvents are widespread neurotoxicants present in the workplace and ambient environment. Case
reports of parkinsonism, including PD, have been associated with exposures to various solvents,
most notably trichloroethylene (TCE). Animal toxicology studies have been conducted on various
organic solvents, with some, including TCE, demonstrating potential for inducing nigral system
damage. However, a confirmed animal model of solvent-induced PD has not been developed.
Numerous epidemiologic studies have investigated potential links between solvents and PD,
yielding mostly null or weak associations. An exception is a recent study of twins indicating
possible etiologic relations with TCE and other chlorinated solvents, although findings were based
on small numbers, and dose–response gradients were not observed. At present, there is no
consistent evidence from either the toxicological or epidemiologic perspective that any specific
solvent or class of solvents is a cause of PD. Future toxicological research that addresses
mechanisms of nigral damage from TCE and its metabolites, with exposure routes and doses
relevant to human exposures, is recommended. Improvements in epidemiologic research,
especially with regard to quantitative characterization of long-term exposures to specific solvents,
are needed to advance scientific knowledge on this topic.
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Introduction
Parkinson's disease (PD) is a debilitating degenerative disorder that affects up to 2% of
persons over age 65 (Wright Willis et al., 2010). PD is a disease involving multiple systems
and brain regions; but most clinically appreciable features are related to motor symptoms,
including rest tremor, bradykinesia, postural instability, and gait disturbance (Postuma et al.,
2012; Samii et al., 2004). PD is the predominant form of parkinsonism, which also includes
motor disorders secondary to stroke affecting basal ganglia, medications, and a few
toxicants, e.g. solvents and carbon monoxide poisoning. The underlying cause of motor
symptoms associated with PD is dopamine (DA) deficiency due to loss of dopaminergic
neurons, primarily in the substantia nigra pars compacta (SNpc). Proteinaceous inclusions,
known as Lewy bodies and neurites, in surviving neurons are the pathologic hallmarks of
PD (Agid, 1991). Pathogenesis mechanisms involve the interplay between oxidative stress,
inflammation, mitochondrial damage, abnormal protein aggregation and deficient removal,
especially of α-synuclein, a major component of Lewy bodies (Betarbet et al., 2005; Cannon
and Greenamyre, 2011). These reactions, which may be due to endogenous (e.g., dopamine
metabolites) or exogenous toxicants, lead to compromised mitochondrial function,
diminished energy output, and accelerated cell death by necrosis and or apoptosis (Cannon
and Greenamyre, 2011; Dawson and Dawson, 2003).

Although some causal genetic loci have been identified, Mendelian inheritance accounts for
a small fraction (~5–10%) of PD (Martin et al., 2011). Consequently, environmental factors,
including workplace and community toxicants, diet, medications, and lifestyle factors, such
as tobacco use, and gene/environment interactions are generally thought to account for the
majority of cases, either increasing or decreasing risk. Cigarette smoking has consistently
been found to be associated with reduced risk (Ritz et al., 2007), and seemingly protective
effects, although not as consistently observed, have been related to caffeine intake and non-
steroidal anti-inflammatory medications (Wirdefeldt et al., 2011).

Identification of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a street drug
contaminant, as a cause of irreversible human parkinsonism (Langston et al., 1983), and its
experimental verification in various species (Langston et al., 1987), triggered a substantial
body of research into potential environmental risk factors. Pesticides have received most
attention in this regard. The focus on pesticides was initially prompted by recognition that
the active metabolite of MPTP (MPP+) is structurally similar to the herbicide paraquat.
Epidemiological findings are suggestive of associations with insecticides and herbicides,
although consistent evidence implicating any specific pesticides is lacking (Berry et al.,
2010; van der Mark et al., 2012). Metals, especially manganese, and industrial solvents have
also been the focus of experimental and human epidemiological research (Cannon and
Greenamyre, 2011; Caudle et al., 2012). Toxicological and epidemiologic support for an
etiologic role for manganese in PD is mixed and controversial (Mortimer et al., 2012), the
clinical features of manganism and PD have considerable overlap, whereas deposition of
manganese as well as associated brain damage occurs preferentially in brain regions other
than the SNpc, at least in the cases exposed to high concentrations of manganese
(Santamaria et al., 2007).

Although long considered as possible PD risk factors, solvents have received somewhat less
attention than pesticides or metals despite widespread solvent use in many workplaces
(Caudle et al., 2012). Solvents represent a class of industrial chemicals with many
commercial applications, including metal degreasing, dry cleaning, and as ingredients of
paint thinners and detergents. Solvents are classified by their chemical properties, organic or
inorganic, and by the chemical composition, such as chlorine substitution. Exposure can
occur from inhalation of vapors, dermal uptake, or ingestion, depending on exposure source
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and chemical composition. Exposure sources are multiple and variable in concentration.
Occupational exposures are common in dry cleaning, metal degreasing, and paint stripping
occupations. Contamination of drinking water supplies, such as from Superfund waste sites,
is a potential exposure source to the general population. Air emissions from industrial
facilities can also create widespread community exposures. Many solvents are lipophilic,
and can thus enter central and peripheral nervous system tissue. Some solvents have well-
established neurotoxic effects, including dizziness, loss of consciousness, behavioral
abnormalities, and peripheral neuropathy (Bale et al., 2011; Spencer et al., 1980). As we will
discuss in detail, it has been suggested that certain solvents have potential to produce motor
system abnormalities, including parkinsonism that is similar to idiopathic PD.

In this paper, we will review evidence from toxicological and human studies regarding
possible roles of solvents, as a class, and where data permit, as individual chemicals, in
causing PD and related parkinsonian disorders. The review will begin with a brief summary
of clinical case reports which prompted much of the concern about solvents in this context,
followed, respectively, by systematic reviews of toxicological and epidemiologic research
findings. In the latter, we will distinguish findings relevant to PD specifically from those
associated with the broader designation of parkinsonian syndrome features.

