2.0 HAZARD IDENTIFICATION

Chapter 2 of the 8403 risk analysis report presented information on the toxicity of lead, through
adiscussion of how body-lead burden is measured, how lead works in the body, the resulting adverse
hedth effects, and populations at risk. This chapter introduced the endpoints used in the risk andysisto
represent the adverse hedlth effects resulting from lead exposure and to estimate the benefits of the
8403 rule. These endpoints included the likelihood of exceeding a specified blood-lead concentration
threshold (10 or 20 pg/dL), the likelihood of achieving a specified 1Q score decrement as aresult of
lead exposure (1, 2, or 3 points on average across the population), the likelihood of achieving an 1Q
score in the population of less than 70 points due to lead exposure, and the average 1Q score
decrement in the population that results from lead exposure. The blood-lead concentration thresholds
were among those established by the Centers for Disease Control and Prevention (CDC) as levels of
concern. The |Q-related endpoints represented measures of the neurologica effects of lead exposure.
The representative population upon which the 8403 risk analysis focused was children aged 1-2 years,
asit was conddered the most gppropriate age range for the estimation of hedlth effects.

In this chapter of the supplementa report, the results of four additiond investigations into hazard
identification are presented:

° Section 2.1: A review of the adverse hedlth effects of |ead exposure, with afocus on
neurologica effects, as observed in anima studies.

° Section 2.2: Support for the causdlity of adverse hedlth effects due to lead exposure.

° Section 2.3: Characterizing the relationship between blood-lead concentration and 1Q
score.

° Section 2.4: Documenting what is known about the role that dust particle Sze and the
chemica compostion of lead compoundsin lead-contaminated dust may play in
determining the extent to which lead in residentid dust is bioavailable to humans.

The mativation for including each of these sections into this chapter is presented within the introduction
to each section.

2.1 REVIEW OF THE ADVERSE HEALTH EFFECTS OF LEAD EXPOSURE,
WITH A FOCUS ON NEUROLOGICAL EFFECTS,
AS OBSERVED IN ANIMAL STUDIES

The 8403 risk analys's used data from human exposure studies to characterize the relationship
between environmental-lead levels and measures of the various blood-lead concentration and hedlth
effect endpoints. However, asthe SAB’sreview of the 8403 risk analysis points out (USEPA,



1998h), causdity is difficult to establish usng human studies done, due to the potentia for confounding
factors being present. For example, while average |Q score may differ significantly between one group
of children with low blood-lead concentration and another group with elevated blood-lead
concentration, the reason for this difference may not be solely due to lead exposure, but to
demographic and other factors that cannot be controlled completely by the researcher. The factors left
uncontrolled in the analyses of data from human exposure studies contribute to large uncertainties
associated with these andyses. While ethicd considerations preclude the use of humansin controlled
lead-exposure experiments, a substantia amount of published literature is available on controlled lead-
exposure experiments involving animas. Such sudies use animas that are chosen from a homogeneous
population, reared under identica conditions and randomly assigned to groups where the mode,
duration, and amount of lead exposure is controlled within each group (these groups can include one or
more control groups). Therefore, in awdl-controlled anima study, the presence of significant
differences between dose groups can be inferred to be the result of lead exposure a certain doses.

To address the SAB’ s recommendation to consder the findings of “... anima data, snce they
support human data by establishing causdlity, due to the absence of confounding variables, and potentia
mechanisms for adverse hedth effects’ (USEPA, 1998b), this section presents the key findings of
animd sudies that have investigated the impact of |ead exposure on adverse hedlth effects, especidly a
low doses. In these studies, animas were typically exposed to lead ether in utero, during infancy
(through mother’ s milk/formula), during maturation or adulthood, or a combination of these life phases.
The mgor lead-induced adverse hedth effects noted in humans, including neurologicd,
neurodevelopmenta, immunologica, and systemic (e.g., cardiovascular, hematological, and rend
effects) have been demonstrated in controlled, dose-response studies in rodents, dogs, and/or non-
human primates. While this section recognizes the variety of adverse hedlth effects, its primary focusis
on the neurologicd effects of lead, as the 8403 risk andys's has recognized that young children are
most susceptible to neurological effects due to their developing centra nervous systems.

A glossary of sdlected terms used in this section can be found in Appendix A.

2.1.1 Approach to Reporting the Findings of Animal Studies

This subsection reviews the incidence of adverse hedlth effects associated with lead exposure,
as reported in published animd sudies. The emphasis of thisreview is on the neurologicd,
developmentad, and neurobehaviora effects of lead.

In preparing this review, it was not desired to duplicate the previous efforts of others who have
prepared excdlent published literature reviews that have been peer reviewed and are easily available to
the genera public. These include two articles cited by the SAB (USEPA, 1998b) as “important
references’ on animd sudiesdata: Rice (1996) and Cory-Slechtaet d. (1997). Other important
review documentsinclude USEPA (1986) and USDHHS (1999). This section frequently references
the content of these and other study review documents.



To help identify any additiond articles that may have been published since these key review
references were prepared and published, a search of the scientific literature over the last five years was
conducted. The strategy for this literature search was on the key words “lead,” “effect,” “exposure,”
“neurologic,” “behavior,” “development,” “teratology,” and “anima” aswhole or root words. Upon
review of abgtractsidentified from thisliterature search, articles found to be relevant to the objectives of
this report were obtained and reviewed, with high priority placed on study reviews.

Certain results of recent key studies identified within the review publications and the literature
search are dso discussed in detall in this section. Overviews of these studies are presented in Table 2-
1. Note that these sdlected studies represent only a subset of dl studies whose results and conclusions
provide important contributions to the knowledge base on adverse hedth effects associated with lead
exposure.

Section 2.1.2 focuses on the findings of anima studies on the neurologicd, developmenta, and
neurobehaviora effects of lead. This subsection contains an overview of the physiologica
consequences of these effects, dong with areview of genera findings of sudies investigating these
types of hedth effects. In addition, certain anima studies are discussed in greater detall with summaries
of their design and conclusions.

