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Abstract
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To date, only a small number of commercial chemicals have been tested and documented as
developmental neurotoxicants. Moreover, an increasing number of epidemiological, clinical and
experimental studies suggest an association between toxicant or drug exposure during the perinatal
period and the development of metabolic-related diseases and neurotoxicity later in life. The four
speakers in this symposium presented their research results on different neurotoxic chemicals as
they relate to the developmental origins of health and adult disease (DOHaD). Philippe Grandjean
presented epidemiological data on children exposed to methylmercury and discussed the
behavioral outcome measures as they relate to age and stage of brain development. Donald A. Fox
presented data that low-to-moderate dose human equivalent gestational lead exposure produced
late-onset obesity, and motor and coordination dysfunction only in male mice. Didima de Groot
discussed the role of caloric restriction and/or high fat diets during gestation and/or postnatal
development in mediating the metabolic and neurotoxic effects of developmental methylmercury
exposure in rats. Merle G. Paule addressed the long-term changes in learning, motivation and
short-term memory in aged Rhesus monkeys following 24 hour exposure to ketamine during early
development. Overall, these presentations addressed fundamental issues in the emerging areas of
lifetime neurotoxicity testing, differential vulnerable periods of exposure, nonmonotonic doseresponse effects and neurotoxic risk assessment.
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Introduction
To date, only a small number of commercial chemicals have been tested and documented as
developmental neurotoxicants. Moreover, an increasing number of epidemiological, clinical
and experimental studies suggest an association between toxicant or drug exposure during
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the perinatal period and the development of metabolic-related diseases and neurotoxicity
later in life. Compelling epidemiological, pharmacological and toxicological evidence shows
that there are several vulnerable periods of growth and development during which
environmental interactions with the immune system and genome increase susceptibility to
diseases during aging [1-4]. These findings define the Developmental Origins of Health and
Disease (DOHaD) paradigm. The gestational period is particularly sensitive to altered
nutritional and hormonal homeostasis, chemical/toxicant exposures and increased
proinflammatory cytokines [4-9].
Epidemiological Evidence of a Developmental Window of Susceptibility to Neurotoxicant
Exposure: Age-Dependent Outcomes (Philippe Grandjean)
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Among the small number of environmental chemicals that are known to cause
developmental neurotoxicity, methylmercury (MeHg) has an interesting, if not dramatic
history, which is still unfolding (Table 1). As MeHg usually originates from seafood, the
prenatal exposure is generally much higher than early postnatal exposures. The most serious
consequences occurred first in Minamata, Japan, in the 1950s. However, not until 2003 was
international consensus achieved [10], that exposure limits for this neurotoxicant should aim
at protecting the developing brain, rather than the nervous system in general, irrespective of
age. During recent decades, discussions focused on several sources of uncertainty, which
initially were thought capable of erroneously inflating the apparent neurotoxicity findings.
These concerns were clarified.
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One issue is the extent and the implications of imprecise exposure assessments in
epidemiological studies. Some exposure biomarkers may have a relative imprecision as high
as 50%, thereby substantially biasing the dose-effect relationships toward the null [11].
Along with my colleagues in the Faroe Islands and our international partners, we carried out
prospective studies of birth cohorts to document the exposure-associated neurobehavioral
deficits at different ages. Our first cohort was examined at 22 years of age. Through this
research, we addressed several important concerns, including the significance of the age at
outcome assessment, the sensitivity of tests to MeHg neurotoxicity, and possible differences
in vulnerability. Our results supported the choice of early school age (i.e., 7 years) as an
appropriate stage of development for neurobehavioral assessment. We found that for each
doubling in MeHg exposure, the child’s brain development was delayed for 1-2 months of
development: with some differences between domains. Subsequent studies have been in
agreement with this initial finding and indicated that the deficits are likely to be permanent.
This conclusion is also in agreement with a study on functional MR scanning during simple
tasks, where subjects highly exposed to MeHg prenatally revealed abnormalities in brain
areas activated [12]. As these changes were present at adolescence, it seems likely that
developmental MeHg neurotoxicity is permanent. That does not mean that compensation
may occur.
In structural equation models, Esben Budtz-Jørgensen compared the difference in
performance between ages 7 and 14 years (unpublished results). The tendencies only
approached statistical significance. However, it appeared that those subjects who performed
well at age 7 years, no matter their mercury exposure level, improved more than the cohort
average during the subsequent 7 years. The opposite was true for subjects with a poor
performance at age 7. These findings suggest that the distribution of cognitive skills may not
be moved to the left by a neurotoxic exposure, but it may rather be squeezed toward the left,
thus preserving most of the children with initial high performance levels.