Clinical case reports
Concerns about solvents possibly inducing PD have arisen from case reports of PD or
clinical signs of parkinsonism during the past 20 years, mainly among exposed workers
(Gralewicz and Dyzma, 2005). These reports span a range of isolated cases of parkinsonism
associated with various solvents, including n-hexane, carbon disulfide, toluene, methanol,
trichloroethylene (TCE), and mixed solvents. Interpreting these reports has been
complicated because of small numbers, and because the clinical features described were
seldom characteristic of PD (Goldman, 2010). Moreover, exposure information was
frequently limited or ambiguous; many of the reported cases were exposed to multiple
solvents, or held jobs where solvent exposures were inferred, such as painters. The largest
and most extensive clinical case series investigation, conducted by Pezzoli et al. (2000) in
Italy, indicated that PD patients exposed to hydrocarbon solvents (not specified by class or
chemical) had earlier disease onset, more severe disease, and reduced response to treatment
than did non-exposed PD patients. In humans, n-hexane is known to cause narcosis at high
doses and peripheral neuropathy at lower levels (Spencer et al., 1980). Motor effects are less
well substantiated, although there has been a reported case of parkinsonian-like symptoms in
an exposed worker (Pezzoli et al., 1989).

Methanol is used as a fuel additive and as a precursor for the production of plastics,
formaldehyde, acetic acid and explosives. Exposure can occur via inhalation of methanol
vapor, dermal exposure to aqueous solutions containing methanol or deliberate or accidental
ingestion. Methanol has been reported to produce parkinsonian-like symptoms in humans
following recovery from a large overdose (Davis and Adair, 1999; Reddy et al., 2010) or
chronic exposure (Finkelstein and Vardi, 2002). Methanol intoxication resembles that of
ethanol initially causing lethargy, confusion, headache, nausea, ataxia and visual
impairment. Clinical manifestation of the parkinsonian-like symptoms tends to appear soon
after recovery from the acute effects of methanol and progresses much more rapidly than in
PD. However, the pathological lesions are located in the palladium and putamen (Albin,
2000; Chen et al., 1991; Feany et al., 2001; Rubinstein et al., 1995) whose damage is
certainly capable of producing clinical parkinsonism. Methanol toxicity is caused by its
metabolite formic acid accumulating in the eye, the major target organ for acute toxicity in
humans, where it has been shown to selectively inhibit the activity of mitochondrial
cytochrome oxidase leading to ATP depletion and the demise of retinal and optic nerve
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neurons (see Eells in Wallace et al., 1997). Humans and monkeys are sensitive to formic
acid as there is a deficiency in formate metabolism related in part to low hepatic
tetrahydrofolate levels, while non-primates are insensitive to methanol toxicity (Tephly,
1991). Thus methanol does not cause PD but parkinsonism which encompasses multiple
different movement disorders, that all seem to share deficits such as rigidity, tremor,
slowness of movement and postural instability.

Toluene (methylbenzene) is a solvent which is commonly used in many industrial products
such as paint, paint thinner, glue, or ink, and is frequently abused or misused by inhalation
for its euphoric effects. Acute intoxication following inhalation is clinically characterized by
reversible behavioral changes, euphoria, headache, and ataxia. In the acute stage, no
alterations are seen on structural imaging. Chronic abusers, however, can develop
irreversible neurological damage with structural alterations (Geibprasert et al., 2010; King,
1982; Lazar et al., 1983). Findings include toluene-induced chronic toxic encephalopathy
with changes in cerebellar and cerebral white matter, demyelination and gliosis, leading to
cerebellar dysfunction; psychiatric disorders; spasticity and cognitive changes. Symptoms of
attention deficit; decline in visual-spatial skills, frontal lobe function, and memory retrieval,
and hearing and visual loss; and cranial nerve abnormalities may also occur. Long-term
exposure will result in brain atrophy, predominantly in the cerebellum (Filley et al., 2004;
Lolin, 1989; Yucel et al., 2008). There is one case study report of a 22 year-old man who
persistently sniffed paint thinners (mainly toluene) over a period of 10 years and developed
bilateral intention hand tremor, followed gradually by ataxic gait, speech deterioration and
hand tremor at rest. An MRI brain scan revealed extensive damage to the basal ganglia;
while single photon emission computed tomography (SPECT) with 123I Ioflupane or DaT-
scan (dopamine transporter scan) revealed a bilateral decrease in presynaptic dopamine
reuptake (Papageorgiou et al., 2009). Thus, toluene like methanol would appear to cause
parkinsonism features, but not necessarily PD.

The first case report of a possible link between chronic exposure to TCE and parkinsonian
symptoms was in a worker who had primarily been exposed to TCE, but also had been
exposed to other volatile components while working in the plastics industry (Guehl et al.,
1999). Since this initial report, the onset of PD has been reported in 3 workers chronically
exposed to TCE (Kochen et al., 2003). Gash et al. (2008) subsequently reported an
additional 3 PD cases exposed to TCE at the same small instrument plant. A follow-up
survey of self-reported parkinsonian signs conducted among former workers (n=65)
suggested only a modest effect of TCE exposure. From the clinical case report literature
described above, there are indications that some solvents may be associated with PD or
related motor effects. However, it should be appreciated that, although case reports provide
signals of potential human toxicity related to environmental agents, they remain anecdotal
evidence that ultimately requires corroboration by formal toxicological, epidemiological and
structural as well as functional neuroimaging studies, which we review next.

Animal models of solvent exposure
To date, there is no animal model that can faithfully recapitulate all aspects of human PD.
The most widely used models, are MPTP (Langston et al., 1987) and 6-hydroxydopamine
(6-OHDA) (Blandini et al., 2008), which reproducibly yield nigral neuronal loss. Because
rodents do not have pigments in nigral neurons, neuronal loss is typically assessed after
tyrosine hydroxylase immunoreactivity (TH+). As in human PD (Fearnley and Lees, 1991),
50–60% loss of dopaminergic neurons is required to produce behavioral signs (Dauer and
Przedborski, 2003; Zigmond et al., 2002). In addition, dopaminergic degeneration can be
assessed by measuring the concentration of DA and its metabolites, homovanillic acid
(HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) in the striatum. DA concentration in
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the striatal portion of the nigrostriatal system is a fairly reliable predictor of damage,
although a deficit of typically 70–80% is required before signs of toxicity are observed
(Wang et al., 2012; Zigmond et al., 2002).