Lead has been documented to have considerably more effects on the hedth of humans and
animasthan just neurologica effects. Therefore, Section 2.1.3 presents a brief overview of generd
hedlth effect information and how it relates to lead exposure, as observed in anima studies. Information
in this subsection is organized according to the type of hedth effect.

2.1.2 Neurological, Behavioral, and Developmental
Health Effects

Lead has been observed to have widespread neurotoxic effects, aswell asto cause behaviora
and cognitive symptoms, in humans. These effects are largely congistent with results of morphologica,
electrophysological, biochemicd, and behaviora sudies on animas. Although lead toxicity research
has isolated many of the specific neurological effects of lead, it is generdly conddered to be ardatively
indiscriminate toxin within the neurological system. This congderation islargey due to the ability of lead
to disturb severa fundamental biotic processes such as cdlular metabolism and energy production, ion
transport across membranes, and protein function. In addition, the neurologica effects of lead
frequently have been observed to occur as a series of interrelated events. Thus, lead poisoning islikely
to cause smultaneous and interrdated disturbances in a number of processes within the nervous system.
Asan additiona consequence, the ability to separate the direct and indirect effects of lead on the
neurologica system is often difficult (Banks et d. 1997).



Table 2-1. Summary of Lead Exposure Levels and Key Findings for Selected Animal
Studies
Authors Subject Lead Exposure Key Findings /
Species Effects of Lead Exposure

Altmann et al. Rat 0 or 750 ppm lead acetate in diet at Active avoidance learning and long-

(1993) various life stages (in utero, pre- term hippocampal potentiation were
weaning, and post-weaning) impaired when exposure occurred

prior to 16 days postnatally.

Burger et al. Turtle 0.25, 1.0, or 2.5 mg/g lead acetate in Death with high dose; dose-

(1998) deionized water, by injection; one-time dependent righting response
exposure; controls received an isotonic impairment with low and moderate
saline solution injection doses.

Bushnell et al. Monkey | control, lower-dose (targeted blood-lead At age 18 months, visual

(1977) of 55 ug/dL), and higher-dose (targeted discrimination in the higher-dose
blood-lead of 85 ug/dL) of lead acetate group was impaired under dim light
in milk formula in the first year of life compared both to their performance

under bright light and to the other
groups under various luminescence
levels.

Bushnell and Monkey | control, lower-dose (targeted blood-lead In the first year of life, suppressed

Bowman of 50 pg/dL), and higher-dose (targeted play and increased social clinging, as

(1979a, b) blood-lead of 80 ug/dL) of lead acetate well as various social delays that
in milk formula and food in the first year | occur when play environment is
of life abruptly changed (primarily occurring

in animals dosed post-natally only;
1979b). At age 4 years, when a
subset of the animals was further
tested, diminished performance on
spatial-cue reversal learning sets was
observed in the higher-dose group
and, to a lesser extent, in the lower-
dose group (1979a).

Chen et al. Rat 0.2% lead acetate as drinking water; Altered protein kinase C (PKC)

(1998) exposed /in utero and during nursing via | distribution in the hippocampus.
dams, and postweaning directly;
controls received 0.145% sodium
acetate in drinking water

Cory-Slechta Rat 50 or 250 ppm lead acetate as drinking Disruption of neurotransmitter

(1997)
(review)

water; exposed postweaning; control
groups received no lead exposure

systems (i.e., dopamine and
glutamine systems); selective learning
deficits (e.g., impaired repeat
acquisition performance); dose-
dependent alteration of fixed interval
schedule-controlled response rates.




Table 2-1. (cont.)

Authors Subject Lead Exposure Key Findings /
Species Effects of Lead Exposure
Cutler (1977) Rat 0 or 0.1% lead acetate exposed pre- At 8 weeks of age, duration of non-
weaning, and O or 0.1% lead acetate social activity was significantly
exposed post-weaning in drinking water | greater in the exposure group versus
the controls for males but not
females. Across both sexes,
frequency and duration of social and
sexual investigation was decreased in
the exposure group.
Fox et al. Rat 0, 0.02%, or 0.20% lead acetate in Significant association between retinal
(1997) diet at various life stages (in utero, pre- degeneration and both age and lead
weaning, and post-weaning) exposure level.
Hastings et al. Rat 0, 0.02%, or 0.10% lead acetate in At 60 days of age, aggressive
(1977) diet pre-weaning behavior was significantly reduced in
the exposed groups, but no
significant differences were observed
in visual discrimination tasks.
Kuhlman et al. Rat 750 or 1000 ppm lead acetate, as feed; | Performance impairment in water maze
(1997) exposed in utero, in utero to adulthood, for all rats exposed in utero; no
or postweaning to adulthood; controls impairment for rats exposed post-
received no lead exposure weaning.
Lasky et al. Monkey Controls or “modest” exposure to lead Markedly abnormal distortion product
(1995) via lead acetate in utero, pre-weaning, otoacoustic emissions (DPEs) for the
and/or post-weaning within the first two animals with the highest blood-
year of life lead concentrations. Otherwise, DPEs
did not differ significantly between
the groups, although auditory brain
stem evoked response (ABR) did
differ significantly.
Lilienthal et al. | Monkey | O, 350, or 600 ppm lead acetate in diet | At age 7 years, offspring in the
(1990, 1994) of mothers and their offspring (in utero, exposed groups had significantly
pre-weaning, and post-weaning to age higher latencies in flash-evoked and
10 years) brain stem auditory evoked potentials
(BAEP) which increased with
increasing click rates (1990). At age
12 years, offspring in the exposed
groups had significantly increased
amplitudes of the scotopic b-wave in
electroretinogram (ERG) recordings
(1994).
Mello et al. Rat 1.0 mM lead acetate as drinking water; Selective motor skill impairment
(1998) exposed in utero and during nursing via | (accelerated fist eye opening, startle

dams; control dams received deionized
water only

reflex, and free-fall righting; impaired
spontaneous alternation performance
in maze).




Table 2-1. (cont.)

