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Abstract

Parkinson’s Disease (PD) is a degenerative neurological disorder that typically manifests symptoms in late adulthood, after loss of dopaminergic
neurons in the nigrostriatal system. A lack of heritability for idiopathic PD has implicated adulthood environmental factors in the etiology of the
disease. However, compelling evidence from animal models published within the past few years has shown that a range of environmental factors
occurring during the perinatal period (including exposure to the common pesticides paraquat and maneb, organochlorine pesticides, and iron-
enriched diet) and the prenatal period (including the pesticide maneb, cocaine, and the bacterial product LPS) can either directly cause a reduction in
the number of dopamine neurons, or cause an increased susceptibility to degeneration of these neurons with subsequent environmental insults or with
aging alone. In this review, these models are described for potential relevance in linking PD with the Fetal Basis of Adult Disease (FeBAD) hypothesis.
Additionally, challenges in studying the neurodevelopmental basis of neurodegeneration experimentally and epidemiologically are presented.
© 2007 Elsevier Inc. All rights reserved.
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. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
linically characterized by bradykinesia, rigidity, resting tremor
nd postural instability. PD is pathologically marked by deple-
ion of dopaminergic (DAergic) cell bodies in the substantia
igra pars compacta (SNpc) with subsequent loss of DA in the
igrostriatal system, and the presence of Lewy bodies. Estimates
f prevalence of PD have ranged between less than 100 to more
han 300 per 100,000 people (for review, see ref. [1]), and PD
as recently become one of the top 15 leading causes of death in
he US [2]. PD is most commonly associated with the aging pop-
lation, and the onset and peak incidence of the disease occurs
n the sixth decade of life [3]. Although genetic factors have
een found to play a role in some instances of the disease, envi-
onmental factors such as pesticide exposures have been widely
mplicated in the etiology of idiopathic PD, via clinical case
eports, epidemiological surveys, and animal models (for exam-
le refs. [4–11]). Because PD is associated with a late-in-life
nset, research has traditionally considered PD to be a disease of
ging, despite a long history of speculation that environmental
actors early in life can predispose or even cause an individ-
al to develop Parkinsonian symptoms [12–17]. Until the past
ew years, experimental evidence has been lacking to support
his hypothesis. Recent reports, however, have begun to identify
pecific factors occurring as part of the in utero or perinatal envi-
onment that may cause or predispose the nigrostriatal system to
amage, and these factors may warrant us to reconsider at least
ome instances of idiopathic PD to be the consequence of a neu-
odevelopmental disruption, rather than strictly a consequence
f aging.

.1. Developmental origins of adult neurologic dysfunction

An emerging scientific shift toward studying the developmen-
al basis of health and disease (or, the fetal basis of adult disease
FeBAD)) is based on the finding that susceptibility to certain
iseases can be established by environmental stressors encoun-
ered very early in life (in utero or perinatally) [18]; the majority
f studies testing this model, to date, have focused on skewed
utritional states, with examination of outcomes including car-

iovascular disease, diabetes and cancers [19,20]. Though few
odels have considered neurodegenerative disorders like PD,

he idea that the fetal environment can hold implications for
dulthood neurologic disease is based on solid rationale and
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ome model systems [21]. The most thorough example studying
his relationship perhaps comes from the study of schizophrenia,
here interactions between genetics and early-life environment,

ncluding prenatal lead exposure, first trimester influenza infec-
ion and nutritional factors (for example, the Dutch Famine)
ave been implicated in disease etiology [22]. This example
f FeBAD posits that, in the right genetic background, one or
ore of these pathogenic events occurring during brain devel-

pment will result in a static brain lesion, though the behavioral
onsequences of this event remain latent until a later-in-life
ausative “stress” leads to the emergence of symptoms [23].
n another potential example of neurological FeBAD, perinatal
xposure to lead in rats caused lifelong consequences on expres-
ion of proteins associated with Alzheimer’s disease (AD) [24];
ther early-life factors that may play a role in AD have been
etermined epidemiologically and include large sibship, area of
esidence and socioeconomic status, though the role of these
actors during gestation has not been studied [25,26].

These examples demonstrate that a fetal basis to later-onset
eurological disease is not an unprecedented hypothesis; there
re, however, some unique challenges in studying gestational
nvironmental factors as they relate to the FeBAD hypothesis
nd PD. One of the most significant challenges is the issue
f silent toxicity and the tremendous ability of the develop-
ng nervous system to compensate for insults. These challenges
ere articulated by Reuhl [27], describing silent toxicity as
eing a persistent morphological and/or biochemical injury that
emains clinically unapparent unless unmasked. Through com-
ensatory mechanisms, the affected system initially appears
ormal when considered against traditional biomarkers for toxi-
ity (such as gross morphological and histological examination,
ehavioral assays or mortality studies), though the system is
unctionally compromised [18]. It is hypothesized, therefore,
hat silent toxicity induces a state of “altered potential,” or a
mutant steady state,” where abnormal homeostasis (associated
ith increased vulnerability and higher risk of cell death) is

stablished in a time-, tissue- and toxicant-specific manner, is
aintained by altered gene expression, and is persistent and

rreversible [18,19,28]. Though it presents a major challenge in
dentifying causative exposures, it is important to emphasize that
ilent toxicity is non-teratogenic, and should not directly cause

bservable behavioral or psychological effects until after an
nmasking event. Unmasking challenges can be physical or toxi-
ological exposures, pathophysiological strains (such as disease,
tress or malnutrition) or even endogenous events like normal
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evelopment and aging; these factors can be long-lasting and
rogressively damaging [21,27,29]. There may be an extremely
ong latent period following the adverse environmental condition
30] (including trans-generational latency [31]) in which silent
oxicity is maintained before the unmasking event(s); the end
ffect of an unmasking insult is always the breach of boundaries
f compensation, with the subsequent push on the neurologi-
al system beyond some clinical threshold [21,27]. Ultimately,
he consequence of the gestational exposure coupled with the
nmasking challenge can be the onset of disease that otherwise
ould not have occurred, an increase in risk of disease, an earlier
nset of disease and/or an increased severity of the disease [19];
hese scenarios present a working model in which to study the
eBAD hypothesis as it relates to PD.

.2. Parkinson’s disease and the multiple hit hypothesis

There are features of this basic outline that are especially
elevant to studying PD as a consequence of multiple envi-
onmental insults (including gestational exposures). First, the
oncept of PD as a “threshold” disease has been widely accepted
or decades, originally based on extrapolation from human post-
ortem samples (for example refs. [32,33]) and more recently

upported by regression analysis in a primate model of PD [34].
he threshold concept states that clinical symptoms of PD will
nly appear after DAergic function has been diminished by a
et percentage of “maximal function,” and that this threshold
sually does not occur until late-in-life; traditionally, according
o the Calne and Langston model (1983), this is an 80% loss
35], though there is compelling evidence suggesting a much
ess profound loss and inter-individual variances in threshold
36]. Implicit within this model of PD is that, with the exception
f some immediate acute event that pushes the nigrostriatal sys-
em to this threshold (for example, individuals who unknowingly
njected themselves with the DAergic toxicant MPTP [37]) there
s a long period (lasting years or decades) in which the nigros-
riatal system is operating at a submaximal level, but in which
here are no Parkinsonian symptoms to suggest the presence of
isease until that threshold is met [38–41].

A further assertion of this basic model is that decline in DAer-
ic function (which would bring the system closer to threshold)
s a slow and unremitting part of natural aging (see original
ypothesis [35], which has been extensively described, repro-
uced and/or modified [13,17,27,36,39,42–48]). However, there
re equivocal reports on the role of normal aging in the nigros-
riatal system, and significant human studies and animal models
ave de-emphasized a role of aging in isolation from other fac-
ors, via absent evidence of cell loss and/or diminished DAergic
unction with aging (for example refs. [49–56]). Old age, as
t relates to PD, may simply be the point in time where other
isk factors culminate and interact sufficiently to cause disease
57], thus yielding the typical adulthood onset of PD near the
ixth decade of life. The absence or diminution of a significant

ole for “normal aging” (as a natural process in the continuum
f development across the lifespan) in the etiology of PD thus
hifts attention onto early, persistent, cumulative and/or progres-
ive environmental factors in the etiology of the disease, and this
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resents a second important feature of this disease that makes
t amenable to the “multiple hit hypothesis.” This hypothesis
ccounts for issues like silent toxicity, latency, unmasking and
hreshold by stating that a neural system may be able to compen-
ate for damage induced by one environmental exposure (“hit”),
ut when multiple hits occur to the same target (especially via
ifferent mechanisms and/or at different developmental stages),
e-regulation is not possible, vulnerability increases, homeosta-
is fails, threshold is breached and clinical symptoms emerge
Fig. 1) [44].

The rate at which DAergic dysfunction in PD occurs is still
nclear. Various models have suggested either that individual
its accelerate the decline of DAergic function (Fig. 1A), that
cute adverse effects followed by a return to a normal rate (thus
perating at a lower but parallel curve; Fig. 1B), or that some
ixture of these two models occurs (Fig. 1C). To date, most

xperimental studies related to PD have focused on causing
r preventing DAergic dysfunction during or immediately fol-
owing an acute toxic insult [13]. Indeed, it has been proposed
hat to maintain chronic and progressive neurodegeneration, an
nvironmental toxicant must be continually present [42]. How-
ver, some recent studies have detected progression across long
ime periods after acute or chronic toxicant exposure (for exam-
le refs. [54,58–61]), thus supporting the hypothesis that “an
nvironmental insult that is not continuous could provoke a pro-
ressive disease that is” [58]. While a complete set of evidence
s still lacking, this basic multiple hit model provides additional
eatures to use in studying the role of critical developmental
eriods for silent toxicity, combined with environmental insults
ccurring from gestation through old age, as risk factors for the
evelopment and emergence of Parkinsonian symptoms.

. Developmental risks in Parkinson’s disease

.1. Infectious etiology in human populations?