To address relevant biochemical and behavioral effects of solvents, it is important to
summarize what is known about MPTP and 6-OHDA animal models of PD. For MPTP, here
is the prevalent hypothesis: MPTP crosses the blood–brain barrier into astrocytes where it
undergoes reduction via the enzyme monoamine oxidase B to form MPP+. It is then
extruded from astrocytes by the organic cation transporter 3 (Cui et al., 2009). Once in the
extracellular space MPP+ enters dopaminergic neurons via the dopamine transporter located
on the presynaptic terminal of dopaminergic neurons, accounting at least in part for the
selectivity for neurons of the SNpc. Once inside these neurons, how MPP+ precisely leads to
neuronal death remains to be investigated. The proposed mechanisms include inhibition of
mitochondrial respiration at complex I (Tipton and Singer, 1993), increased oxidative
damage (Chen et al., 2009; Williamson et al., 2012), secondary microglial activation (Lee et
al., 2012); α-synuclein accumulation and aggregation with the formation of Lewy body-like
inclusions, especially in those treated with a chronic MPTP regimen (Gibrat et al., 2009),
impairment of ubiquitin–proteosome function (Betarbet et al., 2005; Fornai, et al., 2006) as
well as mitochondrial translocation of DJ-1 (Andres-Mateos et al., 2007).

The behavioral effects in mice exposed to MPTP can be assessed in a number of ways,
motor function using the grid performance test (Tillerson and Miller, 2003) or the more
recent modification of this method, the vertical grid test (Kim et al, 2010). Other methods
used include rearing behavior (Schwarting et al., 1999), open field test (Crocker et al., 2003)
and rearing and foot fault behavior (Goldberg et al., 2011). To determine if the observed
behavioral deficits are dopamine-dependent, then levodopa (L-DOPA) can be administered
and the behavioral tests repeated. Depending on the dose of MPTP, signs of motor deficit
may take many days or weeks or extend to months to be detected.

The other chemically-induced PD model is using 6-OHDA which is not able to cross the
blood–brain barrier and is typically injected into the SNpc, striatum or medial forebrain
bundle (MFB) where it produces a massive, virtually complete, lesion of nigral
dopaminergic cell bodies. The injection is commonly carried out unilaterally, with the
contralateral hemisphere serving as control. The neuronal damage induced by 6-OHDA is
mainly due to massive oxidative stress caused by the toxin. 6-OHDA is a structural analog
of DA and shows high affinity for the dopamine transporter, and thereby concentrates in DA
neurons. Once inside, 6-OHDA undergoes prompt auto-oxidation, promoting a high rate of
free radical formation (mostly hydrogen peroxide). 6-OHDA can also accumulate in
mitochondria, where it inhibits the activity of the electron transport chain by blocking
complex I.

Neuronal cell loss can be evaluated by apomorphine or amphetamine stimulated rotations.
The 6-OHDA model is quite versatile, and depending on the injection site, you can examine
rapid and complete neuronal cell loss or partial cell loss which is progressive, the later
having value for examining therapeutic interventions (Blandini et al., 2008).

In the next section, we will divide the toxicology review into findings for the major classes
of solvents: a) non-chlorinated and b) chlorinated solvents, focusing on selected chemicals
for which clinical case reports suggest possible nigral system toxicity, and relevant
biochemical or behavioral effects have been investigated explicitly, with MPTP and 6-
OHDA models as references.
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Non-chlorinated solvents
Pezzoli et al. (1990) examined the effect of n-hexane and its metabolite 2,5-hexanedione on
the concentration of DA and its metabolite HVA in the striatum of mice, following 400 mg/
kg/day i.p. for 5 days/week for 6 weeks. They found that both chemicals reduced striatal DA
concentration by 38% and 33% and HVA concentration by 33% and 17% for n-hexane and
2,5-hexanedione respectively, without affecting 5-hydroxyindole acetic acid (5-HIAA) or
noradrenaline (NE) concentrations. Thus these hydrocarbons appear to have a selective
effect on DA and its metabolites in the striatum, however no histological studies were
reported to confirm neuronal cell loss. These authors also studied rats, where they depleted
nigrostriatal DA content by about 23% by direct administration of 6-OHDA. Two weeks
later they infused 5 mg of n-hexane or 2,5-hexanedione into the striatum, and measured
apomorphine rotation 20 and 30 days after treatment. 2,5-Hexanedione administration
increased rotation compared to the controls, ipsilateral to the lesion, suggesting that 2,5-
hexanedione was stimulating pre-synaptic release of DA from the non-lesioned side of the
brain. A few days after the last behavioral measurement the concentration of striatal DA and
HVA was determined on either side of the brain. Under these conditions, DA was reduced
by 69% and 71% and HVA by 34% and 42% on the lesioned side compared to the non-
lesioned side for n-hexane and 2,5-hexanedione respectively. This study supports the finding
in mice, namely that n-hexane or 2,5-hexanedione caused a marked loss of DA and its
metabolite HVA, following direct injection into the rat striatum. In addition, in rats
behavioral changes indicative of DA depletion were observed following 2,5-hexanedione.

In summary, this one study indicates the potential for n-hexane and 2,5-hexanedione to
lower DA levels in the striatum of mice and rats when given as large i.p. doses or direct
injection into the striatum. Unfortunately, pathology of the SN was not examined to confirm
the loss of TH+ neurons. It should be noted that the route of administration of these solvents
is not relevant to human exposure. Further studies with these solvents characterizing the
nigrostriatal damage, are needed to confirm these findings and examine the dose–response
relationship at routes relevant to exposure in the workplace.

