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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The Tliterature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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MeV Mega-electron volts

MLC Mixed lymphocyte culture

MMD Mass median diameter

MMAD Mass median aerodynamic diameter

Mn Manganese

MND Motor. neuron disease

MSv Moloney sarcoma virus

MTD Maximum tolerated dose

n Number of subjects or observations

N/A Not Available
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NA
NAAQS
NAD
NADB
NAMS
NAS
NASN
NBS

NE
NFAN
NFR-82
NHANES 11
Ni

NTA
OSHA

P

P
PAH

Pb

PBA
Pb(Ac)2
PbB
PbBrCl
PBG

PFC

pH

PHA

PHZ
PIXE
PMN

LIST OF ABBREVIATIONS

Not Applicable

National ambient air quality standards
Nicotinamide Adenine Dinucleotide
National Aerometric Data Bank
National Air Monitoring Station
National Academy of Sciences
National Air Surveillance Network
National Bureau of Standards
Norepinephrine

National Filter Analysis Network
Nutrition Foundation Report of 1982

Nickel

Nitrilotriacetonitrile

Occupational Safety and Health Administration

Phosphorus

Significance symbol
Para-aminohippuric acid

Lead
Air lead

Lead acetate

concentration of lead in blood
Lead (II) bromochloride
Porphobilinogen

Plaque-forming cells

Measure of acidity
Phytohemagglutinin
Polyacrylamide-hydrous-zirconia
Proton-induced X-ray emissions
Polymorphonuclear leukocytes
Post-natal day

Peripheral nervous system

Per os (orally)

Parts per million

Plasma renin activity

Plasma renin substrate
Pokeweed mitogen
Pyrimide-5'-nucleotidase

Red blood cell; erythrocyte
Renal blood flow

Respiratory control ratios/rates
Oxidation-reduction potential
Reticuloendothelial system
Rauscher leukemia virus
Ribonucleic acid

Serotonin

Simian adenovirus

Subcutaneously {method of injection)
Standard cubic meter

Standard deviation

Sodium dodecyl sulfate

Standard error of the mean
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LIST OF ABBREVIATIONS (continued).

SES Socioeconomic status

SGOT Serum glutamic oxaloacetic transaminase
slg Surface immunoglobulin

SLAMS State and local air monitoring stations
SMR Standardized mortality ratio
Sr Strontium

SRBC Sheep red blood cells

SRMs Standard reference materials
STEL Short-term exposure limit

SW voltage Slow-wave voltage

T-cells Thymus-derived lymphocytes
t-tests Tests of significance

TBL Tri-n-butyl lead

TEA Tetraethyl-ammonium

TEL Tetraethyllead

TIBC Total iron binding capacity
TML Tetramethyllead

TMLC Tetramethyllead chloride

TSH Thyroid-stimulating hormone
TSP Total suspended particulate
U.K. United Kingdom

UMP Uridine monophosphate

USPHS U.S. Public Health Service
VA Veterans Administration

Vv Deposition velocity

VER Visual evoked response

WHO World Health Organization
XEF X-Ray fluorescence

X Chi squared

In ‘ Zinc

PP Erythrocyte zinc protoporphyrin

MEASUREMENT ABBREVIATIONS

dil deciliter

ft feet

g gram

g/gal gram/gallon

g/ha+mo gram/hectare-month
km/hr kilometer/hour

1/min Titer/minute

mg/ km mitligram/kilometer
pg/m3 microgram/cubic meter
mm millimeter

Hm micrometer

pmol micromole

ng/cm? nanograms/square centimeter
nm nanometer

nM nanomole

sec second

t tons
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GLOSSARY VOLUME 1V

ADP/0 ratio - a measure of the rate of respiration; the ratio of adenosine
diphosphate concentration to oxygen levels increases as
respiration is impaired

active transport - the translocation of a solute across a membrane by means of

an energy-dependent carrier system capable of moving against
a concentration gradient

affective function - pertaining to emotion

asthenospermia - loss or reduction of the motility of spermatozoa

azotemia - an excess of urea and other nitrogenous compounds in the blood

basal ganglia - all of the large masses of gray matter at the base of the

cerebral hemispheres, including the corpus striatum, subthalamic
nucleus, and substantia nigra

basophilic stippling - a histochemical appearance characteristic of immature
erythrocytes

cognitive function - pertaining to reasoning, judging, conceiving, etc.
corpuscular volume - red blood cell volume

cristae - shelf-1ike infoldings of the inner membrane of mitochondria
cytomegaly - markedly enlarged cells

demyelination - destruction of the protective myelin sheath which surrounds
most nerves

depolarization - the electrophysiological process underlying neural transmission

desaturation kinetic study - a form of kinetic study in which the rate of release
of a species from its binding is studied

desquamation - shedding, peeling, or scaling off
disinhibition - removal of a tonic inhibitory effect

endoneurium - the delicate connective tissue enveloping individual nerve fibers
within a nerve

erythrocyte - red blood cell
erythropoiesis - the formation of red blood cells
feedback derepression - the deactivation of a repressor

hepatocyte - a parenchymal liver cell

XV
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hyalinization - a histochemical marker characteristic of degeneration

hyperkalemia - a greater than normal concentration of potassium ions in the
circulating blood

hyperplasia - increased numbers of cells
hypertrophy - increased size of cells
hypochromic - containing less than the normal amount of pigment

hyporeninemic hypoaldosteronism - pertaining to a systemic def1c1ency of renin
and aldosterone

inclusion bodies - any foreign substance contained or entrapped within a cell
isocortex - cerebral cortex

lysosomes - a cytoplasmic, membrane-bound particle containing hydrolyzing
enzymes

macrophage - large scavenger cell that ingests bacteria, foreign bodies, etc.

(Na+, K+)-ATPase - an energy-dependent enzyme which transports sodium and
potassium across cell membranes

natriuresis - enhanced urinary excretion of sodium
normocytic - refers to normal, healthy-looking erythrocytes
organotypic - disease or cell mixture representative of a specific organ

oxidative phosphorylation - the generation of cellular energy in the presence
of oxygen

paresis - partial or incomplete paralysis
pathognomic feature - characteristic or indicative of a disease

polymorphonuclear leukocytes - leukocytes (white blood cells) having nuclei of
various forms

respiratory control rates (RCRs) - measure of intermediary metabolism

reticulocytosis - an increase in the number of c1rcu1at1ng immature red blood
cells

synaptogenesis - the formation of neural connections (synapses)

synaptosomes - morphological unit composed of nerve terminals and the attached
synapse

teratogenic - affecting the development of an organism
teratospermia - a condition characterized by the presence of malformed

spermatozoa
Xvi



Chapter 12:
Contributing Authors

Dr. Max Costa

Department of Pharmacology
University of Texas Medical School
Houston, TX 77025

Dr. J. Michael Davis

Environmental Criteria and Assessment Office

MD-52
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Jack Dean

Immunobiology Program and Immunotoxicology/

Cell Biology Program
CIIT
P.0. Box 12137
Research Triangle Park, NC 27709

Dr. Bruce Fowler

Laboratory of Pharmacology

NIEHS

P.0. Box 12233

Research Triangle Park, NC 27709

Dr. Lester Grant

Director, Environmental Criteria and
Assessment Office

MD-52

U.S. Environmental Protection Agency

Research Triangle Park, NC 27711

Dr. Ronald D. Hood
Department of Biology

The University of Alabama
P.0. Box 1927

University, AL 35486

Dr. Loren Koller

School of Veterinary Medicine
University of Idaho

Moscow, ID 83843

Dr. David Lawrence

Biological Effects of Lead Exposure

Microbiology and Immunology Department

Albany Medical College of Union University

Albany, NY 12208

xvii

Dr. Paul Mushak
Department of Pathology
UNC School of Medicine
Chapel Hill, NC 27514

Dr. David Otto

Clinical Studies Division

MD-58 '

U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711

Dr. Magnus Piscator

Department of Environmental Hygiene
The Karolinska Institute 104 01
Stockholm

Sweden

Dr. John F. Rosen

Department of Pediatrics

Montefiore Hospital and
Medical Center

New York, NY 10467

Dr. Stephen R. Schroeder

Division for Disorders of
Development and Learning

Biological Sciences Research Center

University of North Carolina

Chapel Hill, NC 27514

Dr. Richard P. Wedeen
V.A. Medical Center
Tremont Avenue

East Orange, NJ 07019

Dr. David Weil

Environmental Criteria and
Assessment Office

MD-52

U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711



e 4 e mmmaa

The following persons reviewed this chapter at EPA's request. The evaluations

and conclusions contained herein, however, are not necessarily those of the

reviewers.

Dr. Carol Angle
Department of Pediatrics
University of Nebraska
College of Medicine
Omaha, NE 68105

Dr. Lee Annest

Division of Health Examin. Statistics
National Center for Health Statistics
3700 East-West Highway

Hyattsville, MD 20782

Dr. Donald Barltrop

Department of Child Health
Westminister Children's Hospital
London SW1P 2NS

England

Dr. Irv Billick

Gas Research Institute
8600 West Bryn Mawr Avenue
Chicago, IL 60631

Dr. Joe Boone

Clinical Chemistry and
Toxicology Section

Center for Disease Control

Atlanta, GA 30333

Dr. Robert Bornschein
University of Cincinnati
Kettering Laboratory
Cincinnati, OH 45267

Dr. A. C. Chamberlain

Environmental and Medical Sciences Division
Atomic Energy Research Establishment
Harwell 0X11

England

Dr. Neil Chernoff

Division of Developmental Biology
MD-67

U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

xviii

Dr. Julian Chisolm
Baltimore City Hospital
4940 Eastern Avenue
Baltimore, MD 21224

Dr. Jerry Cole

International Lead-Zinc Research
Organization

292 Madison Avenue

New York, NY 10017

Dr. Anita Curran
Commissioner of Health
Westchester County
White Plains, NY 10607

Dr. C1iff Davidson

Department of Civil Engineering
Carnegie-Mellon University
Schenley Park

Pittsburgh, PA 15213

Dr. H. T. Delves

Chemical Pathology and Human
Metabolism

Southampton General Hospital

Southampton S09 4XY

England

Dr. Fred deSerres

Associate Director for Genetics
NIEHS

P.0. Box 12233

Research Triangle Park, NC 27709

Dr. Joseph A. DiPaolo

Laboratory of Biology, Division
of Cancer Cause and Prevention

National Cancer Institute

Bethesda, MD 20205

Dr. Robert Dixon

Laboratory of Reproductive and
Developmental Toxicology

NIEHS

P.0. Box 12233

Research Triangle Park, NC 27711




Dr. Clair Ernhart
Department of Psychiatry

Cleveland Metropolitan General Hospital

3395 Scranton Road
Cleveland, OH 44109

Dr. Sergio Fachetti

Section Head - Isotope Analysis
Chemistry Division

Joint Research Center

121020 Ispra

Varese, Italy

Dr. Virgil Ferm

Department of Anatomy and Cytology
Dartmouth Medical School

Hanover, NH 03755

Dr. A1f Fischbein

Environmental Sciences Laboratory
Mt. Sinai School of Medicine

New York, NY 10029

Dr. Jack Fowle

Reproductive Effects Assessment Group
U.S. Environmental Protection Agency
RD-689

Washington, DC 20460

Dr. Bruce Fowler

Laboratory of Pharmocology

NIEHS

P.0. Box 12233

Research Triangle Park, NC 27709

Dr. Warren Galke

Department of Biostatistics and Epidemiclogy

School of Allied Health
East Carolina Unijversity
Greenville, NC 27834

Mr. Eric Goldstein

Natural Resources Defense Council, Inc.

