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Abstract
Biological monitoring techniques are useful for risk assessment of toxic agents in the field of
environmental health. Lead, a systemic toxicant affecting virtually every organ system, primarily
affects the central nervous system, particularly the developing brain. Consequently, children are at
a greater risk than adults of suffering from the neurotoxic effects of lead. The ability of lead to
pass through the blood-brain barrier is due in large part to its ability to substitute for calcium ions.
Within the brain, lead-induced damage in the prefrontal cerebral cortex, hippocampus, and
cerebellum can lead to a variety of neurological disorders, such as brain damage, mental
retardation, behavioral problems, nerve damage, and possibly Alzheimer’s disease, Parkinson’s
disease, and schizophrenia. At the molecular level, lead interferes with the regulatory action of
calcium on cell functions and disrupts many intracellular biological activities. Experimental
studies have also shown that lead exposure may have genotoxic effects, especially in the brain,
bone marrow, liver, and lung cells. This paper presents an overview of biomarkers of lead
exposure and discusses the neurotoxic effects of lead with regard to children, adults, and
experimental animals, updated to January 2009.
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INTRODUCTION
Lead (Pb) is a highly toxic heavy metal occurring naturally in the Earth’s crust. Lead is
found in all parts of the environment, primarily deriving from such human activities as
mining, manufacturing, and burning fossil fuels. Lead exists in three forms: metallic lead,
inorganic lead and lead compounds (or lead salts), and organic lead (containing carbon).
Lead in the environment rarely occurs in its elemental state, but rather in its +2 oxidation
state (Pb2+) in various ores throughout the earth. Lead has been found in at least 1,272 of the
1,684 National Priority List (NPL) sites identified by the United States (US) Environmental
Protection Agency (EPA) /1/. Lead is used in a variety of products, primarily in lead car
batteries. Other uses of lead include leaded gasoline, paints, ceramics, ammunition, water
pipes, solders, cosmetics, hair dye, farm equipment, airplanes, shielding for x-ray machines,
and in the manufacture of corrosion and acid resistant materials used in the building
industry /2–3/. Despite the ban on using lead in paints or as a gasoline additive in the United
States (US), human exposure to lead continues as lead does not degrade in the environment,
remaining strongly absorbed to soil.
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The most common sources of current lead exposure in the US are lead-based paint in older
homes, contaminated soil, household dust, drinking water, lead crystal, and lead-glazed
pottery. In humans, the routes of exposure include the ingestion of lead-contaminated food
or drinking water containing lead leaching from older corroding pipes and fixtures,
inhalation in industrial settings, and dermal contact /2/. Children can be exposed to peeling
or flaking lead-based paint or weathered powdered paint when engaging in hobbies or
activities that increase exposure. Children afflicted with pica (the compulsive, habitual
consumption of nonfood items) are particularly vulnerable /4/. The magnitude of the toxic
response depends on several factors, including the dose, the age of the person exposed, the
life stage of a woman (children, lactation, menopause), occupational exposure, duration of
exposure, health and lifestyle, and nutritional status of the person exposed.

A remarkable explosion in the literature about the health effects of lead has occurred since
the dissemination of U.S. Occupational Safety and Health Administration (OSHA) lead
standards in 1993 /5–6/ stating that workers can attain blood lead levels up to 40 µg dL−1 for
their working lifetime. Since then, many longitudinal studies have provided evidence that
cumulative lead dose causes cognitive dysfunction or decline (reviewed in /7/). The
neurotoxic effects of lead in workers can be induced at BPb levels below 18 µg dL−1,
somewhat higher than the critical level of lead neurotoxicity in children (5 µg dL−1) /8/.

Adverse health effects caused by lead exposure include intellectual and behavioral deficits
in children, including hyperactivity; deficits in fine motor function, hand-eye coordination,
and reaction time; and lowered performance on intelligence tests. Recent evidence has
revealed other important health effects of lead exposure, such as hypertension and other
cardiovascular outcomes /9/ and renal disease /10/. Chronic lead exposure in adults can also
lead to decreased fertility, cataracts, nerve disorders, muscle and joint pain, and memory or
concentration problems. Extreme lead exposure can cause a variety of neurologic disorders,
such as lack of muscular co-ordination, convulsions, and coma. As lead affects several
enzymatic processes responsible for heme synthesis, the hematologic system is also a highly
sensitive target for lead toxicity. Lead has long been recognized as a developmental
neurotoxicant that can interfere with the developing brain, resulting in functional
impairment. Thus, lead exposure continues to be a major public health problem, particularly
in urban centers in the US and in developing nations.

BIOMARKERS/BIOLOGICAL MONITORING OF LEAD EXPOSURE
Biological monitoring has been defined as the measurement and assessment of agents or
their metabolites either in tissues, secreta, excreta, expired air or any combination of these to
evaluate exposure and health risks compared with an appropriate reference /11/. The term
biological marker (biomarker) is a general term used for a system that specifically measures
an interaction between a biological system and a chemical, physical, or biological
environmental agent. Biological monitoring techniques are useful for risk assessment of
toxic agents in the field of environmental health. Biomarkers are generally classified into
three groups: biomarkers of exposure, effect, and susceptibility.

A variety of biomarkers are available to monitor human exposure to lead. Appropriate
selection and measurement of lead biomarkers of exposure are critically important for health
care management purposes, public health decision making, and primary prevention
synthesis. Although different biologic tissues and fluids (blood, urine, bone, tooth, hair, and
nail) have been used to test for lead exposure, no biomarker of bioavailable lead has been
generally accepted. The present review reviews focuses on the neurotoxic effects and the
biomarkers of exposure of lead in humans and experimental animals.
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The difficulty in assessing the exact nature of lead exposure depends on the complex toxico-
kinetics of lead within various body compartments (namely, cycling of lead between bone,
blood, and soft tissues). Blood lead (BPb), mainly erythrocyte lead, is a representative of
soft tissue lead and the primary biomarker used for the assessment of lead exposure, both for
screening and diagnostic purposes and for biomonitoring body burden and absorbed
(internal) doses of the metal. In adult humans, up to 50% of inhaled lead is transferred to
bloodstream and of the ~10% absorbed dietary lead, more than 98% is found in blood cells /
12–13/. Blood lead measurements reflect both recent and past exposures, the latter resulting
from mobilization from bone back into blood /14/, and even in persons without excessive
exposure to lead, bone can contribute from 45% to 55% of BPb /15–16/. In exposed children,
for example, 90% or more of BPb consists of mobilized bone-lead /17–19/. The time required
for BPb to decline to < 10 µg dL−1 in non-chelated children having BPb levels between 25–
29 µg dL−1 was about 2 years and was linearly related to the BPb peak /16/. In a study of the
environmental, dietary, demographic, and activity variables associated with biomarkers of
exposure for lead, BPb was found to be associated with: (a) housedust concentrations of
lead; (b) the duration of time spent working in a closed workshop; and (c) the year in which
the subject moved into the residence /20/. An important weakness of BPb is its poor response
to changes in exposure at high levels /21/.

Other currently available biomarkers of internal lead dose have not yet been accepted by the
scientific community as a reliable substitute for BPb measurement /17/. Nevertheless, in
certain cases bone or teeth (for past exposures), feces (for current gastrointestinal exposure),
or urine (for organic lead) are sometimes more useful than blood.

As the plasma fraction is rapidly exchangeable in the blood, the toxic effects of lead are
assumed to be primarily associated with plasma lead (PPb) /17,22/. Although PPb should be
more germane than BPb to lead exposure and distribution, little is known about the
association between PPb and clinical outcome. The determination of PPb is problematic
because erythrocyte hemolysis can shift the metal into the plasma and artificially increase
PPb levels.

Many researchers accept that a cumulative lead exposure integrated over many years, in
bone for example, rather than a single BPb measurement of lead dose may be the most
important determinant of some forms of toxicity. Bone Pb (BnPb) accounts for > 94% of the
adult body burden of lead (70% in children) /23–25/. Hernandez-Avila and colleagues /26/
reported a strong association between BnPb levels and serum lead levels of adults exposed
to lead. The findings of this study indicated the potential role of the skeleton as an important
source of endogenous labile lead that may not be adequately discerned through the
measurement of BPb levels.

The most informative recent epidemiologic studies of the impact of lead on health are those
that could derive estimates of both recent (BPb) and cumulative (BnPb) exposure for each
participant. In a recent review of studies measuring both BPb and BnPb at exposure levels
encountered after environ-mental exposure, the associations between the biomarkers of
cumulative dose (mainly in tibia) and cognitive function in adults were stronger and more
consistent than were the associations with BPb levels /7/. Patella (kneecap) lead,
representing a pool that may capture aspects of both current bioavailable and cumulative
lead dose thus offering advantages over tibia or BPb, was used by Wright et al /27/ to
determine whether lead-exposure biomarkers are associated with declines in cognitive test
scores in older persons. The researchers found that among subjects in the lowest quartile of
patella lead levels, Mini-Mental Status Exam (MMSE) scores decreased by 0.03 points per
year (CI = −0.07 to 0.005), whereas in the highest quartile, the MMSE score decreased by
0.13 points per year (CI = −0.19 to −0.07). Similar interactions were found between BPb
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levels and age. Increased levels of BnPb and BPb were found inversely associated with
cognitive performance among older men, suggesting that lead exposure might accelerate
age-associated cognitive decline.

Saliva is a convenient source and therefore a potential substitute for blood as a biomarker for
lead exposure /28/. Nevertheless, saliva has not been generally accepted as a reliable
biomarker of lead exposure because of conflicting and unreliable saliva lead (SPb)
measurements. Early research suggested an association between SPb levels and BPb and
PPb levels /29–30/. Subsequently, data from a study by Thaweboon et al /31/ compared BPb
and SPb in an area highly contaminated from lead mining, Thailand. The geometric mean
for the BPb content was 24.03 µg dL−1 (range 11.80–46.60 µg dL−1) whereas the SPb
content was 5.69 µg dL−1 (range 1.82–25.28 µg dL−1), suggesting that saliva is not suitable
material for biological monitoring with respect to lead exposure. Similarly, Barbosa and
coworkers /32/ evaluated the use of parotid SPb levels as a surrogate of BPb or PPb levels to
diagnose lead exposure. Age or gender did not affect SPb levels or the SPb:PPb ratio. Only a
weak correlation was found between Log SPb and Log BPb (r = 0.277, p < .008), and
between Log SPb and Log PPb (r = 0.280, p = .006), suggesting that SPb cannot be used as
a biomarker to diagnose lead exposure or as a surrogate of PPb levels, at least for low to
moderately lead-exposed populations. A later study by this group /33/ did show a clear
relation between SPb and environmental contamination by lead. The authors suggested that
further studies on SPb should be undertaken to investigate the usefulness of saliva as a
biomarker of lead exposure, particularly in children.

The collection of urine lead (UPb) is favored for long-term biomonitoring, especially for
occupational exposures. Urine Pb originates from PPb that is filtered at the glomerular level
and excreted through the kidneys. According to certain authors /17,34/, UPb levels adjusted
for glomerular filtration rate can serve as a proxy for PPb. Fukui et al /35/ concluded that the
correlation of UPb with BPb among workers occupationally exposed to lead was close
enough to suggest that UPb can be a good alternative to BPb on a group basis, but not close
enough to allow UPb to predict BPb on an individual basis.

Although lead excreted in hair has been suggested for the assessment of lead exposure /36/,
an extensive debate ensues about hair lead (HPb) as a biomarker (discussed in /17/). Hair is a
biological specimen that is easily and non-invasively collected with minimal cost and is
easily stored and transported to the laboratory for analysis. Such advantages should make
hair an attractive biomonitoring substrate, at least superficially.

Similar to hair, nails have many superficial advantages as a lead exposure biomarker,
especially as specimen collection is noninvasive and simple and specimens are very stable
after collection, not requiring special storage conditions. Nail lead (NPb) is considered to
reflect long-term exposure because this compartment remains isolated from other metabolic
activities in the body /37/. Because toenails are less affected than fingernails by exogenous
environmental contamination, toenails have been preferred for lead-exposure studies. The
lead concentration in nails depends on the age of the subject /38/, but apparently not on the
subject’s gender /39/.

In comparison to bone, teeth accumulate lead over the long term. Some evidence has shown
that teeth are superior to bone as an indicator of cumulative lead exposure because the losses
from teeth are much slower /40/. Moreover, deciduous teeth are relatively easy to collect and
analyze and are very stable for preservation purposes. In an early study, concentrations of
BPb determined at regular 6- month intervals were related to the lead concentrations in
surface tooth enamel (EPb) but correlated with SPb only in the short term /41/. A recent
study from Brazil /28/ compared the SPb of children from a city with no reported lead
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contamination and children residing in a region notoriously contaminated with lead.
Inductively coupled plasma mass spectrometry revealed that SPb correlated with EPb in
these two populations.

Micronuclei (MN) are chromosome fragments that are not incorporated into the nucleus at
cell division. The MN assay in peripheral blood is considered a reliable biomarker of
genotoxic exposure to both physical and chemical agents /42–43/; increases in MN
frequency indicate exposure to clastogenic and/or aneugenic agents. Sister chromatid
exchanges (SCEs), high-SCE frequency cells (HFCs), and DNA-protein cross-links (DPCs)
have also been shown to be reliable biomarkers for monitoring workers exposed to lead and
clearly indicate health effects from occupational exposure to lead /44/.

Several enzymatic processes responsible for heme synthesis can be used as biomarkers for
the toxic effects of lead, primarily δ-aminolaevulinic acid dehydratase (δ-ALAD), which
catalyzes the condensation of two molecules of 5-aminolevulinic acid to form the heme
precursor, porphobilinogen. As the activity of δ-ALAD is inhibited by lead binding, this
enzyme is accepted as the most sensitive measurable biological index of lead toxicity /17/.

THE BLOOD BRAIN BARRIER
The brain consists of two cell types: neurons that send/receive messages from the cell body
and glia that protect neurons. Glial cells are subdivided into microglia, oligodendroglia
(myelin-producing cells), and astrocytes. Synaptic transmission refers to the propagation of
nerve impulses from one neuron to another at a junction between neurons (synapse) through
the release of chemical neurotransmitters, such as dopamine, adrenaline, noradrenaline, or γ-
amino butyric acid (GABA). Following release, neurotransmitters bind to specific receptors
on the surface of presynaptic and postsynaptic cells. Structurally, the brain contains three
main parts: the cerebrum, which controls voluntary movement, thought, learning, reasoning,
emotions, judgment, memory, the senses, and spoken language; the cerebellum, which
functions to control coordinate body movement; and the brain stem.