Historically, the developmental risk factor for PD that ini-
ially garnered the most attention was viral infection, based on
he disease clusters that occurred following clinical encephali-
is or influenza (von Economo disease, or encephalitis lethargica
for review, see refs. [62,63])). An epidemiological study sought
o establish a delayed development of PD later in life (rather than
he more immediate syndrome characteristic of von Economo’s),
y attempting to link young-adulthood influenza infection dur-
ng epidemic years to late-onset PD [16]. Conducted over 40
ears ago, it was a limited study finding weak associations,
hough it did importantly outline many of the basic features that

ore recent models have tried to establish, including an early-
ife insult, a decades-long latent period (during which, it was
riginally hypothesized, an infectious agent could progressively
estroy cells) and the eventual emergence of disease. Twenty-
ve years following that report, a study in the UK examined a
ole for an even earlier point in development (gestation). Based

n the hypothesis that influenza was toxic to the developing sub-
tantia nigra, it was suspected that individuals incurring this risk
actor in utero would be born with a limited reserve of DAer-
ic neurons and therefore be more vulnerable to developing PD
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Fig. 1. The multiple hit model of PD (based on ref. [35]). (A) Different developmental periods occur across the lifespan (x-axis), with the typical onset of idiopathic
PD occurring about the sixth decade. The left y-axis represents a theoretical measure of integrity of the DAergic system (percent of maximal function) and there
is a threshold level of this DAergic function, which, when breached, results in clinical symptoms. The upper solid curve (normal DA function line) models a state
in which DA function remains near maximal for the duration of the lifespan, with some degree of decline as the individual ages (while the physiological role of
aging on the DA system is equivocal [49–56], we here represent normal aging to play some role in DAergic decline). The lower solid curve represents DA function
in the multiple hit model of PD, where “hits” occurring across the lifespan combined with aging (vertical dashed lines + arrowheads) are each capable of inducing
a steeper slope of decline that implies progression of vulnerability (solid lines extended with dashed lines); the cumulative effect of subsequent hits occurring at
different stages across the lifespan is an overall acceleration of the curve toward threshold. As discussed in the text, hypothesized hits may include LPS, cocaine,
maneb, paraquat, rotenone, dieldrin, infections or altered nutritional states [12,16,17,31,61,69,86–88,96]; though for simplicity the effects of hits are drawn only
on a sequential and cumulative course, each individual hit is capable of causing a downward deviation, independent of preceding events and the deviations may
interact with and exacerbate preceding events; see (C). The right-side y-axis represents clinical symptoms of PD, and is described by the dashed gray curve. As DA
function in the multiple hit model accelerates toward threshold, there is a prolonged period during which DA function is grossly sub-maximal, but symptoms of
PD are unapparent [38]. When threshold is breached, there is a sharp increase in the severity of Parkinsonian symptoms, which continue to increase as the disease
progresses; this breach is indicated at the “mean age at diagnosis,” where the lines of threshold, DA function in the multiple hit model and clinical symptoms all
intersect. (B) In a variation of (A) (some graphic features removed for simplicity), each individual hit is associated with immediate, acute and discrete adverse effects
on DAergic function, after which a curve parallel to but lower than normal is assumed (dashed lines); this model is more punctuated, and implies an absence of
progression of vulnerability and lack of interaction with preceding hits. (C) In a combination of the models in (A and B), hits are both punctuated and progressive; a
hit may induce an immediate adverse drop in the system, followed by an alteration in the subsequent slope of decline. Subsequent hits interact with preceding insults
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nd the magnitude of decline (slope) increases with each hit. In all three mod
ignificant implications on the response to hits, including gender [45] and gene

ater in life [64]. Histograms of PD incidence arranged by birth-
ear indeed did often correlate to years of influenza pandemic
e.g. 1892, 1918–1919 and 1929), suggesting clustering of cases
round a significant gestational exposure; the findings were crit-
cized, however, for a lack of concordance among twins (who
resumably shared the gestational risk factor), and a follow-up
tudy failed to replicate the findings [65,66].

Several other epidemiological surveys have considered early-
ife infections in the etiology of PD, but there are significant
roblems including recall and selection biases, selection of
ohorts which may not yet have reached the mean onset age
f PD, variations in diagnosis and reporting of the infection(s)
hroughout various geographical and historical periods, sub-
linical (and thus unidentified) infection, and latency; these
tudies have met with negative and even contradictory results,
ut they have investigated the important hypothesis that early life
xposures can influence adulthood neurological disease [66–72].

hese epidemiological studies, while thus far failing to identify
relevant infectious etiology, highlight some of the challenges

n linking more recent experimental evidence for developmental
nvironmental risk factors with human populations.

a
c
i
p

ditional potential modifying factors were not graphically presented, but have
kground [134,135].

.2. Experimental models with perinatal exposures

Experimentally studying the role of the post-natal environ-
ent in the etiology of PD has recently identified a series of

hemical exposures that may hold implications for PD, and these
tudies serve as a foundation for considering the exposures that
ay be relevant in establishing PD as an example of FeBAD.
araquat (PQ) and maneb (MB) are agricultural chemicals that
ave each been linked to nigrostriatal damage and the emer-
ence of Parkinsonian symptoms, via epidemiological surveys,
linical case reports and/or animal models ([73–82]). In rodents,
he combined exposure to PQ + MB causes selective and potenti-
ted damage to the nigrostriatal system [10,74,83]. Based on the
remise that PD could arise from events in early development
ollowed by long-term and delayed consequences, neonatal mice
ere administered these compounds, alone or in combination on
ays 5–19, and then re-challenged when they were 6 months of

ge [17]. Locomotor activity, neurochemistry and DAergic cell
ounts suffered the greatest magnitude of adverse consequences
n animals exposed to PQ + MB in both post-natal and adulthood
eriods, suggesting progressive effects and enhanced vulnera-
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ility to known DAergic toxicants; furthermore, these effects
ere more pronounced in male mice, correlating to the known

pidemiological predominance of PD in males [45].
In another recent study, a cohort of mice that was fed an iron-

nriched diet was sacrificed at various points in life (ranging
rom 2 months to 2 years) after a challenge with the DAergic
oxicant MPTP, and examined for alterations in the nigrostri-
tal system, including DA levels and DA neuron number [61].
y studying these mice across the lifespan, researchers discov-
red that the iron-enriched diet led to enhanced vulnerability
o MPTP that only became apparent in advanced age, and that
ron exposure in the neonatal period itself accounted for a sig-
ificant reduction in DAergic neurons in very old mice. These
esults suggest silent toxicity with unmasking, latency, and pro-
ression, which are all very important features in establishing a
evelopmental or gestational model of PD.

Organochlorine pesticides (such as heptachlor and dieldrin)
re persistent environmental contaminants that have also been
mplicated in the etiology of PD [84], and evidence suggests
hat perinatal exposure may alter DAergic neuron phenotype to
nhance vulnerability. Heptachlor was administered to young
emale mice for a period extending from 2 weeks before ges-
ation, through gestation, and until weaning [85]. Biochemical
haracteristics of the nigrostriatal system of male progeny of
hese dams were studied in young adulthood, and persistent
lterations in DAT and VMAT2 were detected. To extend the
mplications for perinatal exposure to organochlorine pesticides
n persistent deleterious DAergic outcomes, a subsequent report
escribes effects of dieldrin, which was administered to gravid
nd lactating mice, with no immediate adverse outcomes on
ffspring [86]. When the pups reached 12 weeks of age, the
esearchers found alterations in a variety of markers for the
Aergic system, including the proteins DAT, VMAT2, NURR1
nd Pitx3; when MPTP was administered, they found greater
dverse effects in animals perinatally exposed to dieldrin com-
ared to controls. Importantly, the levels of dieldrin in the brain
t 12 weeks were below the limit of detection, suggesting that
hanges in gene expression are persistent into adulthood even
hen the inciting toxic agent was no longer present.

.3. Experimental models with prenatal insults

While these studies have identified a variety of environmental
isk factors occurring during development that capture features
f the multiple hit hypothesis, the gestational period is develop-
entally distinct from the neonatal period, and exposures may

arry different consequences. Animal models have recently been
escribed that specifically considered the role of gestational
xposures in disrupting the nigrostriatal system, and each has
mplications for elaborating our understanding of the etiology
f PD. Described below, one model involves a role for pro-
nflammatory cytokines, which may relate to epidemiological
tudies of early-life infectious agents and intrauterine infec-

ions [87–89]. Also described below, another model relies on
n utero exposure to the dithiocarbamate fungicide MB, which
as previously been linked to Parkinsonism and DAergic dys-
unction ([10,76,78,82,83,90–95]), combined with subsequent

n
o
a
d
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xposure to the herbicide PQ [12]. Another recent study started
ith the premise that there are known long-term alterations of
A neurochemistry following in utero cocaine exposure, and

hus hypothesized that in a mouse model, an increased sensi-
ivity to MPTP toxicity following gestational exposure would
ccur; the outcomes of in utero exposure were also compared to
chronic adult cocaine exposure paradigm [96]. While finding

ignificant losses of DA neurons associated with the combination
f cocaine and MPTP, the results suggest that in utero exposure
id not confer any added risk compared to adulthood cocaine
xposure, though it may indicate that pregnant cocaine users
ncrease the risk of offspring to developing PD later in life. Key
ndings of these reports are summarized and compared in Fig. 2.