Authors Subject Lead Exposure Key Findings /
Species Effects of Lead Exposure
Nagymajtenyi Rat 80, 160, 320 mg/kg/day lead acetate Dose dependent increase in behavioral
et al. (1998) in distilled water, by gavage; exposed and bioelectric aberrations (e.g.,
pre- or post-natally; controls received hyperactivity).
same volume of distilled water by
gavage
Rice and Monkey 1.5 mg/kg/day lead acetate, in capsules; | Nonspatial discrimination tests
Gilbert exposed continuously after birth, (1990a): group dosed continuously
(1990a, postnatally until 400 days, or after 300 | from birth onward exhibited greatest
1990b) days from birth; controls received degree of impairment, followed by
vehicle only group dosed after infancy only (no
impairment observed in group dosed
during infancy only).
Delayed alternation task (1990b): all
exposed groups showed impairment
to an approximately equal degree.

Research, based on both human observation and anima studies, indicates that relatively low
doses of lead can adversdly affect both the periphera and centrd nervous systems, while high lead
exposures can result in acute lead encephdopathy, and may ultimately lead to death. Lead induced
damage to the brain and nervous system may be manifested as various and diverse devel opmenta
symptoms, including both behaviord and cognitive impairments.

In the following subsections, the physiologica effects of lead on the brain and nervous system
(Section 2.1.2.1) and subsequent effects on development and behavior (Section 2.1.2.2) are discussed.
The findings of pecific sudiesligted in Table 2-1 above are included in this discusson. In generd,
some caution must be taken when extrapolating the findings in these studies to humans and to other
species. For example, lead neuropathy inratsis primarily characterized by demyelination of nerves,
while cats, rabbits, and humans generaly show damage to the axons of nerves (Davis et d., 1990).
Developmentd age of the brain aso varies between animd species and humans. For example, at birth,
the rat brainisrelatively less developed and is roughly equivaent to the human brain a 5-6 months of
gestation (Winneke et d., 1996). Furthermore, dthough rats and possibly monkeys tend to have higher
tolerances for the generd toxic effects of lead exposure reative to humans (i.e., they require a higher
exposure leve to reach an equivadent blood toxicity level), the lowest blood-lead levels at which lead-
induced devel opmenta/neurobehaviord effects have been observed in animals and in humans are
reported to be smilar in magnitude (Banks et a., 1997; Davis et ., 1990; USDHHS, 1999).
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2.1.2.1 Physiological Effects of Lead on the Neurological System.

Overview. Aslead isknown to adversaly affect severd universa processes within biologica
systems, the symptoms of lead poisoning have been observed in many cdll types, tissues, and organs
within the neurologicd system.

On the cdlular leve, lead has been observed to cause disruption of mitochondrid function (i.e.,
cdlular metabolism), damage to cdl structurd components (e.g., microtubules), and damage to glia
cdls and the myein sheaths and axons of nerve cdls (USEPA, 1986). Electrophysiologicad and
biochemical processes at the cellular level may aso be disrupted by lead exposure. Specific dterations
of these processes reported in animd studies include impairment of synaptic events and neuron function,
interference with neurotransmitter function, and protein activity inhibition (e.g., enzymes and hormones)
(USEPA, 1986). Much of lead’'srolein cdlular level dysfunctions is suggested by many researchersto
be attributed to itsinterference with calcium-mediated processes (Banks et d., 1997). Caciumisan
important ion in many biologica systems and is specificaly involved in neurological phenomena such as
enzyme-protein activation, secondary messenger regulation of metabolic pathways, membrane
potential/ion channd regulation, and neurotranamitter rlease. Lead ions, asthey are Smilar to cacium
ionsin both sze and charge, can subdtitute for calcium and thus competitively interfere with these types
of calcium-mediated cell processes.

Disruption of cdlular processes can eventualy result in damage to tissues and organ systems
within the neurologica system. Reported effects of lead in animas a the organ and system level within
the centra nervous system include compromise of the blood-brain barrier, disruption of the limbic
system and cerebral cortex, and damage to the cerebellum (Banks et al., 1997; USEPA, 1986).
Animas exposed to lead in early post-natd life have aso exhibited reductions and delaysin
development of various brain regions, including the hippocampus and cerebrd cortex (Bankset d.,
1997; USDHHS, 1999). The observed effects of lead exposure on specific organ systems and
processes, as observed in anima studies, are now discussed.

Blood-brain barrier. Banks et d. (1997) reviewed anima studies that examined the effect of
lead exposures on the blood-brain barrier that regulates the movement of chemica substancesin and
out of thebrain. In studies of rats exposed to relaively high lead levels, higher concentrations of lead
were observed in the barrier capillaries than were observed in the brain asawhole. USEPA (1986)
reviewed studies which provided evidence that lead trangport within the brain is by the same
mechanisms as cacium trangport. Thus, as the cgpacity for cacium trangport (specificaly, into neurd
cell mitochondria) is known to be much higher in the brain than other body tissues, alead accumulation
in brain capillariesis not unexpected (USEPA, 1986). Acute lead toxicity as lead accumulationsin
brain capillaries may disrupt barrier permegbility, alow greater influxes of water, ions, and other
substances, and result in swelling of the brain (encephdlitis) (USEPA, 1986). Although lower lead
exposure levels (< 40ug/dL) have not been reported to result in specific damage to the barrier or in
disproportionate accumulation of lead in the capillaries of the blood-brain barrier (Banks et d., 1997),
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developing brains have been suggested to be particularly susceptible to the transfer of even very low
levels of lead from the blood into the brain since the blood-brain barrier is not yet fully functiona
(Altmann et d., 1993; Cory-Slechta, 1997).