The primary target for n-hexane and its metabolite 2,5-hexanedione is axons in the
peripheral and central nervous system where it causes atrophy (Spencer et al., 1980).
Mechanistically 2,5-hexanedione forms 2,5-dimethyl pyrrole adducts with ε-amino residues
of the amino acid lysine in neurofilamentous and microtubule-associated proteins leading to
reduction in axonal transport, and axonal degeneration (DeCaprio et al., 2009; Zhang et al.,
2010). Whether this mechanism is relevant to the injury reported in the striatum in mice and
rats given these hydrocarbons is not known. It is however relevant that cytochrome P450
2E1 responsible for the metabolism of n-hexane to 2,5-hexanedione is present in
dopaminergic neurons in the SNpc (Watts et al., 1998) and hence adduct formation in
dopaminergic neurons is a possibility. Thus, these hydrocarbons primarily cause axonal
atrophy, with one paper reporting DA depletion in the striatum of mice and rats. Clearly
further work is required to substantiate this later finding.

The organic solvent toluene is widely used in industry. Few studies with toluene in
experimental animals have examined the nigrostriatal region of the brain. Recently, Hester
et al. (2011) examined gene changes in rat striatum following 6 h and 18 h exposure to 1000
ppm toluene, and found no gene changes related to dopaminergic pathways. Acute exposure
of rats to toluene by inhalation at 100, 300 or 1000 ppm for 8 h produced a small increase in
DA in the striatum after 1000 ppm (Rea et al., 1984). Microdialysis studies in free-moving
rats exposed to 500, 1000 or 2000 ppm toluene for 2 h also increased the concentration of
extracellular striatal DA at 1000 and 2000 ppm (Stengård et al., 1994). In contrast, when
toluene was given i.p. to rats at doses of 80, 250 or 800 mg/kg, which had an in-dwelling
cannula in the striatum, no changes were seen in striatal DA or its metabolites over a 4 h
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period (Kondo et al., 1995). Thus after high dose acute exposure to toluene there is no
evidence of a decrease in striatal DA. von Euler et al. (1989, 1991, 1993, 2000) examined
the effect of toluene exposure at 40 or 80 ppm for 6 h/day from days to many months on
brain neurochemistry and behavior. Overall these studies showed a small effect on memory,
an increase in DA-mediated locomotor activity after repeated exposure and a 30–40%
increase in the number of D2 receptors in the rat neostriatum. Such an increase of DA
receptors may explain the attenuation of the apomorphine-induced behavior observed after
toluene exposure. Cintra et al. (1999) exposed rats to toluene via inhalation for four weeks at
40 or 80 ppm and found no changes in DA or DOPAC concentration or in DA turnover in
the neostriatum or SNpc. Stereology counts of TH+ neurons of the SNpc and dorsomedial
neostriatum showed no neuronal cell loss following exposure to 80 ppm toluene. Glial
fibrillary acidic protein (GFAP), a glial protein which usually increases after tissue damage
was not altered in the neostriatum. Thus, neurochemical and neuropathological findings
show that acute or subchronic exposure to toluene does not cause degeneration of the
nigrostriatal DA system in rats. Toluene does however affect other brain regions especially
the parietal cortex, as shown by magnetic imaging studies in living rats and by
autoradiograms of frozen brain sections (von Euler et al., 2000). The mechanism whereby
toluene causes toxicity to selected brain regions is currently not understood.

Methanol toxicity, as discussed earlier, in human cases of intentional ingestion, is due to the
metabolite of methanol formic acid which accumulates in the eye leading to blindness.
However, rodents do not develop ocular effects (Tephly, 1991). Eels and colleagues have
developed a rat model of methanol intoxication in which folate-dependent formate oxidation
was selectively inhibited, allowing formate to accumulate to toxic concentrations. Under
these conditions they observed visual toxicity with histological evidence of mitochondrial
disruption analogous to the human poisoning syndrome (Eells et al., 2000). We have found
no published reports looking at the SNpc with regard to DA concentration or dopaminergic
neuronal cell loss, using this rat model of methanol intoxication. But it should be noted that
the toxic metabolite of methanol, formic acid is an inhibitor of mitochondrial complex I, a
common finding for some chemicals that produce a parkinsonian-like syndrome.

Chlorinated solvents
Only three major chlorinated solvents will be discussed, trichloroethylene (TCE),
perchloroethylene (PCE) and dichloromethane (DCM), as these have been widely used in
industry. TCE and PCE given acutely to rodents, and following high exposure levels in
humans are central nervous system (CNS) depressants (Bale et al., 2011; Evans and Balster,
1991). TCE was used for many years as an anesthetic in humans (Hewer, 1975). It is known
that anesthetics act on lipoprotein membranes. Early studies of cellular toxicity with a
variety of anesthetics, halothane, methoxyflurane, chloroform and TCE, showed inhibition
of rat liver mitochondrial respiration selectively at complex I, with a mean inhibitory range
of 0.8–2.6 mM (Hall et al., 1973). TCE, PCE and DCM are lipid soluble and can readily
enter the brain at sufficiently high concentrations, and can induce reversible inhibition of
mitochondrial complex I. Recently, Bale et al. (2011) reviewed these three solvents with
respect to their effect on the CNS and potential neurotoxic mechanisms in experimental
animals. They concluded that there were commonalities in the neurobehavioral and
neurophysiological effects reported in vivo, which suggested a common mechanism of
action. These common findings included changes in spontaneous activity, cognition, sleep
cycle, visual and auditory function and impaired motor incoordination. Both PCE and DCM
showed a biphasic locomotor activity which initially increased and then decreased, while
TCE only seemed to decrease locomotor activity. Based on available data, they
hypothesized that GABAergic and glutamatergic systems may be involved in the general
CNS depression and motor incoordination events (Bale et al., 2011).
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Trichloroethylene
The first reported effect of TCE on the SNpc was by Guehl et al. (1999). They exposed 28
week old OF1 male mice to neat TCE at 400 mg/kg/day, 5 days/week for 4 weeks by i.p.
injection, and then left the mice for a week before termination. They reported a 50%
reduction in TH+ neurons in the SNpc in TCE-treated mice compared to the controls,
indicating a marked effect of TCE on the SNpc.