122 E. 42nd Street
New York, NY 10168

Dr. Harvey Gonick

1033 Gayley Avenue
Suite 116

Los Angeles, CA 90024

Xix

Dr. Robert Goyer

Deputy Director

NIEHS

P.0. Box 12233

Research Triangle Park, NC 27711

Dr. Philippe Grandjean

Department of Environmental Medicine
Institute of Community Health
Odense University

Denmark

Dr. Stanley Gross

Hazard Evaluation Division

Toxicology Branch

U.S. Environmental Protection
Agency

Washington, DC 20460

Dr. Paul Hammond
University of Cincinnati
Kettering Laboratory
Cincinnati, OH 45267

Dr. Kari Hemminki

Institute of Occupational Health
Tyoterveyslaitos-Haartmaninkatu
1 SF-00290 Helsinki 29

Finland

Dr. V. Houk

Center for Disease Control
1600 Clifton Road, NE
Atlanta, GA 30333

Dr. Carole A. Kimmel

Perinatal and Postnatal Evaluation
Branch

National Center for Toxicological
Research

Jefferson, AR 72079

Dr. Kristal Kostial v

Institute for Medical Research
and Occupational Health

YU-4100 Zagreb

Yugoslavia

Dr. Lawrence Kupper
Department of Biostatistics
UNC School of Public Health
Chapel Hil11, NC 27514



Dr. Philip Landrigan
Division of Surveillance,
Hazard Evaluation and Field Studies
Taft Laboratories - NIQSH
Cincinnati, OK 45226

Dr. Alais-Yves Leonard

Centre D'Etude De L'Energie Nucleaire
B-2400 Mol

Belgium

Dr. Jane Lin-Fu

Office of Maternal and Child Health
Department of Health and Human Services
Rockville, MD 20857

Dr. Don Lynam

Air Conservation

Ethyl Corporation

451 Florida Boulevard
Baton Rouge, LA 70801

Dr. Kathryn Mahaffey
Division of Nutrition

Food and Drug Administration
1090 Tusculum Avenue
Cincinnati, OH 45226

Dr. Ed McCabe

Department of Pediatrics
University of Wisconsin
Madison, WI 53706

Dr. Chuck Nauman

Exposure Assessment Group

U.S. Environmental Protection Agnecy
Washington, DC 20460

Dr. Herbert L. Needleman
Children's Hospital of Pittsburgh
Pittsburgh, PA 15213

Dr. Forrest H. Nielsen

Grand Forks Human Nutrition Research Center
USDA

Grand Forks, ND 58202

XX

e S i

Dr. Stephen Overman

Toxicology Institute

New York State Department of
Health

Empire State Plaza

Albany, NY 12001

Dr. H. Mitchell Perry
V.A. Medical Center
St. Louis, MO 63131

Dr. Jack Pierrard

E.I. duPont de Nemours and
Company, Inc.

Petroleum Laboratory

Wilmington, DE 19898

Dr. Sergio Piomelli

Columbia University Medical School

Division of Pediatric Hematology
and Oncology '

New York, NY 10032

Dr. Robert Putnam

International Lead-Zinc
Research Organization

292 Madison Avenue

New York, NY 10017

Dr. Michael Rabinowitz

Children's Hospital Medical Center
300 Longwood Avenue

Boston, MA 02115

Dr. Larry Reiter

Neurotoxicology Division

MD-74B

U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711

Dr. Cecil R. Reynolds

Department of Educational Psychology
Texas A & M University

College Station, TX 77843

Dr. Patricia Rodier

Department of Anatomy

University of Rochester Medical
Center

Rochester, NY 14642




Dr. Harry Roels

Unite de Toxicologie Industrielle et Medicale

Universite de Louvain
Brussels, Belgium

Dr. John Rosen

Head, Division of Pediatric Metabolism
Montefiore Hospital and Medical Center

111 East 210 Street
Bronx, NY 10467

Dr. Michael Rutter
Department of Psychology
Institute of Psychiatry
DeCrespigny Park

London SE5 8AL

England

Dr. Anna-Maria Seppalainen
Institutes of Occupational Health
Tyoterveyslaitos

Haartmanikatu 1

00290 Helsinki 29

Finland

Dr. Ellen Silbergeld
Environmental Defense Fund
1525 18th Street, NW
Washington, DC 20036

Ms. Marjorie Smith

Department of Psychological Medicine
Hospital for Sick Children

Great Ormond Street

London WCIN 3EM

England

Mr. Peter Harvey

Environment, Health and
Behavior Research Group

59 Selly Wick Road

The University of Birmingham

Birmingham B29 7JF

England

xXi

Or. Ron Snee

E.I. duPont de Nemours and
Company, Inc.

Engineering Department L3167

Wilmington, DE 19898

Dr. F. William Sunderman, Jr.
Department of Pharmacology
University of Connecticut
School of Medicine
Farmington, CT 06032

Dr. Gary Ter Haar

Toxicology and Industrial
Hygiene

Ethyl Corporation

451 Florida Boulevard

Baton Rouge, LA 70801

Dr. Hugh A. Tilson

Laboratory of Behavioral and
Neurological Toxicology

NIEHS

Research Triangle Park, NC 27709

Mr. Ian von Lindern

Department of Chemical Engineering
University of Idaho

Moscow, ID 83843

Dr. William Yule
Institute of Psychiatry
DeCrespigny Park

London SE5 8AF

England



Chapter 13: Risk Assessment

Principal Authors

Dr. Lester Grant

Director, Environmental Criteria and
Assessment Office

MD-52 :

U.S. Environmental Protection Agency

Research Triangle Park, NC 27711

Contributing Authors

Dr. Robert Elias

Environmental Criteria and Assessment Office
MD-52

U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Vic Hasselblad

Biometry Division

MD-55

U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Dennis Kotchmar

Environmental Criteria and Assessment Office
MD-52

U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

XX11

Dr. Paul Mushak
Department of Pathology
UNC School of Medicine
Chapel Hill, NC 27514

Dr. Alan Marcus

Department of Mathematics
Washington State University
Pullman, Washington 99164-2930

Dr. David Weil

Environmental Criteria and
Assessment Office

U.S Environmental Protection
Agency

Research Triangle Park, NC 27711

I



12. BIOLOGICAL EFFECTS OF LEAD EXPOSURE

12.1 INTRODUCTION

As noted in Chapter 2, air quality criteria documents evaluate scientific knowledge of
relationships between pollutant concentrations and their effects on the environment and public
health. Chapters 3-7 of this document discuss the following: physical and chemical proper-
ties of Tead; measurement methods for lead in environmental media; sources of emissions;
transport, transformation, and fate; and ambient concentrations and other aspects of the ex-
posure of the U.S. population to lead in the environment. Chapter 8 evaluates the projected
impact of lead on ecosystems. Chapters 9-11 discuss the following: measurement techniques
for lead in biologic media; aspects related to the uptake, distribution, toxicokinetics, and
excretion of lead; and the relationship of various external and internal lead exposure indices
to each other. This chapter assesses information regarding biological effects of lead expo-
sure, with emphasis on (1) the qualitative characterization of various lead-induced effects
and (2) the delineation of dose-effect relationships for key health effects most likely of
concern at ambient exposure levels currently encountered by the general population of the
United States.

It is clear from the evidence evaluated in this chapter that there exists a continuum of
biological effects associated with lead across a broad range of exposure. At rather low
levels of lead exposure, biochemical changes, such as the disruption of certain enzymatic
activities involved in heme biosynthesis and erythropoietic pyrimidine metabolism, are detec-
table. With increasing lead exposure, there are sequentially more pronounced effects on heme
synthesis and a broadening of 1lead's effects to additional biochemical and physiological
mechanisms in various tissues, such that progressively more severe disruption of the normal
functioning of many different organ systems becomes apparent. In addition to impairment of
heme biosynthesis, signs of disruption of normal functioning of the erythropoietic and nervous
systems are among the earliest effects observed in response to increasing lead exposure. At
increasingly higher exposure levels, more severe disruption of the erythropoietic and nervous
systems occuré; other organ systems are also affected so as to result in the manifestation of
renal effects, disruption of .reproductive functions, impairment of immunological functions,
and many other biological effects. At sufficiently high Tevels of exposure, the damage to the
nervous system and other effects can be severe enough to result in death or, in some cases of
non-fatal lead poisoning, long-lasting sequelae such as permanent mental retardation.

The etiologies of many of the different types of functional disruption of various mamma-
lian organ systems derive (at least in their earliest stages) from lead's effects on certain
subcellular organelles, which result in biochemical derangements (e.g., disruption of heme
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synthesis processes) common to and affecting many tissues and organ systems. Some major
effects of lead on subcellular organelles common to numerous organ systems in mammalian spe-
cies are discussed below in Section 12.2, with particular emphasis on lead effects on mito-
chondrial functions. Subsequent sections of this chapter discuss biological effects of Tead
in terms of various organ or physiological systems affected by the element and its compounds
(except for Section 12.7, which assesses genotoxic and carcinogenic effects of lead). Addi-
tjonal cellular and subcellular aspects of the biological effects of lead are discussed within
respective sections on particular organ systems.