General cellular processes. Severd in vitro sudieswith animd cdls have provided evidence
that amgor Ste of lead interference iswith cdlular metabolism and energy transfer via disruption of the
norma mitochondrid ion gradient (Banks et d., 1997; USEPA, 1986). In addition, mitochondriain the
cerebellum and in developing brains of anima's have been observed to show a greater senstivity to lead
disruption than mitochondriain other body tissues or at other ages (USEPA, 1986). This has been
suggested to provide a possible explanation for one of the root causes of the greater sengtivity of the
neurologica system, and of the young in particular, to lead poisoning (USEPA, 1986). Impairment of
mitochondrid energy production subsequently can affect many other energy-requiring cellular
processes, such as protein synthesis, lipid synthesis, and membrane integrity. In anima studies, the
normal development of proteins in neurons was dtered in rats exposed to lead perinataly (USDHHS,
1999). Other studies reviewed by Banks et d. (1997) indicate that moderate levels of lead can interfere
with microtubule formetion (in vitro animd cdl sudies) and the formation of the myein sheathin
neuronsin both the centra and periphera nervous systems of lead exposed rodents.

Lead can dso interfere directly with cacium-mediated cell processes. This may include
disruption of protein function (e.g., enzyme regulation of cdl growth and differentiation), ion transport
systems across membranes, and membrane potentias (Banks et a, 1997; USEPA, 1986). For
example, astudy performed by Chen et a. (1998) found that hippocampa protein kinase C (PKC)
activity, which has been correlated with performance in severa learning tasks, was dtered by rdatively
low interna lead exposures (<30 pg/dL) in postnata rats. More information on this sudy and its
findings can be found in the discussion below on the limbic system and hippocampus.

Neuron and neurotransmitter function. Lead-induced disruption of cellular processes may
result in neuron dysfunction. According to a body of experimenta anima research reviewed by Banks
et a. (1997), evidence exists that moderate to low levels of lead exposure can impair synapse
formation in the hippocampus during postnatal development of rats, in the visua cortex of primates, and
in the frontoparietal cortex of guinea pigs, and aso gppears to interfere with synaptic trangmisson in
feta rat hippocampa neurons by blocking postsynaptic receptors. USEPA (1986) reviewed numerous
gudies in which rats exhibited morphologica effects such as decreased glid cdll and synaptic density,
and delayed maturity of synapsesin neurons of the cerebra cortex with lead exposure. Severd of the
reviewed studies aso reported abnorma development of neuron dendrites and persistent impairment of
electricd activity (i.e., reduced firing rates) in the cerebellum of cats and rats exposed perinatally to low
levels of lead (Banks et d., 1997). The cerebdlum isrespongble for the regulation and coordination of
complex voluntary muscular movement, and is dso implicated in cognitive attention-switching activity.
The cerebrd cortex islargdy responsble for higher brain functions, including sensation, voluntary
muscle movement, thought, reasoning, and memory. Thus, damage to neurons in these areas may
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explain some atention deficits, learning and memory impairments, and disturbances in motor
coordination that have been observed in behaviora studies of lead exposure (Banks et d., 1997).

Lead has also been observed to interfere with the release and uptake of neurotransmittersin
vaious in vitro and in vivo animd sudies, including the inhibition of neurotranamitter release from
cacium sengtive voltage channds in snails, and dteration of synthesis and turnover rates of various
neurotransmittersin different regions of the brain (hippocampus, cerebdlum, hypothdamus, braingem)
in lead-exposed rats (Banks et d., 1997; USEPA, 1986; Nagymajtenyi et d., 1998). Altered activity
of various neurotranamitters has been observed in studies involving rats exposed to lead prenatdly and
postnatally (USDHHS, 1999). In the reviewed literature, lead has generally been reported to have
highly variable and non-specific effects on the various neurotransmitter systems, possbly dueto its
more general effect on metabolic processes (Banks et d., 1997).

Cory-Slechta (1997) conducted areview of studies linking disruptions in neurotransmitter
systems (i.e., dopaminergic (DA) and glutamatergic (GLU) systems) with behaviord and cognitive
impairments in lead exposed animals. The author cites previous research which indicates that the DA
and GLU neurotranamitter sysems are critical to various cognitive functions, and also are sendtive to
lead-induced disruptions. In addition, the author reviews studies reporting non-lead related disruptions
of these systems and the concurrent gppearance of behaviora symptoms that are very smilar to
symptoms of lead toxicity. However, the author aso concedes that much of the historical research
linking behaviord impairments to biochemicd effectsis based soldy on correaions and that
rel ationships are complicated by the fact that any given behaviora symptoms may have multiple
physiologica mechanisms. Cory-Sechta (1997) summarized severd studies conducted in her own lab
on rats exposed, postweaning (i.e., at 21 days of age), to lead (0, 50 and 250 ppm lead as lead
acetae) in drinking water for varying durations of time. Results of these studies indicated that the DA
neurotranamitter system is vulnerable to lead-induced modifications, such asimpaired regulation of DA
synthess and release. These modificationsto DA system function were suspected to contribute to
dterationsin response control (fixed interva schedule-controlled behavior) that were observed in lead-
exposed ratsin the reviewed studies. Resultsindicated that the GLU system was dso involved in lead-
induced impaired learning, primarily as manifested by an increase in perseverative errors in lead-
exposed rats, relative to controls. There was no evidence that the DA system was involved in learning
accuracy. The author suggests that confirmation of the involvement of the GLU and DA systemsin
lead-induced effects, could dso have implications extending beyond cognitive concerns. For example,
amilar patterns of neurotransmitter disruptions have been associated with schizophrenia, drug addiction,
and psychosis (Cory-Slechta, 1997).

Lead-induced disruption of neuron and neurotransmitter function can result in dtered bio-
electric activity in the brain and nervous system. Thiswas seen, for example, in astudy by
Nagymatenyi et d. (1998) in which 120 femae and 60 mae rats and their 120 male offspring were
administered alead acetate solution by gavage at a concentration of either 0, 80, 160, or 320 mg/kg.
There were three variations on the trestment schedule: (1) pregnant females were dosed only during the
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5t -15" day of pregnancy; (2) pregnant females were dosed during pregnancy and lactation; or (3)
pregnant females were dosed during pregnancy and lactation, and their weaned offspring were dosed
for 8 weeks. Behaviora observations of the offspring were made at 12 weeks. The study observed
electrophysiologica disruptions, including changes in dectrocorticogram (ECoG) indices, cortica
evoked potentid, and dowed nerve conduction velocity, in the somatosensory area of the cerebra
cortex in the rats exposed to lead both pre- and post-nataly relative to controls. Electrophysiologica
functions showed both dose- and treatment-dependent changes, including decreased mean amplitude
and increased frequency of the ECoG, and lengthened latency and duration of the evoked potentias.
The observed changes in eectrophysiologica functioning depended on the dose and timing (i.e., age of
animd at exposure) of leed adminidration. The authors suggested that non-invasive monitoring of
eectrica disturbancesin the nervous system may provide a vauable and early indicator of low-leve
lead poisoning.