.3.1. Bacteriotoxin LPS
Based on the findings that pro-inflammatory cytokines are

ncreased in brain of PD patients, and that the bacteriotoxin
ipopolysaccharide (LPS) is a direct DAergic toxin and inducer
f cytokines, researchers hypothesized that administration of
PS to gravid rats would lead to adverse outcomes for the
Aergic system of offspring [88]. After establishing a paradigm

nvolving administration of 1 mg/kg LPS on gestational day
0.5, this study found that prenatal LPS decreased striatal DA
oncentration and decreased the number of DAergic neurons in
oth the SNpc and the ventral tegmental area (VTA) to a similar
egree (∼25%) in 3-week old offspring of both genders (see
ig. 2A and C). Levels of cytokines were markedly elevated as
ell, even several weeks after the initial and only exposure, sug-
esting a persistence of effects. In a follow-up study, this group
f researchers questioned whether the DAergic system already
amaged by prenatal LPS exposure would be more vulnerable
o the toxic effects of the known, potent toxicant 6-OHDA [89].
sing male offspring at a later time-point (3 months of age),

hey again observed that prenatal LPS reduced the number of
A neurons in the SNpc; when considered with results of the

nitial study, it appears that prenatal LPS reduces the “base-
ine” number of DA neurons in offspring, but that this baseline
emains stable once it is established, even beyond 16 months of
ge (see Fig. 2, showing similar ∼20–30% reductions in SNpc
A neuron number across studies and across several ages of
nimals) [87–89]. Though animals exposed to LPS and then
o 6-OHDA did indeed ultimately have lower numbers of DA
eurons in the SNpc, there was a less-than-additive effect of
PS-prenatal + 6-OHDA in adulthood, suggesting that prenatal
PS did not confer any additional vulnerability to the DAergic
ystem other than the initial reduction in the baseline (or “start-
ng”) number of neurons [89] (see Fig. 2B). A similar prenatal
xposure paradigm was used in another experiment, but adult-
ood challenge was carried out in female offspring at 16 months
f age with the pesticide rotenone [87], which has previously
een used in animal models of PD [4]. Though rotenone treat-
ent presented significant mortality and health risks ([43,87]), it

id have adverse effects on the DAergic system (including a sig-

ificant decrease in DA levels and decreased intensity of staining
f tyrosine hydroxylase (TH), a key enzyme in DA biosynthesis
nd a marker for DAergic neurons), despite the finding rotenone
id not directly lead to cell loss in these aged female rats. How-
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Fig. 2. Comparison of models of developmental toxicant exposures on brain dopamine cells. Several studies have considered the effects of prenatal insults (all include
saline/vehicle controls; LPS exposure in Ling et al. [88], Ling et al. [89] and Ling et al. [87]; MB exposure in Barlow et al. [12]; cocaine exposure in Lloyd et al.
[96]), with or without adulthood re-challenge (either saline/vehicle in all studies and either 6-OHDA [89], rotenone [87], PQ [12] or MPTP [96]), on the number
of TH+ neurons in the substantia nigra (SNpc) and ventral tegmental area (VTA). To make appropriate comparisons between studies, each study was normalized to
saline–saline controls (A and C), based on directly reported values (SNpc and VTA [88], SNpc [87,89]) or estimated based on published graphs (VTA [89], SNpc
and VTA [12], SNpc [96]). To visualize interactions of prenatal insult with adulthood insult, values were also normalized to “prenatal condition” (saline/vehicle or
insult; B and D). LPS exposure has consistently been reported to induce a decrease in TH+ neuron number in the SNpc by ∼25–30% (A) [87–89], though effects
on VTA have been reported as significant [88] and non-significant [89] (C). Neither MB nor cocaine prenatally caused a decrease in the baseline number of TH+
neurons in the SNpc (A) [12,96] and prenatal MB exposure did not affect the number of TH+ neurons in VTA (C) [12]. In the studies that considered effects of
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renatal insult combined with adulthood insult, a clear interaction of the expos
96]; see (A and B), which normalizes to “saline–saline” and “insult-saline” to
ere selective for the SNpc when reported [12]; see (D).

ver, against the background of prenatal LPS exposure, cell loss
as significant in the SNpc, displaying an interaction of pre-
atal exposure and adulthood challenges, suggesting a role for
ge and multiple environmental hits. In the most recent study,
-month old male rats exposed to LPS or vehicle prenatally were
ubjected to supra-nigral infusion of LPS, and sacrificed after 2
r 12 weeks [97]. As previously observed, prenatal LPS caused
decreased baseline number of DAergic neurons, though this

renatal background did not influence the magnitude of effect
f the adulthood exposure, and there were no changes in TH
xpressing neurons over time to suggest a progressive decline,
here was an accelerated microglial response to in the LPS–LPS
roup, compared to others.
.3.2. Maneb + paraquat
Because the pesticides MB and PQ have been associated

ith PD via many lines of evidence, our laboratory exam-

P
a
D
a

can be observed for LPS + rotenone [87], MB + PQ [12], and cocaine + MPTP
easily visualize effects of adulthood insults); of these interactions, the effects

ned whether prenatal exposures to these agents would cause
ermanent, progressive and/or cumulative adverse effects on
ffspring, and whether vulnerability to future toxicants would
e increased following prenatal exposures [12]. Pregnant mice
ere treated with either saline, MB (1 mg/kg in saline, cor-

esponding to 0.3% of the LD50) or PQ (0.3 mg/kg in saline,
orresponding to 1% of the LD50) daily on days 10–17 of ges-
ation. Pups were weaned at day 25, and when they reached 6
eeks of age, these adult animals entered into a re-challenge
eriod in which they received either saline, MB (30 mg/kg) or
Q (5 mg/kg) for 8 consecutive days. (This resulted in the follow-

ng experimental paradigm: three prenatal conditions (SAL, MB
r PQ) × three adulthood re-challenge conditions (SAL, MB or

Q) × both genders.) Outcome measures included locomotor
ctivity assessment, determination of striatal and cortical DA,
A metabolite, and serotonin concentrations, and stereological
ssessment of TH+ and TH− neurons in the SNpc and the VTA.
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one of the prenatal conditions caused any adverse effect on
estation, parturition, litter survival or growth at any point, nor
as there any morphological or behavioral teratogenicity asso-

iated with any prenatal exposure. The most significant finding
ssociated with this study is observed in males exposed prena-
ally to MB and to PQ in adulthood. Despite a marginal increase
n locomotor activity during the 8-day exposure regimen, 1 week
ollowing this re-challenge period, a dramatic decrease (95%) in
ctivity was observed only in this treatment condition. This find-
ng was supported by decreased levels of striatal DA, increased
triatal DA turnover and selective reduction in TH+ neurons of
he SNpc (while TH− neuron number and cell composition of
he VTA was unchanged). These gender- and region-specific
hanges were related to a silent toxicity with unmasking, were
ersistent (as detected by cell loss, observable 1 week after expo-
ure ended), and were due to a specific order-of-presentation of
he pesticides (rather than just a combined effect).

Our study on the effects of prenatal MB exposure presents
everal key features necessary in a model of PD as an example
f the FeBAD hypothesis, and introduces a large set of as-yet
nanswered questions. Firstly, this model fits Reuhl’s definition
f silent toxicity [27], where a prenatal exposure caused no ter-
togenicity, though a large and specific interaction is observed
hen the unmasking challenge is introduced. Secondly, there is
latent period across which the silent toxicity was maintained.
he characteristics of the nigrostriatal system during this latent
eriod are unknown, though long-term alterations in DA-related
RNA levels and expression have been observed in at least one

ther developmental model of PD [86]. Unlike the LPS model,
t is clear that prenatal MB did not lead to a reduction in the
aseline number of DAergic neurons; mice exposed to prenatal
B entered adulthood with the same number of DAergic neu-

ons as non-treated peers, though it is now hypothesized that
hese neurons exist in a state of altered potential that increases
ulnerability to cell death, consistent with the model depicted
n Fig. 1A [19,28]. Thirdly, there is a persistence and specificity
f effects, where the adulthood insult (PQ) caused cell death
pecifically in DAergic neurons of the nigrostriatal system. This
odel also provides evidence for the multiple hit hypothesis,

ince adverse outcomes required two episodes of exposure (sep-
rated temporally), before there was a breach in the threshold
evel to cause dysfunction.

.3.3. Comparison of models
Because DAergic cell death is the ultimate end-point in

escribing features of PD, and because this end-point has been
eported in many of the relevant studies, Fig. 2 provides a way
o visually compare the key findings of the studies that experi-

entally considered gestational environmental exposures on the
Aergic systems, with or without a DAergic insult later-in-life

12,87–89,96]. Prenatal LPS has consistently caused a stable
eduction (reported range 22–33%) in the number of TH+ neu-
ons in the SNpc, as measured at 3 weeks [88], 3 months [89] or

6 months of age [87] (Fig. 2A), though effects on TH+ neurons
n the VTA are equivocal (for example refs. [88,89]) (Fig. 2C);
hese stable reductions are consistent with the model depicted in
ig. 1B, where an acute hit during gestation causes an immediate
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rop in functionality of the system, with resumption of a course
arallel to normal. Though it remains to be fully characterized,
vidence with prenatal LPS and adulthood rotenone, suggest a
odel more similar to Fig. 1C, where acute hits cause imme-

iate damage and a more vulnerable steady state. Prenatal MB
12] and prenatal cocaine [96] do not cause immediate reduc-
ions in the number of DAergic neurons (Fig. 2A), and though it
s not fully characterized, it can be hypothesized that these toxi-
ants establish a state of increased vulnerability (as detected by
n interaction with adulthood challenges), suggesting a model
ore similar to Fig. 1A. When normalized to baseline values (the

table state that follows prenatal exposures), three of the models
learly show an interaction between prenatal insult and adult-
ood re-challenge (see Fig. 2B): LPS + rotenone [87], MB + PQ
12] and cocaine + MPTP [96]. Based on the observed interac-
ions, these exposure paradigms each have features that suggest
hat they may serve as a model for environmental exposures,
isrupted neurodevelopment and later neurodegeneration.

. Studying the neurodevelopmental basis of
eurodegeneration

.1. Epidemiological challenges

Studying a role for the gestational environment in the etiology
f PD, and thus making this disease a relevant example of the
eBAD hypothesis, presents many unique challenges, and char-
cteristics of these challenges can in part be attributed to the
oundations of FeBAD in two distinct but inter-related fields:
pidemiology and developmental toxicology [18]. It is impor-
ant to state that aside from the few studies herein reviewed, PD
as almost exclusively been considered as a disease of aging,
ith few epidemiological studies considering the childhood or
estational environment. While animal models can help eluci-
ate some of the potential environmental risk factors and their
echanisms of action in adulthood neurodegenerative condi-

ions, there are several significant problems in considering these
actors in human populations.