Another issue of concern was that known or unknown confounders could affect the mercuryassociated effects seen in the Faroes and New Zealand. Perhaps, co-exposure to PCBs,
another marine pollutant, could cause some of the neurotoxicity observed. However,
Neurotoxicology. Author manuscript; available in PMC 2013 May 20.
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adjustment of the Faroes data for PCB exposure did not eliminate the mercury effects [11].
Recent data from the Faroes support this conclusion. If these effects were explained by
another pollutant (or other confounder, whether chemical, social or genetic), then this
parameter should be more closely associated with the cord-blood Hg concentration than with
the maternal hair-Hg to cause the greater effect estimates for the cord-blood level than for
the hair level. The confounder also should be a better risk indicator when mothers with
variable mercury exposure were excluded. It is difficult to imagine a confounder that would
satisfy these requirements.
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An additional concern involved so-called negative confounding, as MeHg exposure usually
originates from fish and seafood that also contains essential nutrients [13]. Thus, the
competing effects of mercury and nutrients must be ascertained so that properly adjusted
measures could be generated for each component’s effects on the relevant outcomes and
neither of them was underestimated. In the Faroes, adjustment for maternal fish intake
during pregnancy only resulted in small increases in the calculated MeHg toxicity [14]. The
limited effect was due to the poor correlation between fish intake and mercury exposure
biomarkers. Information has now become available from the Seychelles [15], where mutual
adjustment for fish intake and MeHg exposure revealed effects of both – in opposite
directions – while neither had clear effects without the adjustment. In this case, one could
conclude that the mercury exposure deprived the child of the benefits from the seafood
nutrients.
Overall, these issues were crucial to the proper appreciation of the dose-response
relationships and calculation of exposure limits. Taking into account imprecision and
negative confounding would likely cut the lowest current exposure limit – the one used by
the US Environmental Protection Agency – by 50% or more [16]. In addition to
underestimating the developmental neurotoxicity, the increased risk incurred during fetal
development was recognized with a delay. Although evidence was first published in 1952
that MeHg was a developmental neurotoxicant, international consensus and regulation only
was reached 50 years later (Table 1). Thus, the evolution of insights into MeHg
neurotoxicity demonstrates the challenges in documenting neurodevelopmental deficits due
to prenatal neurotoxicant exposure [17].
Low-Level Human Equivalent Gestational Lead Exposure Is A Risk Factor for Late-Onset
Metabolic Syndrome and Neurodegeneration in Humans and Animals (Donald A. Fox)
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The incidence of obesity in developed nations has reached epidemic proportions but
common sense causes such as increased consumption of calorically-laden foods and
decreased physical activity do not completely account for it [18,19]. The DOHaD
Hypothesis states that fetal and neonatal reprogramming of metabolism significantly
contributes to an increased risk of cardiovascular and neurodegenerative diseases as well as
obesity and related metabolic disorders in adulthood [20-24]. Several synthetic organic and
inorganic environmental toxicants appear capable of such reprogramming [18,19,25,26].
Heavy metals represent one such class of toxicant since fetal exposure to tin compounds or
lead and cadmium produce significantly increased offspring weight on the day of birth,
[27,28]. Epidemiological studies reveal persistent increases in body mass index (BMI)
during childhood and subsequently young adulthood following moderate-level gestational
lead exposure (GLE) and postnatal lead exposure. Similarly, the adverse effects of
developmental lead exposure on cognitive, auditory and retinal function, visual-motor
function, and motor function and coordination are well-documented in children and
developing experimental animals [29-42]. However, the long-term effects of GLE or early
postnatal lead exposure on these measures are mostly unexplored [8,43].
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The experiments described herein were designed to investigate the long-term effects of low(peak blood lead concentrations ([BPb])≤10 μg/dL), moderate- (peak [BPb]>10 and ≤25 μg/
dL) and high-level (peak [BPb] >26 μg/dL) human equivalent gestational lead exposure on
year-old C57BL/6 male and female mice. Gender differences were examined because early
developmental lead exposure produces an increased risk for attention, visual motor and finemotor deficits in males [44-47] and male and female animals exhibit differences in metal
disposition and lead neurotoxicity [48,49]. C57BL/6 female mice were exposed to low (27
ppm), moderate (55 ppm) or high (109 ppm) lead containing drinking water throughout
gestation and until postnatal day 10 (PN10). [BPb] in control, low-, moderate- and high-dose
GLE mice was ≤1, ≤10, ~25 and ~40 μg/dL, respectively, on PN10 and by PN30 and at 12
months of age all were ≤1 μg/dL as described [8,42]. Water, food, and dams’ weight as well
as offspring measures were monitored throughout pretreatment, mating and pregnancy, after
delivery and until tissue collection at PN60 (adult). No significant treatment-related
differences were observed [44]. Four major outcome measures were assessed: body weight,
cumulative Wahman running wheel activity for five consecutive nights, cumulative
spontaneous activity during 30 minutes in an Optovarimax behavioral monitor after 15
minutes of acclimation, motor coordination assessed on a Columbus rotarod after training as
described [44].