The limbic system and hippocampus. Thelimbic sysem (e.g., hippocampus) is of particular
interest in lead toxicity studies asit iskey in many of the processes that appear to be affected by lead
poisoning, including cognition, emation, motivetion, behavior, memory, and various autonomic
functions. Some researchers have even suggested that symptomeatic Smilarities (e.g., learning and
memory imparments) between lead toxicity and other experimenta limbic system disruption indicate
that the limbic system is atarget Site for lead toxicity in the brain (Wash and Tilson, 1984).

Reported behaviord changes that may be attributable to hippocampa damage include
increased aggressiveness, seizures, ingppropriate responsiveness, reversa problems, visua
discrimination deficits, impaired motor coordination, and other types of learning deficiencies (Petit et d.,
1983). Furthermore, the developing hippocampus may be more susceptible to functiond injury by lead
exposure compared to the mature hippocampus. For example, Altmann et d. (1993) conducted a
study where 88 female rats were dosed with lead acetate in their diet at either O or 750 ppm for 50
days prior to mating through day 16 following birth of alitter, a which time 2-3 mde offspring were
taken from each litter and dosed under the same regimen until sacrifice. Half of the animas were tested
for two-way active avoidance learning. This study observed a correation between hippocampa
disruptions and active avoidance learning deficit for rats exposed to lead during the prenatal and early
postnata stages (i.e., during hippocampal development), but not when lead exposure occurred only
after 16 days postnatally.

Some studies reviewed in the literature differ on the extent to which the hippocampusis a target
organ for lead. For example, relative to other regions of the brain, greater impairment of neuron
function has been observed in hippocampa cells of rats exposed to lead perinatdly (Bankset d.,

1997). Studiesreviewed by Petit et a. (1983) indicated that higher levels of lead may tend to
accumulate in hippocampa cells of rat brains. However, other studies reviewed by Banks et d. (1997)
did not report a preferentid accumulation of lead in the hippocampus of young lead-exposed rats. For
example, 21994 study by D.V. Widzowski and D.A. Cory-Sechta (as cited in Banks et d., 1997)
exposed rats postnataly to lead from dams milk (dosed with four levels of lead from 100 to 2000 ppm
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lead) and measured lead levelsin 12 brain regions after 7-60 days. The study found that lead tended to
accumulate in Smilar patterns across brain regions and exposure levels. Some researchers have
hypothesized that the particular vulnerability of the hippocampus to lead poisoning may be due more to
sengtivity rather than increased lead accumulation in thisregion (Banks et d., 1997). In addition,
becauise the most rapid phase of development of hippocampus is known to occur postnatdly (late
compared to other brain regions), a particular sengtivity of the hippocampus to early-life lead exposure
isplaugble (Petit et d, 1983; Altmann et d., 1993).

Specific lead-associated physiologica effects in the hippocampus, as reported in animd studies
reviewed by Banks et d. (1997) and Petit et d. (1983), include significant reductions in Size and weight
of the hippocampus and reductionsin hippocampa cell layer thickness with rlatively high perinatd leed
exposurein rats. Damage and stunting of hippocampal structurd cdlls (glid cellgastrocytes) was
observed in rats and monkeys exposed to lead prenataly and postnatdly. Perinataly exposed rats
aso exhibited reductionsin development of hippocampa neurona dendrites and mossy fiber pathways,
which are both involved in the transmisson of nerve impulses (Petit et d., 1983).

Initidly mentioned in the overview of generd cdlular processes above, Chen et d. (1998)
performed a study to investigate the effects of developmenta |ead exposure on protein kinase C (PKC)
activity in the hippocampus of rats a various postnatal ages. This study attempted to eucidate some of
the physiologicd mechanisms of lead-induced learning deficits. In this study, lead was administered
ordly as 0.2% lead acetate in drinking water to pregnant and lactating female rats and then directly to
their weanling pups (weaned at postnatal day 21) in drinking water. Controls received 0.145% sodium
acetate in drinking water. Four to Sx rat pups were randomly sdected for necropsy from different
dams at postnatal days 7, 14, 28, and 56, and PKC activity was measured in both the membrane and
cystolic fractions of the hippocampi. Results showed that lead exposure increased PKC activity in the
cystalic fraction at postnatal day 56, and decreased PKC activity in the membrane fraction at postnatal
day 7. Theratio of membrane to cystolic PKC activity, which isindicative of PKC digtribution,
decreased at postnatal days 28 and 56.

A review of sudiesin Chen et d. (1998) indicated that PKC activity has been associated with
various brain functions (e.g., ion channd function, receptor function, and neurotransmitter release) and
that ateration of hippocampa PKC, in particular, has been correlated with poor performance in severa
learning tasks. Therefore the authors hypothesize that the lead-induced dterations of PKC activity and
digribution observed in their sudy may have caused functiona changesin the animd brain, including
modulation of ion channds, desengtization of receptors, and enhancement of neurotransmitter release.
Chen et d. (1998) aso suggested that some of the learning and memory deficits observed in children
are likely to be causdly related to the types of PKC activity dterations exhibited in this study.