Because it is a disease associated with late-in-life onset, typ-
cal PD patients are less likely to have living parents or siblings
o recount accurate environmental factors than are diseases with

uch earlier onset [98]. Most cohort studies for neurological
iseases include individuals at age 65 or older, and a significant
mount of recall bias and challenges are introduced by retro-
pective study of events occurring decades before the onset of
ymptoms [57]. It is very difficult to obtain accurate informa-
ion about the fetal environment, especially if biomarkers are
ot available or are unreliable; prospective studies provide a
olution, but long latency until disease emerges, the tracking
f participants, the identification of exposures and consistent
iagnosis all require decades of follow-up, and limitations are
ntroduced by the type, frequency, and periodicity of data col-
ection, so that, ultimately, these types of studies must include

arge numbers of subjects to assess multiple risk factors [22].

A possible reason for the lack of identification of specific
nvironmental risk factors in PD is the focus on events and expo-
ures that occur in adulthood, even though evidence is building
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hat the initial predisposing event occurs years before disease
nset [68,69], and researchers have been calling for a focus on
hildhood environments to gain important insight into the eti-
logy of PD for many years [53]. The long latency between
estational exposure and onset of disease presents another epi-
emiological challenge that is well-illustrated by the attempts to
ink gestational influenza with risk of PD [64,65]: when studying
irth cohorts from a period of less than 60 years in the past, it is
lear that individuals in those cohorts have not yet reached the
verage window for onset of PD, so there may be many “pre-
atients” (individuals in the very long period of sub-maximal
Aergic function before threshold is breached and symptoms
ecome apparent; see Fig. 1) who were wrongly identified as
ormal controls. (Significantly, the issue of the pre-patient is
lso a major challenge in the study of “normal” aging, since
ndividuals with a vulnerability to developing clinical symp-
oms of PD may be wrongly classified as normal controls, and
hus, in human post-mortem studies, potentially introduce false
ata points that bias toward the hypothesis that DAergic function
oes exhibit a normal decline with age.)

.2. Experimental challenges

In addition to these challenges presented from the “epi-
emiology side” of studying PD as it relates to the FeBAD
ypothesis, there are specific challenges related to studying the
developmental toxicology side” as well. When silent toxicity is
mplicated, the chances of identifying a relevant environmental
isk factor is even further diminished, since by definition, silent
oxicity is unapparent without unmasking (unless some known
footprint” or biomarker could be detected without the unmask-
ng challenge) [27]; even if a hypo-DAergic state were present
n a child, for example, the child may easily evade clinical atten-
ion because, perhaps, s/he would simply be considered shy,
ntrospective, and agreeably hypoactive [71]. Additionally, as
ighlighted by the currently presented reports, silent toxicity and
nmasking challenges are fundamental to advancing our under-
tanding of gestational environmental factors in PD. Studying
oxicants as single agents does not adequately address the risks of
ubsequent disease [44]. Furthermore, as originally outlined by
euhl [27], choosing relevant unmasking agents based on solid
pidemiological and biological rationale is a challenge, since
t requires a thorough knowledge of the target system and the
athophysiologic process, a solid understanding of toxicologi-
al principles especially as they relate to reproduction/gestation,
evelopment, and aging, the identification of known or likely
isk factors/combinations based on epidemiological findings
nd public health realities, a significant investment of time and
apital to establish relevant cohorts, exposure paradigms, and
ndpoints, and an expertise for appropriately interpreting results
ue to interacting toxic agents.

.3. Features for a development animal model of PD
The process for experimentally investigating a role for the
estational environment in the etiology of PD should follow the
ame basic steps as other models of FeBAD: exposure to non-

3

s
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eratogenic doses/agents, prospective study across the lifespan
or signs of dysfunction, characterization of tissue-specific gene
xpression over time, demonstration of a cause-effect relation-
hip between exposure, gene expression, and incidence/severity
f disease and determination of the mechanism of toxicity
18,19]. Combined with these features, we also suggest addi-
ional features for studying a role of the fetal environment and
ubsequent neurological disease, especially as it relates to PD;
ome of these features, as described below, have been achieved in
he various developmental models of PD previously described.
hough no model of gestational exposures satisfies all crite-

ia yet, elaborating these features will provide a framework in
hich to the study of the role of the gestational environment on
eurodevelopment and the subsequent risk for the neurodegen-
ration seen in PD.

.3.1. Silent toxicity
First, as already proposed, a state of silent toxicity should be

stablished and demonstrated, in which no adverse effects on
estation or parturition and no overt morphological or behav-
oral teratogenicity is observed [19,27]. Though the consistent
nding that LPS is able to stably and persistently reduce the
umber of DAergic neurons from 3 weeks to 16 months of age
87–89], it is unclear whether this exposure can truly replicate
eatures of silent toxicity. Even at low doses, LPS administration
t mid-gestation is associated with severe adverse gestational
utcomes in rodents; LPS induces behavioral abnormalities,
ecreased feeding, and early parturition in gravid animals [88],
n increased resorption of fetuses, and a variety of malforma-
ions in offspring (for example refs. [99,100]). Furthermore, the
eductions in TH+ neuron number observed at birth ([87–89])
re of similar magnitude (∼33%) to reductions that produce
normous behavioral disturbances in a mouse model of PD
∼30%) [12] (compare across studies in Fig. 2A) and which
ause significant behavioral effects in rats [101]. In the absence
f reports on initial behavioral outcomes in LPS-exposed off-
pring, it is unclear whether such an exposure would remain
ilent in comparison to non-exposed controls.

In contrast, the dose of MB used by our group is far below
he teratogenic dose of this compound (which, in mouse, has
hown limited or absent teratogenicity even at doses greater than
g/kg/day of gestation [102–104]), with no adverse effects on
estation, parturition, growth of offspring, or behavioral out-
omes [12]. Though gestational cocaine exposure is associated
ith behavioral teratogenicity (see, for example ref. [105]), this
odel presents a different paradigm than either MB or LPS,

ince it is generally a self-administered “exposure” in the human
opulation; thus, while it may not fit the criteria for silent toxi-
ity, it does offer a unique advantage, epidemiologically, since
hildren born during the cocaine epidemic of the 1970s to 1980s
rovide a human population (which will continue to age) in
hich to study the hypothesis that in utero cocaine exposure
resents a risk factor for later developing PD [96].
.3.2. Unmasking
Following silent toxicity, the second important feature for

tudying a role of the fetal environment on subsequent neuro-
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ogical disease is choosing a relevant unmasking agent, with
valuation of outcomes that appropriately detect selective dam-
ge to the target system. Toxicologically, MPTP, 6-OHDA,
otenone and PQ are all known to be selective DAergic neu-
otoxicants and have been extensively utilized in generating
xperimental systems (for review, see ref. [106]); though these
gents are all powerful tools in experimentally studying PD, epi-
emiologically speaking (and discussed below), they are not all
elevant to human populations. As it specifically relates to PD,
he unmasking challenge should reproduce in the experimental
nimal several of the key features of PD; these would include
ehavioral changes (such as reductions in locomotor activity, as
hown in the prenatal-MB–adulthood-PQ model), striatal DA
epletion (as shown in the prenatal-LPS model and the MB + PQ
odel) and selective loss of DA neurons in substantia nigra (to

ate, shown only in the MB + PQ model; see Fig. 2).

.3.3. Prospective study
A third and very important feature is the prospective study of

xperimental animals across the lifespan for markers of neurode-
eneration (note that since normal aging itself is a controversial
isk factor in PD and may present an endogenous “hit” (see
ig. 1), the prospective study should be conducted with and
ithout the unmasking agent). Though to date no FeBAD model
f PD has yet considered a cohort of animals as they age, two
erinatal models (discussed above) have shown progressive neu-
odegeneration that was exacerbated by an environmental insult
17,61]. This type of cohort analysis, when studied with and
ithout adulthood challenges, will provide a powerful tool in
nderstanding the state of vulnerability, as well as the interac-
ion of various environmental factors and aging. Fig. 1, as a
ypothetical model, demonstrates that there are many questions
egarding the emergence of PD and the relationship of events
ver the lifespan, and cohort analysis will help answer key com-
onents of this model, and potentially establish a link between
estational insults, adulthood environments, and the progressive
eurodegeneration characteristic of PD.

.3.4. Latent period
A fourth feature in studying PD as an example of the FeBAD

ypothesis is the period of latency, during which a state of
ltered potential (or mutant steady state) is maintained [19,28].
his state represents a period of clinically absent symptoms
uring which the DAergic system is vulnerable and func-
ionally impaired (Fig. 1). These states are suspected to be
aused, developmentally, by epigenetic changes, meaning that
ene–environment interactions change gene expression (with-
ut a change in DNA sequence) via mechanisms such as DNA
ethylation and DNA packaging around nucleosomes [107];

owever, the specific mechanism(s) by which an otherwise
nnocuous environmental insult occurring in a developmental
indow of susceptibility can have long-lasting subtle conse-
uences on gene expression is not yet known [108] Though

one of the above models have yet fully characterized the state
f vulnerability, the altered programming and subsequent func-
ional changes induced by developmental toxicant exposures
an be studied using a variety of omics technologies across the

p
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ifespan [18]. Gene expression profiling of human PD patients
as identified several pathways in which genes are altered (for
xample ref. [109]), and many of these alterations correspond to
hose changes observed in animal models [110]; furthermore,
xamination of neurons in the SNpc and VTA has revealed
natomically differential gene expression, which may account
or the preferential vulnerability to toxicants in some models of
D, and the regional selectivity of neurodegeneration in human
ases of PD [111].