More recently Gash et al. (2008) exposed 5 month old male Fischer rats to 1 g/kg TCE in
olive oil for 5 days/week for 6 weeks by oral gavage. They measured the concentration of
DA and its metabolites in the SNpc and striatum after TCE exposure, and reported a 20%
decrease in DA concentration and a decrease in DOPAC and HVA in the SNpc (Table 1)
while striatal DA concentration was maintained in the surviving neurons, the major effect
being a 40% reduction in DOPAC and HVA concentration (Table 1). Analysis of the
DOPAC/DA ratio in the striatum declined from 0.176 in control to 0.113 in TCE-treated
rats, indicating a decrease in DA metabolism. The extent of the deficit of DA at 20% control
after 6 weeks of exposure would not be sufficient to produce motor effects. In rats similarly
exposed to TCE the number of TH+ positive neurons in the SNpc was decreased by 45%
which was mirrored by the loss of total neuronal cell number (Gash et al., 2008) (Table 1).
These authors also reported prominent cytoplasmic α-synuclein-positive inclusions in the
SNpc and dorsal motor nucleus of the vagus nerve in the TCE-treated animals, which were
absent or rare in the vehicle-treated animals. Pathological changes in PD include α-
synuclein inclusions in the SNpc and the dorsal motor nucleus of the vagus nerve (Braak et
al., 2004). The authors also reported inhibition of mitochondrial complex I activity in the
SNpc of TCE-treated rats, a common finding with chemicals that produce a parkinsonian-
like syndrome.

This is the first report in rats exposed to high doses of TCE over a 6 week period, showing a
small but variable reduction in DA content in the SNpc, which is associated with a 45% loss
of dopaminergic neurons in the SNpc. These findings plus an increase in α-synuclein
inclusions in the SNpc, strongly resemble the findings with MPTP suggesting a parkinsonian
response.

In a subsequent study Liu et al. (2010) using the same dosing protocol examined the effects
of TCE-treatment on the concentration of DA and its metabolites in the striatum of TCE-
treated rats after 2 and 6 weeks of exposure to 1 g/kg/day. The authors did not report the
values for DA or HVA after 2 weeks of exposure but did report a 30% decrease in DOPAC
(Table 2). Following 6 weeks of exposure to TCE the concentration of DA was unchanged
while the metabolites were reduced suggesting a decrease in DA metabolism in the striatum
(Table 2) similar to that reported by Gash et al. (2008). No changes were observed in striatal
5-HT or 5-HIAA, indicating selectivity for dopaminergic neurons after 2 weeks of exposure.
Liu et al. (2010) also investigated the dose–response relationship for the loss of TH+ neurons
and total loss of neurons in the SNpc after 6 weeks of exposure to TCE, and detected a
statistically significant reduction after 1 and 0.5 g/kg/day but not after 0.2 g/kg/day (Table
2). These findings were supported by a number of other important measurements in rats
given 1 g/kg/day TCE for 6 weeks (Liu et al., 2010), and are summarized as follows: 1) no
loss of dopaminergic neurons in the ventral tegmental area; 2) absence of effects on:
cholinergic or GABAergic neurons in the striatum, GABAergic Purkinje cells in the
cerebellum or myelin in the brainstem; 3) no effect on spontaneous motor activity; 4) a small
effect on the duration to stay on a rotarod after 5 and 6 weeks of exposure; 5) the presence of
intracellular α-synuclein accumulation in the SNpc and in the dorsal motor nucleus of the
vagus nerve; 6) some evidence for an increase in protein carbonyls, lipid peroxidation and
protein tyrosine nitration in the SNpc indicating oxidative stress; 7) evidence of apoptosis as
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judged by an increase in caspase 3-stained neurons and evidence of microglia activation
primarily after 2 weeks of exposure; 8) inhibition of mitochondrial complex I in SNpc after
2 weeks of exposure.

This study builds on the work of Gash et al. (2008) confirming their findings and extending
the work to lower doses, where a dose–response relationship is observed for the effect of
TCE on dopaminergic neurons in the SNpc. These authors have also provided evidence of
inhibition of mitochondrial complex I, oxidative stress, apoptosis and a microglial cell
reaction in the SNpc after TCE administration and for selectivity to dopaminergic neurons.
Some behavioral changes were reported after 5 and 6 weeks of exposure to 1 g/kg/day TCE
using the rotarod, however this is not a good measure of behavior associated with DA
depletion. Assuming DA loss in the SNpc was the same as in that reported by Gash et al.
(2008) using the same protocol, dose and time, then a loss of 20% of DA, would not be
expected to have caused behavioral changes.

In a third study, involving some of the same research group Sauerbeck et al. (2012) exposed
rats to 1 g/kg TCE for 2 weeks and determined the number of TH+ neurons and total
neuronal cell number in the SNpc and found no effect on either parameter (Table 3). It was
noted that the total number for TH+ cells and total neurons in the SNpc in control animals
reported in this paper (Table 3) is low compared to the other two papers (Tables 1 & 2)
using the same methodology. Liu et al. (2010) reported a ratio of TH+ neurons to total
neurons of about 79%, while Sauerbeck et al. report a ratio of 41%. The reason for the
difference is not clear, but as controls were compared to treated under the same conditions,
the lack of effect is real, but this does highlight some of the issues associated with
stereology. These authors also reported no reduction in mitochondrial state 3 respiration
(complex I activity) in the SNpc after 2 weeks of exposure to TCE, while there was 75%
inhibition of complex I activity in the striatum, suggesting that cells in this brain region must
have been struggling to survive. The main thrust of the Sauerbeck et al. (2012) work was to
examine the interaction between brain injury and chemically-induced injury using TCE
exposure and they clearly showed that a combination of mild or moderate brain injury and
TCE exposure had a more marked effect than either treatment alone on the loss of
dopaminergic neurons in the SNpc. Thus brain injury needs to be considered as part of a
multifactorial model of PD.