Astrocytes along with the cerebral micro-vascular endothelium, pericytes, neurons, and the
extracellular matrix constitute a physical blood-brain-barrier (BBB) that excludes many
substances from entering the brain. Transport across the BBB is strictly limited through both
physical (tight junctions) and metabolic barriers (enzymes, diverse transport systems) that
control the passage of water-soluble substances from the bloodstream into the CNS. The
tight junctions between the epithelial cells comprise a complex of transmem-brane
(junctional adhesion molecule-1, occludin, claudins) and cytoplasmic (zonula occludens-1
and occludens-2 (ZO-1, ZO-2), cingulin, AF-6, and 7H6) proteins linked to the actin
cytoskeleton. Several intrinsic signaling pathways, including those involving calcium,
phosphorylation, and guanine nucleotide binding (G) proteins, modulate the expression and
subcellular localization of tight junction proteins. Disruption of BBB tight junctions can lead
to impaired function of the BBB, thereby compromising the CNS /45–46/. Primarily due to
its ability to substitute for calcium ions (Ca2+), Pb2+ crosses the BBB rapidly and
concentrates in the brain (BrPb). Picomolar concentrations of Pb2+ can replace micromolar
concentrations of Ca2+ in a protein kinase C (PKC) enzyme assay, a calcium-dependent
process /47–49/. Thus, at the functional level of the BBB, the ability of lead to mimic or
mobilize calcium and PKC could alter the behavior of endothelial cells in the immature
brain and disrupt the BBB /50–52/.

LEAD-INDUCED NEUROTOXIC EFFECTS
Knowledge of the neurotoxicology of lead has advanced in recent decades due to revelations
regarding the mechanisms and cellular specificity of lead. Potential mechanisms of lead-

Sanders et al. Page 5

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induced cognitive deficits have been investigated using cellular models of learning and
memory. New research provides convincing evidence that exposures to lead have adverse
effects on the central nervous system (CNS), that environmental factors augment lead
susceptibility, and that exposures in early life can cause neurode-generation in later life.

As the main target for lead toxicity is the CNS, the brain is the organ most studied in lead
toxicity. Lead neurotoxicity occurs when the exposure to lead alters the normal activity of
the CNS and causes damage to the CNS. The direct neurotoxic actions of lead include
apoptosis (programmed cell death), excitotoxicity affecting neurotransmitter storage and
release and altering neurotransmitter receptors, mitochondria, second messengers,
cerebrovascular endothelial cells, and both astroglia and oligodendroglia. Symptoms can
appear immediately after exposure or may be delayed and include loss of memory, vision,
cognitive and behavioral problems, and brain damage/mental retardation. Most early studies
concentrated on the neurocognitive effects of lead, but recently higher exposures have been
associated with such morbidities as antisocial behavior, delinquency, and violence /53/.
Several hypotheses have been proposed to explain the mechanism of lead toxicity on the
CNS.

Effect of Lead on Neurodevelopment
A child’s BPb measurement is estimated to account for 2% to 4% of variance in
neurodevelopment measures (approximately 4% to 8% of the explained variance) /54–55/.
The Agency for Toxic Substances and Disease Registry (ATSDR) /2/ cautions, however,
that when studying the effects of lead on child development, the influence of multiple
factors like treatment by parents or other adult caregivers should be taken into account. A
child’s family and personal psychosocial experiences are strongly associated with
performance on neurodevelopment measures and account for a greater proportion of the
explained variance in these measures than BPb levels.

Many studies have examined the effects of lead on children’s development outcomes
covering varying ages at which BPb was measured and varying ages over which BPb levels
were averaged. Statistically significant associations have been identified between average
BPb levels over a specific period (for example, 0–5 years) and various adverse health
outcomes; other studies have reported statistically significant associations with a single lead
measurement at a specific age (for example, prenatal, 24 months, 6.5 years) or with a peak
measurement. In contrast to adults, central nervous system effects are more prominent than
peripheral effects in the developing nervous system /56/. The developmental effects of lead
occur during a critical time window (age < 2 years of age).

Low-level BPb and development—Although the toxic effects of high levels of lead
have been well documented for centuries, of great concern is the relative recent discovery
that low levels of blood lead (BPb < 10 µg dL−1) are associated with adverse effects in the
developing organism. In 1991, Centers for Disease Control and Prevention (CDC) in the US
declared that a BPb level of 10 µg dL−1 should prompt public health actions /57/, while
concurrently recognizing that although useful as a risk management tool, 10 µg dL−1 BPb
should not be interpreted as a threshold for toxicity. Indeed, no threshold has yet been
identified. Subsequently, low-level exposure to lead during early childhood was shown to be
inversely associated with neuropsychological development through the first 7 years of life /
58/.

In 2007, the CDC /59/ summarized the findings of a review of clinical interpretation and
management of BLLs < 10 µg dL−1 conducted by CDC’s Advisory Committee on
Childhood Lead Poisoning Prevention and concluded that research conducted since 1991 has
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strengthened the evidence that children’s physical and mental development can be affected
at BLLs <10 µg dL−1.

In utero lead exposure—The possibility of intra-uterine exposure to lead began to be
addressed only in the late 1970s. Correlations between maternal and umbilical cord blood
lead (UCPb) levels confirmed the transfer of lead from the mother to the fetus /60–61/, and a
newborn infant’s BPb was shown to reflect that of the mother /62/. Moreover, the increase in
lead level in breast milk with increasing maternal BPb levels represents an additional risk to
the newborn infant /63/.

Prenatal lead exposure, assessed using UCPb as a biomarker, has long been known to impair
the cognitive development of the infant. Strong evidence on the early developmental effects
of exposure to lead was first provided by Bellinger and colleagues /64/. Scores from the
Bayley Scales of Infant Development (BSID) revealed that high cord blood levels were
associated with lower covariance-adjusted scores on the Mental Development Index (MDI)
but not on the Psychomotor Development Index (PDI). The level of BPb at 6 months of age
was not associated with scores on either MDI or PDI, consistent with the hypothesis that low
levels of lead are delivered transplacentally and are toxic to infants. In a later study covering
6 and 12 months of age /65/, the lead concentration of capillary blood measured at both ages
showed that MDI scores, adjusted for confounding, were inversely related to infants’ UCPb
levels. As the scores were not significantly related to postnatal BPb levels at either age, the
prenatal exposure to lead level was deemed to be associated with less favorable development
through the first year of life.

In a prospective longitudinal cohort study of 249 children from birth to two years of age,
Bellinger et al /66/ assessed the relation between prenatal and postnatal exposure to low
levels of lead and early cognitive development. The development of children with UCPb
lead levels less than 3 µg dL−1 (low), 6 to 7 µg dL−1 (medium), or ≥ 10 µg dL−1 (high) was
assessed semiannually, beginning at the age of 6 months, with the MDI (mean ±SD, 100
±16). Infants in the high-prenatal-exposure group scored lower than those in the other two
groups at all ages, and as before, the scores were not related to the infants’ postnatal BPb
levels.

A nonlinear relation between the first trimester of pregnancy BPb and the MDI at age 24
months was reported /67/. The results of the analyses showed that both maternal PPb and
whole BPb levels during the first trimester (but not in the second or third trimester) were
significant predictors (p < .05) of poorer postnatal MDI scores. Additionally, the effect of
first-trimester maternal PPb was substantially greater than the effects of second- and third-
trimester PPb. On the other hand, another study excluding the first trimester showed that the
IQ of 6–10-year-old children decreased significantly (p < .0029; 95% CI, −6.45 to −1.36)
with increasing natural-log third trimester PbB, but not with PbB at other times during
pregnancy or postnatal PbB measurements /68/. Although a causal association between lead
exposure and impaired cognitive functioning was most likely in early studies, the potential
for residual confounding, particularly by social factors, made the strength and shape (linear
or nonlinear) of this association across BPb levels uncertain /52/.

A direct link exists between low-level lead exposure during early development and deficits
in neurobehavioral-cognitive performance evident late in childhood through adolescence /
69/. Strong evidence for an association between low BPb levels and intellectual impairment
in children, especially for those having maximal measured BPb levels of < 10 µg dL−1,
emerged from a pooled analysis of 1,333 children followed from birth or infancy until 5–10
years of age /70/. Of these, 18% had a maximal BPb concentration of < 10 µg dL−1 and 8%
had a maximal blood lead concentration of < 7.5 µg dL−1. After adjustment for covariates,
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an inverse relation was found between BPb concentration and the full-scale IQ score. A log-
linear model revealed a 6.9 IQ point decrement [95% confidence interval (CI), 4.2–9.4]
associated with an increase in concurrent BPb levels from 2.4 to 30 µg dL−1. The respective
estimated IQ point decrements associated with an increase in BPb from 2.4 to 10 µg dL−1,
10 to 20 µg dL−1, and 20 to 30 µg dL−1 were 3.9 (95% CI, 2.4–5.3), 1.9 (95% CI, 1.2–2.6),
and 1.1 (95% CI, 0.7–1.5). For a given increase in BPb, the lead-associated intellectual
decrement for children with a maximal BPb level < 7.5 µg dL−1 was significantly greater
than that observed for those with a maximal blood lead level ≥ 7.5 µg dL−1 (p = .015).

Téllez-Rojo et al /71/ also studied the longitudinal associations between low concentrations
of BPb and neurobehavioral development in environmentally exposed children in Mexico
City in 294 children having a BPb < 10 µg dL−1 at both 12 and 24 months of age, with a
gestation ≥ 37 weeks and a birth weight > 2,000 g. The MDI and PDI of the BSID II
translated into Spanish were used for the evaluation. Also included in the multivariate
models were maternal age and IQ and children’s gender and birth weight. The finding of
inverse associations between 24-month BPb level and concurrent MDI and PDI scores on
the BSID II indicated that children’s neurodevelopment is inversely related to their BPb
levels in the range of < 10 g dL−1, providing further evidence that 10 µg dL−1 should not be
viewed as a biological threshold for lead neurotoxicity.

An association was found between prenatal and childhood BPb concentrations and criminal
arrests in early adulthood. Between 1979 and 1984, Wright et al /72/ recruited pregnant
women living in poor areas of Cincinnati, which had a high concentration of older, lead-
contaminated housing, into the Cincinnati Lead Study. The researchers measured the
women’s BPb concentrations during pregnancy, as an indication of the prenatal lead
exposure of the offspring, and the child’s BPb levels regularly until the children were six
and half years old. The authors then obtained information from the local criminal justice
records on how many times each of the 250 offspring had been arrested between becoming
18 years old and the end of October 2005. Increased blood lead levels before birth and
during early childhood were associated with higher rates of arrest for any reason and for
violent crimes. For example, for every 5 µg dL−1 increase in BPb levels at six years of age,
the risk of being arrested for a violent crime as a young adult increased by almost 50% (RR
= 1.48) (see Hwang /53/).

NEUROTOXICITY STUDIES IN CHILDREN
The extent and rate of absorption of lead through the gastrointestinal tract depend on the
characteristics of the individual and on the physicochemical characteristics of the medium
ingested. Children are at higher risk because they are more likely to play in the dirt, put their
hands and other objects into their mouths, and absorb about half of an oral dose of water-
soluble lead /73/. Absorption of lead in soil is less than that of dissolved lead /2,74/.
Experimental animal studies in juvenile Rhesus monkeys (38% absorption) versus adult
female monkeys (26% absorption) /75/ and in rat pups absorbing ~40–50 times more lead
than adult rats /76–78/ provided evidence for an age-dependency of gastrointestinal
absorption of lead.

The effects of lead exposure are a health concern for all humans, but especially during early
childhood because children are most at risk. According to the CDC /79/, during 1999–2002
approximately 310,000 children aged 1 to 5 years remained at risk for exposure to harmful
lead levels. The preponderance of experimental and human evidence indicates that lead has
persistent and deleterious effects on brain function form the basis for subsequent cognitive
impairments in lead-exposed children. The specific effects on glutamatergic transmission,
which is critically involved in development, neuronal plasticity, learning and memory, and

Sanders et al. Page 8

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mood consolidation, are of particular concern. Impairment of dopaminergic functioning
(involved in motor control, attention, memory, and executive functioning /80/) could induce
a myriad of behavioral problems and cognitive impairments.

Exposure in utero in infancy or exposure in early childhood can slow mental development
and cause lower intelligence later in childhood that can persist beyond childhood. As the
nervous system of a child is still developing, the effects of lead are more toxic than on a
mature brain. In children, lead poisoning can cause brain damage/mental retardation,
behavioral problems, low IQ, hearing loss, hyperactivity, developmental delays, behavioral
problems, diminished school performance, as well as deficits suggestive of Attention Deficit
Disorder (ADD) /70,81–87/.

Recent meta-analyses conducted on cross-sectional studies or a combination of cross-
sectional and prospective studies suggest that an IQ decline of 1 to 5 points is associated
with each increase in PbB of 10 µg dL−1, and identified no threshold for the effects of lead
on IQ /2/. Collectively, the results of a pooled analysis of additional studies provided
suggestive evidence of lead effects on cognitive functions in children at PbBs < 10 µg dL−1

and, possibly as low as 5 µg dL−1 /1/. A threshold below which lead has negligible influence
could not be determined /88/.

Socioeconomic status (SES) has received attention due to its possible effect on a child’s lead
exposure. The Third National Health and Nutrition Examination Survey (NHANES III)
studied BPb levels in the U.S. between 1991 and 1998. The results showed that 21% of
children in the inner city versus 5.8% of children in other areas had BPb levels equal to or
greater than the maximum allowable level of 10 µg/dL determined by the CDC. When
observed according to income level, 16.3% of children from low-income level families had
BPb levels of ≥10 µg/dL compared with 5.4% and 4.0% of children from middle-and high-
income families /89/.

As discussed before, BPb levels < 10 µg dL−1 have been associated with changes in
neurochemistry and behavior. Tang and colleagues /90/ investigated the prenatal effects of
lead exposure on the behavior of 9-month-old infants. The authors used plasma from the
samples to evaluate the concentrations of the dopamine metabolite homo-vanillic acid and
the serotonergic metabolite 5-HIAA (5-hydroxy indoleacetic acid), along with measuring
UCPb levels at delivery. The mean UCPb level was 3.9 µg dL−1, with the 5th and 95th

percentiles of the range 2.5 and 7.0 µg dL−1, respectively. Both 5-HIAA levels and
measures of sociability were negatively associated with UCPb levels, as shown by
correlation analysis, suggesting that low-level prenatal lead exposure could produce
neurotoxic effects on the developing serotonergic system and may affect an infant’s
sociability.

A study conducted by Trope and colleagues /91/ examined two male cousins who were
living in the same household. One subject, a 10-year-old boy had elevated BPb levels. His
cousin, a 9-year-old boy, had not been exposed to lead. A comprehensive
neuropsychological evaluation revealed that difficulties in reading, writing, and arithmetic
were found only in the lead-exposed child. Difficulties in linguistics and attention
mechanisms were found as well. Although high-resolution MRI and MRS (magnetic
resonance spectroscopy) showed normal brain MRIs in both subjects, the lead-exposed child
had vast alterations in brain metabolites.

Sciarillo and colleagues /92/ evaluated the influences of early lead poisoning on socio-
emotional development. The authors observed an increase in a variety of behavioral
problems in lead-exposed in 4-to-5-year-old children and at a BPb level of 15 µg dL−1, an
increase in aggression. Mendelsohn and colleagues /93/ carried out a study on children aged
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12–36 months who were too young to have experienced academic failure. Children who had
lead levels of 25 µg dL−1 were evaluated using the BSID to measure factors related to
social/emotional function. The scores of the lead exposed children were significantly worse
than those of non-exposed children in measures of emotional regulation and orientation
engagement.