The visual system. Some researchers contend that the retina serves as a good model for

studying the effects of lead on the central nervous system. Because most retind cells, like the centra
nervous system, develop during gestation and, in the rat, for up to two weeks postnatally, researchers
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have studied the effects of lead exposure on retind cell development in post-natal ratsin order to
characterize such effects for humans during early gestation and post-natal periods. Fox et d. (1997)
gudied the effects on retina development of low and moderate lead exposure via mother’ s milk in
femae Long-Evans hooded rats aged O to 21 days (i.e., from parturition to weaning). These rats were
partitioned into three dose groups (6-14 rats per group) based on the concentration of lead (0, 109, or
1090 ppm) in the lead acetate solution of drinking water that the dams were provided. At 21 days of
age, lead levesin the blood and the retinas of rats in both the low and moderate dose groups averaged
sgnificantly higher than the control group, while significantly higher results were seen a 90 days of age
in only the high dose level group and in only retina-lead levels. Blood-lead levels averaged 19 and 59
pg/dL in the low and high dose groups at 21 days of age compared to 1 pg/dL in the control group.
Significant retind degeneration (i.e., rod and bipolar apoptic cdl death) was associated with age and
lead exposure levelsin thisstudy. The higher loss rate of rods in the lead-exposed groups was
associated with aloss of rhodopsin content, implying that the loss was directly due to the presence of
lead. The authors concluded from these results (when considered with the results of other researchers)
that the developing retina may be more sengitive to lead exposure in pre-weaned rats than the

hippocampus.

Also adopting the hypothesis that the effects of lead on the central nervous system leads to
adverse effects on the eye, Bushndl et d. (1977) document the findings of experimentsto characterize
the relationship between high food-lead exposures early in life and impaired scotopic visua function
(i.e, night blindness). In their experiments, baby formula was spiked with lead acetate and given daily
to six rhesus monkeys in their first year of life. Lead consumption was regulated to alow blood-lead
levelsto be maintained a an average of 55 pg/dL for three monkeys and 85 pg/dL for three monkeys.
Four other monkeys whose formula was not spiked with lead served as a control group.
Approximatdly 18 months after this feeding paradigm was ended, monkeysin dl three groups averaged
nearly normal blood-lead levels. At thistime, the monkeys were administered a discrimination
procedure at various light levelsto test their ability to sdect an option which provided reinforcement
(i.e., food) versus an option which did not provide reinforcement. Animals exposed to the higher levels
of lead in thefirst year of life (i.e, the 85 pug/dL group) performed sgnificantly worse in this procedure
compared to animasin the control and lower lead groups as light levels were reduced. Various
controlling factors within this experiment allowed the researchers to conclude that the primary reason
for the degraded performance in the higher-dosed animals was most likely aloss of scotopic function.
Thus, the researchers concluded that lead exposure early in life was associated with impaired scotopic
visua performance later in life, even when blood-lead levels in these animals were dlowed to return to
normd levels

In astudy performed by Lilienthd et d. (1994), 15 rhesus monkeys were pre- and post-natally
exposed to lead at one of three leves (0, 350, 600 mg/kg lead acetate) until they were nearly 10 years
of age. At gpproximately 12 years of age, €ectroretinogram (ERG) recordings were made of each eye
in these monkeys. Five animals were in the control group (average blood-lead concentration of 0.44
pg/dL), four in the lower-dosed group (average blood-lead concentration of 4.55 pug/dL), and six in the
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higher-dosed group (average blood-lead concentration of 8.26 pg/dL). Significant differences (at the
0.05 level) were observed across dose groups in the amplitudes (but not latencies) of the scotopic b-
wave, with increased amplitudes seen in the two lead-dosed groups, and the nature of the differences
being dependent on luminescence level. The lead-induced effects were similar to those observed earlier
in these animas and were smilar to the effect of dopamine antagonists. This suggests that lead may be
permanently affecting dopaminergic processes.

Over many years, sgnificant visua impairment associated with lead exposure has been
observed a high lead levels in rabhits, rats, and monkeys, both at the retinaand visua cortex (Otto and
Fox, 1993). Exposure to moderate levels of lead by rats can result in decreasesin rod cdlls, thinning of
retind layers, reductions in the number of axonsin the optic nerve, and necross of photoreceptors and
cdlsintheinner retina layer (Banks et ., 1997; USEPA, 1986). While such damage isless frequently
asociated with low leves of lead exposure, functiond and neurochemicd effects on the retinal system
can be associated with low-level lead exposuresin rats (i.e., blood-lead concentrations below 20
pg/dL; Otto and Fox, 1993), dong with persstent decreases in visua acuity and spatia resolution
(USDHHS, 1999). While consderable data exist to alow the neurotoxicity of lead to be
characterized, consderably less data exist on the morphologica effects of lead on the visud system,
especidly a low exposure levels. In addition, Otto and Fox (1993) have concluded that the effects of
lead are more likely to adversdy affect rod cells compared to cone cells.

Davis et a. (1990) reviewed severa studiesin which lead exposed rats and monkeys exhibited
decreased respongveness of neuronsto visua stimuli, as assessed by parameters (i.e., visua evoked
potentials) which measure nerve conduction. Lilienthd et d. (1990) found that centrd visud
processing, as reflected in measurements of visud evoked potentias (VEP), was clearly affected in lead
exposed monkeys. Monkeys were exposed to dietary lead pre- and postnatally (low lead group at
350 ppm and high lead group a 600 ppm per day), and VEP was measured in response to visud flash
gimulation beginning at age seven. Results showed that amplitudes of sensory-evoked potentias were
smaler and latencies were longer in lead-exposed monkeys relative to controls, even in monkeys with
the lower lead exposure regime.

The study by Nagymajtenyi et a. (1998) introduced earlier in this subsection aso observed
disruptions in the functioning of optica nervesin prenatally and postnatdly lead-exposed rats. In their
study, effects of lead exposure were most often sgnificant in the middle and high lead exposure groups,
and included dose dependent changes in visua evoked potentials and dowed nerve conduction
velocity, as measured in regponse to flash stimulation.

The auditory system. Inareview of the literature (on both human and animd studies) on the
effects of lead exposure on the auditory system, Otto and Fox (1993) concluded that lead exposure is
more likely to adversaly affect that portion of the auditory system that resides within the central nervous
system (e.g., cochlear nerve) compared to more periphera sites where sensory transduction processes
occur. However, more data were deemed necessary to more definitively characterize the effects of
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lead on specific Stes within the auditory system and how such auditory dysfunction contributesto a
child’ s overdl learning impairment that can be attributed to lead exposure.