In summary, these three studies show that repeated oral administration of TCE to rats at high
doses (>0.2 g/kg/day for 6 weeks) causes depletion of dopaminergic neurons in the SNpc.
While a single study in mice given high doses of TCE i.p. also resulted in loss of
dopaminergic neurons in the SNpc. Clearly high doses of TCE have the ability to damage
dopaminergic neurons; further dose–response studies, especially at concentration(s) that are
meaningful to typical human exposures, e.g. via inhalation, are needed to help judge the
potential risk of humans exposed to TCE.

Perchloroethylene and dichloromethane
We have found no information on the effect of PCE or DCM on the SNpc in animal studies;
although the effects on the CNS following acute and chronic exposure have been reviewed
(Bale et al., 2011). DCM undergoes metabolism to produce carbon monoxide, which can
build up in the blood stream and interact with hemoglobin (Andersen et al., 1991), carbon
monoxide poisoning results in hypoxic brain damage and the major brain regions affected
are the cerebral cortex, cerebral white matter, basal ganglia, and especially the globus
pallidus (Prockop and Chichkova, 2007). Recovery from carbon monoxide poisoning has
resulted in parkinsonian-like symptoms in some people (Rissanen et al., 2010; Tanner,
1992). However, carbon monoxide is not specific for the SNpc, as the primary effects occur
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in the white matter and to neurons in the globus pallidus, putting carbon monoxide with
other chemicals that do not cause PD, but parkinsonism due to disruption of basal ganglia
circuitry.

Mode of action of TCE and relevance to humans
TCE of all the solvents evaluated would appear to cause damage to dopaminergic neurons in
rats and mice after high exposure levels, so is it TCE per se or a metabolite that is causing
the selective toxicity to the SNpc? TCE we know is readily absorbed via inhalation, through
the skin or by oral ingestion in experimental animals and humans. TCE undergoes
metabolism by cytochrome P450(s), primarily CYP2E1 and to a lesser extent by CYP1A1/2,
CYP2B1/2, CYP2C11/6 to form trichloroacetaldehyde (chloral, Fig. 1, metabolite 3), the
major metabolites of which are trichloroethanol (TCE-OH) (Fig. 1, metabolite 5) and its
glucuronide (Fig. 1, metabolite 6) and trichloroacetic acid (TCA) (Fig. 1 metabolite 7) (see
review by Lash et al., 2000). During the oxidative metabolism of TCE to chloral, TCE oxide
is formed (Fig. 1, metabolite 2) which is a reactive electrophile that rearranges to acylating
intermediates (Cai and Guengerich, 2000), which could interfere with essential pathways in
dopaminergic neurons. CYP2E1 has been localized in the SNpc of rat brain, and co-localizes
with TH+ neurons (Watts et al., 1998). This raises the question of whether local metabolism
of TCE in dopaminergic neurons by CYP 2E1 could account for the selective injury. It is
also known that CYP2E1 is a potent generator of free radicals and dopaminergic neurons
may be more vulnerable to oxidative stress and free radical injury (Liu et al., 2010; Shahabi
et al., 2008). At this stage we cannot rule out other major metabolites of TCE such as TCE-
OH and TCA (Fig. 1), which could easily be tested by exposing rats to these metabolites. It
is know that in rats once cytochrome P450 metabolism of TCE is saturated, then
biotransformation can occur via glutathione conjugation (Fig. 1, metabolite 9), leading to the
cysteine conjugate S-(1,2-dichlorovinyl)-L-cysteine (DCVC) (Fig. 1, metabolite 10). DCVC
is known to undergo metabolic activation by the enzyme cysteine conjugate β-lyase to
generate a toxic metabolite (Fig. 1, metabolite 13) (Anders, 2004), this enzyme is present in
the brain, known as kynurenine amino-transferase for which DCVC is a substrate. However,
metabolism via glutathione conjugation would seem unlikely to account for damage to the
SNpc as the doses of TCE used in mice 400 mg/kg/day (Guehl et al., 1999) and rats 500 mg/
kg (Liu et al., 2010), are below the concentration for saturation of the cytochrome P450
pathway.

A group in Germany has shown that a metabolite of TCE, chloral (Fig. 1, metabolite 3) can
react with the endogenous biogenic amine, tryptamine to form 1-trichloromethyl-1,2,3,4-
tetrahydro-β-carboline (TaClo). The structural similarity of TaClo to MPTP has led to
extensive research for a possible link between TaClo, dopaminergic neurons and PD
(Riederer et al., 2002). However, tryptamine is associated with the neurotransmitter 5-
hydroxytryptamine (5-HT) and Gerlach et al. (1998) conducted studies in rats with a
microdialysis probe in the striatum, to measure extracellular neurotransmitter
concentrations, and then administered TaClo. They reported an immediate increase in
extracellular 5-HT with a 2-fold increase in the first hour after TaClo administration and
about a 4-fold increase in the second and third hours, while changes in DA only showed a
0.3-fold increase and DOPAC a 0.6-fold increase over the same time period. Thus in vivo
TaClo seems to act on 5-HT neurons with a very much smaller effect on dopaminergic
neurons. Despite this observation, extensive research has continued looking for an effect of
TaClo on the DA system and although TaClo inhibits mitochondrial activity at complex I,
similar to MPTP, and when injected into the SNpc of rats produced an ~15% decline in
neuron number (Bringmann et al., 1995), any link between TaClo formation from TCE and
damage to the SNpc seems tenuous and probably misguided.
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In summary, we currently do not know in rodents whether it is TCE per se or its metabolites
that are responsible for damage to dopaminergic neurons in the SNpc, following large oral
doses. Hence it is not possible at this stage to give a clear view on the risk to humans as
inhalation a major route of absorption for humans has not been examined. The TaClo
hypothesis does not seem plausible and a role for DCVC unlikely. Regarding the major
metabolites of oxidative metabolism, chloral, TCE-OH and TCA, extensive toxicology has
been conducted with these chemicals in experimental animals (Bull, 2000; Green et al.,
2003; NTP, 2002) and there have been no reports of any effect on the SNpc, although the
major focus of these studies has not been on the CNS. Thus, further research is required to
identify if it is TCE itself or a metabolite responsible for damage to the SNpc and then to try
to understand the biochemical basis for the selective toxicity.