The effects of lead on the development of the nervous system establish the basis for
cognitive impairments in lead-exposed children. On the other hand, specific effects on
glutamatergic transmission, which is critically involved in both development and neuronal
plasticity, portend impairments in learning and memory. Behavioral problems, including
attention deficit hyperactivity disorder, as well as cognitive impairments, are produced by a
disruption of dopaminergic functioning. Needleman and colleagues /55/ have also associated
lead exposure with juvenile delinquency and criminal behavior (also see /53,72/).

NEUROTOXICITY STUDIES IN ADULTS
Recent studies

The documentation of lead as a toxin for adults preceded the first description of childhood
lead poisoning by several millennia, having been recorded as early as 2000 BC /94/. In
adults, lead poisoning can cause nerve damage to the sense organs and nerves controlling the
body, leading to neurodegenerative diseases like Alzheimer’s and Parkinson’s disease /95/,
hearing and vision impairment, schizophrenia, and impaired cognitive function. Which
cognitive domains are affected has only begun to be explored in detail. Weisskopf et al /96/
found that low-level cumulative exposure to lead in nonoccupational settings can adversely
affect cognitive function, particularly in the visuospatial/visuomotor domain. Bleecker et al /
97/ administered the Rey Auditory Verbal Learning Test (RAVLT), a test of verbal learning
and memory, to 256 English speaking lead smelter workers (mean age of 41±9.4 years and
employment duration of 17±8.1 years). Lead exposure variables, based on up to 25 years of
prior BPb data, included a mean current BPb of 28±8.8 µg dL−1, working lifetime time
weighted average blood lead (TWA) of 39±12.3 µg dL−1, and a working lifetime integrated
blood lead index (IBL) of 728 (434.4) µg-y dL−1. The results indicated that BPb was not
associated with any of the RAVLT variables, but TWA and IBL contributed significantly to
the explanation of variance of measures of encoding/storage and retrieval but not immediate
memory span, attention, and learning. Thus, lead exposure over years but not current BPb
interfered with the organization and recall of previously learned verbal material.
Associations between PbB and/or BnPb and poorer performance in neurobehavioral tests
have been reported in older populations having a current mean BPb < 10 µg dL−1 /2/.

Early Studies
Pioneering long-term follow-up studies of children who had been exposed to lead showed
that deficits in neuropsychology (IQ changes) can continue into adulthood. A study by
Stokes and colleagues /98/ evaluated young adults (mean age 24.3 years) 20 years after lead
exposure as children. The exposed group grew up around a lead smelter which was operated
without emission-reducing devices. The average BLL for children in this area was 50 µg
dL−1 in 1974 and 39.6 µg dL−1 in 1975. The BPb level (49.3 µg dL−1) was known for only
25% of the exposed group. At the time of evaluation both groups had low BLLs. The
exposed group performed significantly worse on each test of cognitive functioning as well as
on tests of fine motor functioning and postural stability. The neuropsychological functioning
of a group of adults 50 years after hospitalization for lead poisoning at the age of 4 years or
younger was evaluated in a study by White and colleagues /99/. Each individual in the
exposed group had a history of lead exposure. When tested, the lead-exposed group had

Sanders et al. Page 10

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



poorer performance on tasks of abstract reasoning, cognitive flexibility, verbal memory,
verbal fluency, and fine motor speed.

In the late 1970s, Tonge et al /100/ found microscopically a significant correlation between
cerebellar calcification and raised BnPb lead levels in 10 to 15% of autopsies. A decade later
Reyes and colleagues /101/ described computed tomographic (CT) findings of cerebral and
cerebellar calcification in three adults with known lead exposure for ≥ 30 years and elevated
SPb levels at admission (54–72 µg dL−1; normal range, 0–30 µg dL−1). Punctiform,
curvilinear, speck-like, and diffuse calcification patterns were found in the subcortical area,
basal ganglia, vermis, and cerebellum. All three patients showed nonspecific neurologic
symptoms of dementia, loss of visual acuity, and peripheral neuropathy. Schroter and
colleagues /102/ reported a case of a 59-year old potter in Germany who presented lead
neuropathy after 37 years of occupational exposure. The patient had a 25-year history of
normochromic normocytic anemia with moderate basophilic stippling. The patient also
reported history of 3 short psychotic episodes. Cranial CT showed extensive, bilateral,
symmetrical calcification in the cerebellar hemispheres and minor calcification in the
subcortical area of the cerebral hemispheres and basal ganglia. T2-weighted MRI showed
high signal intensity in the periventricular white matter, basal ganglia, insula, posterior
thalamus, and pons.

Most research on lead exposure has focused on deficits in memory and learning. A large
body of evidence shows, however, that lead also influences other behaviors such as mood
(depression), anxiety, and violence/aggression. Observations of the relations between early
lead-exposure and neuropsychological abnormalities have been carried out throughout the
course of life. Chronic lead exposure has been linked to the development of
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease (reviewed by
Monnet /95/). Alzheimer’s disease is characterized by the formation between neurons of
waxy plaques consisting predominantly of β-amyloid protein, and lead increases the
expression of the amyloid precursor protein.

Schizophrenia is also a candidate due to its features that closely resemble the behavioral
deficits linked to lead exposure /103–104/. Opler et al /104/ conducted a study of prenatal
lead exposure and schizophrenia using the biomarker of exposure δ-aminolevulinic acid in
archived maternal serum samples collected from subjects enrolled in the Childhood Health
and Development Study (1959–1966) based in Oakland, California. The authors found a
possible association between prenatal Pb exposure and the development of schizophrenia in
later life. Although several limitations constrained generalizability in a second study in 2008
by the same group, the results provided further evidence for the role of early environmental
exposures in the development of adult-onset psychiatric disorders.

NEUROTOXICITY STUDIES IN EXPERIMENTAL ANIMALS
Animal data on lead toxicity are generally considered less suitable as the basis for health
effects assessments than are the human data /2/. No absolutely equivalent animal model
exists for the effects of lead on humans. Nevertheless, studies of lead toxicity in
experimental animals are important as an adjunct to non-experimental human studies,
particularly if a question remains of whether the associations observed in human studies
could be attributable to residual confounding. Similar to human studies, research in animals
has clearly demonstrated that learning and memory deficits can be a consequence of
developmental lead exposure.

A series of studies in primates conducted by Rice /105–106/ showed that similar behavioral
problems are seen in lead-exposed primates and in lead-exposed children: increased
distractibility, inability to inhibit inappropriate behavioral response, and perseveration in
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inappropriate behaviors. For example, lead-treated monkeys were impaired in their ability to
perform discrimination reversal task, but not on the initial visual discrimination task.
Deficits were more severe in the presence of distracting irrelevant stimuli. Lead-treated
monkeys displayed severe perseveration on one button on a task requiring them to alternate
responding between two buttons. Lead-treated monkeys displayed memory impairment on a
task requiring them to remember a previously observed stimulus or position, which was at
least in part the result of interference from responses from previous trials. Lead-treated
monkeys exhibited a higher rate of response on an intermittent schedule of reinforcement,
and had difficulty inhibiting responding when required. Thus, for many of the tasks on
which monkeys have been found to display learning and/or memory impairment, the deficit
can be attributed at least in part to an attentional deficit and/or perseverative behavior. This
unusual behavioral pattern of response was demonstrated in monkeys with a steady-state
BPb level of 11–13 µg dL−1 following long-term exposure, and at higher blood lead levels,
the behavior was shown to be dose-dependent /107/. Monkeys exposed to lead only during
infancy were impaired on both spatial and non-spatial tasks of learning and memory /
105,108/.

In other animal studies, lead affected the hippocampus, cerebellum, and messenger systems
in rats. As children of lower SES are known to have a disproportionately higher risk of being
exposed to lead, Schneider and colleagues /109/ examined the extent to which different
environmental surroundings can modify the effects of lead on the developing rat brain.
Young rats were raised in either enriched or impoverished environments. Half the animals in
each environment were exposed to lead via drinking water half drank distilled water. Lead-
exposed rats raised in the impoverished environment had spatial learning deficits and
significantly decreased neurotrophic factor gene expression in the hippocampus. In contrast,
the animals raised in the enriched environment performed similarly to their unexposed
counterparts and were significantly protected against the behavioral and neurochemical
toxicity of lead. Lead-exposed rats in the impoverished environment had significantly
decreased neurotrophic factor gene expression in the hippocampus. Taken together, the
results demonstrated that an impoverished environment can accentuate and an enriched
environment can protect against neurobehavioral and neurochemical toxicity from
developmental lead exposure.

In mammals, one germinal region in which neurons are born is the subgranular zone (SGZ)
of the hippocampal formation. In the SGZ, the stem cells involved in adult neurogenesis are
believed to be a subset of astrocytes, which gives rise to intermediate progenitors, which
then locally mature into granule neurons integrate into the existing circuitry of the
hippocampus /110/. Gilbert and colleagues (cited in /111/) reported that although
developmental lead exposure reduced the viability of newly generated neurons in the dentate
gyrus, developmental lead exposure did not alter spatial learning and memory in adult rats
tested in the Morris Water Maze (MZM). Successful performance in this assay has been
linked to the hippocampus, cerebellum, striatum, basal fore-brain, and neocortex. Among
the possible explanations for this failure could be that neurogenesis in the adult dentate
gyrus granule cell layer of the hippocampal formation might have little to do with MWM
performance. Also possible is that other learning and memory assays like fear conditioning
or inhibitory avoidance might have revealed deficits.

A significant amount of CNS myelination takes place during the first 2 months of life, and
during chronic lead intoxication, the myelin fraction Pb level increases significantly.
Oligodendroglia can impair brain function by direct or indirect responses to lead. In lead-
poisoned rats, three months of lead exposure (mean BPb, 38.2 µg dL−1; mean brain level,
0.03 µg g−1) caused morphologic abnormalities in the brain and the oligodendrocytes also
appeared grossly abnormal /112/. The destruction of the myelin sheaths in lead-exposed rats
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could be secondary to lead-induced damage to oligodendrocytes during early life. Lead also
has a direct effect on myelin proteins; for example, acute lead exposure decreases the
activity of an enzyme preferentially located in myelin, CNPase, which has been shown to be
an integral protein for myelin synthesis during development.

Ruan and Gu /113–114/showed that in the BBB, lead accumulating on the plasmalemma of
the endotheliocyte endosurface could damage the close junctions and seep between
endotheliocytes. The results of a later study suggest that lead exposure disrupts the structure
of the BBB in young animals /115/. Lead exposure significantly increased BPb
concentrations in male weanling Sprague-Dawley rats by 6.6-fold (p < .05) and brain tissue
Pb by 1.5–2.0-fold (p < .05) over those of controls. Electron microscopy suggested a leakage
of cerebral vasculature, manifested as an extensive extra-vascular staining of lanthanum
nitrate in brain parenchyma. Western blot analysis showed a 29% to 68% reduction (p < .05)
in occludin expression below the controls. The data suggest that lead exposure disrupts the
structure of the BBB in young animals, and that the increased BBB permeability could
facilitate the accumulation of lead in the brain. When systematically administered at low
doses, lead also induces BBB dysfunction /116/.

Experimental animal studies have shown that at nanomolar concentrations, lead induces the
mitochondrial release of calcium, initiating apoptosis /117/, which has been particularly well
studied in the retina. Exposure to low to moderate concentrations (10 nM to µM) of lead
ions induced apoptosis in rod and bipolar cells both in cell culture /130/ and in developing
and adult rats /118/. Exposure to low to moderate levels of lead during development (0–21
days), resulting in BPb levels of 19–60 µg dL−1 at 21 days of age, produced selective loss of
rod and bipolar cells, the dying cells exhibiting signs of apoptosis. Adult rats exposed to low
to moderate lead levels for 6 weeks showed similar results. The degree of cell death was
age-and dose-dependent, the developing retina being particularly sensitive to lead exposure.
Lead-induced retinal degeneration also appeared to be related to rod-specific effects of lead
and calcium on rod mitochondria, suggesting that lead and calcium bind to the internal
metal-binding site of the mitochondrial transition pore, subsequently open the transition
pore, and initiate the cytochrome C-caspase activation cascade leading to apoptosis. These
effects of lead on retinal cell apoptosis may have functional significance as long-term visual
system deficits occur in humans, monkeys and rats following low to moderate
developmental exposure to lead (20–60 µg dL−1) /125,117/.

MECHANISMS OF LEAD-INDUCED NEUROTOXICITY
The mechanisms of lead-induced neurotoxicity are complex. Oxidative stress, membrane
bio-physics alterations, deregulation of cell signaling, and the impairment of
neurotransmission as key aspects involved in Pb neurotoxicity.

Like other commonly found persistent toxic metals (mercury, arsenic, cadmium) lead
damages cellular material and alters cellular genetics. The mechanism that all toxic metals
have in common, however, involves oxidative damage. Lead can cause toxicity by oxidative
stress and by directly or indirectly-produced lipid peroxidation /119–122/. Lead toxicity
leads to free radical damage via two separate, albeit related, pathways: (1) the generation of
reactive oxygen species (ROS), including hydroperoxides, singlet oxygen, and hydrogen
peroxide, and (2) the direct depletion of antioxidant reserves. One effect of lead exposure is
on glutathione, a cysteine-based molecule produced in the interior compartment of the
lymphocyte. The sulfhydryl complex of glutathione directly binds to toxic metals that have a
high affinity for sulfhydryl groups. Thus, lead can effectively inactivate the glutathione
molecule, making is unavailable as an antioxidant.
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Lead binds to enzymes that have functional sulfhydryl groups, rendering them
nonfunctional, further contributing to an impairment in oxidative balance. The levels of two
specific sulfhydryl-containing enzymes that are inhibited by lead—ALAD and glutathione
reductase—were depressed in both animal and human lead-exposure studies. Depressed
levels of glutathione reductase, glutathione peroxidase, and glutathione-S-transferase
correlated with depressed glutathione levels in occupationally lead-exposed workers (cited
in /123/).

Role of Calcium
Under physiological conditions, calcium ions govern a multitude of cellular processes like
cell growth, differentiation, and synaptic activity. Although physiological elevations in
intracellular Ca2+ are salient to normal cell functioning, the excessive influx of Ca2+,
together with any Ca2+ release from intracellular compartments, can overwhelm Ca2+-
regulatory mechanisms and lead to cell death.

Lead accumulates in and damages mitochondria /124/. Mitochondria have an important role
in the regulation of the intracellular calcium concentration. An increased entry of Ca2+ into
mitochondria is believed to enhance mitochondrial electron transport, increasing the
production of reactive oxygen species (ROS) like ·O2

−. Consequently, homeostatic
mechanisms exist to maintain a low intracellular Ca2+ concentration so that Ca2+ signals
remain spatially and temporally localized. This permits multiple independent Ca-mediated
signaling pathways to occur in the same cell. A decrease in the functioning of the
mitochondria can alter the ordinarily benign synaptic transmission mediated by glutamate
into neuron-killing excitotoxicity /125–126/.