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GLE had no significant effect on male or female body weight at PN0, PN10, PN60 or
PN180, although by PN60 males in all groups weighed significantly more than females [44].
In contrast, Figure 1A shows that year-old low-dose (+26%), moderate-dose (+21%) and
high-dose (+13%) male GLE mice weighed significantly more than age-matched controls
[8]. Moreover, GLE produced nonmonotonic dose-dependent responses since the alterations
were consistently larger in the low-dose, than high-dose, GLE group. These responses are
characteristic of inverted U-shaped dose-response curves often observed in lead
neurotoxicity studies [50]. Interestingly, as described [8], there were no significant
treatment-related effects of GLE on the body weight of 12 month-old female mice (Figure
1A). Thus, GLE produced late-onset obesity in male, but not female, mice. The gender
selective effect is consistent with reports that boys have increased susceptibility to
neurobehavioral alterations and cognitive deficits produced by low- to moderate-level GLE
compared to age-matched girls [44,45,47].
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Since 12 month-old GLE males weighed more than age-matched control males (Figure 1A),
the possibility that excess body weight made the GLE males less active was investigated.
This hypothesis was not confirmed as there were no treatment-related differences in male
running wheel activity [44]. However, 12 month-old male mice in the low-dose and highdose GLE groups exhibited significantly less cumulative spontaneous activity than agematched controls: -52% and -35%, respectively (Figure 1B: left panel). The low-dose GLE
males were significantly less active than high-dose GLE males. In contrast, there were no
treatment-related differences for female mice (Figure 1B: left panel).
To investigate the long-term effects of GLE on inter-limb balance and motor coordination,
rotarod behavior was assessed. The mean latency to fall from the rotarod decreased
significantly in 12 month-old GLE males compared to age-matched controls: -61% and
-28%, respectively (Figure 1B: right panel). In contrast, the mean latency to fall from the
rotarod was not significantly different in 12 month-old female control and GLE mice (Figure
1B: right panel). These curvilinear results in 12 month-old male GLE mice are consistent
with “negative” dose-response curves since high-dose GLE produced less deviation from
control than did low-dose GLE [51]. Consistent with the negative dose-response curve,
rotarod activity was unchanged in adult male rats exposed to 5- to 40-fold higher lead levels
during gestation and lactation or lifetime [51,52].
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The most compelling finding is that GLE is a delayed obesogen and that the weight gain was
greater in low- and moderate-dose, than high-dose, GLE mice. These nonmonotonic
obesogenic effects appear selective for GLE since low- or moderate-level postnatal lead
exposure with similar [BPb] did not alter body weights in developing or 12 month-old mice
[8], lifetime exposure to 5- to 20-fold higher lead levels did not affect body weight of 14
month-old male or female rats [53].
The rotarod results are reminiscent of the poorer fine motor control, visual motor function
and postural balance found in children, adolescents and young adults with low-to-moderate
developmental lead exposure [36,44-47]. Interestingly, there is an increased risk of
neuromotor deficits in males [47]. Our results suggest that low-level GLE contributes to
persistent neuromotor and balance deficits, and is a risk factor for injuries in older males.
In summary, these results demonstrate that GLE mice with peak [BPb] ≤10 μg/dL, the
current low-level of concern [54], have permanent sex-specific motor abnormalities and
late-onset obesity. The nonmonotonic dose-dependent responses reveal that low-level GLE
produces the most adverse effects. These data raise complex issues for risk assessment and
indicate that lifetime measures of dose-response toxicant exposure should be a component of
the neurotoxic risk assessment process.