Epidemiological evidence
Associations of solvents with PD have been investigated largely in the context of clinic- or
population-based case–control studies. There are also several cohort and proportionate
mortality studies. The epidemiologic findings are summarized in Table 4. In the vast
majority of studies, solvent exposures were treated as a single entity, without distinguishing
between classes or specific chemicals. The notable exception is the study of twins by
Goldman et al. (2012) which provided findings for specific solvents. Also, few studies
provided quantitative data on exposure intensity of duration to enable dose–response
estimation.

In general, observed associations of PD with solvents were modest, with most relative risk
estimates in the 1.0–1.5 range. The results most suggestive of possible etiologic relations
were detected for TCE, PCE, and carbon tetrachloride in the US twins study (Goldman et
al., 2012), although risk estimates were based on very small numbers of exposed subjects,
and thus are statistically imprecise. A possible dose–response gradient with years of
exposure was observed in the UK Rolls Royce cohort (McDonnell et al., 2003), but there
has been little corroborative evidence from other studies.

Discussion
Some solvents have established neurotoxic properties, and also pose relatively widespread
exposures in the workplace and ambient environment. Consequently, there is good rationale
for investigating solvents as potential PD risk factors. Toxicological evidence for the
involvement of non-chlorinated solvents causing selective damage to dopaminergic neurons
in the SNpc is largely non-existent. Solvents, including n-hexane, methanol and toluene,
primarily cause injury to the peripheral nervous system, injury to the eyes and CNS-
cerebellar atrophy respectively. However, there is evidence in humans of parkinsonism
following methanol or toluene overdose or chronic exposure where damage is seen in other
brain regions. Another known trigger of parkinsonism includes chronic exposure to
manganese, which causes degeneration in the sub-thalamic nucleus and the pallidum. In
addition, altered copper homeostasis, for example in Wilson's disease, can lead to damage to
basal ganglia nuclei and the SNpc causing a parkinsonism that is moderately responsive to
L-DOPA (Caudle et al., 2012). Carbon disulphide can also cause neurobehavioral problems
associated with parkinsonian-like symptoms in relatively young subjects. However, all of
these chemicals also cause other neurological problems and can hardly be considered
specific dopaminergic toxins. Thus there does appear to be a number of chemicals including
solvents that cause parkinsonism, by damaging the basal ganglia (methanol, manganese,
toluene and copper), demyelination in the cerebellum (toluene) and spinal cord (n-hexane).
The mechanisms whereby these chemicals cause selective toxicity to these brain regions are
not fully understood. It is also clear that interaction between solvent exposure and brain
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injury can exacerbate dopaminergic neuronal cell damage as shown by Sauerbeck et al.
(2012) with TCE. Toxicological research has identified TCE as demonstrating selective
nigral system damage in rats and mice exposed to large oral or i.p. doses. However, the
relevance of these findings to exposure in the workplace, or in the general environment,
where exposure levels are usually very much lower, is not known. Toxicological studies by
a relevant route to human exposure, especially inhalation, are necessary before any
definitive conclusions can be drawn.

At present, it is not known if it is TCE itself, or one of its major or minor metabolites that is
responsible for the neuronal cell loss in the SNpc observed in experimental animals. Further
work is needed to establish the critical steps underlying nigral system toxicity to enable
more accurate risk characterization. Based on available evidence, the loss of dopaminergic
neurons in the SNpc could merely be a high-dose rodent phenomenon, which may not be
relevant to humans environmentally exposed or exposed in the workplace. Dose–response
studies across a range of doses, some at or below permissible workplace standards would be
helpful.

There is incomplete evidence for PCE and DCM with regard to injury to the SNpc. There
are, however, some common findings for TCE and PCE, such as formation of the metabolite
TCA and minor metabolites via conjugation with glutathione. Assuming one of these
common metabolites is responsible for the neuronal injury, then PCE may produce a similar
effect in rodents to that of TCE. If this were the case, then the aforementioned issues
regarding relevance to human exposures in the workplace would need to be taken into
account.

The epidemiologic evidence for etiologic relations of solvents and PD is mixed and, at most,
weakly supportive of associations. This may be due to the non-specific nature of data
obtained in most epidemiologic studies, which are mostly population-based case–control
studies relying on self-reported jobs and exposures. The designation of exposure as
‘solvents’ or ‘hydrocarbon solvents’ is far too nebulous to enable identification of potential
associations with specific solvents. In other words, much of the epidemiologic data may
suffer from exposure misclassification, which may mask true associations. This problem is
by no means unique to solvents. In fact, it might be noted that exposure data for other agents
investigated in many epidemiologic studies of PD, notably pesticides and metals, often
represent aggregated, non-specific designations, which limits causal interpretations.

The recent report of seemingly strong associations (albeit statistically imprecise) for TCE
and other chlorinated solvents observed in the US twins study (Goldman et al., 2012), stands
out in that there was a considerable effort undertaken to characterize and report results for
specific exposures. Several features of this study deserve comment. Rigorous efforts were
made to ensure diagnostic accuracy of PD. The solvent exposure assessment was undertaken
in a standardized, thorough manner suitable for the case–control design. Although a
substantially higher percentage of proxy respondents provided interview for cases (46%),
than for controls (18%), the findings were not materially different when data for proxy
respondents were excluded from the analysis. The design comparing affected to non-
affected twin controls has the advantage of controlling for potential confounding due to
genetic and shared environmental factors, such as early childhood exposures. However,
there are limitations to this study. An obvious limitation is the small number of exposed
subjects, and the resultant statistical imprecision of relative risk estimates based on fewer
than ten TCE-only exposed subjects who had PD. There was also no indication of dose–
response gradients, the presence of which ordinarily strengthens causal arguments. This may
be due to inaccuracies of the exposure data, despite intensive assessment efforts, or may
reflect the role of chance in producing the observed risk elevations. As the authors
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appropriately note, conformation of these findings from other epidemiologic studies is
clearly needed before conclusions can be reached regarding causation and prevention of PD.