Excitotoxocity—Arundine and Tymianski /127/ have reviewed the molecular mechanism
of excitotoxicity, the pathological process by which nerve cells are damaged and killed by
glutamate and similar substances. Excitotoxocity contributes to neuronal degeneration in
many acute CNS diseases, including ischemia, trauma, and epilepsy. The key mediators of
excitotoxic damage are calcium ions. In excitotoxicity, excessive synaptic release of
glutamate can lead to the disregulation of Ca2+ homeostasis. Glutamate and other amino
acids can activate both ionotropic (ion channel-forming receptors) and metabotropic (G-
protein-coupled) receptors. Metabotropic receptors may contribute very little to the actual
acquisition of new information. The ionotropic receptors are subdivided into three receptor
classes named by their selective agonists: AMPA (a-amino-3-hydroxy- 5-methyl-4-
isoxazolepropionic acid) receptors, kainate receptors, and NMDA-r, which upon activation
open their associated ion channel to allow the influx of Ca2+ and Na+ ions. AMPA and
kainate receptors trigger rapid excitatory neurotransmission in the CNS by promoting entry
of Na+ into neurons, but a subset of neurons in the hippocampus, cortex, and retina express
AMPA receptors that are also permeable to Ca2+. Blockage of AMPA-r will shut down
neuronal communication and affect various components essential for learning /128/.

Although Ca2+ dysregulation is paramount to neurodegeneration, the exact mechanism by
which Ca2+ ions actually mediate excitotoxicity is less clear. One hypothesis outlined in /
127/ suggests that Ca2+-dependent neurotoxicity occurs following the activation of distinct
signaling cascades downstream from key points of Ca2+ entry at synapses, and that triggers
of these cascades are physically co-localized with specific glutamate receptors.

Reactive oxygen species—Oxidative stress is recognized as accountable for redox
regulation involving ROS and reactive nitrogen species (RNS). The of role oxidative stress
is key for the modulation of critical cellular functions, notably for neurons astrocytes and
microglia, such as apoptosis program activation and excitotoxocity, the two main causes of
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neuronal death. Because they have a reduced capacity to detoxify ROS, neurons are
particularly vulnerable to increases in ROS levels /129/. Oxidative stress kills neurons by
stimulating the Forkhead box, class O transcription factor FOXO3, a pivotal player in cell
death/life pathways /130–131/. Neurons in the hippocampal CA1 region are particularly
sensitive to oxidative stress. The respiratory chain of mitochondria that by oxidative
phosphorylation is the source ATP synthesis is responsible for most ROS, and notably ·O2

−.
Mitochondrial dysfunction is a final common pathogenic mechanism in aging and in
neurode-generative diseases. Nitric oxide synthase (NOS) activity is involved in learning
and memory. Low-level lead exposure inhibits NOS activity in the rat hippocampus, the
cerebral cortex, and the cerebellum /132–133/. The cascade of events that leads to neuronal
death is complex. In addition to mitochondrial dysfunction (apoptosis), excitotoxicity, and
oxidative stress (inflammation), the mechanisms from gene to disease involve protein
misfolding leading to aggregates and proteasome dysfunction on ubiquinited protein
material.

Although mitochondria are the main source of ROS in the excitotoxic process, many
enzymatic systems primarily or secondarily increase the presence of these compounds in the
CNS /134/. Calcium-dependent enzymes convert xanthine dehydrogenase to xanthine
oxidase, leading to the production of the superoxide anion ·O2

− and peroxide (H2O2).
Moreover, Ca2+ activates the enzyme phospholipase A2, which leads to the production of
arachidonic acid that in turn, is transformed by cyclooxygenases, increasing the formation of
·O2

−. Calcium activates NOS, increasing the presence of NO in the neuron and in
surrounding areas as well. Nitric oxide has a double effect because it activates
guanylylcyclases and reacts with ·O2

− to form the highly toxic compound peroxynitrite, a
strong oxidizing agent that causes nitration in proteins and the oxidation of lipids, proteins,
and DNA, leading to a form of cell death that has the characteristics of apoptosis. Lipid
peroxidation alters the structure of lipidic membranes, and leakage occurs in the cytoplasmic
membrane. Apart from the loss of ionic gradients, glutamate release from presynaptic
terminals is enhanced, thus exacerbating the adverse effects.

Glutamate and the NMDA Receptor
Glutamate, an excitatory amino acid, activates ionotropic receptors and metabotropic
receptors to develop their essential role in the brain. The physiologic role of NMDA-r seems
to be related to synaptic plasticity. In addition, working together with metabotropic
glutamate receptors, NMDA-r ensures the establishment of the long-term potentiation
phenomenon (LTP), a process believed to be responsible for the acquisition of information.
These functions are mediated by calcium entry through the NMDA-r-associated channel.
Calcium activates a number of Ca2+-dependent enzymes that influence a wide variety of
cellular components, like cytoskeletal proteins or second-messenger synthases. High
concentrations of glutamate or neurotoxins acting at the same receptors cause cell death
through excessive receptor activation. The over-activation of NMDA receptors triggers an
excessive entry of Ca2+, initiating a series of cytoplasmic and nuclear processes that
promote neuronal cell death. For instance, Ca2+-activated proteolytic enzymes can degrade
essential proteins. Ca2+/calmodulin kinase II is activated, and a number of different enzymes
are phosphorylated, increasing their activity. Transcription factors like c-Fos, c-Jun, or c-
Myc are also expressed. Furthermore, Ca2+-dependent endonucleases can degrade DNA. All
these mechanisms, together with enhanced oxidative stress, can induce cell death through
necrosis or apoptosis.

Cellular Studies
The direct effects of lead on isolated biological substrates have been investigated using
cellular models. Lead exposure has a toxic effect on oligodendroglia and astroglia /90/;
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astrocytes have been suggested to serve as a lead sink in the mature and developing brain /
135/. Tiffany-Castiglioni /135/ and colleagues have shown that cultured astrocytes accumulate
lead at much higher levels than measured in the culture medium, and that more lead is
accumulated and retained in younger astrocytes. The astrocytes’ ability to accumulate lead is
attributed to its maturation of interactions with neuronal cells /136–137/. Brain astrocytes
accumulate and sequester lead in non-mitochondrial sites far from the site of action,
potentially protecting not only their own respiratory processes but those of the more
vulnerable neurons, as well /133,138/. Although the astrocytic accumulation of lead may
serve initially to protect neurons from the toxicity of lead, this glial store of lead may
constitute a reservoir for the continuous release of lead into the brain and may contribute
neuronal damage.

Studying the fine structural localization of glutamine synthetase in cultured rat brain
astrocytes, Norenberg and Martinez-Hernandez /139/ found that astrocytes modulate synaptic
activity and potential excitotoxicity by taking up glutamate after its release and converting it
to glutamine in the presence of the glial-specific enzyme glutamine synthetase. Research
using an in vitro system to study the effects of lead on astrocyte-endothelial cell interactions
showed that astrocytes in cell cultures are sensitive to the toxic effect of lead at low
concentrations while endothelial cell cultures are not /140–141/. The authors suggested that
lead disrupts the main structural components of the BBB by primary injury to astrocytes
followed by secondary damage to the endothelial micro-vasculature.

In primary rat astrocytes, lead does not appear to interfere with intracellular calcium
transients /142/. The back-transport of Pb2+ via the Ca-ATPase pump plays an important role
in the ability of the ion to pass through the BBB /143–145/. In vitro experiments measured
lead uptake into epithelial cells by monitoring the fluorescence of cells loaded with indo-1 at
a wavelength at which indo-1 fluorescence is independent of calcium but stopped by the
binding of lead. The extracellular medium containing lead caused fluorescence quench over
time and was reversed upon addition of a membrane permanent heavy metal chelator. Both
time and concentration independence were exhibited in the lead uptake by cells in
suspension. The depletion of intracellular calcium stores activated the entry of lead into
these cells, possibly occurring via store-operated cation channels.

The 78-kDa molecular chaperone glucose-regulated protein (GRP78) is an interesting target.
The GRP78 protein chaperones the secretion of the cytokine interleukin-6 (IL-6) by
astrocytes. The ability of lead to bind strongly to GRP78, to induce GRP78 aggregation, and
to block IL-6 secretion in astroglial cells provides evidence for a significant chaperone
deficiency in lead-exposed astrocytes in culture /146/.

Although the BBB and the blood cerebrospinal fluid barrier (BCB) share a common
character (tight junctions between adjacent cells), the barriers are entirely different
(endothelia in BBB and epithelia in BCB). In an investigation by Shi and Zheng /147/, lead
exposure on the tightness of BCB was examined. The authors found that early exposure to
Pb (before the formation of the tight barrier) at 5 and 10 µM, significantly reduced the
tightness of BCB, as evidenced by a 20% reduction in transepithelial electrical resistance
values (p < .05), and > 20% increase in the paracellular permeability of [(14)C]sucrose (p < .
05). No detectable barrier dysfunction in lead exposure was found after tight-barrier
formation. Both RT-PCR and Western blot analyses on typical TJ proteins revealed that lead
exposure decreases both the mRNA and protein levels of claudin-1, with the membrane-
bound claudin-1 being more profoundly affected than cytosolic claudin-1. Lead exposure
had no significant effect on ZO-1 or occluding, however. The data suggest that lead
exposure selectively alters the cellular level of claudin-1, which, in turn, reduces the
tightness and augments the permeability of tight blood-CSF barrier.
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Molecular Studies
Among the most relevant molecular targets of lead neurotoxicity are membrane ionic
channels and signaling molecules. Lead transport through the erythrocyte membrane is
mediated by the anion exchanger in one direction and by the Ca-ATPase pump in the other.
In other tissues, lead permeates the cell membrane through voltage-dependent or other types
of calcium channels. Due the similarity between Pb2+ and Ca2+, low concentrations of
inorganic Pb2+ can disrupt transmitter release by causing an aberrant augmentation of basal
release and suppression of evoked release /148/, which could affect the synaptic connections
in the brain during the first few years of development and disrupt brain plasticity. The Pb2+

mediated inhibition of evoked transmitter release is largely attributable to an extracellular
block of the voltage-gated calcium channels.

Neurotransmitter release—Lead causes variable changes in several neurotransmitter
systems. Predominantly, lead interferes with the most common neurotransmitter in the brain,
glutamate, which is critical for learning in the developing brain /149/. The N-methyl-D-
aspartate receptor (NMDA-r) is an ionotropic receptor for glutamate. The activation of the
NMDA-r results opens an ion channel that is nonselective to cations, thereby allowing small
amounts of Ca2+ into the cell. This calcium flux is thought to play a critical role in the
development of synaptic plasticity, a cellular mechanism for learning and memory. Pb2+ acts
as a non-competitive, voltage-independent antagonist of the NMDA-r channel, disrupting
long-term potentiation, a process believed to be responsible for the acquisition of
information, thereby compromising the permanent retention of newly learned information /
150/. Inhibition of heme synthesis increases the level of δ-aminolevulinic acid, which has a
structure similar to that of the inhibitory neurotransmitter GABA, hence interfering with
GABA neurotransmission /2/.

PKC activation—Protein kinase C is involved in receptor desensitization, in modulating
membrane structure events, in regulating transcription, in mediating immune responses, in
regulating cell growth, and in learning and memory among many other functions /151/, and
in the regulation or modulation of neurotransmitter release /152–153/, synaptic and neuronal
plasticity /154–155/, neuronal ion channels /156/, cerebral microvascular function /157/, and
cognition /158–160/. Excessive PKC activation can disrupt prefrontal cortical regulation of
behavior and thought, possibly contributing to signs of prefrontal cortical dysfunction such
as distractibility, impaired judgment, impulsivity, and thought disorder /161/.

Calcium is the natural physiologic activator of PKC, but the ability of picomolar
concentrations of Pb2+ to substitute for micromolar concentrations of Ca2+ in the activation
of PKC has been implicated in lead-induced neurotoxicity. In a study of lead workers,
higher tibia BnPb levels and longer job durations were associated with higher in vivo PKC
activity, and high BPb levels were associated with concomitant decrements in
neurobehavioral test scores, but only in those lead workers with higher in vivo PKC
activity /162/.

Impaired PKC function can compromise the second messenger systems within the cell,
leading to changes in gene expression and protein synthesis. Lead binds more avidly than
calcium to PKC, however, further interfering with the release of neurotransmitters. To
observe the effect of chronic lead contaminant on mRNA expression of PKC and calmodulin
in hippocampus of baby rats, Wang et al /163/ exposed Wistar pregnant rats to water
containing 0.2% or 1.0% lead acetate from day 0 of pregnancy to the day when the offspring
weaned. When baby rats were fed with lead-contaminated water at the same concentration
as their mothers, the BrPb content of the test groups was much higher than that of the
control group; the completion rate of the cliff-avoidance reflex and the score of the step-
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down test of experimental groups were lower than those in the control group (p < .05).
Compared with control group, PKC and calmodulin mRNA expression of chronic lead
exposed baby rats in the hippocampus showed a downtrend (p < .05). The authors suggested
that the linkage between the decrease of PKC and calmodulin mRNA expression level in the
hippocampus and the impairment of learning and memory induced by lead in baby rats
might be one of the molecular mechanisms of lead-induced impairment of learning and
memory.

Inhibition of gene expression—Lead-induced changes in hippocampal NMDA-r
subunit mRNA expression can lead to modifications in receptor levels or subtypes and alter
the development of defined neuronal connections that require NMDA-r activation /165/.
Another proposed mechanism for lead-induced neurotoxicity concerns the Brn-3a POU
transcription factor, which is associated with the survival and differentiation of sensory
neuronal cells during development. To explore the effects of lead on the Brn-3a expression
level in the neurons of CNS, a group in China /165/ exposed pregnant rats to 0.5 g L−1, 1.0 g
L−1, 2.0 g L−1 lead acetate solution in drinking water from the 15th day after pregnancy to
the 21st day, when the offspring began to be weaned. Brn-3a mRNA transcription levels
were monitored by RT-PCR and Brn-3a protein expression levels were observed using an
immuno-histochemistry method in various brain sections. Brn-3a mRNA transcription level
decreased significantly in neural cells from the cerebral hippocampus in every lead-treated
group versus the control group (p < .05); the Brn-3a protein level also decreased
significantly in lead-poisoned animals compared with controls (p < .05 or p < .01). The
authors concluded that the decreased Brn-3a mRNA transcription and protein expression
implies that lead exposure can impede the normal differentiation of neuronal cells. The
results could explain why prenatal exposure to low-level lead impaired the space learning
and memory ability of offspring of the rats reported in an earlier study /166/, in which the
BPb and hippocampus BrPb concentrations of 1-day old and 21-day old offspring in lead-
exposed rats were significantly increased compared with the control group (p < .05).

Similarly, exposure to low-level lead during pregnancy was shown to inhibit the growth
associated protein GAP-43 mRNA and protein expression in hippocampus of rats’
offspring /167/. In that study, the rats’ offspring were 1 and 21 days old, the content of lead
in hippocampus in treatment groups was significantly higher than that of the controls (p < .
05), and the integral optical densities of GAP-43 protein and mRNA expression were
significantly decreased compared with the controls (p < .01, p < .05).