Sections 12.3 to 12.10 have been sequenced generally according to the degree of known
vulnerability of each system to lead. Major emphasis is placed first on detailed discussion
of the effects of lead on heme synthesis and associated multisystem impacts on several
important physiological processes and organ systems. Effects of lead on the two organ systems
classically considered to be most sensitive to lead (i.e., the hematopoietic and the nervous
systems) are further emphasized in early sections. Subsequent sections then discuss addi-
tional effects of lead on the kidney and on reproduction and development (in view of the
impact of lead on the fetus and pregnant women, as well as its gametotoxic effects). Geno-
toxic effects of lead and evidence for possible carcinogenic effects of lead are then re-
viewed, followed by discussion of the effects of lead on the immune system and, lastly, other
organ systems.

This chapter is subdivided mainly according to organ systems to facilitate presentation
of information. It must be noted, however, that in reality, all systems function in delicate
concert to preserve the physiological integrity of the whole organism and all systems are in-
terdependent. . Thus, not only do effects in a critical organ often exert impacts on other
organ systems, but Tow-level effects that might be construed as unimportant in a single speci-
fic system may be of concern in terms of their cumulative or aggregate impact.

Special emphasis is placed on the discussion of the effects of lead exposure in children.
Children are particularly at risk due to sources of exposure, mode of entry, rate of absorp-
tion and retention, and partitioning of lead in soft and hard tissues. The greater'sensitivi-
ty of children to lead toxicity, their inability to recognize symptoms, and their dependence
on parents and health care professionals make them an especially vulnerable population re-
quiring special consideration in developing criteria and standards for lead.

In discussing the biological effects of lead, it is important to note that lead has not
been demonstrated <o have any beneficial biological effect in humans. Some recent studies
have raised the possibility that lead could be a nutritionally essential element. The primary
evidence for this view has come from a series of articles by Kirchgessner and Reichimayr-Lais,
who have reported that rats maintained on a semi-synthetic diet low in lead (either 18 or
45 ppb) over several generations showed reduced growth rates (Reichimayr-Lais and
Kirchgessner, 198la), disturbances in hematological indices, tissue iron, and iron absorption
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(Reichimayr-Lais and Kirchgessner, 1981b,c,d,e; Kirchgessner and Reichlmayr-lLais, 198la,b),
and changes in certain enzyme activities and metabolite 1levels (Reichlmayr-lLais and
Kirchgessner, 1981f; Kirchgessner and Reichlmayr-lLais, 1982). Diets containing 18 ppb lead
were associated with the most pronounced effects on iron metabolism and growth as well as on
enzyme activities and metabolite levels. Animals in the F,;-group maintained on a 45-ppb lead
diet showed moderate changes in some hematological indices.

These studies were reviewed by a committee of independent scientists convened by the U.S.
Environmental Protection Agency (Expert Committee on Trace Metal Essentiality, 1983). The
Committee's conclusions were as follows:

1. The Kirchgessner and Reichlmayr-Lais data furnish evidence that is consistent

with and, in some opinions, indicative of a nutritional essentiality of lead
for rats.

2. The evidence is not sufficient to establish nutritional essentiality of lead
for rats.

3. To address the basic issue of nutritional essentiality of lead, additional evi-
dence needs to be obtained under different conditions in the laboratory of
Kirchgessner and ReichIlmayr-Lais, as well as by independent investigators;
additional species should also be examined.

The Committee emphasized the difference that apparently exists between 1lead con-
centrations that are of concern from a toxicologic viewpoint (e.g., those associated with
effects of the various types discussed in this chapter) and much lower lead levels that might
possibly be of nutritional value. Hence the Committee did not perceive any practical incom-
patibility between (a) efforts to reduce lead in the human environment to concentrations that
are unassociated with toxic effects and (b) efforts to define the potential nutritional
essentiality of lead. The Committee further recognized that current public health concerns
for humans clearly focus on lead toxicity effects.

Finally, the question of lead essentiality is largely moot in the debate over lead as a
public health issue. The extent of permanent and pervasive lead contamination in developed
areas of the world is such that concern will remain with excessive lead exposure and asso-
ciated toxicity in human populations. It is virtually inconceivable that lead deficiency in
human populations would ever arise in the first place.

12.2 SUBCELLULAR EFFECTS OF LEAD IN HUMANS AND EXPERIMENTAL ANIMALS
The biochemical or molecular basis for lead toxicity is the ability of the toxicant, as
a metallic cation, to bind to ligating groups in biomolecular substances crucial to normal
physiological functions, thereby interfering with these functions via such mechanjsms as
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competition with native essential metals for binding sites, inhibition of enzyme activity, and
inhibition or other alterations of essential ion transport. The relationship of this basis
for lead toxicity to organ- and organelle-specific effects is modulated by the following:
(1) the inherent stability of such binding sites for lead; (2) the compartmentalization
kinetics governing lead distribution among body compartments, among tissues, and within cells;
and (3) differences in biochemical and physiological organization across tissues and cells due
to their specific function. Given complexities introduced by factors 2 and 3, it is not sur-
prising that no single, unifying mechanism of lead toxicity has been demonstrated to apply
across all tissues and organ systems.. '

In the 1977 Air Quality Criteria Document for Lead, cellular and subcellular effects of
lead were discussed, including effects on various classes of enzymes. Much of the literature
detailing the effects of lead on enzymes per se has entailed study of relatively pure enzymes
in vitro in the presence of added lead. This was the case for data discussed in the earlier
document and such information continues to appear in the literature. Much of this material is
of questionable relevance for effects of lead in vivo. On the other hand, lead effects on
certain enzymes or enzyme systems are recognized as integral mechanisms of action underlying
the impact of lead on tissues in vivo and are logically discussed in later sections below on
effects at the organ system level.

This subsection is mainly concerned with organellar effects of lead, especially those
that provide some rationale for lead toxicity at higher levels of biological organization.'
While a common mechanism at the subcellular level that would account for all aspects of lead
toxicity has not been identified, one fairly common cellular response to lead is the impair-
ment of mitochondrial structure and function; thus, mitochondrion effects are accorded major
attention here. Lead effects on other organelles have not been as extensively studied as
mitochondrion effects; in some cases, it is not clear how the available information, e.g.,
that on lead-containing nuclear inclusion bodies, relates to organellar dysfunction.

12.2.1 Effects of Lead on the Mitochondrion

The mitochondrion is clearly the target organelle for toxic effects of lead on many tis-
sues, the characteristics of vulnerability varying somewhat with cell type. Given early re-
cognition of this sensitivity, it is not surprising that an extensive body of in vivo and in
vitro data has accumulated, which can be characterized as evidence of the following: (1)
structural injury to the mitochondrion; (2) impairment of basic cellular energetics and other
mitochondrial functions; and (3) uptake of lead by mitochondria in vivo and in vitro.
12.2.1.1 Lead Effects on Mitochondrial Structure. Changes in mitochondrial morphology with
lead exposure have been well documented in humans and experimental animals and, in the case of

the kidney, are a rather early response to such exposure. Earlier studies have been reviewed
by Goyer and Rhyne (1973), followed by later updates by Fowler (1978) and Bull (1380).
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Chronic oral exposure of adult rats to lead (1 perceht lead acetate in diet) results in
structural changes in renal tubule mitochondria, including swelling with distortion or loss of
cristae (Goyer, 1968). Such changes have also been documented in renal biopsy tissue of lead
workers (Wedeen et al., 1975; Biagini et al., 1977) and in tissues other than kidney, i.e.,
heart (Malpass et al., 1971; Moore et al., 1975b), liver (Hoffmann et al., 1972), and the cen-
tral (Press, 1977) and peripheral (Brashear et al., 1978) nervous systems. /

While it appears that relatively high-level lead exposures are necessary to detect struc-
tural changes in mitochondria in some animal models (Goyer, 1968; Hoffmann et al., 1972),
changes in rat heart mitochondria have been seen at blood lead levels as low as 42 pg/dl.
Also, in the study of Fowler et al. (1980), swollen mitochondria in renal tubule cells were
seen in rats chronically exposed to lead from gestation to 9 months of age at a dietary lead
dosing level as low as 50 ppm and a median blood lead level of 26 ug/dl (range: 15-41 pg/dl).
Taken collectively, these differences point out relative tissue sensitivity, dosing protocol,
relative sensitivity of the various experimental techniques, and the possible effect of
developmental status (Fowler et al., 1980) as important factors in determining lead exposure
levels at which mitochondria are affected in various tissues.
12.2:1.2 Lead Effects on Mitochondrial Function. Both in vivo and in vitro studies dealing

‘with such effects of lead as the impact on energy metabolism, intermediary metabolism, and
intracellular ijon transport have been carried out in variohs experimental animal models. Of
particular interest for this section are such effects of lead in the developing versus the
adult animal, given the greater sensitivity of the young organism to lead.

12.2.1.3 In Vivo Studies. Uncoupled energy metabolism, inhibited cellular respiration using
succinate and nicotinamide adenine dinucleotide (NAD)-linked substrates, and altered kinetics
of intracellular calcium have all been documented for animals exposed to lead in vivo, as
reviewed by Bull (1980).

Adult rat kidney mitochondria, following chronic oral feeding of lead in the diet (1 per-
cent Tead acetate, 10 or more weeks) showed a marked sensitivity of the pyruvate-NAD reductase
system (Goyer, 1971), as indicated by impairment of pyruvate-dependent respiration indexed by
ADP/0 ratio and respiratory control rates (RCRs). Succinate-mediated respiration in these
animals, however, was not different from controls. In contrast, Fowler et al. (1980) found in
rats exposed in utero (dams fed 50 or 250 ppm lead) and for 9 months postnatally (50 or §5q
ppm lead in their diet) renal tubule mitochondria that exhibited decreased state 3 respiration
and RCRs for both succinate and pyruvate/malate substrates. This may have been due to longer
exposure to lead or a differential effect of lead exposure during early development.

Intraperitoneal administration of lead to adult rats at doses as low as 12 mg/kg over 14
days was associated with inhibition of potassium-stimulated respiration in cerebral cortex
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slices with impairment of NADPH (NAD phosphate, reduced) oxidation using glucose, but not
pyruvate, as substrate (Bull et al., 1975). This effect occurred at a corresponding blood
lead of 72 pg/dl and a brain lead content of 0.4 pg/g, values below those associated with
overt neurotoxicity. Bull (1977), in a later study, demonstrated that the respiratory re-
sponse of cerebral cortical tissue from lead-dosed rats receiving a total of 60 mg/kg (10

mg/kg X 6 dosings) over 14 days was associated with a marked decrease in turnover of intra-

cellular calcium in a cellular compartment that appears to be the mitochondrion. This is
‘consistent with the observation of Bouldin et al. (1975) that lead treatment leads to in-
creased retention of calcium in guinea pig brain.