On balance, the convergence of toxicological and epidemiologic research suggests a
plausible association between TCE exposure and PD. However, there remain ambiguities in
the evidence, and in particular, epidemiologic support is derived largely from a single, albeit
scientifically sound, study that has important limitations.

Suggestions for future research
We can offer some suggestions for future toxicological and epidemiologic research on
solvents and PD. Thus far, as the toxicology findings in rats with TCE have all come from
one group in the same institution (Gash et al., 2008; Liu et al., 2010; Sauerbeck et al., 2012);
thus, confirmation by other research groups is needed. Studies relating blood and tissue
levels of TCE and its metabolites in the SNpc and striatum, in experimental animals, over
time would be valuable to help eliminate the involvement of certain metabolites, provide
data for PK-PB modeling, and help with human risk assessment. Confirmation as to whether
it is TCE per se or one of its metabolites that is responsible for injury to the SNpc, could be
obtained by administering the major or minor metabolites. Once the proximate metabolite
causing injury to SNpc neurons or striatal dopaminergic projects is known then studies
investigating biochemical mechanisms and the basis for the site-selective toxicity should be
conducted.

To date, most epidemiologic research has consisted of population-based case–control
studies, for well-known reasons: relative ease of enumerating large case numbers with
accurate clinical information; and, ample opportunities to investigate solvents in the context
of multiple environmental and genetic factors. However, despite the convenience of this
approach, we argue that more such studies or even substantially larger population-based
case–control studies are unlikely to add much etiologic insight. Such studies inevitably
suffer from ambiguities in exposure assessment. Moreover, the contribution to PD risk in the
population-at-large of any specific environmental agent is likely to be small, based on past
research for very plausible candidates, notably pesticides and metals. Thus, statistical power
in case–control studies to characterize genuinely causal relations with solvents will be
limited.

Instead, we recommend that future epidemiological research should focus on occupational
and community groups with the greatest exposures to solvents for which there is some
coherent epidemiologic and toxicological support. TCE would appear to be a reasonable
candidate, although there may be good reasons to consider other solvents, especially as
solvent exposures in human populations are typically mixed and variable over time.
Investigations of PD in workplaces where specific solvent exposures can be identified and,
ideally, quantified over time, would be highly desirable. PD incidence, rather than mortality,
should be ascertained. This could be accomplished in industries that provide medical care
coverage to employees. Cohort and nested case–control studies of PD could then be
undertaken. A complementary approach that might be adopted would be systematic cross-
sectional and longitudinal studies of parkinsonian signs and symptoms among actively
employed and retired workers whose exposures are adequately assessed. Community studies
of PD or parkinsonian features pose daunting logistical challenges when efforts are made to
obtain personal level health and exposure data. A feasible, yet still informative, option may
be ecological correlational analyses examining associations between air and/or water supply
levels of solvents and PD incidence or mortality.

One advantage that the toxicology field could take is rapid progression of imaging markers
that become readily available to most major medical centers. Despite various caveats
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associated with structural and functional neuroimaging, these methods are “gold standard”
of today to verify clinical diagnosis of PD (Wang et al., 2012).

Conclusions
At present, there is no clear cut evidence from either the toxicological or epidemiologic
perspective that any specific solvent or class of solvents is an established cause of PD. There
are, however, indications that TCE may have potential etiologic relevance. Further research
is required to understand the underlying mechanism of toxicity of TCE to the SNpc in
experimental animals. Improved epidemiologic research that offers extensive, valid
assessments of clinical outcomes and exposures to specific solvents may provide much
needed answers to important public health and scientific questions.
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Fig. 1.
Metabolism of trichloroethylene and its possible relevance to dopaminergic neuronal cell
loss in the substantia nigra pars compacta. Trichloroethylene (1); trichloroethylene oxide
(2); chloral (3); chloral hydrate(4); trichloroethanol (5); trichloroethanol glucuronide (6);
trichloroacetic acid (7); trichloroacetyl chloride (8); S-(1,2-dichlorovinyl)glutathione (9); S-
(1,2-dichlorovinyl)-L-cysteine (10); 1,2-dichloroethenethiolate (11); chlorothionoacetyl
chloride (12); chlorothioketene (13). TCE is primarily metabolized by CYP450 to TCE
oxide which has been shown to rearrange to form a reactive chloroacyl chloride intermediate
that can react with proteins and cause enzyme inhibition (Cai and Guengerich, 2000). This
reactive metabolite could be formed in dopaminergic neurons in the SNpc leading to cell
death. At this stage we cannot rule out metabolism via GSH conjugation followed by
activation by cysteine conjugate β-lyase to form chlorothioketene which could lead to
toxicity to dopaminergic neurons. This later reaction would seem less likely.
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Table 3

The effect of TCE on the number of tyrosine hydroxylase positive cells in the substantia nigra pars compacta
in Fischer 344 rats.

Measurement Substantia nigra pars compacta (% control)

Neuronal cell counts TCE 1 g/kg TH+ neurons Nissl stained neurons

1 week ND ND

2 weeks 94± 3 (6) 100±2 (6)

The data is from Sauerbeck et al. (2012). The total number of TH+ neurons in the SN of vehicle control animals was 9800 ± 4000, and for Nissl
stained neurons 24,000 ± 2400, the values for TCE treated rats were read off a bar chart.

Results are Mean ± S.E.M. with the number of animals shown in brackets; ND, not determined.
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