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Maternal Diet Contributes to Metabolic Syndrome-Like Diseases Following Early Mercury
Exposure: A Rat Model (Didima de Groot)
Animal studies have shown that early exposure to chemicals may reprogram
(neuro)physiological set-points and thereby contribute to metabolic syndrome-like diseases
later in life. Moreover, these studies suggest that maternal nutrition may enhance the effects
of chemical exposure. Results of an epidemiological study on a cohort of individuals born in
the north of Holland during or shortly after the period of extreme famine in the winter of
1944-1945 (the Dutch Famine model) show an increased incidence of obesity, diabetes,
cardiovascular and neurodegenerative diseases (schizophrenia; stress sensitivity) in the adult
life [55-64]. These higher incidences were associated with the highly reduced maternal food
intake during pregnancy, which suddenly stopped and increased when the famine finished
after the liberation of Holland. This sudden change in food intake may have altered
preprogrammed set-points and increased sensitivity to chronic low levels of toxic
substances, such as MeHg found in the environment.
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To test the hypothesis that maternal diet enhances the vulnerability of the offspring exposed
to toxic substances, we studied the effects of MeHg exposure in rats after prenatal in utero
exposure (Study I) and after maternal diet manipulation followed by early postnatal MeHg
exposure to the offspring (Study II).
Study I—F0-female rats were dosed daily by gavage with MeHg dissolved in corn oil (0,
0.1, 0.4, 0.7, 1.0, 1.5, 2.0 mg/kg body weight) between gestation day 6 and lactation day 10.
The effects on F1-offspring were assessed for conventional guideline endpoints [Guidelines
US-EPA OPPTS 870.6300]: bodyweight, clinical signs, developmental landmarks,
neuropathology, and behavior. In addition, more advanced tests were explored to improve
the sensitivity and relevance for regulatory toxicology testing. These were: 1) brain gene
expression levels using Affymetrix Rat 230-2.0 chips (n = 68, 3-6 replicates/treatment), 2)
cerebellar volume and neuron numbers using stereology, 3) metabolic brain activity with in
vivo [18F] fluorindeoxyglucose (18F FDG) brain microPET, and 4) excitability of neuronal
networks with electrically evoked hippocampal field potentials. In the field of regulatory
toxicology, these advanced tests were introduced as novel indicators of the development of
brain structure and function.
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No effects were found for any of the conventional guideline endpoints of development (body
weight and physical, sensory or sexual landmarks), behavior (motor activity, functional
observational battery, active and passive avoidance, auditory startle response) and
neuropathology (brain size and weight, microscopic slide reading and linear morphometry).
In contrast the novel indicators of development showed that prenatal exposure to MeHg
induced subtle and persistent effects, even long after cessation of exposure (Figure 2).
Comparison of MeHg and control animals revealed reciprocal regulation of gene expression
between postnatal day (PND) 21 and PND70 in cerebellum and cerebrum. Compared to
controls, genes down-regulated by MeHg at PND21 are up-regulated at PND 70 while genes
up-regulated at PND 21 are down-regulated at PND70. These reciprocal gene expression
changes at PND21 and PND70 suggest a delay in development and/or onset of brain
activity. The effects of MeHg detected by microarray gene expression reflect a large spectra
of conventional endpoints including brain structure (e.g., neuron quantity, brain size and
development), brain function (e.g., synaptic transmission, long-term depression) and
behavior (e.g., learning, locomotion, startle response).
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The volume of different brain regions was analysed in control and 1 mg MeHg dose group
(n = 10 rats/group) and particularly male F1-rats show a small reduction both on PND22 and
on PND62: The volume of the total rhombencephalon and medulla oblongata on PND62 is
significantly reduced. On PND22, a significant loss of cerebellar granular neurons was
found in female rats (-13.9%) and in male rats (-20.9%). Group means of -6.0% (females)
and -7.5% (males) were observed on PND62.
Control rats and rats exposed to MeHg at dose 1.5 mg/kg (n = 4 rats/group) were analyzed at
PND18, 22, 37 and 61. Similar to the results obtained by gene expression profiling, the FDG
uptake patterns in brain samples exposed to MeHg show a phase-shift as compared to
control samples, suggesting a delay in development and/or onset of brain activity (Figure 2).
In addition, on PND61 there is a persisting overall decrement in brain activity, consistent
with long-term effects of prenatal and perinatal exposure to MeHg on adult animals
observed by microarray gene expression analyses.