Numerous studies have evaluated relative effects of lead on mitochonodria of developing
versus adult animals, particularly in the nervous system. Holtzman and Shen Hsu (1976) ex-
posed rat pups at 14 days of age to lead via milk of mothers fed lead in the diet (4 pércent
lead carbonate) with exposure lasting for 14 days. A 40 percent increase in state 4 respira-
tory rate of cerebellar mitochonodria was seen within one day of treatment and was lost at the
end of the exposure period. However, at this later time (28 days of age), a substantial inhi-
bition of state 3 respiration was observed. This early effect of lead on uncoupling oxidative
phosphorylation is consistent with the results of Bull et al. (1979) and McCauley et al.
(1979). 1In these investigations, female rats received lead in drinking water (200 ppm) from
14 days before breeding through weaning of the pups. At 15 days of age, cerebral cortical
slices showed alteration of potassium-stimulated respiratory response and glucose uptake.

Holtzman et al. (1980a) compared mitochondrial respiration in cerebellum and cerebrum in
rat pups exposed to lead beginning at 14 days of age (via milk of mothers fed 4 percent lead
carbonate) and in adult rats maintained on the same diet. Cerebellar mitochondria showed a
very early loss (by 2 days of exposure) of respiratory control in the pups with inhibition of
phosphorylation-coupled respiration for NAD-linked substrates but not for succinate. Such
changes were less pronounced in mitochondria of the cerebrum and were not seen for either
brain region'in the adult rat. This regional-and age-dependency of mitochondrial impairment
parallels features of lead encephalopathy.

In a second study addressing this issue, Holtzman et al. (1981) measured the cytochrome
contents of cerebral and cerebellar mitochondria from rat pups exposed either from birth or at
14 days of age via the same dosing protocol noted above. These were compared to adult animals

xposed in like fashion. Pups exposed to lead from birth showed statistically significant
reductions of cytochrome b, cytochromes c + c;, and cytochromes a + az in cerebellum by 4
weeks of exposure. Changes in cerebral cytochromes, in contrast, were marginal. When lead
exposure began at 14 days of age, 1itt1e effect was observed, and adult rats showed little
change. This study indicates that the most vulnerable period for lead effects on developing
brain oxidative metabolism is the same period where a major burst in such activity begins.
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Related to effects of lead on energy metabolism in the developing animal mitochondrion is
the effect on brain development. In the study of Bull et al. (1979) noted earlier, cerebral
cytochrome ¢ + c; levels between 10 and 15 days of age decreased in a dose-dependent fashion
at all maternal dosing levels (5-100 mg Pb/liter drinking water) and corresponding blood lead
values for the rat pups (11.7-35.7 pg/dl1). Delays in synaptic development in these pups also
occurred, as indexed by synaptic counts taken in the parietal cortex. As the authors con-
cluded, uncoupling of energy metabolism appears to be causally related to delays in cerebral
cortical development.

Consistent with the effects of lead on mitochondrial structure and function are in vivo
data demonstrating the selective accumulation of lead in mitochondria. Studies in rats using
radioisotopic tracers 210Pb (Castellino and Aloj, 1969) and 293Php (Barltrop et al., 1971)
demonstrate that mitochondria will accumulate lead in significant relative amounts, the nature
of the accumulation seeming to vary with the dosing protocol. Sabbioni and Marafante (1976)
as well as Murakami and Hirosawa (1973) also found that lead is selectively lodged in mito-
chondria. O0f interest in regard to the effects of lead on brain mitochondria are the data of
Moore et al. (1975a) showing uptake of lead by guinea pig cerebral mitochondria, and the re-
sults of Krigman et al. (1974c) demonstrating that mitochondria in brain from 6-month-old rats
exposed chronically to lead since birth showed the highest uptake of lead (34 percent), fol-
lowed by the nuclear fraction (31 percent). While the possibility of translocation of lead
during subcellular fractionation can be raised, the distribution pattern seen in the reports
of Barltrop et al. (1971) and Castellino and Aloj (1969) over multiple time points makes this
unlikely. Also, findings of in vivo uptake of lead in brain mitochondria are supported by in

vitro data discussed below.

12.2.1.4 In Vitro Studies. In vitro studies of both the response of mitochondrial function
to lead and its accumulation by the organelle have been reported, using both isolated mito-
chondria and tissues. Bull (1980) reviewed such data published up to 1979.

Significant reductions in mitochondrial respiration, using both NAD-linked and succinate
substrates, have been reported for isolated heart and brain mitochondria. The lowest levels
of lead associated with such effects appear to be 5 pM or, in some cases, less. Available
evidence suggests that the sensitive. site for lead in isolated mitochondria is before cyto-

chrome b -in the oxidative chain and involves either tricarboxylic acid enzymes or non-heme
protein/ubiquinone steps. If substrate specificity is compared, e.g., succinate versus glut-
amate/malate oxidation, there appear to be organ-specific differences. As Bull (1980) noted,
tissue-specific effects of lead on cellular energetics may be one basis for differences in
toxicity across organs. Also, several enzymes involved in intermediary metabolism in isolated
mitochondria have been observed to undergo significant inhibition of activity in the presence
of lead; these have been tabulated by Bull (1980).
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One focus of studies dealing with lead effects on isolated mitochondria has been ion
transport--particularly that of calcium. Scott et al. (1971) have shown that lead movement
into rat heart mitochondria involves active transport, with characteristics similar to those
of calcium, thereby establishing a competitive relationship. Similarly, lead uptake into
brain mitochondria is also energy-dependent (Holtzman et al., 1977; Goldstein et al., 1977).
The recent elegant studies of Pounds and coworkers (Pounds et al., 1982a,b), using labeled
calcium or lead and desaturation kinetic studies of these labels in isolated rat hepatocytes,
have e1ucidated the intracellular relationship of lead to calcium in terms of cellular com-
partmentalization. In the presence of graded amounts of lead (10, 50, or 100 pM), the kinetic
analysis of desaturation curves of %5Ca label showed a lead dose-dependent increase in the
size of all three calcium compartments within the hepatocyte, particularly that deep compart-
ment associated with the mitochondrion (Pounds et al., 1982a). Such changes were seen to be
relatively independent of serum calcium or endogenous regulators of systemic calcium metab-
olism. Similarly, the use of 210ph label and analogous kinetic analysis (Pounds et al.,
1982b) showed the same three compartments of intracellular distribution as noted for calcium,
including the deep component A: redundant. Hence, there is striking overlap in the cellular
metabolism of calcium and lead. These studies not only further confirm easy entry of lead
into cells and cellular compartments, but also provide a basis for perturbation by lead of
intracellular ion transport, particularly in neural cell mitochondria, where there is a high
capability for calcium transport. Such capability is approximately 20-fold higher than in
heart mitochondria (Nicholls, 1978).

Given the above observations, it is not surprising that a number of investigators have
noted the in vitro uptake of lead into isolated mitochondria. Walton (1973) noted that lead
is accumulated within isolated rat liver mitochondria over the range of 0.2-100 pM lead;
Walton and Buckley (1977) extended this observation to mitochondria in rat kidney cells in
culture. Electron microprobe analyses of isolated rat synaptosomes (Silbergeld et al., 1977)
and capillaries (Silbergeld et al., 1980b) incubated with lead ion have established that sig-
nificant accumulation of lead, along with calcium, occurs in the mitochondrion. These obser-
vations are consistent with the kinetic studies of Pounds et al. (1982a,b), and the in vitro
data for isolated capillaries are in accord with the observations of Toews et al. (1978), who
found significant lTead accumulation in brain capillaries of the suckling rat.

12.2.2 Effects of Lead on the Nucleus

With lTead exposure, a cellular reaction typical of many species (including humans) is the

formation of intranuclear lead-containing inclusion bodies, early data for which have been
summarized by Goyer and Moore (1974). In brief, these lead-bearing inclusion bodies A:
(1) have have been verified as to lead content by X-ray microanalysis (Carroll et al., 1970);
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(2) consist of a rather dense core encapsulated by a fibrillary envelope; (3) are a complex
of lead and the acid fractions of nuclear protein; (4) can be disaggregated in vitro by EDTA;
(5) can appear very rapidly after lead exposure (Choie et al., 1975); (6) consist of a pro-
tein moiety in the complex which is synthesized de novo; and (7) have been postulated to
serve a protective role in the cell, given the relative amounts of lead accumulated and pre-
sumably rendered toxicologically inert.

Based on renal biopsy studies, Cramer et al. (1974) concluded that such inclusion body
formation in renal tubule cells in lead workers is an early response to lead entering the kid-
ney, in view of decreased presence of the inclusion bodies as a function of increased period
of employment. Schumann et al. (1980), however, observed a continued exfoliation of inclu-
sion-bearing tubule cells into urine of workers having a variable employment history.

Any protective role played by the lead inclusion body appears to be an imperfect one, to
the extent that both subcellular organelle injury and lead uptake occur simultaneously with
such inclusion formation, often in association with severe toxicity at the organ system level.
For example, Osheroff et al. (1982) observed lead inclusion bodies in the anterior horn cells
of the cervical spinal cord and neurons of the substantia nigra (as well as in renal tubule
cells) in the adult rhesus monkey, along with damage to the vascular walls and glial processes
and ependymal cell degeneration. At the 1light- and electron-microscope level, there were no
signs of neuronal damage or altered morphology except for the inclusions. As noted by the
authors, these inclusions in the large neurons of the substantia nigra show that the neuron
will take up and accumulate lead. In the study of Fowler et al. (1980), renal tubule inclu-
sions were observed simultaneously with evidence of structural and functional damage to the
mitochondrion, all at relatively low levels of lead. Hence, it appears that a Timited pro-
tective role for these inclusions may extend across a range of lead exposure.

Chromosomal effects and other indices of genotoxicity in humans and animals are discussed
in Section 12.7 of this chapter.

12.2.3 Effects of Lead on Membranes

In theory, the cell membrane is the first organelle to encounter lead, and it is not sur-
prising that cellular effects can be ascribed to interactions at cellular and intracellular
membranes, mainly appearing to be associated with ion transport processes across membranes.
In Section 12.3 a more detailed discussion is accorded the effects of lead on the membrane as
they relate to the erythrocyte in terms of increased cell fragility and increased osmotic re-
sistance. These effects can be rationalized, in large part, by the documented inhibition by
lead of erythrocyte membrane (Na+, K+)-ATPase.