Certain animal studies have reported an association between lead exposure and disruptions of
the auditory system. For example, Lilienthd et d. (1990) observed lead-induced dterations in auditory
functioning in monkeys, as reflected in measurements of brainstem auditory evoked potentiads (BAEP).
In their study, monkeys were exposed to dietary lead pre- and postnataly (low lead group at 350 ppm
and high lead group at 600 ppm per day), and BAEP was measured in response to auditory click
gimulation beginning at age saven. Reaults showed that BAEP latenciesincreased with increasing click
ratesin lead-exposed monkeys relative to controls, dthough the increase tended to be consstent in the
group of monkeys with the higher lead exposure regime (600ppm). The study by Nagymajtenyi et d.
(1998) (cited earlier in this subsection) reported other types of disruptions in the auditory pathway in
prenataly and postnatally exposed rats, including changes of auditory evoked potentid and dowed
nerve conduction velocity, as measured in response to click stimulation.

To assess the long-term auditory effects of chronic lead exposure at low levels, Lasky et dl.
(1995) assessed auditory functioning in two groups of 11-year-old rhesus monkeys, where one group
contained 11 monkeys who were exposed to lead either pre- or post-nataly (within the first year of
life), and the other group contained 8 monkeys were not exposed. Auditory function in these monkeys
was assessed by measuring distortion product otoacoustic emissions (DPES), auditory brain stem
evoked responses (ABRs), and middle latency evoked responses (MLRS). The two animas with the
highest blood-lead concentrations during their first four years had “ markedly abnorma” DPES, where
this result was found not to be due to cand obstruction nor middle ear problems. Among the remaining
animas, DPEs did not differ sgnificantly between the two groups, athough DPE amplitudes increased
more rgpidly (given the simulus leve) in the control group compared to the exposed group. The
ABRSs, but not the MLRs, differed sgnificantly between the two groups of animals. The exposed
animals tended to have dightly longer latency ABRs.

2.1.2.2 Behavioral and Developmental Effects of Lead. Severd recent review
papers have summarized previous research and advances in the area of neurotoxicologicd effects of
lead. Thefindings of key studies and of study reviews by Banks et d. (1997), Cory-Sechta (1997),
Daviset d. (1990), and Rice (1996), among others, are presented below. When possible, attention
was focused on hedth effects at low levels of lead exposure or a low blood-lead levels. Many animd
sudies have investigated the neurobehaviord effects of lead exposure, that is, effects upon learning and
performance activities. Some studies aso addressed related issues such as. (1) what blood-lead levels
were associated with learning and performance deficienciesin test animas, (2) whether other signs of
toxicity were present; (3) what biochemica mechanisms produce toxicity; and (4) how blood levelsin
exposed animals correlate with specific blood-lead levelsin humans at which andogous effects upon
learning/IQ are observed. Many experiments utilize rats or monkeys as subjects since they respond to
motivationa factors, usualy food rewards, and can be induced to learn certain behaviors of interest to
researchers.
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To synthesize the neurobehaviord effects of lead across species, Davis et a. (1990) conducted
areview of rodent, primate, and human studies. The lowest levels of interna lead exposure during early
development at which neurobehaviora effects have been observed were reported to be <20 pg/dL for
rodents (Cory-Slechta et al., 1985) and 15-25 pg/dL for primates (Rice, 1985). Theseranges are
amilar to the lowest range (10-15 pg/dL) in which adverse neurobehavioral effects have been observed
in children (Davis et d., 1990; Fulton et ., 1987; Silvaet d., 1988; USEPA, 1999).

Rice (1996) has summarized results from both human epidemiology and animd studies of the
potentia behaviora and developmentd effects of lead exposure asfollows. “Increased distractability,
inability to inhibit inappropriate responses, perseveration, and inability to change response dtrategy are
common themes that may be extracted from both literatures.” These observations are noted in the
findings presented throughout this subsection.

Learning deficiencies and behavioral test performance. To investigate the association
between lead exposure and learning deficiencies, Rice (1996) conducted an extensive review of animd
gudies, interpreted in conjunction with learning disabilitiesin children as reported in human
epidemiologicd sudies. In experiments with rats or monkeys, a generd learning deficiency was
frequently observed at high lead exposure levels. However, for monkeys exposed to low or moderate
lead levels, the mgority of the impairment was evident only with the performance of more complex
tasks, such as non-spatid discrimination reversd tasks. This phenomenon was observed in (a)
monkeys exposed to lead from birth with preweaning blood-lead levels of 50 pg/dL and adult blood-
lead levels of 30 pg/dL (Rice, 1988); (b) monkeyswith blood-lead levels of 30-35 pg/dL from infant
formulaand postweaning levels of 19-22 pg/dL (Rice and Gilbert, 1990a); and (c) monkeys with
blood-lead levels of 15-25 pug/dL during infancy and steady-dtate levels of 11-13 pg/dL during
adulthood (Rice, 1985). In these studies, lead exposure had ceased by the time performance tests
were conducted.

Kuhlman et d. (1997) conducted an experiment with 10 rats reared in each of five groups. The
control group received no lead exposure. The “materna exposure’ group was exposed to lead in
utero and during lactation (750 ppm lead acetate in feed via dams), but was moved to a control diet
after weaning. The permanent group was exposed to lead both in utero and continuoudy afterward
into adulthood (750 ppm lead acetate in feed). Findly, there were two post-weaning groups, in which
no exposure occurred until after weaning, and then pups were fed diets containing two different lead
concentrations (750 or 1000 ppm lead acetate in feed). Rats were performance-tested using awater
maze at about 100 days of age, which tested their ability to locate a submerged platform, and their
blood-lead levels were measured at that time. Even though average blood levelsin that group (1.8
pg/dL) had returned to control levels by the time of the test, a highly significant impairment in
performance (e.g., longer time to find platform, longer pathway to platform) was observed in both the
materna and permanent exposure groups. The post-weaning exposure groups did not show any
sgnificant performance impairment, even though average blood-lead levels exceeded 20 pg/dL at the
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time of testing. The authors suggested that the results seen in the maternal group demongtrated the
impact of lead upon early development.