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Neuronal excitability was assessed by synaptic excitation analysis in the CA1 area of the
hippocampus. F1-offspring of the control group and 1.5 mg MeHg dose group (n = 5 rats/
group; 2 samples/rat) were analyzed at PND28 and PND68. A paired-pulse depression in the
28 days MeHg exposed group is shown (Figure 2), which could be the result of depletion of
the neurotransmitter in the presynaptic terminal. An increased paired-pulse facilitation was
discovered in the PND68 MeHg exposed group. This likely resulted from an increased
neurotransmitter release. At this age the inhibitory cells are fully developed, therefore a
MeHg-induced change in the excitatory-inhibitory network on the inhibitory cells is
possible. The hippocampus is essential for learning and memory. These results imply that
prenatal and perinatal exposure to MeHg changes functionality in adult animals.
Study II—F0-female rats were kept on control (CONT), high-caloric (HIGH) or deficientcaloric (DEF) diet from 6 weeks premating onwards. Pups were cross-fostered at birth
obtaining 5 groups with respect to the diet during gestation (G) (cont, high, def) and
lactation (L) (CONT, HIGH, DEF): Gcont/LCONT; Ghigh/LHIGH; Gdef/LDEF; Ghigh/LDEF,
Gdef/LHIGH. The Gdef/LHIGH group can be considered equivalent to the “Dutch Famine
model”. F1 offspring were injected daily (subQ) from PND2 to 21 with saline (control) or
MeHg (3 mg/kg body weight). In addition to the conventional guideline endpoints, insulin
levels, gastrointestinal and pancreatic hormone concentrations of F1 rats were measured.
These were: 1) insulin levels on PND250 (glucose tolerance test), 2) gastrointestinal and
pancreatic hormone concentrations (insulin, amylin, ghrelin, gastric inhibitory peptide
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(GIP), glucagon-like peptide-1 (GLP-1), peptide YY, pancreatic polypeptide (PP) measured
0, 15, 30, 60, and 90 min after ingestion (by gavage) of butter oil or olive oil on PND140
(fat test).
Specifically the reprogrammed Gdef/LHIGH group, the “Dutch Famine Rat model”, showed
catch-up growth during lactation, persistently increased body weight at adulthood, and an
increased response in the glucose tolerance test. This suggests an increased prevalence for
obesity and diabetes. Moreover, an increased vulnerability to MeHg was observed in this
group as demonstrated by neural impairment of the auditory startle response that was not
observed produced by diet or MeHg exposure alone. Olive oil fed females Ghigh/LHIGH,
Gdef/LHIGH, Gdef/LDEF, and Ghigh/LDEF had lower slopes for all tested hormones (except
PP) as compared to control fed females. Amylin, ghrelin, and GLP-1 levels fluctuated in the
Gdef/LHIGH group confirming an increased prevalence for obesity, diabetes, and neural
impairment.
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In summary, Study I showed that prenatal in utero exposure to MeHg induced subtle and
persistent changes in brain structure and activity in the offspring when utilizing new
advanced indicators of neurotoxicity (i.e., gene profiling, stereological analysis, MicroPET
and neural excitability). No effects were found using conventional guideline endpoints.
Study II showed that maternal food intake enhanced the vulnerability of the offspring for
postnatal exposure to MeHg as well as increased the susceptibility for obesity, diabetes and
neural impairment in later life. Three additional and important advantages of the new
indicators, compared to the conventional toxicology guideline studies, is that they were
more sensitive, more scientifically informative, and 50% fewer animals were required to
produce statistically significant results.
Acute neonatal exposure to ketamine and long-lasting deficits in learning, motivation and
concept formation in rhesus monkeys (Merle G. Paule)
Our increased ability to keep premature and compromised infants alive results in an everincreasing population in our nation’s neonatal intensive care units. Part of this success lies in
the increased number of complicated surgical and other interventions that occur in this
already-at-risk population. Many of these are conducted under various forms of anesthesia
and sedation. Concerns over the potential adverse effects of these kinds of drug exposures
prompted the need for experimental studies to address this important issue.
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Blockade of N-methyl-D-aspartate (NMDA) receptors by the anesthetic ketamine causes
robust increases in apoptotic cell death during the rat brain growth spurt [65-69]. Excitatory
amino acids (EEAs) play critical roles during development by regulating neuronal survival,
axonal and dendritic structure, synaptogenesis and plasticity [70-72]. EEA receptors also
play important roles in long-term potentiation [4], which is important for learning and
memory processes [73-75]. The infant brain is thought to be more sensitive to NMDA
receptor manipulation than the adult brain [74,76].