In a study presented by Liu and colleagues /168/ using the human glioma cell line U-373MG
with 10% fetal bovine serum (FBS) in the culture, lead at concentrations ranging from 0.01–
10 µM affected gene expression in RT-PCR in a dose-dependent manner. Lead enhanced the
expression of tumor necrosis factor (TNF) but decreased those of interleukin-1β (IL-1β),
interleukin-6 (IL-6), GABA, transaminase, and glutamine synthetase. The highly sensitive
changes of gene expression of these cytokines or metabolic enzymes after lead treatment
confirmed their usefulness as biomarkers for the monitoring of lead-induced neurotoxicity.

Claudins are transmembranal proteins that form the backbone of the tight junctions at the
BBB. Both RT-PCR and Western blot analyses on typical tight junction proteins revealed
that lead exposure decreases the mRNA and protein levels of claudin-1, with the membrane-
bound claudin-1 being more affected than cytostolic claudin-1. No significant effect was
found upon lead exposure in ZO-1 or occludin. The data suggest that lead exposure
selectively alters the cellular level of claudin-1, which in turn, reduces the tightness and
augments the permeability of tight blood-CSF barrier. This possibly contributes to lead-
induced neurotoxicity among young children /147/.
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Besides Ca2+, Pb2+ can replace other polyvalent cations like Zn2+ in the molecular
machinery of living organisms. For example, the regulation of genetic transcription through
sequence-specific-DNA-binding Zn finger protein or Zn binding sites in receptor channels is
altered by Pb by displacing Zn /169/. Lead accumulates in cell nuclei and associates with
nuclear proteins and chromatin /170/, which could have adverse effects on gene function if
Pb2+ at low concentration is capable of affecting gene regulatory proteins /171/. DNA-
binding proteins, Sp1 and TFIIIA, can be affected by lead, at micromolar concentrations (2.5
µM), by acting at the Zn-binding sites of these proteins /172/. Among the several genes that
are controlled by Sp1 are ornithine decarboxylase, myelin basic protein, NMDAR1 subunit,
and metallothionein /173/ . The nucleic acid binding potential of TFIIIA-type Zn finger
proteins shows that they may have a role in regulating gene expression, signal transduction,
cell growth and differentiation, and/or chromosome structure /171/. Cellular differentiation
and Sp1 expression have a strong association, particularly with differentiation of
oligodendrocytes in the brain. Other studies have shown that Egr-1 (the product of an early
growth response gene), which is functionally involved in cell proliferation and
differentiation in the brain, is also altered by lead exposure /169/.

Genetics—At least three genes have been identified in humans that can influence the
accumulation and toxicokinetics of lead /174/.

1. Lead has long been known to alter the hematologic system by inhibiting the
activities of several enzymes involved in heme biosynthesis. Particularly sensitive
to lead action is the δ-ALAD protein, which has two isoforms, ALAD1 and
ALAD2. ALAD2 has a higher affinity than ALAD1 for lead. Whether ALAD2
increases vulnerability by raising the BPb level or keeps lead sequestered in the
blood is not known /125/. Bellinger and coworkers /175/ have suggested the latter.
The evaluation of an association between lead burden and psychiatric symptoms
and its potential modification by an ALAD poly-morphism augmented the evidence
of a deleterious association between lead and psychiatric symptoms /176/.

2. When lead levels are high enough to compete with the available calcium, the
second gene, the vitamin D receptor (VDR), is involved in calcium absorption
through the gut and into calcium-rich tissues like bone. The binding of the blood-
borne variant of vitamin D to VDR in the nuclei of intestinal cells, kidney, or bone,
activates genes encoding calcium-binding proteins that promote calcium transport,
increasing the absorption of calcium and lead, if present /177/. The VDR genotype
contains at least two alleles (b and B) and three variants, bb, BB, and Bb. In
occupationally exposed adults, the highest chelatable lead levels and highest lead
levels in blood and bone (tibia) have been reported in those having the B allele /
178/.

3. The HFE gene is responsible for hereditary hemochromatosis, the deposit of large
quantities of iron in internal organs, and might influence lead absorption. The HFE
protein is a type 1 transmembrane protein that acts as a major regulator of iron
absorption by binding to the transferrin receptor and decreasing its affinity for iron-
loaded transferrin. Polymorphisms in HFE could influence lead absorption because
lead can be mistaken for iron and be incorporated into processes requiring iron /125,
173/.

Genotoxic Effects
Since the first inconsistent results of investigations on the genotoxicity of lead began to
emerge over three decades ago, a wealth of data has accumulated implicating lead as a
genotoxic agent. Although generally non-mutagenic in bacterial assays, lead has often been
shown to be genotoxic in eukaryotic cells /179–180/.
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Human studies—Sister chromatid exchanges (SCEs), usually performed on peripheral
blood lymphocytes, involve the breakage of both DNA strands, followed by an exchange of
whole DNA duplexes. Such exchanges occur during the S phase and are efficiently induced
by mutagens that form DNA adducts or that interfere with DNA replication. The formation
of SCEs has been correlated with recombinational repair and the induction of point
mutations, gene amplification, and cytotoxicity.

In early studies, no detectable increase in SCE frequency relative to controls (BPb <10µg
dL−1) was found in a group of 18 workers with a mean BPb of 49 10µg dL−1 at air lead
concentrations ranging from 0.05 to 0.5 mg m3 /181/. Nor were significant differences in
SCE rates found between 19 exposed children (BPb, 30–60 10 µg dL−1) living near a lead
smelting plant and 12 controls (BPb, 10–21 10µg dL−1) /182/. Grandjean et al /183/ found
that BPb and SCE rates decreased in lead workers after summer vacation. Many studies on
lead workers have shown that despite increases in both BPb and Zn photoporphyrin (ZPP),
newly employed workers did not show any increase in SCE rates during the first 4 months
of employment, suggesting that genotoxic effects might occur only after long exposure to
lead. Another interpretation of this finding could be that the current BPb level is not a good
biomarker of genotoxic effects.

During the new millennium, however, positive results began to emerge. In 2002, a
significant increase in SCE was detected in 23 lead workers in China whose mean BPb was
approximately 32 µg dL−1 /184/. The control group (PbB levels < 15 µg dL−1) was selected
from an uncontaminated area. Similar results were obtained for 31 workers in a storage
battery plant in Turkey who had a mean PbB of 36 µg dL−1; the genotoxicity of lead was
measured using SCE, erythrocyte ALAD, urinary delta-aminolevulinic acid (U-ALA), and
BPb /185/. Decreased ALAD activity in erythrocytes and increased U-ALA excretion was
observed at statistically higher BPb levels than the control group. A statistically significant
correlation was observed between BPb and SCE frequencies (p < .05). Moreover, the
correlation between U-ALA excretion and SCE frequencies (p <0.01) was relatively higher
than the correlation between BPb and SCE frequencies, suggesting a possible mechanism of
ALA mediation in the genotoxic effects of lead.

In a study in India /186/, DNA damage was detected in the peripheral blood of workers
exposed to lead using the alkali single cell gel electrophoresis assay comet assay /187–188/.
The mean lead content was found to be significantly higher in the study group (248.3 µg
L−1) than in the controls (27.49 µg L−1). Significantly more cells with DNA damage
(44.58%) were observed in the study group than in the control group (21.14%). Similarly,
using the same assay Steinman-Beck in Poland /189/ found that chronic exposure to high
BPb levels can induce DNA damage in peripheral blood lymphocytes. Mean BPb
concentrations in workers exposed to lead were significantly higher than in controls (422.6 ±
181.2 µg L−1 vs. 81.0 ± 37.84 µg L−1, p < .01). Both the level and the grade of DNA
damage were significantly higher in workers exposed to lead than in controls (p < .05). The
highest level and the degree of DNA damage were observed in workers with BPb levels >
500 µg L−1 and the lowest in workers with PbB < 200 µg L−1.

To clarify the in vivo mechanism(s) responsible for the effects observed in the comet assay
in lymphocytes of battery plant workers, Fracasso et al /190/ determined ROS production and
glutathione levels in living cells using the fluorescent probe (2',7'-dichlorofluorescein and
monochlorobimane, respectively). The results indicated that lead-exposed workers have
significantly elevated levels of DNA breaks compared with the unexposed group. A
significant positive correlation with ROS production was found and a negative correlation
with glutathione levels. The content of PKC alpha in cytosol and membranes decreased
40%, indicating a down-regulation of the protein.
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In a large group of Bulgarian workers exposed to lead, Vaglenov et al /191–192/ used the
MN assay in peripheral blood lymphocytes as endpoint in an investigation of genetic
damage. The results indicated that workers occupationally exposed to lead showed clear
evidence of genetic damage. A similar study evaluating the genotoxic effects of workers
exposed to lead was conducted in the People’s Republic of China /193/. The results of the
MN test showed a respective mean MN rate and mean micronucleated-cells rate in workers
of 9.04±1.51 per thousand and 7.76±1.23 per thousand, which were significantly higher than
those (2.36±0.42 and 1.92±0.31 per thousand) in controls (p < .01).

In the comet assay, the respective mean tail lengths of 25 workers and 25 controls were
2.42± 0.09 and 1.02±0.08 µm, a significant difference (p < .01). Additionally, the difference
of the mean tail moment between workers (0.85±0.05) and controls (0.30±0.09) was very
significant (p < .01). A study in Upper Silesia, Poland showed that lead induces cytogenetic
effects on MN in peripheral lymphocytes of 5- to 14-year-old children who had a BPb of
7.69 µg dL−1 /194/.

The induction of mutations, SCE, and strand breaks by Pb2+ alone or in combination with
UV light as a standard mutagen were determined to investigate whether the genotoxicity of
lead is due to indirect effects like as interference with DNA-repair processes /195/. Lead
acetate alone did not induce DNA-strand breaks in HeLa cells or mutations at the HPRT
locus and SCEs in V79 Chinese hamster cells. At all endpoints tested, however, Pb2+

interfered with the processing of UV- induced DNA damage. Pb2+ inhibited the closing of
DNA-strand breaks after UV irradiation and enhanced the number of UV-induced mutations
and sister-chromatid exchanges, indicating an inhibition of DNA repair.

Lead acetate genotoxicity on human melanoma cells has been demonstrated as well /196/. In
this study, chromosomal damage induced in vitro by lead acetate in human melanoma cells
(B-Mel) was evaluated using the cytokinesis-blocked MN assay and SCE analysis. Lead
acetate (10−6, 10−5 and 10−3 mM) induced both MN and SCE formation in a dose-
dependent manner. Treated cells showed a decrease in cell viability but not concomitant cell
death by apoptosis (lead acetate failed to induce internucleosomal DNA fragmentation at
any dose tested). One important observation emerging from this study was that low-level
lead exposure in vitro induces significant cytogenetic damage in human melanoma cells,
indicating an increased sensitivity of B-Mel cells to lead acetate.

Animal studies—Several experimental studies have reported that lead has a moderate
genotoxic potential. In a study conducted by Valverde and colleagues /197/, a lead inhalation
model in CD-1 mice was used to detect the induction of genotoxic damage as single-strand
breaks and alkali-labile sites in several mouse organs (nasal epithelial cells, lung, whole
blood, liver, kidney, bone marrow, brain, and testes), assessed by the comet assay.
Following single and subsequent inhalations, differences were found among the organs
studied. The distribution of damage from high to low susceptibility was lung>bone
marrow>liver>brain> kidney>testicle>nasal cells> leukocytes. A positive induction of DNA
damage in the liver and the lung after a single inhalation was observed. The response was
positive in all organs, except the testicle, in subsequent inhalations. DNA damage induction
over time varied for each organ. The brain and bone marrow showed the highest damage
induced. DNA damage, and metal tissue concentration was observed for lung, liver, and
kidney. Differences in DNA damage occurred in organs when lead was administered acutely
or sub-chronically. The results confirm that inhaling lead induces systemic DNA damage,
but certain organs, such as the lung and the liver, are special targets of this metal, partly
depending on the duration of exposure. As the lead concentrations used in this work were
lower than those used in prior studies /198–199/, the authors concluded that even at low
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levels of inhalation exposure, this metal could induce DNA damage and should be
considered a risk for living organisms.

A subsequent study conducted in Croatia /200/ evaluated the genotoxic effect of lead acetate
in the early period of life when the organism is extremely sensitive to toxic effects of lead.
Six-day-old suckling Wistar rats were exposed to lead (as acetate) either orally for 9 days
(daily dose 2 mg lead/kg b.wt., 18 mg/kg b.wt. total dose) or by a single intraperitoneal
injection (5 mg lead/kg b.wt.). DNA damage was investigated using the comet assay and in
vivo MN. The results of the comet assay showed statistically significant differences between
the unexposed animals and the two groups of exposed animals (p < .05), which were also
significantly different from each other. Orally lead-exposed animals showed a significant
increase of MN frequencies in reticulocytes and erythrocytes compared with unexposed
animals (p < .05).

CONCLUSION
Lead pervades almost every organ and system in the human body, but the main target for
lead toxicity is the CNS, both in adults and in children. Blood is the most common tissue
used as a biomarker of lead exposure although many other tissues and body fluids including
the bone, hair, nail, saliva, tooth, urine, and umbilical cord blood have been considered.
Lead is more toxic in young and unborn children than in older children and adults. In
children, lead poisoning has been associated with brain damage, mental retardation,
behavioral problems, developmental delays, violence, and death at high levels of exposure.
The metal has also been related to the damage of sense organs and nerves controlling the
body, impaired cognitive function, as well as hearing and vision impairment in adults.
Studies have shown that lead exposure in children persists into adulthood. Experimental
studies with animals have shown that lead exposure causes genotoxic effects, especially in
brain, bone marrow, lung, and liver cells.

Acknowledgments
This project was supported in part by the RCMI Center for Environmental Health (Grant # 2G12RR13459-11) from
the National Institutes of Health, and in part by Title III Graduate Education Program (Grant # PO31B9900 06)
from the U.S. Department of Education.

REFERENCES
1. Agency for Toxic Substances and Disease Registry (ATSDR). Hazardous Substance Release and

Health Effects Database (HazDat). Atlanta, GA: Centers for Disease Control and Prevention; 2006.
Available at: http://www.atsdr.cdc.gov/hazdat.html

2. Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for lead.
Atlanta, GA, USA: US Department of Health and Human Services, Public Health Service, ATSDR;
2006 [Accessed 22 Jan 2009]. Available at: http:/www.atsdr.cdc.gov

3. National Institute of Environmental Health Services. Lead. USA: Research Triangle Park, NC; 2009
Jan 02 [Accessed 22 Jan 2009]. Available at:
http://www.niehs.nih.gov/health/topics/agents/lead/index.cfm Last revised

4. Bornschein, RL.; Succop, PA.; Krafft, KM.; Clark, CS.; Peace, B.; Hammond, PB. Exterior surface
dust lead, interior house dust lead and childhood lead exposure in an urban environment. In:
Hemphill, D., editor. Trace substances in environmental health. Columbia, MO: University of
Missouri; 1986. p. 322-332.