Lead also appears to interfere with the normal processes of calcium transport across mem-
branes of various tissue types. Silbergeld and Adler (1978) have described lead-induced
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retardation of the release of the neurotransmitter, acety]cho]ine, in peripheral cholinergic
synaptosomes, due to a blockade of calcium binding to the synaptosomal membrane, reducing
calcium-dependent choline uptake and subsequent release of acetylcholine from the nerve ter-
minal. Calcium efflux from neurons is mediated by the membrane (Na+, K+)-ATPase via an ex-
change process with sodium. Inhibition of the enzyme by 1lead, as also occurs with the
erythroctye (see above), increases the concentration of calcium within nerve endings (Goddard
and Robinson, 1976). As seen from the data of Pounds et al. (1982a), lead can also elicit
retention of calcium in neural cells by easy entry into the cell and‘by directly affecting the
deep calcium compartment within the cell, of which the mitochondrion is a major component.

12.2.4 OQOther Organellar Effects of Lead

Studies of morphological alterations of renal tubule cells in the rat (Chang et al.,
1981) and rabbit (Spit et al., 1981) with varying lead treatments have demonstrated lead-
induced 1lysosomal changes. In the rabbit, with relatively modest levels of lead exposure
(0.25 or 0.5 mg/kg, 3 times weekly over 14 weeks) and corresponding blood lead values of 50
and 60 pg/dl, there was a dose-dependent increase in the amount of lysosomes in proximal con-

voluted tubule cells, as well as increased numbers of lysosomal inclusions. 1In the rat, expo-

sure to 10 mg/kg i.v. (daily over 4 weeks) resulted in the accumulation of lysosomes, some . - :
gigantic, in the pars recta segment of renal tubules. These animal data are consistent withx“

observations made in lead workers (Cramer et al., 1974; Wedeen et al., 1975) and appear to
represent a disturbance in normal lysosomal function, with the accumulation of lysosomes being

due to enhanced degradation of proteins arising from effects of lead elsewhere within the
cell.

12.2.5 Summary of Subcellular Effects of Lead

The biological basis of lead toxicity is closely linked to the ability of lead to bind to
ligating groups in biomolecular substances crucial to normal physiological functions. This
binding interferes with physiological processes by such mechanisms as the following: compe-
tition with native essential metals for binding sites, inhibition of enzyme activity, and in-
hibition or other changes in essential jon transport.

The main target organelle for lead toxicity in a variety of cell and tissue types clearly
is the mitochondrion, followed probably by cellular and intracellular membranes. Mitochon-
drial effects take the form of structural changes and marked disturbances in mitochondrial
function within the cell, especially energy metabolism and ion transport. These effects are
associated, in turn, with demonstrable accumulation of lead in mitochondria, both in vivo and
in vitro. Structural changes include mitochondrial swelling in many cell types, as well as
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distortion and loss of cristae, which occur at relatively moderate levels of lead exposure.
Similar changes have been documented in lead workers across a wide range of exposure levels.
Uncoupled energy metabolism, inhibited cellular respiration using both succinate and ni-

cotinamide adenine dinucleotide (NAD)-Tinked substrates, and altered kinetics of intracellular

calcium have been demonstrated in vivo using mitochondria of brain and non-neural tissue. In
some cases, relatively moderate lead exposure levels have been associated with such changes,;
and several studies have documented the relatively greater sensitivity of this organelle in
young versus adult animals in terms of mitochondrial respiration. The cerebellum appears to
be particularly sensitive, providing a connection between mitochondrial impairment and lead
éncepha]opathy. Impairment by lead of mitochondrial function in the developing brain has also
been associated with delayed brain development, as indexed by content of various cytochromes.
In the rat pup, ongoing lead exposure from birth is required for this effect to be expressed,
indicating that such exposure must occur before, and is inhibitory to, the burst of oxidative
metabolism activity that normally occurs in the young rat 10-21 days postnatally.

In vivo lead exposure of adult rats has also been observed to markedly inhibit cerebral
cortex intracellular calcium turnover (in a cellular compartment that appears to be the mito-
chondrion) at a brain lead level of 0.4 ppm. These results are consistent with a separate
study showing increased retention of calcium in the brains of lead-dosed guinea pigs. A
number of reports have described the in vivo accumulation of lead in mitochondria of kidney,
Tiver, spleen, and brain tissue, with one study showing that such uptake was slightly more
than occurred in the nucleus. These data are not only consistent with the various deleterious
effects of lead on mitochondria but are also supported by other, in vitro findings.

Significant decreases in mitochondrial respiration in vitro, using both NAD-linked and
succinate substrates, have been observed for brain and non-neural tissue mitochondria in the
presence of lead at micromolar levels. There appears to be substrate specificity in the inhi-
bition of respiration across different tissues, which may be a factor in differential organ
toxicity. Also, a number of enzymes involved in intermediary metabolism in isolated mitochon-
dria have been observed to undergo significant inhibition of activity with lead.

A major focus of research on lead effects on isolated mitochondria has concerned ion
(especially calcium) transport. Lead movement into brain and other tissue mitochondria, as

does calcium movement, involves active transport. Recent sophisticated kinetic analyses of ,

desaturation curves for radiolabeled lead or calcium indicate that there is striking over]apJ
ﬁn the cellular metabolism of calcium and lead. These studies not only establish a basis for
easy entry of lead into cells and cell compartments, but also provide a basis for impairment
by lead of intracellular ion transport, particularly in neural cell mitochondria, where the
capacity for calcium transport is 20-fold higher than even in heart mitochondria.
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Lead is also selectively taken up in isolated mitochondria in vitro, including the mito-
chondria of synaptosomes and brain capillaries. Given the diverse and extensive evidence of
lead's impairment of mitochondrial structure and function as viewed from a subcellular level,
it is not surprising that these derangements are logically held to be the basis of dysfunction
of heme biosynthesis, erythropoiesis, and the central nervous system. Several key enzymes in

;- the heme biosynthetic pathway are intramitochondrial, particularly ferrochelatase. Hence, it

‘ .fis to be expected that entry of lead into mitochondria will impair overall heme biosynthesis,
and in fact this appears to be the case in the developing cerebellum. Furthermore, the levels
of Tead exposure associated with entry of lead into mitochondria and expression of mitochon-
drial injury can be relatively moderate. '

Lead exposure provokes a typical cellular reaction in human and other species that has
been morphologically characterized as a lead-containing nuclear inclusion body. Although it
has been postulated that such inclusions constitute a cellular protection mechanism, such a
mechanism is an imperfect one. Other organelles, e.g., the mitochondrion, also take up lead
and sustain injury in the presence of nuclear inclusion bodies. Chromosomal effects and other

-~ indices of genotoxicity in humans and animals are considered later, in Section 12.7.

In theory, the cell membrane is the first organelle to encounter lead and it is not sur-
prising that cellular effects of lead can be ascribed to interactions at cellular and intra-
cellular membranes in the form of disturbed ion transport. The inhibition of membrane
(Na+,K+)-ATPase of erythrocytes as a factor in lead-impaired erythropoiesis is noted else-
where. Lead also appears to interfere with the normal processes of calcium transport across
membranes of different tissues. In peripheral cholinergic synaptosomes, lead is associated
with retarded release of acetylcholine owing to a blockade of calcium binding to the membrane,
while calcium accumulation within nerve endings can be ascribed to inhibition of membrane
(Na+,K+)-ATPase.

Lysosomes accumulate in renal proximal convoluted tubule cells of rats and rabbits given
lead over a wide range of dosing. This also appears to occur in the kidneys of lead workers
and seems to represent a disturbance in normal lysosomal function, with the accumulation of
lysosomes being due to enhanced degradation of proteins because of the effects of lead else-
where within the cell.

Insofar as effects of lead on the activity of various enzymes are concerned, many of the
ﬁVai]ab]e studies concern in vitro behavior of relatively pure enzymes with marginal relevance
to various effects in vivo. On the other hand, certain enzymes are basic to the effects of
lead at the organ or organ system level, and discussion is best reserved for such effects in
ensuing sections of the document dealing with these systems.
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12.5 EFFECTS OF LEAD ON HEME BIOSYNTHESIS AND ERYTHROPOIESIS/ERYTHROCYTE PHYSIOLOGY IN HUMANS

AND ANIMALS

Lead has well-recognized effects not only on heme biosynthesis, a crucial process common
to many organ systems, but also on the formation and physiology of erythrocytes. This section
is therefore divided for purposes of discussion into the following: (1) effects of lead on
heme biosynthesis including discussion of interrelationships between heme biosynthesis im-
pairment and (a) interference with vitamin-D metabolism and (b) certain neurotoxic effects of
lead; and (2) effects of lead on erythropoiesis and erythrocyte physiology. Discussion of the
latter is further subdivided into effects of lead on hemoglobin production, cell morphology
and survival, and erythropoietic nucleotide metabolism.

12.3.1 Effects of Lead on Heme Biosynthesis

The effects of lead on heme biosynthesis are very well known because of their prominence

and the large number of studies of these effects in humans and experimental animals. In addi-
tion to being a constituent of hemoglobin, heme is a prosthetic group of a number of tissue
hemoproteins having diverse functions, such as myoglobin, the P-450 component of the mixed-
function oxidase system, and the cytochromes of cellular energetics. Hence, any effects of
lead on heme biosynthesis will, perforce, pose the potential for multi-organ toxicity.

At present, much of the available information concerning the effects of lead on heme bio-
synthesis has been obtained by measurements in blood, due in large part to the relative ease
of access to blood and in part to the fact:that blood is the vehicle for movement of metabo-
lites from other organ systems. On the other hand, a number of reports have been concerned
with lead effects on heme biosynthesis in tissues such as kidney, liver, and brain. In the
discussion below, various steps in the heme biosynthetic pathway affected by lead are discus-
sed separately, with information describing erythropoietic effects usually appearing first,
followed by studies involving other tissues.

The process of heme biosynthesis results in formation of a porphyrin, protoporphyrin IX,
starting with glycine and succinyl-coenzyme A. Heme biosynthesis culminates with the inser-
tion of iron at the center of the porphyrin ring. As may be noted in Figure 12-1, Tlead inter-
feres with heme biosynthesis by disturbing the activity of three major enzymes: (1) it in-
directly stimulates, by feedback derepression, the mitochondrial enzyme delta-aminolevulinic
acid synthetase (ALA-S), which mediates the condensation of glycine and succinyl-coenzyme A to
fofm delta-aminolevulinic acid (ALA); (2) it directly inhibits the cytosolic enzyme delta-
. aminolevulinic acid dehydrase (ALA-D), which catalyzes the cyclocondensation of two units of
ALA to porphobilinogen; (3) it disturbs the mitochondrial enzyme ferrochelatase, found in
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Figure 12-1. Effects of lead {Pb) on heme biosynthesis.

liver, bone marrow, and other tissues, either by direct inhibition or by alteration of intra-
mitochondrial transport of iron. Ferrochelatase catalyzes the insertion of iron (II) into the
protoporphyrin ring to form heme and is situated in mammals in the inner mitochondrial mem-
brane (McKay et al., 1969).