Though none of the developmental models of PD have yet
eported broad analyses of gene expression, there have been
ome results that begin to characterize the state of altered poten-
ial. In the developmental model of pesticide exposures (see
ef. [17]), our group found an up-regulation in D2-receptor like
amily genes and genes related to glutaminergic function, that
as correlated to the in vivo findings (e.g. greatest changes
ith postnatal and adulthood exposures to PQ + MB) [46]. In

he developmental model using dieldrin exposures, a persis-
ent alteration in the ratio of DAT:VMAT2 (transporter proteins
nown to play a role in DA homeostasis) has been observed
o alter susceptibility to later-in-life damage [86]. In begin-
ing to characterize the state induced by prenatal LPS exposure,
ro-inflammatory cytokines were found to be persistently ele-
ated in striatum and midbrain [87–89]. Characterizing the state
nduced by prenatal toxicants may also provide insight into the
ays the nigrostriatal system attempts to maintain homeostasis

and the ways in which homeostasis fails); a full understand-
ng of this altered state may also help us understand the events
ccurring during the long period of latency and the extensive
pre-symptomatic” phase of PD, and may eventually lead to
ovel neuroprotective strategies to forestall, prevent or attenu-
te the progression of symptoms [14,47]. Additionally, the role
f gender, genetic background and aging may also be clarified, as
hese factors are well-known modifiers of disease susceptibility.

A corollary of all of the features so far described is persis-
ence of effect (of the inciting agent, of the unmasking agent,
f progression and of latency and the state of altered potential).
t is important to observe that the hits on the nigrostriatal sys-
em are not transient, but rather persist through each phase of
he modeled illness: that silent toxicity induces an irreversible
hange in the system, that the mutant steady state is truly a sta-
le (albeit vulnerable) system, that in addition to behavioral and
eurochemical changes, the damage induced by the unmasking
gent results in cell loss, and that progression (as a kinetic pro-
ess distinct from stable persistence) results in increasing and
umulative damage across the lifespan. Furthermore, it is worth
mphasizing that to relate these factors to a FeBAD model of
D, progressive and selective damage to the nigrostriatal sys-

em should be demonstrated. Though this “dopaminocentric”
erspective on PD has recently been criticized as too narrow in
cope (considering that features like protein inclusions, inflam-
ation, oxidative stress markers, and peripheral and cognitive

eatures are characteristic of idiopathic PD) [13], the clinical and

athological diagnosis of PD is defined by motor disturbances
i.e. tremor, bradykinesia/akinesia, rigidity) and nigrostriatal DA
nd DAergic-cell depletion; while they are correlated to PD
nd may help to establish mechanisms of the disease, the other
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isted factors may be cause, consequence or independent of DA
ysfunction and should not be relied upon to define a PD model.

While we currently hypothesize that the prenatal environment
an induce disease susceptibility, PD is a neurodegenerative
isorder characterized by progressive decline in DAergic func-
ion concurrent with an increasing severity of clinical symptoms
Fig. 1A). No model of prenatal exposures, with or without adult-
ood insult, has yet demonstrated progression (though other
evelopmental models have provided evidence that it may occur
ollowing environmental hits [17,45,61]). The demonstration of
rogression will rely on the prospective study of cohorts of ani-
als, observed at different points in the lifespan, with or without

nmasking challenges. While studies of such factors as gene and
rotein expression, oxidative stress and inflammation may help
haracterize the system in the state of altered potential and the
tate of disease, the most relevant markers in modeling PD will
emain motor function, neurochemical analysis and selective
euroanatomic lesions.

.3.5. Epidemiologic relevance
While the factors thus far discussed have been based in devel-

pmental toxicology, the fifth and final factor we propose for
stablishing a model of gestational environmental factors in the
tiology of PD is the selection of toxic agents that are epi-
emiologically relevant. As has been stated previously, cocaine
xposure is a special circumstance that may prove to offer
ignificant epidemiological advantages, since exposure is gener-
lly self-administered and historical context has provided large
ohorts which may be studied as they age. MB is a dithiocar-
amate (DTC) fungicide and is not a restricted use pesticide,
nd has seen increasing use over decades for a broad range
f agricultural applications (on crops as varied as fruits, nuts,
rains, seeds, vegetables, tobacco and ornamental plants); this
ompound can persist in the environment for weeks in soil and
n food products, even after washing and extensive processing
82,112–119]. Residues from compounds like MB are among
he most frequently found residues on agricultural commodities
n Europe (see ref. [115]). Though MB is the DTC often used
xperimentally, it is but one of a larger set of DTC pesticides
hat share a similar mechanism of toxicity [95].

The pesticides rotenone and PQ are potent DAergic neuro-
oxicants (see ref. [106]) and theoretically present reasonable
nvironmental risk factors in human populations, though only
Q (but not rotenone) has been epidemiologically linked to PD
for review, see ref. [6]). Nearly 1 million pounds of PQ were
sed on an extensive range of crops in 2003 in California alone,
nd over 1 million pounds of MB were used in the same year in
he same geographical area, and these values reflect an increase
n use of these chemicals from previous years [120]; exposure to
he combination of these compounds is an environmental real-
ty, and interestingly, incidence rates of PD in the US overlap
reas of greatest MB and PQ use (see ref. [83]). A recent study
f workplaces in Costa Rica found these two compounds to

e among the most ubiquitous pesticides [121]. Furthermore,
ommunities can be affected by drift of aerial applications or
ccidental spills [122,123]. In human populations, significant
esticides exposures do indeed occur during pregnancy with sub-
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equent adverse effects on growth and neurodevelopment, and
espite challenges in identifying these compounds, they are an
pidemiologic reality (for recent examples, see refs. [124–131]).
n sum, considering environmental realities and combinations,

B and PQ do represent relevant environmental agents to use
n the establishment of a developmental model of PD.

In addition to its known toxicological effects on the induction
f pro-inflammatory cytokines and resultant DAergic dysfunc-
ion, LPS was chosen for study in a model system based on a
ink to the clinical disease bacterial vaginosis (BV) [88]. BV
s a common condition, accounting for more than a third of
ll vaginal infections [132]. A recent meta-analysis of obstetri-
al outcomes has confirmed significant adverse birth outcomes
ssociated with BV, including increased risk of preterm delivery
especially if infection was early in pregnancy) and increased
isk of spontaneous abortion [133]. BV has also been linked to
ow birth weight and is suspected to play a major role in many
ases of infertility (via implantation inhibition and fetal loss at
ny stage of pregnancy); in addition LPS has known adverse
ffects on steroid hormone pathways [132], which may interact
ith other factors in the inflammatory process to cause adverse
utcomes in pregnancy and in offspring. Though argued that
V can be a sub-clinical infection, the doses of LPS used in the

ecently proposed model of PD are large enough to cause adverse
ehavioral effects in the pregnant dam and pre-term delivery,
uggesting that an infection of corresponding magnitude in a
regnant woman would not remain silent.

In addition, though BV is associated with low birth weight, an
pidemiological survey considering this factor failed to associate
t with risk for developing PD later-in-life [69]. Epidemiologi-
ally, because BV, birth weight, and pre-term delivery represent
linical outcomes that would be recorded as part of an individ-
al’s health history, the data should be available to further study
his question retrospectively. While the LPS model will continue
o provide insights into the mechanisms of DAergic dysfunction,
ntil BV or LPS are linked to human cases of PD (via direct diag-
osis of Gram-negative organism infection or by proxy measures
uch as chorioamnionitis, pre-term delivery or decreased birth
eight), it is unclear whether this presents an epidemiologically

elevant model in which to study the relationship of the FeBAD
ypothesis to PD.

. Conclusion

The future goals in establishing a role for the gestational
nvironment on adverse outcomes of neurodevelopment, with
ubsequent vulnerability to the neurodegenerative disorder, PD,
hould focus on meeting the criteria in this review, as elaborated
rom previous reports [18,19,27]: gestational exposure caus-
ng silent toxicity, relevant unmasking techniques, prospective
ssessment across the lifespan, demonstration of progression
with or without unmasking events), characterization of the
atency period (including gene expression and biochemical pro-

les) and the disease state, selective damage to the nigrostriatal
A system, studies to elucidate mechanisms of toxicity and the
orrelation to human populations via epidemiological findings.
ecommendations for studying the neurodevelopmental origins
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f neurodegenerative disease have also called for long-term
rospective epidemiological studies to identify environmental
actors, registries for people with PD to better track incidence
ates, the study of unique disease clusters or environmental
xposures, and improved techniques for toxicity assessments
48], which too often rely on the study of single acute agents
ithout consideration of latent periods or the environmental

eality of exposures and risk modifiers such as genetics, gen-
er, nutritional status, comorbid disease, developmental stage
r lifestyle factors [44]. There is a long history of hypotheses,
nd now compelling evidence, to suggest that the gestational
nvironment can alter neurodevelopment, such that an individ-
al is susceptible to developing a neurodegenerative disorder
ike PD later-in-life; interactions of prenatal environment, adult-
ood environment, gender, age and genetic background may also
odify this risk. Studying this question in the context of exper-

mental toxicology and human epidemiology will help define
he relationship between the FeBAD hypothesis and PD, and
ill provide important insights into the etiology, progression

nd potential intervention strategies for PD.

cknowledgements

This work was supported by an APDA Medical Student
ellowship (BKB), APDA research grant (MT) and NIEHS
S10791 (DCS) grant.

eferences

[1] Strickland D, Bertoni JM. Parkinson’s prevalence estimated by a state
registry. Mov Disord 2004;19(3):318–23.

[2] Hoyert DL, Heron MP, Murphy SL, Kung HC. Deaths: final data for 2003.
Natl Vital Stat Rep 2006;54(13):1–120.

[3] Koller W, O’Hara R, Weiner W, Lang A, Nutt J, Agid Y, et al. Relationship
of aging to Parkinson’s disease. Adv Neurol 1987;45:317–21.

[4] Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV,
Greenamyre JT. Chronic systemic pesticide exposure reproduces features
of Parkinson’s disease. Nat Neurosci 2000;3(12):1301–6.