5. Occupational Safety & Health Administrations (OSHA) Lead. 1910.1025. Washington, DC: OSHA;
[Accessed 1 December 2006]. Available at:
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10030

Sanders et al. Page 22

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.atsdr.cdc.gov/hazdat.html
http://www.atsdr.cdc.gov
http://www.niehs.nih.gov/health/topics/agents/lead/index.cfm
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10030


6. Occupational Safety & Health Administrations (OSHA) Lead 1926.62. Washington, DC: OSHA;
[Accessed 1 December 2006]. Available at:
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10641

7. Shih R, Hu H, Weisskopf MG, Schwartz BS. Cumulative lead dose and cognitive function in adults:
a review of studies that measured both blood lead and bone lead. Environ Health Perspect
2007;115:483–492. [PubMed: 17431502]

8. Murata K, Iwata T, Dakeishi M, Karita K. Lead toxicity: does the critical level of lead resulting in
adverse effects differ between adults and children? J Occup Health. 2008 Nov 6; [Epub ahead of
print].

9. Lustberg M, Silbergeld E. Blood lead levels and mortality. Arch Intern Med 2002;162(21):2443–
2449. [PubMed: 12437403]

10. Weaver VM, Jaar BG, Schwartz BS, Todd AC, Ahn KD, Lee SS, et al. Associations among lead
dose biomarkers, uric acid, and renal function in Korean lead workers. Environ Health Perspect
2005;113:36–42. [PubMed: 15626645]

11. Berlin A, Yodaiken RE, Henman BA. International Seminar on the Assessment. of Toxic Agents at
the Workplace. Roles of Ambient and Biological Monitoring. Luxembourg, 8–12 December, 1980.
Int Arch Occup Environ Health 1982;50(2):197–207. [PubMed: 6126437]

12. DeSilva PE. Determination of lead in plasma and studies of its relationship to lead in erythrocytes.
Br J Ind Med 1981;38(3):209–217. [PubMed: 6791682]

13. Schütz A, Bergdahl IA, Ekholm A, Skerfving S. Measurement by ICP-MS of lead in plasma and
whole blood of lead workers and controls. Occup Environ Med 1996;53:736–740. [PubMed:
9038796]

14. Gulson BL, Mizon KJ, Korsch MJ, Horwarth D, Phillips A, Hall J. Impact on blood lead in
children and adults following relocation from their source of exposure and contribution of skeletal
tissue to blood lead. Bull Environ Contam Toxicol 1996;56:543–550. [PubMed: 8645908]

15. Gulson BL, Mahaffey KR, Mizon KF, Korsch MJ, Cameron MA, Vimpani G. Contribution of
tissue lead to bone lead in adult female subjects based on stable lead-isotope methods. J Lab Clin
Med 1995;125:703–712. [PubMed: 7769364]

16. Smith DR, Hernandez-Avila M, Tellez Rojo MM, Mercado A, Hu H. The relationship between
lead in plasma and whole blood in women. Environ Health Perspect 2002;110:263–268. [PubMed:
11882477]

17. Barbosa F Jr, Tanus-Santos JE, Gerlach RF, Parsons PJ. A critical review of biomarkers used for
monitoring human exposure to lead: advantages, limitations, and future needs. Environ Health
Perspect 2005;113(12):1669–1674. [PubMed: 16330345]

18. Gwiazda R, Campbell C, Smith D. A noninvasive isotopic approach to estimate the bone lead
contribution to blood in children: implication for assessing the efficacy of lead abatement. Environ
Health Perspect 2005;113:104–110. [PubMed: 15626656]

19. Roberts JR, Reigart JR, Ebeling M, Hulsey TC. Time required for blood lead levels to decline in
nonchelated children. Clin Toxicol 2001;39:153–160.

20. Roy A, Georgopoulos PG, Ouyang M, Freeman N, Lioy PJ. Environmental, dietary, demographic,
and activity variables associated with biomarkers of exposure for benzene and lead. J Expo Anal
Environ Epidemiol 2003;13(6):417–426. [PubMed: 14603342]

21. Bergdahl IA, Skerfving S. Biomonitoring of lead exposure-alternatives to blood. J Toxicol Environ
Health A 2008;71(18):1235–1243. [PubMed: 18654894]

22. Verseick, J.; Cornelius, R. Trace elements in human plasma and serum. Boca Raton, FL: CRC
Press; 1988.

23. Hu H, Rabinowitz M, Smith D. Bone lead as a biological marker in epidemiologic studies of
chronic toxicity: conceptual paradigms. Environ Health Perspect 1998;106:1–8. [PubMed:
9417769]

24. O’Flaherty EJ. Physiologically based models for bone-seeking elements V: lead absorption and
disposition in childhood. Toxicol Appl Pharmacol 1995;131:297–308. [PubMed: 7716770]

25. Landrigan PJ, Todd AC. Direct measurement of lead in bone—a promising biomarker. JAMA
1994;271:239–240. [PubMed: 8277552]

Sanders et al. Page 23

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10641


26. Hernandez-Avila M, Smith D, Meneses F, Sanin LH, Hu H. The influence of bone and blood lead
on plasma lead levels in environmentally exposed adults. Environ Health Perspect 1998;106:473–
477. [PubMed: 9681974]

27. Wright RO, Tsaih SW, Schwartz J, Spiro A 3rd, McDonald K, Weiss ST, et al. Lead exposure
biomarkers and mini-mental status exam scores in older men. Epidemiology 2003;14(6):713–718.
[PubMed: 14569188]

28. Silbergeld EK. New approaches to monitoring environmental neurotoxins. Annals NY Acad Sci
1993;694:62–71.

29. Omokhodion FO, Crockford GW. Lead in sweat and its relationship to salivary and urinary levels
in normal healthy subjects. Sci Total Environ 1991;103:113–122. [PubMed: 1882227]

30. Pan AY. Lead levels in saliva and in blood. J Toxicol Environ Health 1981;7:273–280. [PubMed:
7230275]

31. Thaweboon S, Thaweboon B, Veerapradist W. Lead in saliva and its relationship to blood in the
residents of Klity Village in Thailand. Southeast Asian J Trop Med Public Health 2005;36(6):
1576–1579. [PubMed: 16610664]

32. Barbosa F Jr, Corrêa Rodrigues MH, Buzalaf MR, Krug FJ, Gerlach RF, Tanus-Santos JE.
Evaluation of the use of salivary lead levels as a surrogate of blood lead or plasma lead levels in
lead exposed subjects. Arch Toxicol 2006;80(10):633–637. [PubMed: 16614825]

33. Costa de Almeida GR, Umbelino de Freitas C, Barbosa F Jr, Tanus-Santos JE, Gerlach RF. Lead in
saliva from lead-exposed and unexposed children. Sci Total Environ. 2008 Nov 27; Epub ahead of
print.

34. Tsaih SW, Schwartz J, Lee ML, Amarasiriwardena C, Aro A, Sparrow D, et al. The independent
contribution of bone and erythrocyte lead to urinary lead among middle-aged and elderly men: the
normative aging study. Environ Health Perspect 1999;107:391–396. [PubMed: 10210695]

35. Fukui Y, Miki M, Ukai H, Okamoto S, Takada S, Higashikawa K, et al. Urinary lead as a possible
surrogate of blood lead among workers occupationally exposed to lead. Int Arch Occup Environ
Health 1999;72(8):516–520. [PubMed: 10592003]

36. Schumacher M, Domingo JL, Llobet JM. Corbella Lead in children’s hair, as related to exposure in
Tarragona province, Spain. Sci Total Environ 1991;104:167–177. [PubMed: 1891706]

37. Takagi Y, Matsuda S, Imai S, Ohmori Y, Vinson JA, Mehra MC, et al. Survey of trace elements in
human nails: an international comparison. Bull Environ Contam Toxicol 1988;41:690–695.
[PubMed: 3233368]

38. Nowak B, Chmielnicka J. Relationship of lead and cadmium to essential elements in hair, teeth,
and nails and of environmentally exposed people. Ecotoxicol Environ Safe 2000;46(3):265–274.

39. Rodushkin I, Axelsson MD. Application of double focusing sector field ICP-MS for multi-
elemental characterization of human hair and nails. Part II: a study of the inhabitants of northern
Sweden. Sci Total Environ 2000;262:21–36. [PubMed: 11059839]

40. Maneakrichten M, Patterson C, Miller G, Settle D, Erel Y. Comparative increases of lead and
barium with age in human tooth enamel, rib, and ulna. Sci Total Environ 1991;107:179–203.
[PubMed: 1785049]

41. Cleymaet R, Collys K, Retief DH, Michotte Y, Slop D, Taghon E, et al. Relation between lead in
surface tooth enamel, blood, and saliva from children residing in the vicinity of a non-ferrous
metal plant in Belgium. Br J Ind Med 10;48:702–709. [PubMed: 1931730]

42. Fenech M. Cytokinesis-block micronucleus techniques: a detailed description of the method and its
application to genotoxicity studies in human populations. Mutat Res 1993;161:193–198. [PubMed:
3724773]

43. Vaglenov A, Carbonell E, Marcos R. Biomonitoring of workers exposed to lead. Genotoxic effects,
its modulation by polyvitamin treatment and evaluation of induced radioresistance. Mutat Res
1998;418:79–92. [PubMed: 9757002]

44. Wu FY, Chang PW, Wu CC, Kuo HW. Correlations of blood lead with DNA-protein cross-links
and sister chromatid exchanges in lead workers. Cancer Epidemiol Biomarkers Prev 2002;11:287–
290. [PubMed: 11895879]

Sanders et al. Page 24

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



45. Persidsky Y, Ramirez SH, Haorah J, Kanmogne GD. Blood-brain barrier: structural components
and function under physiologic and pathologic conditions. J Neuroimmune Pharmacol 2006;1(3):
223–236. [PubMed: 18040800]

46. Hawkins BT, Davis TP. The blood-brain barrier/ neurovascular unit in health and disease.
Pharmacol Rev 2005;57(2):173–185. [PubMed: 15914466]

47. Markovac J, Goldstein GW. Picomolar concentrations of lead stimulate brain protein kinase C.
Nature 1988;334:71–73. [PubMed: 3386747]

48. Bressler JP, Goldstein GW. Mechanisms of lead neurotoxicity. Biochem. Pharmacol 1991;41:479–
484. [PubMed: 1671748]

49. Bressler J, Kim KA, Chakraborti T, Goldstein G. Molecular mechanisms of lead neurotoxicity.
Neurochem Res 1999;24(4):595–600. [PubMed: 10227691]

50. Goldstein GW. Evidence that lead acts as a calcium substitute in second messenger metabolism.
NeuroToxicology 1993;14:97–101. [PubMed: 8247416]

51. Bressler J, Forman S, Goldstein GW. Phospholipid metabolism in neural microvascular endothelial
cells after exposure to lead in vitro. Toxicol Appl Pharmacol 1994;126(2):352–360. [PubMed:
8209388]

52. Finkelstein Y, Markowitz ME, Rosen JF. Low-level lead-induced neurotoxicity in children: an
update on central nervous system effects. Brain Res Rev 1998;27(2):168–176. [PubMed: 9622620]

53. Hwang L. Environmental stressors and violence: lead and polychlorinated biphenyls. Rev Environ
Health 2007;22(4):313–328. [PubMed: 18351230]

54. Centers for Disease Control and Prevention (CDC). Managing elevated blood lead levels among
young children: recommendations from the Advisory Committee on Childhood Lead Poisoning
Prevention. Atlanta, GA: US Department of Health and Human Services, CDC; 2002.

55. Needleman H, Gatsonis C. Low-level lead exposure and the IQ of children. JAMA 1990;263:673–
678. [PubMed: 2136923]

56. National Research Council. Measuring lead exposure in infants, children, and other sensitive
populations. Washington, DC: National Academy Press; 1993.

57. Centers for Disease Control and Prevention (CDC). Preventing lead poisoning in young children.
Atlanta, GA: US Department of Health and Human Services, CDC; 1991.

58. Baghurst PA, McMichael AJ, Wigg NR, Vimpani GV, Robertson EF, Roberts RJ, et al.
Environmental exposure to lead and children’s intelligence at the age of seven years. The Port
Pirie Cohort Study. N Engl J Med 1992;327:1279–1284. [PubMed: 1383818]

59. Binns HJ, Campbell C, Brown MJ. Centers for Disease Control and Prevention Advisory
Committee on Childhood Lead Poisoning Prevention. Interpreting and managing blood lead levels
of less than 10 microg/dL in children and reducing childhood exposure to lead: recommendations
of the Centers for Disease Control and Prevention Advisory Committee on Childhood Lead
Poisoning Prevention. Interpreting and managing blood lead levels of less than 10 microg/dL in
children and reducing childhood exposure to lead: recommendations of the Centers for Disease
Control and Prevention Advisory Committee on Childhood Lead Poisoning Prevention. Pediatrics
2007;120(5):e1285–e1298. [PubMed: 17974722]

60. Roels HA, Hubermont G, Buchet J, Lauwerys Rl. Placental transfer of lead, mercury, cadmium,
and carbon monoxide in women: III. Factors influencing the accumulation of heavy metals in the
placenta and the relationship between metal concentration in the placenta and in maternal and cord
blood. Environ Res 1978;16:236–247. [PubMed: 679913]

61. Gardella C. Lead exposure in pregnancy: a review of the literature and argument for routine
prenatal screening. Obstet Gynecol Survey 2001;56:231–238.

62. Schell LM, Denham M, Stark AD, Gomez M, Ravenscroft J, Parsons PJ, et al. Maternal blood lead
concentration, diet during pregnancy, and anthropometry predict neonatal blood lead in a
socioeconomically disadvantaged population. Environ Health Perspect 2003;111:195–200.
[PubMed: 12573905]

63. Li PJ, Sheng YZ, Wang QY, Gu LY, Wang YL. Transfer of lead via placenta and breast milk in
human. Biomed Environ Sci 2000;13:85–89. [PubMed: 11055009]

Sanders et al. Page 25

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



64. Bellinger DC, Needleman HL, Leviton A, Waternaux C, Rabinowitz MB, Nichols ML. Early
sensory-motor development and prenatal exposure to lead. Neurobehav Toxicol Teratol 1984;6(5):
387–402. [PubMed: 6514103]

65. Bellinger D, Leviton A, Needleman HL, Water-naux C, Rabinowitz M. Low-level lead exposure
and infant development in the first year. Neurobehav Toxicol Teratol 1986;8(2):151–161.
[PubMed: 2423895]

66. Bellinger D, Leviton A, Waternaux C, Needleman H, Rabinowitz M. Longitudinal analyses of
prenatal and postnatal lead exposure and early cognitive development. N Engl J Med
1987;316(17):1037–1043. [PubMed: 3561456]

67. Hu H, Téllez-Rojo MM, Bellinger D, Smith D. Ettinger AS, Lamadrid-Figueroa H, et al. Fetal lead
exposure at each stage of pregnancy as a predictor of infant mental development. Environ Health
Perspect 114(11):1730–1735. [PubMed: 17107860]

68. Schnaas L, Rothenberg SJ, Flores MF. Reduced intellectual development in children with prenatal
lead exposure. Environ Health Perspect 2006;114(5):791–797. [PubMed: 16675439]

69. Rosen JF. Health effects of lead at low exposure levels. Am J Dis Child 1992;146:1278–1281.
[PubMed: 1415061]

70. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC. et Low-level
environmental lead exposure and children's intellectual function: An international pooled analysis.
Environ Health Perspect 2005;113(7):894–899. [PubMed: 16002379]

71. Téllez-Rojo MM, Bellinger DC, Arroyo-Quiroz C, Lamadrid-Figueroa H, Mercado-García A,
Schnaas-Arrieta L, et al. Longitudinal associations between blood lead concentrations lower than
10 microg/dL and neurobehavioral development in environmentally exposed children in Mexico
City. Pediatrics 118(2):e323–e330. [PubMed: 16882776]

72. Wright JP, Dietrich KN, Ri MD, Hornung RW, Wessel SD, Lanphear BP, et al. Association of
prenatal and childhood blood lead concentrations with criminal arrests in early adulthood. PLoS
Med 2008;5(5):e101. [PubMed: 18507497]

73. Ziegler EE, Edwards BB, Jensen RL, Mahaffey KR, Fomon SJ. Absorption and retention of lead
by infants. Pediatr Res 1978;12(1):29–34. [PubMed: 643372]

74. U.S. Environmental Protection Agency (EPA). Estimation of relative bioavailability of lead in soil
and soil-like materials using in vivo and in vitro methods. Washington, DC: EPA; 2004.