12.3.1.1 Effects of Lead on Delta-Aminolevulinic Acid Synthetase. The activity of the enzyme
ALAFS is the rate-limiting step in the heme biosynthetic pathway. With decreased heme forma-

tion at other steps downstream or with increased heme oxygenase éctivity, a compensatory in-
crease of ALA-S activity occurs through feedback derepression and enhances the rate of heme
formation. Hence, excess ALA formation is due to both stimulation of ALA-S and direct inhibi-
tion of ALA-D (see below).

Increased ALA-S activity has been reported in lead workers (Takaku et al., 1973; Campbell
et al., 1977; Meredith et al., 1978), with leukocyte ALA-S reported to be stimulated at a
blood lead value of 40 pg/dl (Meredith et al., 1978), a level at which ALA-D activity is sig-
nificantly inhibited. To the extent that mitochondria in leuchytes show a dose-effect rela-

tionship comparable to the bone marrow and hepatic systems, it appears that most of the excess
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ALA formation below the observed threshold value is due to ALA-D inhibition. From the
authors' data, blood ALA had increased about twofold in a subset of the worker population over
the blood lead range of 18-40 pg/dl.

In vitro and in vivo experimental data have provided organ-specific results in terms of
the direction of the effect of lead on ALA-S activity. Silbergeld et al. (1982) observed that
ALA-S activity was increased in kidney with acute lead exposure in rats, while chronic treat-
ment was associated with increased activity of the enzyme in spleen. 1In liver, however, ALA-S
activity was reduced under both acute and chronic dosing. Fowler et al. (1980) reported that
renal ALA-S activity was significantTy reduced in rats continuously exposed to lead in utero,
through development, and up to 9 months of age. Meredith and Moore (1979) noted a steady in-
crease in hepatic ALA-S activity when rats were given lead parenterally over an extended
period of time. Maxwell and Meyer (1976) and Goldberg et al. (1978) also noted increased
ALA-S activity in rats given lead parenterally. It appears that the type and timeframe of
dosing influence the observed effect of lead on the enzyme activity. Using a rat liver cell
line (RLC-GAI) in culture, Kusell et 'al. (1978) demonstrated that lead could produce a time-
dependent incr%ife in ALA-S activity. Stimulation of ac}gvity was observed at lead levels as
low as 5 x 10 M, with maximal stimulation at 1 x 10 M. The authors reported that the
increase in activity was associated with the biosynthesis of more enzyme rather than with
stimulation of the pre-existing enzyme. Lead-stimulated ALA-S formation was also not limited
to liver cells; rat gliomas and mouse neuroblastomas showed similar results.
12.3.1.2 Effects of Lead on Delta-Aminolevulinid Acid Dehydrase and Delta-Aminolevulinic Acid
Accumulation/Excretion. Delta-aminolevulinic acid dehydrase (5-aminolevulinate hydrolase;
porphobilinogen synthetase; E.C. 4.2.1.24; ALA-D) is a sulfhydryl, zinc-requiring allosteric
enzyme in the heme biosynthetic péthway that catalyzes the conversion of two units of ALA to
porphobilinogen. The enzyme's activity is very sensitive to inhibition by lead, but the inhi-
bition is reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol
{(Granick et al., 1973),Azinc (Finelli et al., 1975), or zinc plus glutathione (Mitchell et
al., 1977). _‘ '

The activity of ALA-D appears to be inhibited at virtually all blood lead levels studied
so far, and any threshold for this effect remains to be identified (see discussion below).
Dresner et al. (1982) found that ALA-D activity in rat bone marrow suspen%ions was signifi-
cantly inhibited to 35 percent of control levels in the presence of 5 x 10 M (0.5 pM) lead.
This potency was unmatched on a comparative molar basis by any other metal tested. Recently,
Fujita et al. (1981) showed evidence of an increase in the amount of ALA-D in erythrocytes in
lead-exposed rats that was ascribed to an jncreased rate of ALA-D synthesis in bone marrow
cells. Hence, the commonly observed net inhibition of activity occurs even in the face of an
increase in ALA-D synthesis.
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Hernberg and Nikkanen (1970) found that enzyme activity was correlated inversely with
blood lead values in a group of urban, nonexposed subjects. Enzyme activity was inhibited 50
percent at a blood lead level of 16 upg/dl. Other reports have confirmed these observations

across age groups and exposure categories (Alessio et al., 1976b; Roels et al., 1975b; Nieburg
et al., 1974: Wada et al., 1973). A ratio of activated to inhibited enzyme activity (versus a
single activity measurement, which does not accommodate intersubject genetic variability) mea-
sured against children's blood lead values of 20-90 pg/dl was employed by Granick et al
(1973) to obtain an estimated threshold of 15 pg/dl for an effect of lead. On the other hand,
Hernberg and Nikkanen (1970) observed no threshold in their subjects, all of whom were at or
below 16 ug/dl. Note that the lowest blood lead actually measured by Granick et al. (1973)
was higher than the values measured by Hernberg and Nikkanen (1970).

Kuhnert,et al. (1977) reported that ALA-D activity measures in erythrocytes from both
pregnant womén and cord blood of infants at delivery are inversely correlated with the cor-
responding blood lead values, using the activated/inhibited activity ratio method of Granick
et al. (1973). The correlation coefficient of activity with lead level was highér in fetal
erythrocytes (r = -0.58, p <0.01) than in the mothers (r = -0.43, p <0.01). The mean inhi-
bition level was 28 percent in mothers versus 12 percent in the newborn. A study by Lauwerys
et al. (1978) in 100 pairs of pregnant women and infant cord blood samples confirms this
observation, i.e., for fetal blood r = 0.67 (p <0.001) and for maternal blood r = -0.56
(p <0.001).

While several factors other than lead may affect the activity of erythrocyte ALA-D, much
of the available information suggests that most of these factors do not materially compromise
the interpretation of the relationship between enzyme activity and lead or the use of this
relationship for screening purposes. Border et al. (1976) questioned the reliability of ALA-D
activity measurement in subjects concurrently exposed to lead and zinc because zinc also
affects the activity of the enzyme. The data of Meredith and Moore (1980) refute this objec-
tion. In unexposed subjects who had serum zinc values of 80-120 uM, there was only a minor
activating effect with increasing zinc when contrasted to the correlation of activity and
blood lead in these same subjects. In workers exposed to both lead and zinc, serum zinc
values were greater than in subjects with just lead exposure, but the mean level of enzyme ac-
tivity was still much lower than in controls (p <0.001).

The preceding discussion indicates that neither variability within the normal range of
physiological zinc in humans nor combined excessive zinc and lead exposure in workers materi-
ally affects ALA-D activity. The obverse of this, lead exposure in the presence of zinc defi-
ciency, is probably a more significant issue, but one that has not been well studied. Since
ALA-D is a zinc-requiring enzyme, one would expect that optimal activity would be governed by
in vivo zinc availability. Thus, zinc deficiency could potentially have a dual deleterious
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effect on ALA-D activity: first, a direct reduction in ALA-D activity through reduced zinc
availability, and second, an indirect and further inhibition of ALA-D activity because of
enhanced lead absorption in the presence of zinc deficiency (see Chapter 10, Section 10.5).

The recent study of Roth and Kirchgessner'(1981) indicates that ALA-D activity is signi-
ficantly decreased in the presence of zinc deficiency. In zinc-deficient rats showing reduced
serum and urinary zinc levels, the level of erythrocyte ALA-D activity was only 50 pergént
that of pair-fed controls, while urinary ALA was significantly elevated. Although these in-
vestigators did not measure blood lead in deficient and control animal groups, it would appear
that the level of inhibition is more than can be accounted for just on the basis of increased
lead absorption from the diet. Given the available information documenting zinc deficiency in
children (Section 10.5) as well as the animal study of Roth and Kirchgessner (1981), the rela-
tionship of lead, zinc deficiency, and ALA-D activity in young children merits further, care-
ful study.

Moore and Meredith (1979) noted the effects of carbon monoxide on the activity of ALA-D,
comparing moderate or heavy smokers with nonsmokers. At the highest Tlevel of carboxyhemoglo-
bin measured in their smoker groups, the depression of ALA-D activity was 2.1 percent. In
these subjects, a significant inverse correlation of ALA-D activity and blood lead existed,
but there was no significant correlation of such activity and blood carboxyhemoglobin levels.

While blood ethanol has been reported to affect ALA-D activity (Moore et al., 1971;
Abdulla et al., 1976), its effect is significant only under conditions of acute alcohol intox-
ication. Hence, relevance of this observation to screening is limited, particularly in
children. The effect is reversible, declining with clearing of alcohol from the blood stream.-

Lead-induced inhibition of ALA-D activity in erythrocytes apparently reflects a similar
effect in other tissues. Secchi et al. (1974) observed a clear correlation in 26 lead workers
between hepatic and erythrocyte ALA-D activity as well as the expected inverse correlation
between such activity and blood lead in the range of 12-56 pg/dl. In suckling rats, Millar
et al. (1970) noted decreased enzyme activity in brain and liver as well as erythrocytes when
lead was administered orally. In the study of Roels et al. (1977), tissue ALA-D changes were
not observed when dams were administered 1, 10, or 100 ppm lead in drinking water. However,
the data of Roels et al. (1977) may reflect a lower effective dose taken in by the dams and
delivered to the rat pups in maternal milk, because the pups showed no tissue enzyme activity
changes. Silbergeld et al. (1982) described moderate inhibition of ALA-D activity in brgim
and significant inhibition in kidney, liver, and spleen when adult rats were acutely exposed
to lead given intraperitoneally; chronic exposure was associated with reduced activity in
kidney, liver, and spleen. Gerber et al. (1978) found that neonatal mice exposed to lead from
birth through 17 days of age at a level of 1.0 mg/ml in water showed significant decreases in
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brain ALA-D activity (p <0.01) at all time points studied. These results support the data of
Millar et al. (1970) for the suckling rat. In the study by Millar et al., rats exposed from
birth through adulthood only showed significant decreases of brain ALA-D activity at 15 and 30
days; this finding also supports other data for the developing rodent. It would appear,
therefore, that brain ALA-D activity is more sensitive to lead in the developing animal than
in the adult.