Studies in rats exposed to a single episode of an anesthetic cocktail typical of those used in
children demonstrated subsequent deficits in learning behaviors when tested as young adults
[77]. Thus, it was important to determine if similar phenomena occurred in nonhuman
primates. Ketamine-induced increases in abnormal cell death occurred in the rhesus monkey
[78] from the middle of the third trimester of pregnancy to postnatal days 5/6 (not seen by
PND 35) [79,80]. Next we determined if there were associated functional consequences in
primates, as demonstrated in rodents, with a goal toward making predictions about the
effects of ketamine-induced general anesthesia during development on later cognitive
function in humans. Several cognitive function tasks from the National Center for
Toxicological Research (NCTR) Operant Test Battery (OTB) [81] were utilized in this
Neurotoxicology. Author manuscript; available in PMC 2013 May 20.
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regard. These included assessments of motivation, color discrimination, learning, and shortterm memory as described by Paule et al. [82].
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Task metrics included percent task completed, response rate and accuracy. Earlier studies
[83] demonstrated that, in children, several metrics of these OTB tasks correlate positively
with IQ scores, thus, their relevance. Earlier studies also demonstrated that, in general, the
performance of well-trained monkeys is not different from that of children four to thirteen
years of age, with the degree of similarity depending upon task and endpoint [84]. The
translatability of monkey OTB data to humans is further supported by drug studies
demonstrating that, where comparable data exist, psychotropic drug effects are the same or
similar in both monkeys and humans [82].
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Six PND5 or PND6 neonatal rhesus monkeys were exposed for 24 hours to ketamineinduced anesthesia (iv administration). Six controls were unexposed, but separated from
their mothers for the same amount of time as the treated animals. Animals were reared by
their natural mothers, without incident, until weaning at six months of age. At seven months
of age, all animals began training in the NCTR OTB. For subjects to come to understand the
rules governing particular OTB tasks, extensive training is required. During this training
scores are assigned as animals demonstrate mastery of specifics. The OTB training scores of
the ketamine-exposed animals closely tracked those of the controls until short-term memory
task training began. This occurred about three months into training when the animals were
approximately 10 months of age. This stage of training involves developing the concept of
‘matching’, whereby subjects are reinforced for ‘matching’ a previously shown ‘sample’
stimulus [83]. By the time ketamine-exposed animals mastered the memory task concept,
they were three months behind the control animals. During mastery of learning task
performance, the performance of controls and exposed animals was about the same for the
first 10 months of training (~17 months of age), after which the performance of controls was
significantly better than that of exposed animals. This disparity continued throughout the
remainder of the observation period: the following two years [82]. The deficits manifest in
the form of reduced response rate, accuracy and percent task completed. Similar persistent
deficits were observed for response rates in both the motivation and color and position
discrimination tasks [82].
These results provide proof of concept that a single episode of ketamine-induced general
anesthesia during a sensitive period of brain growth can cause subsequent cognitive deficits
in nonhuman primates. These effects are very long-term and possibly permanent. This
observation is particularly troubling when one considers that they are seen in behaviors
thought to reflect aspects of brain function related to intelligence in children.
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Figure 1. Brain activity assessed with 18F-FDG microPET imaging of cerebellum

Brains of F1-rats prenatally exposed to MeHg (1.5 mg MeHg/kg body weight/day by gavage
from gestational day 6 to postnatal day 10. Control rats received corn oil. The FDG uptake
patterns in brain samples exposed to MeHg show a phase-shift compared to control samples,
suggesting a delay in development and/or onset of brain activity. On PND 61 a persisting
overall decrement in brain activity was observed. Abbreviations: 18F fluorindeoxyglucose;
SUV, Standard Uptake Value; F1, first generation offspring; MeHg, methylmercury.
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Figure 2. Percent control body weight, cumulative spontaneous activity and motor coordination
in 12 month-old male and female mice following human equivalent gestational lead exposure
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(A) Twelve month-old male mice in the low, moderate and high lead -dose groups weighed
significantly more than age-matched controls: 26%, 21% and 13%, respectively. Gestational
lead exposure produced nonmonotonic dose-dependent responses. There were no significant
treatment-related differences in body weigh in female mice. (B) Twelve month-old male
mice in the low and high lead -dose groups exhibited significantly less cumulative
spontaneous activity than age-matched controls: -52% and -35%, respectively. The mean
latency to fall from the rotarod significantly decreased in 12 month-old males in the low and
high lead -dose groups compared to age-matched controls: -61% and -28%, respectively.
Gestational lead exposure produced curvilinear dose-dependent responses. There were no
significant treatment-related differences in cumulative spontaneous activity or mean latency
to fall from the rotarod in female mice. *p<0.05 compared to sex-matched controls.
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