[5] Brown RC, Lockwood AH, Sonawane BR. Neurodegenerative dis-
eases: an overview of environmental risk factors. Env Health Perspect
2005;113(9):1250–6.

[6] Brown TP, Rumsby PC, Capleton AC, Rushton L, Levy LS. Pesti-
cides and Parkinson’s disease–is there a link? Environ Health Perspect
2006;114(2):156–64.

[7] Gorell JM, Johnson CC, Rybicki BA, Peterson EL, Richardson RJ. The
risk of Parkinson’s disease with exposure to pesticides, farming, well
water, and rural living. Neurology 1998;50(5):1346–50.

[8] Priyadarshi A, Khuder SA, Schaub EA, Shrivastava S. A meta-analysis
of Parkinson’s disease and exposure to pesticides. Neurotoxicology
2000;21(4):435–40.

[9] Semchuk KM, Love EJ, Lee RG. Parkinson’s disease and exposure to agri-
cultural work and pesticide chemicals. Neurology 1992;42(7):1328–35.

[10] Thiruchelvam M, Richfield EK, Baggs RB, Tank AW, Cory-Slechta DA.
The nigrostriatal dopaminergic system as a preferential target of repeated
exposures to combined paraquat and maneb: implications for Parkinson’s
disease. J Neurosci 2000;20(24):9207–14.
[11] Baldi I, Cantagrel A, Lebailly P, Tison F, Dubroca B, Chrysostome V, et
al. Association between Parkinson’s disease and exposure to pesticides
in southwestern France. Neuroepidemiology 2003;22(5):305–10.

[12] Barlow BK, Richfield EK, Cory-Slechta DA, Thiruchelvam M. A fetal
risk factor for Parkinson’s disease. Dev Neurosci 2004;26(1):11–23.
xicology 23 (2007) 457–470 467

[13] Carvey PM, Punati A, Newman MB. Progressive dopamine neuron
loss in Parkinson’s disease: the multiple hit hypothesis. Cell Transplant
2006;15(3):239–50.

[14] Langston JW, Koller WC. Preclinical detection of Parkinson’s disease.
The next frontier: presymptomatic detection. Introduction. Geriatrics
1991;46(Suppl. 1):5–7.

[15] Marsden CD. Parkinson’s disease. Lancet 1990;335(8695):948–52.
[16] Poskanzer DC, Schwab RS. Cohort analysis of Parkinson’s syndrome:

evidence for a single etiology related to subclinical infection about 1920.
J Chronic Dis 1963;16:961–73.

[17] Thiruchelvam M, Richfield EK, Goodman BM, Baggs RB, Cory-
Slechta DA. Developmental exposure to the pesticides paraquat
and maneb and the Parkinson’s disease phenotype. Neurotoxicology
2002;23(4–5):621–33.

[18] Heindel JJ. Role of exposure to environmental chemicals in the devel-
opmental basis of reproductive disease and dysfunction. Semin Reprod
Med 2006;24(3):168–77.

[19] Heindel JJ. The fetal basis of adult disease: role of environmen-
tal exposures—introduction. Birth Defects Res A Clin Mol Teratol
2005;73(3):131–2.

[20] Morley R. Fetal origins of adult disease. Semin Fetal Neonatal Med
2006;11(2):73–8.

[21] Costa LG, Aschner M, Vitalone A, Syversen T, Soldin OP. Developmental
neuropathology of environmental agents. Annu Rev Pharmacol Toxicol
2004;44:87–110.

[22] Opler MG, Susser ES. Fetal environment and schizophrenia. Env Health
Perspect 2005;113(9):1239–42.

[23] Lewis DA, Levitt P. Schizophrenia as a disorder of neurodevelopment.
Annu Rev Neurosci 2002;25:409–32.

[24] Basha MR, Wei W, Bakheet SA, Benitez N, Siddiqi HK, Ge YW, et al. The
fetal basis of amyloidogenesis: exposure to lead and latent overexpres-
sion of amyloid precursor protein and beta-amyloid in the aging brain. J
Neurosci 2005;25(4):823–9.

[25] Moceri VM, Kukull WA, Emanual I, van Belle G, Starr JR, Schel-
lenberg GD, et al. Using census data and birth certificates to
reconstruct the early-life socioeconomic environment and the relation
to the development of Alzheimer’s disease. Epidemiology 2001;12(4):
383–9.

[26] Moceri VM, Kukull WA, Emanuel I, van Belle G, Larson EB. Early-
life risk factors and the development of Alzheimer’s disease. Neurology
2000;54(2):415–20.

[27] Reuhl KR. Delayed expression of neurotoxicity: the problem of silent
damage. Neurotoxicology 1991;12(3):341–6.

[28] Clarke G, Collins RA, Leavitt BR, Andrews DF, Hayden MR, Lumsden
CJ, et al. A one-hit model of cell death in inherited neuronal degenerations.
Nature 2000;406(6792):195–9.

[29] Spencer PS, Kisby GE, Ludolph AC. Slow toxins, biologic markers,
and long-latency neurodegenerative disease in the western Pacific region.
Neurology 1991;41(5 Suppl. 2):62–6 [discussion 66–8].

[30] Murch SJ, Cox PA, Banack SA. A mechanism for slow release of bio-
magnified cyanobacterial neurotoxins and neurodegenerative disease in
Guam. Proc Natl Acad Sci USA 2004;101(33):12228–31.

[31] Oyanagi K, Kawakami E, Kikuchi-Horie K, Ohara K, Ogata K, Taka-
hama S, et al. Magnesium deficiency over generations in rats with
special references to the pathogenesis of the Parkinsonism-dementia
complex and amyotrophic lateral sclerosis of Guam. Neuropathology
2006;26(2):115–28.

[32] McGeer PL, McGeer EG, Suzuki JS. Aging and extrapyramidal function.
Arch Neurol 1977;34(1):33–5.

[33] Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger
F. Brain dopamine and the syndromes of Parkinson and Huntington.
Clinical, morphological and neurochemical correlations. J Neurol Sci
1973;20(4):415–55.
[34] Bezard E, Dovero S, Prunier C, Ravenscroft P, Chalon S, Guilloteau D,
et al. Relationship between the appearance of symptoms and the level
of nigrostriatal degeneration in a progressive 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-lesioned macaque model of Parkinson’s disease. J
Neurosci 2001;21(17):6853–61.



4 tive To
68 B.K. Barlow et al. / Reproduc

[35] Calne DB, Langston JW. Aetiology of Parkinson’s disease. Lancet
1983;2(8365–8366):1457–9.

[36] Ellenberg JH. Preclinical detection in studies of the etiology, natural his-
tory, and treatment of Parkinson’s disease. Neurology 1991;41(5 Suppl.
2):14–20.

[37] Langston JW, Ballard P, Tetrud JW, Irwin I. Chronic Parkinsonism
in humans due to a product of meperidine-analog synthesis. Science
1983;219(4587):979–80.

[38] DeKosky ST, Marek K. Looking backward to move forward: early detec-
tion of neurodegenerative disorders. Science 2003;302(5646):830–4.

[39] Fearnley JM, Lees AJ. Ageing and Parkinson’s disease: substantia nigra
regional selectivity. Brain 1991;114(Pt 5):2283–301.

[40] Riederer P, Wuketich S. Time course of nigrostriatal degeneration in
Parkinson’s disease. A detailed study of influential factors in human brain
amine analysis. J Neural Transm 1976;38(3–4):277–301.

[41] Scherman D, Desnos C, Darchen F, Pollak P, Javoy-Agid F, Agid Y.
Striatal dopamine deficiency in Parkinson’s disease: role of aging. Ann
Neurol 1989;26(4):551–7.

[42] Agid Y. Parkinson’s disease: pathophysiology. Lancet 1991;337(8753):
1321–4.

[43] Carvey PM, Chang Q, Lipton JW, Ling Z. Prenatal exposure to the bacteri-
otoxin lipopolysaccharide leads to long-term losses of dopamine neurons
in offspring: a potential, new model of Parkinson’s disease. Front Biosci
2003;8:s826–37.

[44] Cory-Slechta DA. Studying toxicants as single chemicals: does
this strategy adequately identify neurotoxic risk? Neurotoxicology
2005;26(4):491–510.

[45] Cory-Slechta DA, Thiruchelvam M, Barlow BK, Richfield EK. Devel-
opmental pesticide models of the Parkinson disease phenotype. Environ
Health Perspect 2005;113(9):1263–70.

[46] Cory-Slechta DA, Thiruchelvam M, Richfield EK, Barlow BK, Brooks
AI. Developmental pesticide exposures and the Parkinson’s disease phe-
notype. Birth Defects Res A Clin Mol Teratol 2005;73(3):136–9.

[47] Langston JW. Predicting Parkinson’s disease. Neurology 1990;40(10
Suppl. 3) [p. Suppl. 70–4; discussion 75–6].

[48] Landrigan PJ, Sonawane B, Butler RN, Trasande L, Callan R, Droller
D. Early environmental origins of neurodegenerative disease in later life.
Environ Health Perspect 2005;113(9):1230–3.

[49] Kubis N, Faucheux BA, Ransmayr G, Damier P, Duyckaerts C, Henin
D, et al. Preservation of midbrain catecholaminergic neurons in very old
human subjects. Brain 2000;123(Pt 2):366–73.

[50] McCormack AL, Di Monte DA, Delfani K, Irwin I, DeLanney LE,
Langston WJ, et al. Aging of the nigrostriatal system in the squirrel
monkey. J Comp Neurol 2004;471(4):387–95.

[51] Muthane U, Yasha TC, Shankar SK. Low numbers and no loss of
melanized nigral neurons with increasing age in normal human brains
from India. Ann Neurol 1998;43(3):283–7.

[52] Pakkenberg H, Andersen BB, Burns RS, Pakkenberg B. A stereological
study of substantia nigra in young and old rhesus monkeys. Brain Res
1995;693(1–2):201–6.