The study of Dieter and Finley (1979) sheds light on the relative sensitivity of ALA-D
activity in several regions of the brain and permits comparison of blood versus brain ALA-D

activity as a function of lead level. Mallard ducks given a single pellet of lead showed 1
ppm lead in blood, 2.5 ppm lead in liver, and 0.5 ppm lead in brain by 4 weeks. Cerebellar
ALA-D activity was reduced by 50 percent at a lead level below 0.5 ppm; erythrocyte enzyme
activity was lowered by 75 percent. Hepatic ALA-D activity was comparable to cerebellar acti-
vity or somewhat less, although the lead level in the liver was fivefold higher. Cerebellar
ALA-D activity was significantly below that for cerebrum. In an avian species, then, at blocod
lead levels at which erythrocyte ALA-D activity was significantly depressed, activity of the
enzyme in cerebellum was even more affected relative to lead concentration.

The inhibition of ALA-D is reflected by increased levels of its substrate, ALA, in urine
(Haeger, 1957) as well as in whole blood or plasma (0'Flaherty et al., 1980; Meredith et al.,
1978; MacGee et al., 1977; Chisolm, 1968; Haeger-Aronsen, 1960). Cramer et al. (1974) demon-
strated that ALA clearance into urine parallels glomerular filtration rate across a range of
lead exposures, suggesting that increased urinary output with increasing circulating ALA is
associated with decreased tubular reabsorption (Moore et al., 1980). Based on their measure-
ments of plasma and urinary ALA across a range of blood lead in adults, 0'Flaherty et al.
(1980) calculated a mean fractional reabsorption of 40 percent for ALA. Tubular secretion
also occurs. Reabsorption appears to be saturable. In rats, fractional reabsorption was much
higher, 90-99 percent.

The detailed study of Meredith et al. (1978), which involved both control subjects and
lead workers, indicated that in elevated lead exposure the increase in urinary ALA is preceded
by a significant rise in circulating levels of ALA. The overall relationship of plasma ALA to
blood lead was exponential and showed a perceptible continuity of the correlation even down to
the lTowest blood lead value of the control group, 18 pg/dl. The relationship of plasma ALA to

/ﬁrinary levels of the precursor was found to be exponential, indicating that as plasma ALA
increases, a greater proportion of ALA undergces excretion into urine. Inspection of the plot
of urinary versus plasma ALA in these subjects shows that the correlation persists down to the
plasma ALA concentration corresponding to the 1lowest blood lead level, 18 ug/dil. These
results are contradicted by those of 0'Flaherty et al. (1980), who showed no correlation of
blood lead with plasma ALA below a value of 40 pg/dl. A key factor in these contradictory
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studies is the method of ALA measurement. Meredith et al. derived their data from a colori-
metric technique that measures ALA as well as other aminoketones, while such aminoketones are
not detected in the gas-1iquid chromatography method used by 0'Flaherty et al. Although the
measurements of O'Flaherty et al. are generally more specific for ALA in plasma than any
colorimetric technique, their validity at low plasma ALA levels remains to be established in
the field (see Chapter 9). The blood (plasma) ALA values reported by Meredith et al. were
generally higher than those measured by O'Flaherty et al. and appeared to be high in terms of
ALA renal clearance rates. ALA is, however the only aminoketone studied so far that corre-
lates with lead directly. Aminoacetone, also measured in the Meredith et al. study, is a
metabolite of an amino acid and is not known to be affected by Tead exposure. Thus, notwith-
standing a positive bias in absolute ALA values, the relative changes in ALA would appear to
provide the most plausible basis for the observed correlation with blood lead levels as low as
18 pg/dl in the study by Meredith et al.

Urinary ALA has been employed extensively as an indicator of excessive lead exposure,
particularly in occupational settings (e.g., Davis et al., 1968; Selander and Cramér, 1970;
Alessio et ai., 1976a). The reliability of this test in initial screening of children for
lead exposure has been questioned by Specter et al. (1971) and Blanksma et al. (1969), who
pointed out the failure of urinary ALA analysis to detect lead exposure when compared with
blood lead values. This is due to the fact that an individual subject will show a wide vari-
ation in urinary ALA with random sampling. Chisolm et al. (1976) showed that reliable levels
could only bhe obtained with 24-hr collections. In children with blood lead levels above
40 ug/dl, the relationship of ALA in urine to blood lead becomes similar to that observed in
lead workers (see below). |

A correlation exists between blood lead and the logarithm of urinary ALA in workers
(Meredith et al., 1978; Alessio et al., 1976a; Roels et al., 1975a; Wada et al., 1973;
Selander and Cramér, 1970) and in children (National Academy of Sciences, 1972). Selander and
Cramér (1970) reported that two different correlation curves were obtained, one for individ-
uals below 40 pg/dl blood lead and a different one for values abobe this, although the degree
of correlation was less than with the entire group. A similar observation has been reported
by Lauwerys et al. (1974) from a study of 167 workers with blood lead levels of 10-75 pg/dl.

Meredith et al. (1978) found that the correlation curve for blood ALA versus urinary ALA
was linear below a blood lead of 40 pg/dl, as was the relationship of blood ALA to blood lead.
Hence, there was also a linear relationship between blood lead and urinary ALA below 40 pg/dl,
i.e., a continuation of the correlation below the commonly accepted threshold blood lead value
of 40 pg/dl (see below). Tsuchiya et al. (1978) have questioned the relevance of using single
correlation curves to describe the blood lead-urinary ALA relationship across a broad range of
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exposure, because they found that this relationship in workers showing moderate, intermediate,
and high lead exposure could be described by three correlation curves with different slopes.
This finding is consistent with the observations of Selander and Cramér (1970) as well as the
results of Meredith et al. (1978) and Lauwerys et al. (1974). Chisolm et al. (1976) described
an. exponential correlation between blood lead and urinary ALA in children 5 years old or
younger, with blood lead levels ranging from 25 to 75 pg/dl. The upward slope in the regres-
sion line appears to be most pronounced at a blood lead level of about 40 pg/dl, but the
correlation may persist below this level. In adolescents with blood lead below 40 ug/dl, no
clear correlation was observed.

It is apparent from the above reports (Tsuchiya et al., 1978; Meredith et al., 1978;
Selander and Cramér, 1970) that circulating ALA and urinary ALA levels are elevated and corre-
lated at blood lead values below 40 pg/dl in humans. These findings are consistent, as shown
in the Meredith et al. (1978) study, with the significant and steady increase in ALA-D inhibi-
tion concomitant with rising blood levels of ALA, even at blood lead values considerably below
40 pg/dl. Increases of ALA in tissues of experimental animals exposed to lead have also been
documented. In the study of Silbergeld et al. (1982), acute administration of lead at a
rather highvdose to adult rats was associated with an elevation in spleen and kidney ALA com-
pared to that of controls, while in chronic exposure there was a moderate increase in ALA in
the brain and-a large increase (9-fold to 15-fold) in kidney and spleen. Liver levels with
either form of exposure were not materially affected, although there was inhibition of liver
ALA-D, particularly in the acute dose group.
12.3.1.3 Effects of Lead on Heme Formation from Protoporphyrid. The accumulation of proto-

porphyrin in the erythrocytes of individuals with lead intoxication has been recognized since
the 1930s (Van den Bergh and Grotepass, 1933), but it has only recently been possible to study
this effect through the development of sensitive and specific analytical techniques that per-
mit quantitative meésurement. In particular, the development of laboratory microtechniques
and the hematofluorometer has allowed the determination of dose-effect relationships as well
as the use of such measurements to screen for lead exposure.

In humans under normal circumstances, about 95 percent of the protoporphyrin in cir-
culating erythrocytes is zinc protoporphyrin (ZPP), with the remaining 5 percent present as
"free'" protoporphyrin (Chisolm and Brown, 1979). Accumulation of protoporphyrin IX in the
erythrocytes is the result of impaired iron (II) placement in the porphyrin moiety to form
heme, an intramitochondrial process. In lead exposure, the porphyrin acquires a zinc ion in
Tieu of the native iron; the resulting ZPP is tightly bound in the available heme pockets for
the 1ife of the erythrocyte, about 120 days (Lamola et al., 1975a,b). Hammond and coworkers
(1985) recently observed that in a group of young children aged 3-36 months (n = 165) the
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fraction of ZPP versus total erythrocyte protoporphyrin (EP) varied with age; it was at a min-
imum at 3 months and approached unity at 33 months. The basis for the age-related instability
of this ratio may be either a biological factor or an artifact of analytical methodology. A
plausible biological basis is that zinc bioavailability and zinc nutritional status (subopti-
mal in the early age groups) determine the extent of zinc placement in EP. The significance
of these observations for EP screening of very young children has been noted in Chapter 9.

In lead poisoning, the accumulation of protoporphyrin differs from that seen in the gene-
tically transmitted disorder erythropoietic protoporphyria. In the latter case, there is a
defect in ferrochelatase function, i.e., enzyme function is only 10-25 percent of normal
(Bloomer, 1980), leading to loose attachment of the porphyrin, accumulated without uptake of
zinc, on the surface of the hemoglobin. Loose attachment permits diffusion into plasma and
ultimately into the skin, where photosensitivity is induced. This behavior is absent in
lead-associated porphyrin accumulation. The two forms of porphyrin, free and zinc-containing,
differ sufficiently in fluorescence spectra to permit a laboratory distinction. With iron
deficiency, there 1is also accumulation of protoporphyrin as the zinc complex in the heme
pocket; this resembles in large measure the characteristics of lead intoxication.

The elevation of erythrocyte ZPP has been extensively documented as exponentially corre-
lated with blood lead in children (Piomelli et al., 1973; Kammholz et al., 1972; Sassa et al.,
1973; Lamola et al., 1975a,b£ Roels et al., 1976) and in adult workers (Valentine et al.,
1982; Lilis et al., 1978; Grandjean and Lintrup, 1978; Alessio et al., 1976b; Roels et al.,
1975a, 1979; Lamola et al., 1975a,b). Reigart and Graber (1976) and Levi et al. (1976) have
demonstrated that ZPP elevation can predict which children tend to increase their blood lead
levels, a circumstance that probably rests on the nature of chfonic lead exposure in certain
groups of young children where a pulsatile blood lead curve is superimposed on some level of
ongoing intake of lead that continues to elevate the ZPP values.