In astudy documented by Mdllo et a. (1998), rat pups were exposed to lead in utero and
during nursing, usng 1.0 mM lead acetate administered to dams as drinking water. Eleven litters from
control females and nine litters from lead-exposed femaes were used, for atota of 160 pups. The
pups were observed for physical development and tested for reflexes/behavior at aged 17-19 days.
While lead exposure gppeared to significantly accelerate the gppearance of first eye opening, sartle
reflex, and free-fdl righting, it Sgnificantly impaired spontaneous dternation performance in amaze. No
explanation was given for the seemingly contradictory effectsin this sudy, though the authors suggested
that any lead-induced dterations in anima development or behavior, regardiess of direction, must be
considered deleterious.

Operant discrimination and reversal tasks. Rice (1996) describes experiments that were
conducted with visud discrimination problems with the addition of “reverse performance’ requirements,
and/or the addition of irrdlevant distracting signds. In the operant discrimination reversd task, the
researcher changes the pattern of rewards so that previoudy-learned correct and incorrect responses
become switched. Lead-exposed animas sometimes perform as well as contralsin the origina learning
acquistion, but perform poorly when the change of rules requires learning achangein srategy. Also,
lead-exposed animas tend to be distracted by irrdlevant details more than do controls (athough in
some cases they may perform smilar to controls in the absence of such digtraction).  For example,
Gilbert and Rice (1987) report an experiment in which monkeys exposed to low lead levels (50 and
100 pg/kg/day) through age 10 years tended to perform poorly, relative to controls, on spatia
discrimination reversa tasks with unfamiliar distracting cues, but adequately on tasks with familiar
digractions. Furthermore, the lower dose group was impaired only during the tasks immediately after
the introduction of the irrdevant stimuli, but not after the irrdlevant simuli became familiar. Under these
dosing regimes, steady-sate blood lead concentrations in these mature adult monkeys (13.1 pg/dL for
the higher dose group and 10.9 pg/dL for the lower group) approximate levelstypica for humansin
indugtridized environments (Gilbert and Rice, 1987).

Bushnell and Bowman (1979a) reported diminished performance on spatid discrimination
reversa tasks by adult monkeys (4 years of age) that were exposed to dietary lead in the first year of
life (ether 0.287 mg/kg or 0.880 mg/kg per day as lead acetate in formula). This finding was observed
despite average blood-lead levelsin each group being essentidly normd &t the time of testing.

Impairments in learning and performance have aso been noted in experiments with lead-
exposed rats. Cory-Sechta (1997) found that selective learning deficits were present after lead
exposures of 50 and 250 ppm (as lead acetate in drinking water) with resulting blood-lead levels as low
as20-25 pg/dL. Lead-exposed rats performed as well as controls during the performance component
of the experiment (i.e., the correct sequence of responses remained constant acrosstrias), but less
accurately during the repeat acquistion component (the correct sequence changed in an unpredictable
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way with each new set of trids). Rats aso displayed perseverative behavior, pressing the same lever
repestedly, even though the experiment precluded this pattern of response from generating a food
reward. The author discusses the research attempting to €lucidate some of the biochemical mechanisms
underlying these results, including evidence which strongly suggests the existence of alink between
learning imparments and lead-induced disruptions of neurotransmitters, particularly those of the
glutamine system.

Cory-Slechta (1997) dso reviewed the reported effects of lead on fixed interval (Fl) test
performance (delayed response operant schedule of food reinforcement). The Fl test requires the
animd to bar-press only at specific minimum time intervals before afood reward can be provided.
Studies conducted by Cory-Sechta showed that rats exposed to low doses of lead (25-300 ppm with
postweaning exposures) tended to respond more rapidly than did controls, even though this behavior
resulted in withheld rewards. In contrast, animals exposed to higher doses (500 ppm and above)
showed decreased rates of Fl responding, at least initialy. 1t is hypothesized that the increased
response rates may actualy be aform of perseverative behavior. The author notes that, in other
studies, lead-induced interference with the dopamine system has been suggested as a possible
mechanism for perseverative behavior. Also of sgnificance, Cory-Sechta reports that dose-dependent
patternsin Fl performance, like those in her own study, have consistently been observed across awide
range studies and methodologica conditions, including species (i.e., reported effects described in rats,
monkeys, sheep, pigeons, and mice) and developmenta period (i.e., prenata, postnata, postweaning,
adult, old adult) during which lead exposure occurs. Thus, evidencein the literature strongly suggests
that changesin FI schedule-controlled behavior sesem to be one of the most reliable parameters, relative
to other measures, for assessing the behaviora effects of experimenta lead exposures (Cory-Sechta,
1997).

Rice and Gilbert (1990a, 1990b) conducted a series of behaviora impairment studies on 52
infant monkeys. Shortly after birth monkeys were assigned in equa numbers to one of four feeding
groups. (1) acontrol diet; (2) alead-containing diet continuoudy after birth; (3) alead-containing diet
from birth until age 400 days, followed by a control diet; and (4) a control diet from birth until age 300
days, followed by alead-containing diet. Lead was administered ordly in gelatin capsules aslead
acetate in 0.05 M sodium carbonate, equivalent to 1.5 mg/kg/day. Feeding regimes were maintained
up to and through the time of behaviora testing, which occurred from about 5 through 7 years of age.
When monkeys were 5 to 6 years old, they were tested on a series of nonspatia discrimination reversa
tasks, including form, form with irrelevant color cues, color with irrdlevant form cues, and dternating
form and color (Rice and Gilbert, 1990a). Based on this series of tests, the group dosed continuoudy
from birth exhibited the greatest degree of impairment, followed by the group dosed after infancy only.
The group dosed during infancy only did not exhibit significant impairment on thesetasks. The results
of this study provided evidence that while exposure to lead after infancy can produce impairment, this
effect is exacerbated if the animal was dso exposed durin