75. Pounds JG, Marlar RJ, Allen JR. Metabolism of lead-210 in juvenile and adult Rhesus monkeys
Macaca mulatta. Bull Environ Contam Toxicol 1978;19:684–691. [PubMed: 98188]

76. Aungst BJ, Fung HL. Kinetic characteri-zation of an in vitro lead transport across the rat small
intestine. Toxicol Appl Pharmacol 1981;61:38–47.

77. Forbes GB, Reina JC. Effect of age on gastro-intestinal absorption (Fe, Sr, lead) in the rat. J Nutr
1972;102:647–652. [PubMed: 5022199]

78. Kostial K, Kello D, Jugo S, Rabar I, Maljković T. Influence of age on metal metabolism and
toxicity. Environ Health Perspect 1978;25:81–86. [PubMed: 720306]

79. Helen J, Binns MDa, Carla Campbell MDb, Mary Jean Brown ScD. RNc for the Advisory
Committee on Childhood Lead Poisoning Prevention Interpreting and managing blood lead levels
of less than 10 µg/dL in children and reducing childhood exposures to lead. Recommendations of
Centers for Disease Control and Prevention Advisory Committee on Childhood Lead Poisoning
Prevention. Pediatrics 2007;120(5):e1285–e1298. [PubMed: 17974722]

80. Brown LL, Schneider JS, Lidsky TI. Sensory and cognitive functions of the basal ganglia. Curr
Opin Neurobiol 1997;7:157–163. [PubMed: 9142758]

81. Centers for Disease Control and Prevention (CDC). Preventing lead poisoning in young children.
Atlanta, GA: US Department of Health and Human Services, CDC; 2005.

82. Carpenter DO. Effects of metals on the nervous system of humans and animals. Int J Occup Med
Environ Health 2001;14(3):209–218. [PubMed: 11764847]

83. American Academy of Pediatrics Committee on Environmental Health. Lead exposure in children:
prevention, detection, and management. Pediatrics 2005;116:1036–1046. [PubMed: 16199720]

84. Bellinger DC. Lead. Pediatrics 2004;113:1016–1022. [PubMed: 15060194]

Sanders et al. Page 26

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



85. Canfield RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. Intellectual
impairment in children with blood lead concentrations below 10 micrograms per deciliter. N Engl
J Med 2003;348:1517–1526. [PubMed: 12700371]

86. Bellinger DC, Needleman HL. Intellectual impairment and blood lead levels. N Engl J Med
2003;349:500–502. [PubMed: 12890850]

87. Rogan WJ, Ware JH. Exposure to lead in children—how low is low enough? N Engl J Med
2003;348:1515–1516. [PubMed: 12700370]

88. Pocock SJ, Smith M, Baghurst P. Environmental lead and children's intelligence: A systematic
review of the epidemiological evidence. Br Med J 1994;309:1189–1197. [PubMed: 7987149]

89. Brody DJ, Pirkle JL, Kramer RA, Flegal KM, Matte TD, Gunter EW, et al. Blood levels in the U.S.
population. Phase I of the Third National Health and Nutrition Examination Survey (NHANES III,
1988 to 1991). JAMA 1994;272:277–283. [PubMed: 8028140]

90. Tang HW, Yan HL, Hu XH, Leang YX, Shen XY. Lead cytotoxicity in primary cultured rat astro-
cytes and Schwann cells. J Appl Toxicol 1996;16:187–196. [PubMed: 8818857]

91. Trope I, Lopez-Villegas D, Lenkinski RE. Magnetic resonance imaging and spectroscopy of
regional brain structure in a 10-year-old boy with elevated blood lead levels. Pediatrics
1998;101(6):E7. [PubMed: 9606249]

92. Sciarillo WG, Alexander G, Farrell KP. Lead exposure and child behavior. Am J Pub Health
1992;82:1356–1360. [PubMed: 1415859]

93. Mendelsohn AL, Dreyer BP, Fierman AH, Rosen CM, Legano LA, Kruger HA. Low-level lead
exposure and behavior in early childhood. Pediatrics 1998;101(3):E10. [PubMed: 9481029]

94. Needleman, HL. History of lead poisoning in the world. In: George, AM., editor. Lead Poisoning
Prevention and treatment: Implementing a National Program in Developing Countries; Proc. of the
International Conference on Lead Poisoning Prevention and Treatment; February 8–10; Banglore,
India. 1999 [Accessed 17 January 2009]. p. 17-25.Available at
http://www.leadpoison.net/general/history.htm

95. Monnet-Tschudi F, Zurich M-G, Boschat C, Corbaz A, Honegger P. Involvement of environ-
mental mercury and lead in the etiology of neurodegenerative diseases. Rev Environ Health
2006;21(2):105–117. [PubMed: 16898674]

96. Weisskopf MG, Proctor SP, Wright RO, Schwartz J, Spiro A 3rd, Sparrow D, et al. Cumulative
lead exposure and cognitive performance among elderly men. Epidemiology 2007;18(1):59–66.
[PubMed: 17130688]

97. Bleecker ML, Ford DP, Lindgren KN, Hoese VM, Walsh KS, et al. Differential effects of lead
exposure on components of verbal memory. Occup Environ Med 2005;62(3):181–187. [PubMed:
15723883]

98. Stokes L, Letz R, Gerr F, Kolczak M, McNeil FE, Chettle DR, et al. Neurotoxicity in young adults
20 years after childhood exposure to lead: the Bunker Hill experience. Occup Environ Med
1998;55:507–516. [PubMed: 9849536]

99. White RF, Diamond R, Proctor S, Morey C, Hu H. Residual cognitive deficits 50 years after lead
poisoning during childhood. Br J Ind Med 1993;50:613–622. [PubMed: 8343422]

100. Tonge JI, Burry AF, Saal JR. Cerebellar calcification: a possible marker of lead poisoning.
Pathology 1977;9(4):289–300. [PubMed: 201908]

101. Reyes PF, Gonzalez CF, Zalewska MK, Besarab A. Intracranial calcification in adults with
chronic lead exposure. AJR Am J Roentgenol 1986;146(2):267–270. [PubMed: 3484574]

102. Schroter C, Schroter H, Huffman G. Neurologic and psychiatric manifestations of lead poisoning
in adults. Fortschr Neurol Psychiat 1991;59(10):413–424. [PubMed: 1761270]

103. Jones B. Schizophrenia: Into the next millennium. Can J Psychiat 1993;38(3):567–569.
104. Opler MG, Buka SL, Groeger J, McKeague I, Wei C, Factor-Litvak P, et al. Prenatal exposure to

lead, delta-aminolevulinic acid, and schizophrenia: further evidence. Environ Health Perspect
2008;116(11):1586–1590. [PubMed: 19057716]

105. Rice DC. Lead-induced behavioral impairment on a spatial discrimination reversal task in
monkeys during different periods of development. Appl Pharmacol 1990;106:327–333.

106. Rice DC. Lead-induced changes in learning: evidence for behavioral mechanisms from experi-
mental animal studies. Neurotoxicol 1993;14:167–178.

Sanders et al. Page 27

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.leadpoison.net/general/history.htm


107. Rice, DC. Effect of lead on schedule-controlled behavior in monkeys. In: Seiden, LS.; Balster,
RL., editors. Behavioral Pharmacol: The Current Status. New York, NY, USA: Alan R. Liss;
1985. p. 473-486.

108. Rice DC. Behavioral effects of lead in monkeys tested during infancy and adulthood,
Neurotoxicol Teratol 1992;14:235–245.

109. Schneider JS, Lee MH, Anderson DW, Zuck L, Lidksy TI. Enriched environment during
development is protective against lead-induced neurotoxicity. Brain Res 2001;896:48–55.
[PubMed: 11277972]

110. Van Praag H, Schneida AF, Christie BR, Toni N, Palmer TD, Gage FH. Functional neurogenesis
in the adult hippocampus. Nature 2002;415(6875):1030–1034. [PubMed: 11875571]

111. Pabello NG, Bolivar VJ. Young brains on lead: adult neurological consequences. Toxicol Sci
2005;86(2):211–213. [PubMed: 16044537]

112. Dabrowska-Bouta B, Sulkowski G, Bartosz G, Walski M, Rafalowska U. Chronic lead
intoxication affects the myelin membrane status in the central nervous system (CNS) of adult
rats. J Mol Neurosci 1999;13:127–139. [PubMed: 10691300]

113. Ruan SY, Gu Z-w. Toxic effects of lead on the blood brain barrier in rats. J Occup Health
1999;41:39–42.

114. Ruan S, Gu Z, Yang Y. [Energy dispersive X-ray analysis in studying the permeability of blood-
brain barrier caused by lead in rats] Zhonghua Yu Fang Yi Xue Za Zhi 1999;33(2):107–109. In
Chinese. [PubMed: 11864466]

115. Wang Q, Luo W, Zheng W, Liu Y, Xu H, Zheng G, et al. Iron supplement prevents lead-induced
disruption of the blood-brain barrier during rat development. Toxicol Appl Pharmacol
2007;15:219(1):33–41. [PubMed: 17234227]

116. Struzynska L, Walski M, Gadamski R, Dabrow-ska-Bouta B, Rafalowska U. Lead-induced
abnormalities in blood-brain barrier permeability in experimental chronic toxicity. Molec Chem
Neuropathol 1997;31(3):207–224. [PubMed: 9336764]

117. Fox DA, Campbell ML, Blocker YS. Functional alterations and apoptotic cell death in the retina
following developmental or adult lead exposure. Neurotoxicol 1997;18:645–654.

118. He L, Poblenz AT, Medrano CJ, Fox DA. Lead and calcium produce rod photoreceptor cell
apoptosis by opening the mitochondrial permeability transition pore. J Biol Chem
2000;275:12175–12184. [PubMed: 10766853]

119. Khan D, Qayyum S, Saleem S, Khan F. Lead-induced oxidative stress adversely affects health of
the occupational workers. Toxicol Ind Health 2008;24(9):611–618. [PubMed: 19106128]

120. Ye XB, Fu H, Zhu JL, Ni WM, Lu YW, Kuang XY, et al. A study on oxidative stress in lead-
exposed workers. J Toxicol Environ Health A 1999;57(3):161–172. 11. [PubMed: 10376883]

121. Ding Y, Gonick HC, Vaziri ND. Lead promotes hydroxyl radical generation and lipid
peroxidation in cultured aortic endothelial cells. Am J Hypertens 2000;13(5 Pt 1):552–555.
[PubMed: 10826409]

122. Antonio-García MT, Massó-Gonzalez EL. Toxic effects of perinatal lead exposure on the brain of
rats: involvement of oxidative stress and the beneficial role of antioxidants. od Chem Toxicol
2008;46(6):2089–2095.

123. Patrick L. Mechanisms of lead toxicity: The effect of lead on oxidant/antioxidant balance. Altern
Med Rev 2006;11(2):114–126. [PubMed: 16813461]

124. Anderson, AC.; Pueschel, SM.; Linakis, JG. Patho-physiology of lead poisoning. In: Pueschel,
SM.; Linakis, JG.; Anderson, AC., editors. Lead Poisoning in Children. Baltimore, MD: P.H.
Brookes; 1996. p. 75-96.

125. Lidsky TI, Schneider JS. Lead neurotoxicity in children: basic mechanisms and clinical
correlates. Brain 2003;126(1):5–19. [PubMed: 12477693]

126. Beal MF, Brouillet E, Jenkins BG, Ferrante JG, Kowall NW, Miller JM, et al. Neurochemical and
histologic characterization of striatal excitotoxic lesions produced by the mitochondrial toxin 3-
nitropropionic acid. J Neurosci 1993;13:4181–4192. [PubMed: 7692009]

127. Arundine M, Tymianski M. Molecular mechanisms of calcium-dependent neurodegeneration in
excitotoxicity. Cell Calcium 2003;34(4–5):325–337. [PubMed: 12909079]

Sanders et al. Page 28

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



128. Riedel G, Platt B, Micheau J. Glutamate receptor function in learning and memory. Behav Brain
Res 2003;140(1–2):1–47. [PubMed: 12644276]

129. Dringen R, Pawlowski PG. Hirrlinger J. Peroxide detoxification by brain cells. J Neurosci Res
2005;79:157–165. [PubMed: 15573410]

130. Gilley J, Coffer PJ, Ham J. FOXO transcription factors directly activate bim gene expression and
promote apoptosis in sympathetic neurons. J Cell Biol 2003;162:613–622. [PubMed: 12913110]

131. Droge W. Free radicals in the physiological control of cell function. Physiol Rev 2002;82:47–95.
[PubMed: 11773609]

132. Dong GJ, Zhao ZY, Zhu ZW. [Effects of lead exposure on nitric oxide synthase activity in
different brain regions of developmental rat] Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za
Zhi 2003 Aug 21;(4):263–265. In Chinese. [PubMed: 14761436]

133. Emerit J, Edeas M, Bricaire F. Neurodegenerative diseases and oxidative stress. Biomed
Pharmacother 2004;58(1):39–46. [PubMed: 14739060]

134. Michaelis EK. Molecular biology of glutamate receptors in the central nervous system and their
role in excitotoxicity, oxidative stress and aging. Prog Neurobiol 1998;54:369–415. [PubMed:
9522394]

135. Tiffany-Castiglioni E, Sierra EM, Wu JN. Rowles TK. Lead toxicity in neuroglia. Neurotoxicol
1989;10:417–443.

136. Tiffany-Castiglioni E, Qian Y. Atroglia as metal depots: molecular mechanisms for metal
accumulation, storage and release. NeuroToxicology 2001;22(5):577–592. [PubMed: 11770879]

137. Lindahl LS, Bird L, Legare ME, Mikeska G, Bratton GR, Tiffany-Castiglioni E. Differential
ability of astroglia and neuronal cells to accumulate lead: dependence on cell type and on degree
of differentiation. Toxicol Sci 1999;50:236–243. [PubMed: 10478860]

138. Holtzman D, Olson JE, DeVries C, Bensch K. Lead toxicity in primary cultured cerebral
astrocytes and cerebellar granular neurons. Toxicol Appl Pharmacol 1987;89:211–225. [PubMed:
3603558]

139. Norenberg MD, Martinez-Hernandez A. Fine structural localization of glutamine synthetase in
astrocytes in rat brain. Brain Res 1979;161:303–310. [PubMed: 31966]

140. Gebhart AM, Goldstein GW. Use of an in vitro system to study the effects of lead on astrocyte-
endothelial cell interactions: a model for studying toxic injury to the blood-brain barrier. Toxicol
Appl Pharmacol 1988;94(2):191–206. [PubMed: 2898824]

141. Goldstein, GW. Developmental neurobiology of lead toxicity. In: Needlmann, HL., editor.
Human Lead Exposure. Boca Raton, FL: CRC; 1992. p. 191-208.