[53] Thiessen B, Rajput AH, Laverty W, Desai H. Age, environments, and the
number of substantia nigra neurons. Adv Neurol 1990;53:201–6.

[54] Thiruchelvam M, McCormack A, Richfield EK, Baggs RB, Tank AW,
Di Monte DA, et al. Age-related irreversible progressive nigrostriatal
dopaminergic neurotoxicity in the paraquat and maneb model of the
Parkinson’s disease phenotype. Eur J Neurosci 2003;18(3):589–600.

[55] Newman RP, LeWitt PA, Jaffe M, Calne DB, Larsen TA. Motor func-
tion in the normal aging population: treatment with levodopa. Neurology
1985;35(4):571–3.

[56] Stark AK, Pakkenberg B. Histological changes of the dopaminergic
nigrostriatal system in aging. Cell Tissue Res 2004;318(1):81–92.

[57] Logroscino G. The role of early life environmental risk factors
in Parkinson disease: what is the evidence? Env Health Perspect

2005;113(9):1234–8.

[58] Langston JW, Forno LS, Tetrud J, Reeves AG, Kaplan JA, Karluk D. Evi-
dence of active nerve cell degeneration in the substantia nigra of humans
years after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine exposure. Ann
Neurol 1999;46(4):598–605.
xicology 23 (2007) 457–470

[59] Brownell AL, Jenkins BG, Elmaleh DR, Deacon TW, Spealman RD,
Isacson O. Combined PET/MRS brain studies show dynamic and long-
term physiological changes in a primate model of Parkinson disease. Nat
Med 1998;4(11):1308–12.

[60] McGeer PL, Schwab C, Parent A, Doudet D. Presence of reac-
tive microglia in monkey substantia nigra years after 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine administration. Ann Neurol 2003;
54(5):599–604.

[61] Kaur D, Peng J, Chinta SJ, Rajagopalan S, Di Monte DA, Cherny RA,
et al. Increased murine neonatal iron intake results in Parkinson-like
neurodegeneration with age. Neurobiol Aging 2006.

[62] Ravenholt RT, Foege WH. 1918 influenza, encephalitis lethargica, Parkin-
sonism. Lancet 1982;2(8303):860–4.

[63] Reid AH, McCall S, Henry JM, Taubenberger JK. Experimenting on the
past: the enigma of von Economo’s encephalitis lethargica. J Neuropathol
Exp Neurol 2001;60(7):663–70.

[64] Mattock C, Marmot M, Stern G. Could Parkinson’s disease follow
intra-uterine influenza? A speculative hypothesis. J Neurol Neurosurg
Psychiatry 1988;51(6):753–6.

[65] Ebmeier KP, Mutch WJ, Calder SA, Crawford JR, Stewart L, Besson JO.
Does idiopathic parkinsonism in Aberdeen follow intrauterine influenza?
J Neurol Neurosurg Psychiatry 1989;52(7):911–3.

[66] Singer C, Weiner WJ. Could Parkinson’s disease follow intra-uterine
influenza? A speculative hypothesis. J Neurol Neurosurg Psychiatry
1989;52(7):p931.

[67] de Pedro-Cuesta J, Gudmundsson G, Abraira V, Love A, Tulinius
H, Veiga J, et al. Whooping cough and Parkinson’s disease. The
Europarkinson Preparatory Activity Research Group. Int J Epidemiol
1996;25(6):1301–11.

[68] Martyn CN. Infection in childhood and neurological diseases in adult life.
Br Med Bull 1997;53(1):24–39.

[69] Martyn CN, Osmond C. Parkinson’s disease and the environment in early
life. J Neurol Sci 1995;132(2):201–6.

[70] Riederer P. Is there a subtype of developmental Parkinson’s disease?
Neurotox Res 2003;5(1–2):27–34.

[71] Riederer P, Foley P. Mini-review: multiple developmental forms of
Parkinsonism. The basis for further research as to the pathogenesis of
Parkinsonism. J Neural Transm 2002;109(12):1469–75.

[72] Sasco AJ, Paffenbarger Jr RS. Measles infection and Parkinson’s disease.
Am J Epidemiol 1985;122(6):1017–31.

[73] Brooks AI, Chadwick CA, Gelbard HA, Cory-Slechta DA, Federoff HJ.
Paraquat elicited neurobehavioral syndrome caused by dopaminergic neu-
ron loss. Brain Res 1999;823(1–2):1–10.

[74] Cicchetti F, Lapointe N, Roberge-Tremblay A, Saint-Pierre M, Jimenez
L, Ficke BW, et al. Systemic exposure to paraquat and maneb mod-
els early Parkinson’s disease in young adult rats. Neurobiol Dis
2005;20(2):360–71.

[75] Dinis-Oliveira RJ, Remiao F, Carmo H, Duarte JA, Navarro AS, Bas-
tos ML, et al. Paraquat exposure as an etiological factor of Parkinson’s
disease. Neurotoxicology 2006.

[76] Ferraz HB, Bertolucci PH, Pereira JS, Lima JG, Andrade LA. Chronic
exposure to the fungicide maneb may produce symptoms and signs of
CNS manganese intoxication. Neurology 1988;38(4):550–3.

[77] Hertzman C, Wiens M, Bowering D, Snow B, Calne D. Parkinson’s dis-
ease: a case-control study of occupational and environmental risk factors.
Am J Ind Med 1990;17(3):349–55.

[78] Israeli R, Sculsky M, Tiberin P. Acute intoxication due to exposure to
maneb and zineb. A case with behavioral and central nervous system
changes. Scand J Work Env Health 1983;9(1):47–51.

[79] Liou HH, Tsai MC, Chen CJ, Jeng JS, Chang YC, Chen SY, et al. Envi-
ronmental risk factors and Parkinson’s disease: a case-control study in
Taiwan. Neurology 1997;48(6):1583–8.

[80] Manning-Bog AB, McCormack AL, Li J, Uversky VN, Fink AL, Di

Monte DA. The herbicide paraquat causes up-regulation and aggregation
of alpha-synuclein in mice: paraquat and alpha-synuclein. J Biol Chem
2002;277(3):1641–4.

[81] McCormack AL, Thiruchelvam M, Manning-Bog AB, Thiffault C,
Langston JW, Cory-Slechta DA, et al. Environmental risk factors and



tive To
B.K. Barlow et al. / Reproduc

Parkinson’s disease: selective degeneration of nigral dopaminergic neu-
rons caused by the herbicide paraquat. Neurobiol Dis 2002;10(2):119–27.

[82] Meco G, Bonifati V, Vanacore N, Fabrizio E. Parkinsonism after
chronic exposure to the fungicide maneb (manganese ethylene-bis-
dithiocarbamate). Scand J Work Environ Health 1994;20(4):301–5.

[83] Thiruchelvam M, Brockel BJ, Richfield EK, Baggs RB, Cory-Slechta DA.
Potentiated and preferential effects of combined paraquat and maneb on
nigrostriatal dopamine systems: environmental risk factors for Parkin-
son’s disease? Brain Res 2000;873(2):225–34.

[84] Kanthasamy AG, Kitazawa M, Kanthasamy A, Anantharam V. Dieldrin-
induced neurotoxicity: relevance to Parkinson’s disease pathogenesis.
Neurotoxicology 2005;26(4):701–19.

[85] Caudle WM, Richardson JR, Wang M, Miller GW. Perinatal heptachlor
exposure increases expression of presynaptic dopaminergic markers in
mouse striatum. Neurotoxicology 2005;26(4):721–8.

[86] Richardson JR, Caudle WM, Wang M, Dean ED, Pennell KD, Miller GW.
Developmental exposure to the pesticide dieldrin alters the dopamine
system and increases neurotoxicity in an animal model of Parkinson’s
disease. Faseb J 2006.

[87] Ling Z, Chang QA, Tong CW, Leurgans SE, Lipton JW, Car-
vey PM. Rotenone potentiates dopamine neuron loss in animals
exposed to lipopolysaccharide prenatally. Exp Neurol 2004;190(2):373–
83.

[88] Ling Z, Gayle DA, Ma SY, Lipton JW, Tong CW, Hong JS, et al. In utero
bacterial endotoxin exposure causes loss of tyrosine hydroxylase neurons
in the postnatal rat midbrain. Mov Disord 2002;17(1):116–24.

[89] Ling ZD, Chang Q, Lipton JW, Tong CW, Landers TM, Carvey
PM. Combined toxicity of prenatal bacterial endotoxin exposure and
postnatal 6-hydroxydopamine in the adult rat midbrain. Neuroscience
2004;124(3):619–28.

[90] Fitsanakis VA, Amarnath V, Moore JT, Montine KS, Zhang J, Montine
TJ. Catalysis of catechol oxidation by metal-dithiocarbamate complexes
in pesticides. Free Radic Biol Med 2002;33(12):1714–23.

[91] Morato GS, Lemos T, Takahashi RN. Acute exposure to maneb
alters some behavioral functions in the mouse. Neurotoxicol Teratol
1989;11(5):421–5.

[92] Zhang J, Fitsanakis VA, Gu G, Jing D, Ao M, Amarnath V, et al.
Manganese ethylene-bis-dithiocarbamate and selective dopaminergic
neurodegeneration in rat: a link through mitochondrial dysfunction. J
Neurochem 2003;84(2):336–46.

[93] Zhou Y, Shie FS, Piccardo P, Montine TJ, Zhang J. Proteasomal inhi-
bition induced by manganese ethylene-bis-dithiocarbamate: relevance to
Parkinson’s disease. Neuroscience 2004;128(2):281–91.

[94] Barlow BK, Lee DW, Cory-Slechta DA, Opanashuk LA. Modulation of
antioxidant defense systems by the environmental pesticide maneb in
dopaminergic cells. Neurotoxicology 2005;26(1):63–75.

[95] Barlow BK, Thiruchelvam MJ, Bennice L, Cory-Slechta DA, Ballatori
N, Richfield EK. Increased synaptosomal dopamine content and brain
concentration of paraquat produced by selective dithiocarbamates. J Neu-
rochem 2003;85(4):1075–86.