142. Dave V, Vitarella D, Aschner JL, Fletcher P, Kimelberg HK, Aschner M. Lead increases inositol
1,4,5-triphosphate levels but does not interfere with calcium transients in primary rat astrocytes
Brain Res 1993;618:9–18.

143. Bradbury MW, Deane R. Permeability of the blood-brain barrier to lead. Neurotoxicology
1993;14:131–136. [PubMed: 8247388]

144. Kerper LE, Hinkle PM. Lead uptake in brain capillary endothelial cells: activation by calcium
store depletion. Toxicol Appl Pharmacol 1997;146:127–133. [PubMed: 9299604]

145. Kerper LE, Hinkle PM. Cellular uptake of lead is activated by depletion of intracellular calcium
stores. J Biol Chem 1997;272:8346–8352. [PubMed: 9079658]

146. White LD, Cory-Slechta DA, Gilbert ME, Tiffany-Castiglioni E, Zawia NH, Virgolini M, et al.
New and evolving concepts in the neurotoxicology of lead. Toxicol Appl Pharmacol
200715;225(1):1–27. [PubMed: 17904601]

147. Shi LZ, Zheng W. Early lead exposure increases the leakage of the blood-cerebrospinal fluid
barrier, in vitro. Hum Exp Toxicol 2007;26(3):159–167. [PubMed: 17439918]

148. Suszkiw JB. Presynaptic disruption of transmitter release by lead. Neurotoxicology 2004;25(4):
599–604. [PubMed: 15183013]

149. Cory-Slechta DA. Relationships between lead-induced learning impairments and changes in
dopaminergic, cholinergic, and glutamatergic neurotransmitter system functions. Ann Rev
Pharmacol Toxicol 1995;35:391–415. [PubMed: 7598500]

Sanders et al. Page 29

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



150. Zhu ZW, Yang RL, Dong GJ, Zhao ZY. Study on the neurotoxic effects of low-level lead
exposure in rats. J Zhejiang Univ Sci B 2005;6(7):686–692. [PubMed: 15973774]

151. Newton AC. Protein Kinase C: Structure, function, and regulation. JBC 1995;270(48):28495–
28498.

152. Matthies HJG, Palfrey HC, Hirning LD, Miller RJ. Down regulation of protein kinase C in
neuronal cells: effects on neurotransmitter release. J Neurosci 1987;7:1198–1206. [PubMed:
3471877]

153. Weiss S, Ellis J, Hendly DD, Lenox RH. Trans-location and activation of protein kinase C in
striatal neurons in primary culture: relationship to phorphol dibutyrate actions on the inositol
phosphate generating system and neurotransmitter release. J Neurochem 1989;52:530–536.
[PubMed: 2562989]

154. Akers RF, Lovinger DM, Colley D, Linden D, Routenberg A. Translocation of protein kinase C
activity after LTP may mediate hippocampal synaptic plasticity. Science 1986;231:587–589.
[PubMed: 3003904]

155. Routtenberg A. A tale of two contingent protein kinase C activators: both neutral and acidic lipids
regulate synaptic plasticity and information storage. Prog Brain Res 1991;89:249–261. [PubMed:
1796142]

156. Shearman MS, Sekiguchi K, Nishizuka Y. Modulation of ion channel activity: a key function of
the protein kinase C enzyme family. Pharmacol Rev 1989;41:211–247. [PubMed: 2481858]

157. Laterra J, Bressler JP, Indurti RR, Belloni-Olivi L, Goldstein GW. Inhibition of astroglia-induced
endothelial differentiation by inorganic lead: a role for protein kinase C. Proc Natl Acad Sci USA
1992;89:10748–10752. [PubMed: 1438272]

158. Chon HH, Ma T, Ho IK. Protein kinase C in rat brain is altered by developmental lead exposure.
Neurochem Res 1999;24:415–421. [PubMed: 10215516]

159. Wehner JM, Sleight S, Upchurch M. Hippocampal protein kinase C activity is reduced in poor
spatial learners. Brain Res 1990;523:181–187. [PubMed: 2400904]

160. Pascale A, Govoni S, Battaini F. Age-related alteration of PKC, a key enzyme in memory
processes: physiological and pathological examples. Mol Neurobiol 1998;16:49–62. [PubMed:
9554701]

161. Birnbaum SG, Yuan PX, Wang M, Vijayraghavan S, Bloom AK, Davis DJ, et al. Protein kinase
C overactivity impairs prefrontal cortical regulation of working memory. Science
2004;306(5697):882–884. [PubMed: 15514161]

162. Hwang KY, Lee BK, Bressler JP, Bolla KI, Stewart WF, Schwartz BS. Protein kinase C activity
and the relations between blood lead and neurobehavioral function in lead workers. Environ
Health Perspect 2002;110(2):133–138. [PubMed: 11836140]

163. Wang FS, Liu ZH, Zhang JS, Di JR. [Effects of lead exposure on protein kinase C and calmodulin
expression in hippocampus and neurobehavioral function of baby rats] Zhonghua Lao Dong Wei
Sheng Zhi Ye Bing Za Zhi. 3;26:139–142. In Chinese.

164. Guilarte TR, McGlothan JL. Hippocampal NMDA receptor mRNA undergoes subunit specific
changes during developmental lead exposure. Brain Res 1998;790(1–2):98–107. [PubMed:
9593842]

165. Chang W, Xie H, Chen X. [Effect of prenatal lead exposure on the gene transcription and protein
expression level of POU-domain protein Brn-3a in different regions of offspring rat brain] Wei
Sheng Yan Jiu. 2008;37(4):385–388. In Chinese.

166. Song B, Han CC, Sun X, Peng L, Niu YJ. [Effects of prenatal exposure to low level lead on
learning and memory of rats' offspring] Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi.
2006;24(7):399–402. In Chinese.

167. Yin J, Niu YJ, Zhang R, Song B, Cheng JX. [Effects of prenatal exposure to low level lead on
expression of GAP-43 in hippocampus of rat's offspring] Zhonghua Lao Dong Wei Sheng Zhi Ye
Bing Za Zhi. 2008;26(4):208–211. In Chinese.

168. Liu MY, Hsieh WC, Yang BC. In vitro aberrant gene expression as the indicator of lead-induced
neurotoxicity in U-373MG cells. Toxicol 2007;147(1):59–64.

169. Reddy GR, Zawia NH. Lead exposure alters Egr-1 DNA-binding in the neonatal rat brain. Int J
Dev Neurosci 2000;18:791–795. [PubMed: 11154848]

Sanders et al. Page 30

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



170. Hitzfeld B, Taylor DM. Characteristics of lead adaptation in a rat kidney cell line. I. Uptake and
subcellular and subnuclear distribution of lead. Mol Toxicol 1989;2:151–162. [PubMed:
2487754]

171. Hanas JS, Rodgers JS, Bantle JA, Cheng YG. Lead inhibition of DNA-binding mechanism of
Cys2His2 zinc finger proteins. Mol Pharmacol 1999;56:982–988. [PubMed: 10531404]

172. Zawia NH, Sharan R, Brydie M, Oyama T, Crumpton T. Sp1 as a target site for metal-induced
perturbations of transcriptional regulation of developmental brain gene expression. Brain Res
Dev Brain Res 1998;107:291–298.

173. Crumpton, T.; Atkins, DS.; Zawia, NH.; Barone, S. lead, inorganic. In: Spencer, PS.;
Schaumburg, HH.; Ludolph, AC., editors. Experimental and clinical neurotoxicology. 2nd
edition. New York: Oxford University Press; 2000. p. 708-720.

174. Onalaja AO, Claudio L. Genetic susceptibility to lead poisoning. Environ Health Perspect
2000;108(1):23–28. [PubMed: 10698721]

175. Bellinger D, Dietrich KN. Low-level lead exposure and cognitive function in children. Pediatr
Ann 1994;23:600–605. [PubMed: 7838612]

176. Rajan P, Kelsey KT, Schwartz JD, Bellinger DC, Weuve J, Sparrow D, et al. Lead burden and
psychiatric symptoms and the modifying influence of the delta-aminolevulinic acid dehydratase
(ALAD) polymorphism: the VA Normative Aging Study. Am J Epidemiol 2007;166(12):1400–
1408. [PubMed: 17823382]

177. Cheng Y, Willett WC, Schwartz J, Sparrow D, Weiss S, Hu H. Relation of nutrition to bone lead
and blood lead levels in middle-aged to elderly men. The Normative Aging Study. Am J
Epidemiol 1998;147:1162–1174. [PubMed: 9645795]

178. Schwartz BS, Lee BK, Lee GS, Stewart WF, Simon D, Kelsey K, et al. Associations of blood
lead, dimercaptosuccinic acid-chelatable lead and tibia lead with polymorphisms in the vitamin D
receptor and [delta]-aminolevulinic acid dehydrase genes. Environ Health Perspect
2000;108:949–954. [PubMed: 11049814]

179. Zelikoff JT, Li JH, Ahartwig A, Wang XW, Costa M, Rossman TG. Genetic toxicology of lead
compounds. Carcinogenesis 1998;9:1727–1732. [PubMed: 3168150]

180. Winder C, Bonin T. The genotoxicity of lead. Mutat Res 1993;285:117–124. [PubMed: 7678125]
181. Mäki-Paakkanen J, Sorsa M, Vainio H. Chromosome aberrations and sister chromatid exchanges

in lead-exposed workers. Hereditas 1981;94:269–275. [PubMed: 7298357]
182. Dalprà L, Tibiletti MG, Nocera G, Giulotto P, Auriti L, Carnelli V, et al. SCE analysis in children

exposed to lead emission from a smelting plant. Mutat Res 1983;120:249–256. [PubMed:
6855793]

183. Grandjean P, Wulf HC, Niebuhr E. Sister chromatid exchange in response to variations in
occupational lead exposure. Environ Res 1983;32:199–204. [PubMed: 6617612]

184. Wu FY, Chang PW, Wu CC. Kuo HW. Correlations of blood lead with DNA-protein cross-links
and sister chromatid exchanges in lead workers. Cancer Epidemiol Biomarkers Prev
2002;11:287–290. [PubMed: 11895879]

185. Duydu Y, Süzen HS, Aydin A, Cander O, Uysal H, Işimer A, et al. Correlation between lead
exposure indicators and sister chromatid exchange (SCE) frequencies in lymphocytes from
inorganic lead exposed workers. Arch Environ Contam Toxicol 2001;41(2):241–246. [PubMed:
11462150]

186. Danadevi K, Rozati R, Saleha Banu B, Hanumanth Rao P, Grover P. DNA damage in workers
exposed to lead using comet assay. Toxicology 2003;187:183–193. [PubMed: 12699907]

187. Sasaki YF, Izumiyama F, Nishidate E, Otha T, Ono T, Matsusaka N, et al. Simple detection of in
vivo genotoxicity of pyrimethamine in rodents by the modified alkaline single-cell gel
electrophoresis assay. Mutat Res 1997;392:251–259. [PubMed: 9294025]

188. Singh PN, McCoy MT. Tice RR. A simple technique for quantitation of low levels of DNA
damage in individual cells. Exp Cell Res 1988;175:184–191. [PubMed: 3345800]

189. Steinmetz-Beck A, Szahidewicz-Krupska E, Beck B, Poreba R, Andrzejak R. Genotoxicity effect
of chronic lead exposure assessed using the comet assay] Med Pr 2005;56(4):295–302. In Polish.
[PubMed: 16457366]

Sanders et al. Page 31

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



190. Fracasso ME, Perbellini L, Soldà S, Talamini G, Franceschetti P. Lead induced DNA strand
breaks in lymphocytes of exposed workers: Role of reactive oxygen species and protein kinase C.
Mutat Res 2002;515:159–169. [PubMed: 11909764]

191. Vaglenov A, Carbonell E, Marcos R. Biomonitoring of workers exposed to lead. Genotoxic
effects, its modulation by polyvitamin treatment and evaluation of induced radioresistance. Mutat
Res 1998;418:79–92. [PubMed: 9757002]

192. Vaglenov A, Creus A, Laltchev S, Petkova V, Pavlova S, Marcos R. Occupational exposure to
lead and induction of genetic damage. Environ Health Perspect 2001;109(3):295–298. [PubMed:
11333192]

193. Chen Z, Lou J, Chen S, Zheng W, Wu W, Jin L, et al. Evaluating the genotoxic effects of workers
exposed to lead using micronucleus assay, comet assay and TCR gene mutation test. Toxicology
2006;223(3):219–226. [PubMed: 16713056]

194. Mielzyńska D, Siwińska E, Kapka L, Szyfter K, Knudsen LE, Merlo DF. The influence of
environmental exposure to complex mixtures including PAHs and lead on genotoxic effects in
children living in Upper Silesia, Poland. Mutagenesis 5;21:295–304.

195. Hartwig A, Schlepegrell R, Beyersmann D. Indirect mechanism of lead induced genotoxicity in
cultured mammalian cells. Mutat Res 1990;241:75–82. [PubMed: 2333087]

196. Poma A, Pittaluga E, Tucci A. Lead acetate genotoxicity on human melanoma cells in vitro.
Melanoma Res 2003;13(6):563–566. [PubMed: 14646618]

197. Valverde M, Fortoul TI, Diaz-Barriga F, Mejia J, Rojas del Castillo E. Genotoxicity induced in
CD-1 mice by inhaled lead: differential organ response. Mutagen 2002;17(1):55–61.

198. Gebhart, E.; Rossman, T. VCH Verlagsgesellschaft. Germany: Weinheim; 1991. Mutagenicity,
carcinogenicity, teratogenicity.

199. Johonson FM. The genetic effect of environmental lead. Mutat Res 1998;410:123–140. [PubMed:
9637233]

200. Kašuba V, Rozgaj R, Fuči´ A, Varnai VM, Piasek M. Lead acetate genotoxicity in suckling rats.
Biologia Bratislava 2004;59/6:779–785.

Sanders et al. Page 32

Rev Environ Health. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