[96] Lloyd SA, Faherty CJ, Smeyne RJ. Adult and in utero exposure to cocaine
alters sensitivity to the Parkinsonian toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Neuroscience 2006;137(3):905–13.

[97] Ling Z, Zhu Y, Tong C, Snyder JA, Lipton JW, Carvey PM. Progres-
sive dopamine neuron loss following supra-nigral lipopolysaccharide
(LPS) infusion into rats exposed to LPS prenatally. Exp Neurol
2006;199(2):499–512.

[98] Butterfield PG, Valanis BG, Spencer PS, Lindeman CA, Nutt JG. Envi-
ronmental antecedents of young-onset Parkinson’s disease. Neurology
1993;43(6):1150–8.

[99] Chua JS, Rofe AM, Coyle P. Dietary zinc supplementation ameliorates
LPS-induced teratogenicity in mice. Pediatr Res 2006;59(3):355–8.

[100] Carey LC, Berbee PL, Coyle P, Philcox JC, Rofe AM. Zinc treatment

prevents lipopolysaccharide-induced teratogenicity in mice. Birth Defects
Res A Clin Mol Teratol 2003;67(4):240–5.

[101] Truong L, Allbutt H, Kassiou M, Henderson JM. Developing a preclinical
model of Parkinson’s disease: a study of behaviour in rats with graded
6-OHDA lesions. Behav Brain Res 2006;169(1):1–9.
xicology 23 (2007) 457–470 469

[102] Beck SL. Prenatal and postnatal assessment of Maneb-exposed CD-1
mice. Reprod Toxicol 1990;4(4):283–90.

[103] Chernoff N, Kavlock RJ, Rogers EH, Carver BD, Murray S. Perinatal tox-
icity of maneb, ethylene thiourea, and ethylenebisisothiocyanate sulfide
in rodents. J Toxicol Environ Health 1979;5(5):821–34.

[104] Larsson KS, Arnander C, Cekanova E, Kjellberg M. Studies of terato-
genic effects of the dithiocarbamates maneb, mancozeb, and propineb.
Teratology 1976;14(2):171–83.

[105] Mayes LC. A behavioral teratogenic model of the impact of prenatal
cocaine exposure on arousal regulatory systems. Neurotoxicol Teratol
2002;24(3):385–95.

[106] Bove J, Prou D, Perier C, Przedborski S. Toxin-induced models of Parkin-
son’s disease. NeuroRx 2005;2(3):484–94.

[107] Dolinoy DC, Weidman JR, Jirtle RL. Epigenetic gene regulation: linking
early developmental environment to adult disease. Reprod Toxicol 2006.

[108] Bateson P, Barker D, Clutton-Brock T, Deb D, D’Udine B, Foley
RA, et al. Developmental plasticity and human health. Nature
2004;430(6998):419–21.

[109] Grunblatt E, Mandel S, Jacob-Hirsch J, Zeligson S, Amariglo N, Rechavi
G, et al. Gene expression profiling of parkinsonian substantia nigra pars
compacta; alterations in ubiquitin-proteasome, heat shock protein, iron
and oxidative stress regulated proteins, cell adhesion/cellular matrix and
vesicle trafficking genes. J Neural Transm 2004;111(12):1543–73.

[110] Miller RM, Federoff HJ. Altered gene expression profiles reveal simi-
larities and differences between Parkinson disease and model systems.
Neuroscientist 2005;11(6):539–49.

[111] Greene JG, Dingledine R, Greenamyre JT. Gene expression profiling of
rat midbrain dopamine neurons: implications for selective vulnerability
in Parkinsonism. Neurobiol Dis 2005;18(1):19–31.

[112] Bancroft R, Prahlad KV. Effect of ethylenebis (dithiocarbamic
acid)disodium salt(nabam)and ethylenebis(dithiocarbamato)mang-
anese(maneb) on Xenopus laevis development. Teratology 1973;7(2):
143–50.

[113] Brocker ER, Schlatter C. Influence of some cations on the intestinal
absorption of maneb. J Agric Food Chem 1979;27(2):303–6.

[114] E.P.A., U.S., Maneb Facts, U.S.E.P.A. Office of Pesticide Programs.
United States Enivornmental Protection Agency; 2005, p. 1–4.

[115] Kontou S, Tsipi D, Tzia C. Stability of the dithiocarbamate pesticide
maneb in tomato homogenates during cold storage and thermal process-
ing. Food Addit Contam 2004;21(11):1083–9.

[116] Newsome WH. Residues of four ethylenebis(dithiocarbamates) and their
decomposition products on field-sprayed tomatoes. J Agric Food Chem
1976;24(5):999–1001.

[117] Newsome WH. Residues of mancozeb, 2-imidazoline, and ethyleneurea
in tomato and potato crops after field treatment with mancozeb. J Agric
Food Chem 1979;27(6):1188–90.

[118] Newsome WH, Shields JB, Villeneuve DC. Residues of maneb,
ethylenethiuram monosulfide, ethylenethiourea, and ethylenediamine on
beans and tomatoes field treated with maneb. J Agric Food Chem
1975;23(4):756–8.

[119] Patsakos PG, Liapis K, Miliadis GE, Zafiriou K. Mancozeb residues on
field sprayed apricots. Bull Environ Contam Toxicol 1992;48(5):756–61.

[120] E.P.A. (California). Summary of pesticide use report data 2003, indexed
by Chemical, C.D.o.P. Regulation; 2005, p. 1–493.

[121] Partanen T, Chaves J, Wesseling C, Chaverri F, Monge P, Ruepert C, et al.
Workplace carcinogen and pesticide exposures in Costa Rica. Int J Occup
Environ Health 2003;9(2):104–11.

[122] Ames RG, Howd RA, Doherty L. Community exposure to a paraquat
drift. Arch Env Health 1993;48(1):47–52.

[123] McGrew DM, Irwin I, Langston JW. Ethylenebisdithiocarbamate
enhances MPTP-induced striatal dopamine depletion in mice. Neurotox-
icology 2000;21(3):309–12.

[124] Berkowitz GS, Obel J, Deych E, Lapinski R, Godbold J, Liu Z, et al.

Exposure to indoor pesticides during pregnancy in a multiethnic, urban
cohort. Environ Health Perspect 2003;111(1):79–84.

[125] Berkowitz GS, Wetmur JG, Birman-Deych E, Obel J, Lapinski RH, God-
bold JH, et al. In utero pesticide exposure, maternal paraoxonase activity,
and head circumference. Environ Health Perspect 2004;112(3):388–91.



4 tive To
70 B.K. Barlow et al. / Reproduc

[126] Colborn T. A case for revisiting the safety of pesticides: a closer look at
neurodevelopment. Env Health Perspect 2006;114(1):10–7.

[127] Eskenazi B, Harley K, Bradman A, Weltzien E, Jewell NP, Barr DB, et
al. Association of in utero organophosphate pesticide exposure and fetal
growth and length of gestation in an agricultural population. Environ
Health Perspect 2004;112(10):1116–24.

[128] Garry VF, Harkins ME, Erickson LL, Long-Simpson LK, Holland SE,
Burroughs BL. Birth defects, season of conception, and sex of children
born to pesticide applicators living in the Red River Valley of Minnesota,
USA. Environ Health Perspect 2002;110(Suppl 3):441–9.

[129] Perera FP, Rauh V, Whyatt RM, Tang D, Tsai WY, Bernert JT, et al.
A summary of recent findings on birth outcomes and developmental

effects of prenatal ETS, PAH, and pesticide exposures. Neurotoxicology
2005;26(4):573–87.

[130] Whyatt RM, Camann DE, Kinney PL, Reyes A, Ramirez J, Dietrich J, et
al. Residential pesticide use during pregnancy among a cohort of urban
minority women. Environ Health Perspect 2002;110(5):507–14.
xicology 23 (2007) 457–470

[131] Young JG, Eskenazi B, Gladstone EA, Bradman A, Pedersen L,
Johnson C, et al. Association between in utero organophosphate pes-
ticide exposure and abnormal reflexes in neonates. Neurotoxicology
2005;26(2):199–209.

[132] Deb K, Chaturvedi MM, Jaiswal YK. Comprehending the role of LPS in
Gram-negative bacterial vaginosis: ogling into the causes of unfulfilled
child-wish. Arch Gynecol Obstet 2004;270(3):133–46.

[133] Leitich H, Bodner-Adler B, Brunbauer M, Kaider A, Egarter C, Husslein
P. Bacterial vaginosis as a risk factor for preterm delivery: a meta-analysis.
Am J Obstet Gynecol 2003;189(1):139–47.

[134] Richfield EK, Thiruchelvam MJ, Cory-Slechta DA, Wuertzer C, Gainet-
dinov RR, Caron MG, et al. Behavioral and neurochemical effects of

wild-type and mutated human alpha-synuclein in transgenic mice. Exp
Neurol 2002;175(1):35–48.

[135] Thiruchelvam MJ, Powers JM, Cory-Slechta DA, Richfield EK. Risk
factors for dopaminergic neuron loss in human alpha-synuclein transgenic
mice. Eur J Neurosci 2004;19(4):845–54.


	The gestational environment and Parkinsons disease: Evidence for neurodevelopmental origins of a neurodegenerative disorder
	Introduction
	Developmental origins of adult neurologic dysfunction
	Parkinsons disease and the multiple hit hypothesis

	Developmental risks in Parkinsons disease
	Infectious etiology in human populations?
	Experimental models with perinatal exposures
	Experimental models with prenatal insults
	Bacteriotoxin LPS
	Maneb+paraquat
	Comparison of models


	Studying the neurodevelopmental basis of neurodegeneration
	Epidemiological challenges
	Experimental challenges
	Features for a development animal model of PD
	Silent toxicity
	Unmasking
	Prospective study
	Latent period
	Epidemiologic relevance


	Conclusion
	Acknowledgements
	References