Accumulation of ZPP only occurs in erythrocytes formed during lead's presence in erythro-
poietic tissue. This results in a lag of several weeks before the fraction of new ZPP-rich
cells is large enough to influence total cell ZPP level. On the other hand, elevated ZPP in
erythrocytes long éfter significant lead exposure has ceased appears to be a better indicator
of resorption of stored lead in bone than other measurements. ‘Alessio et al. (1976b) reported
that former lead workers removed from exposure at the workplace for more than 12 months in all
cases still showed the typical logarithmic correlation between ZPP and blood or urinary lead.
However, the best correlation was observed between ZPP and chelatable lead, that fraction of
the total body burden considered toxicologically active (see Chapter 10). This post-exposure
relationship for adults clearly indicates that significant levels of hematologically toxic
lead continue to circulate long after exposure to lead has ceased.
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In a report relevant to the problem of multiple-indicator measurements in the assessment
of the degree of lead exposure,.Hesley and Wimbish (1981) studied changes in blood lead and
ZPP in two groups: newly exposed lead workers and those removed from significant exposure.
In new workers, blood lead achieved a plateau at 9-10 weeks, while ZPP continued to rise over
the entire study interval of 24 weeks. Among workers removed from exposure, both blood lead
and ZPP values remained elevated up to the end of this study period (33 weeks), but the
decline in ZPP concentration lagged behind blood lead in reaching a plateau. These investiga-
tors logically concluded that the difficulty in demonstrating reliable blood lead-ZPP rela-
tionships may reflect differences in the time at which the two measures reach plateau. The
authors also suggested that more reliance should therefore be placed on ZPP than on blood lead
levels before permitting re-entry into areas of elevated lead exposure.

The threshold for the effect of lead on ZPP accumulation is affected by the relative
spread of blood lead values and the corresponding concentrations of ZPP. In many cases these
range from "normal" levels in nonexposed subjects to values reflecting considerable exposure.
Furthermore, iron deficiency is also associated with ZPP elevation, particularly in children
2-3 years old or younger.

For EP elevation in adults, Roels et al. (1975b) found that the relationship of this
effect to blood lead ended at 25-30 pg/dl, confirmed by the log-transformed data of Joselow

and Flores (1977), Grandjean and Lintrup (1978), Odone et al. (1979), and Herber,(1980). In-"

children 10-15 years of age, the data of Roels et al. (1976) indicate an effect threshold of
15.5 pg/dl. In this study the threshold was taken as the point of intersection of two re-
gression lines derived from two groups of children. The population dose-response relationship
between EP and blood lead in these children indicated that EP levels were significantly higher
{(>2 standard deviations) than the reference mean in 50 percent of the children at a blood lead
level of 25 pg/dl. In the age range of children studied here, iron deficiency is uncommon and
these investigators did not note any significant hematocrit change in the exposure group. 1In
fact, hematocrit was lower in the control group, although these subjects had lower ZPP levels.
In this study, then, iron deficiency was unlikely to have been a confounding factor in the
primary relationship. Piomelli et al. (1977) obtained a comparable threshold value (15.5
ug/dl) for lead's effect on ZPP elevation in children who were older than 4 years as well as
those who were 2-4 years old. If iron deficiency was a factor in the results for this large
study popu]atioh (1816 children), one would expect a greater impact in the younger group,
where the deficiency is more common.

Within the blood lead range considered "normal," i.e., below 30-40 ng/dl, assessment of
any ZPP-blood lead relationship is strongly influenced by the relative analytical proficiency
of the laboratory carrying out both measurements, particularly for blood lead at lower values.
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The type of statistical treatment of the data is also a factor, as are some biological sources
of variability. With respect to subject variability, Grandjean (1979) has documented that ZPP
increases throughout adulthood, while hemoglobin remains relatively constant. Hence, age
matching is a prerequisite. Similarly, the relative degree of ZPP response depends on gender:
females show a greater response for a given blood lead level than do males (see discussion
below). /

| Suga et al. (1981) claimed no apparent correlation between blood lead levels below
40 pg/dl and blood ZPP content in an adult population of 395 male and female subjects. The
values for males and females were combined because of no measured differences in ZPP response,
which is at odds with the studies of Stuik (1974), Roels et al. (1975b), Zielhuis et al.
(1978a,b), Odone et al. (1979), and Toriumi and Kawai (1981). Also, EP was found to increase
with increasing age, despite the fact that the finding of no correlation between blood lead
and ZPP was based on a study population with all age groups combined.

Piomelli et al. (1982) investigated both the thresheld for the effect of lead on EP ac-
cumulation and a dose-response relationship in 2004 children, 1852 of whom had blood lead
values below 30 pg/dl. 1In this study, blood lead and EP measurements were done in facilities
with a high proficiency for both blood lead and ZPP analyses. The study employed two statis-
tical approaches (segmental line techniques and probit analysis), both of which revealed an
average threshold blood lead level of 16.5 pg/dl in the full group and in the children with
blood lead values below 30 pg/dl. In this report, the effect of iron deficiency and other
non-lead factors was tested and removed using the Abbott formula (Abbott, 1925). With respect
to population dose-response relationships, it was found that blood lead values of 28.6 and
35.2 pg/dl corresponded to significant EP elevation of more than 1 or 2 standard deviations,
respectively, above a reference mean in 50 percent of the subjects. At a blood lead level of
30 pg/dl, furthermore, it was determined that 27 percent of children would have an EP greater
than 53 pg/dl.

In a related study (Rabinowitz et al., 1986), simultaneous blood lead, ZPP, and hemato-
crit measurements were made semiannually on 232 normal infants during their first two years of
life. The incidence of elevated ZPP (mean + 1 or 2 S.D.) was unrelated to blood lead below 15
pg/dl but was 4-fold greater above this threshold. The relationship persisted after correc-
tion for the small number (4 percent) of infants with a hematocrit below 33 percent. Thfs)

" survey extends the observations of Piomelli et al. (1982) to a younger and less lead-burdened |

population.

Comparison of EP elevations among adult males and females and children at a given blood
lead level generally indicates that children and adult females are more sensitive to this ef-
fect of lead. Lamola et al. (1975a,b) demonstrated that the slope of ZPP versus blood lead
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was steeper in children than in adults. Roels et al. (1976) found that women and children
were equally more sensitive in response than adult males, a finding also observed in the popu-
lation studied by Odone et al. (1979). Other comparisons between adults, either as groups
studied at random or in a voluntary lead exposure study, also document the sensitivity of
females over males to this effect of lead (Stuik, 1974; Roels et al., 1975b, 1976, 1979;
Toriumi and Kawai, 1981). The heightened response of females to lead-associated EP elevation
has also been investigated in rats (Roels et al., 1978a) and has been shown to be related to
hormonal interactions with lead, thus confirming the human data of Roels et al. (1975b, 1976,
1979) that iron status is not a factor in the phenomenon. '

The effect of lead on iron incorporation into protoporphyrin in the heme biosynthetic
pathway is not restricted to the erythropoietic system. Evidence of a generalized effect of
lead on tissue heme synthesis at low levels of lead exposure comes from the recent studies of
Rosen and coworkers (Rosen et al., 1980, 1981; Mahaffey et al., 1982) concerning lead-asso-
ciated reductions in 1,25-dihydroxyvitamin D (1,25-(0H),D) (see Section 12.3.5). Such re-
ductions probably occur because lead has an inhibitory effect on renal 1-hydroxylase, a heme-
requiring cytochrome P-450 mediated mitochondrial enzyme system that converts 25-hydroxy-
vitamin D to 1,25-(0H);D. In an independent study, it has been shown in animals chronically
exposed to moderate amounts of lead that kidney ferrochelatase activity is inhibited with
elevation of EP, reducing the kidney heme pool for heme-requiring enzymes (Fowler et al.,
1980). The low end of the blood lead range associated with lowered 1,25-(0H),D levels and
inhibited 1-hydroxylase activity corresponds to the level of lead associated with the onset of
EP accumulation in erythropoietic tissue (see above). Sensitivity of renal mitochondrial
1-hydroxylase activity to lead is consistent with a large body of information showing the
susceptibility of renal tubule cell mitochondria to injury by lead and with the chronic lead
exposure animal model of Fowler et al. (1980), discussed in more detail below.

Formation of the heme-containing protein cytochrome P-450, which is an integral part of
the hepatic mixed-function oxygenase system, has been documented in animals (Alvares et al.,
1972; Scoppa et al., 1973; Chow and Cornish, 1978; Goldberg et al., 1978; Meredith and Moore,
1979) and humans (Alvares et al., 1975; Meredith et al., 1977; Fischbein et al., 1977; Saenger
et al., 1984) as being affected by lead exposure, particularly acute lead intoxication. Many
of these studies used altered drug detoxification rates as a functional measure of such
[ effects. In the work of Goldberg et al. (1978), increasing the level of lead exposure in rats
was correlated with both a steadily decreasing P-450 content of hepatic microsomes and decre-
ased activity of the detoxifying enzymes aniline hydroxylase and aminopyrine demethylase.
Similarly, the data of Meredith and Moore (1979) showed that continued dosing of rats with
lead results in steadily decreased microsomal P-450 content, decreased total heme content of
microsomes, and increased ALA-S activity.
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Recently, Saenger and coworkers (1984) demonstrated that there was significantly reduced
6p-hydroxylation of cortisol in children having a positive ethylenediaminetetraacetic acid
(EDTA) provocation test compared to a negative test group, under conditions of age matching
and controlling for free cortisol. Because 6B-hydroxycortisol formation is mediated by
hepatic cytochrome P-450 microsomal monooxygenase, lead appears to inhibit this system at
relatively moderate levels of lead exposure in children.

According to Litman and Correia (1983), treatment of rats with either the organic
porphyrinic agent 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine (DDEP) or in-
organic lead 1is associated with an inhibition of the hepatic enzyme system tryptophan
pyrrolase, owing to depletion of the hepatic heme pool and resulting in elevated levels of
tryptophan, serotonin, and 5-hydroxyindoleacetic acid in the brain. With infusion of heme,

however, brain levels were restored to normal. These studies were carried out with
phenobarbital induction of the enzyme system. The behavior of 1lead alone was not
investigated.

0f interest in this regard are data relating to neural tissue. Studies of organotypic
chick dorsal root ganglion in culture document that the nervous system has heme biosynthetic
capability (Whetsell et al., 1978) and that this cell system elaborates decreased amounts of
porphyrinic material in the presence of lead (Sassa et al., 1979). 1In a later investigation,
Whetsell and coworkers (Whetsell and Kappas, 1981; Whetsell et al., 1984) reported that mouse
dorsal root ganglion in culture exposed to lead for 6 weeks at 10_5 M (2 pg Pb/m1 medium)
showed progressive severe destruction of myelin and Schwann cells as well as alterations in
axonal and neuronal ultrastructure. Because the co-administration of heme (10-4 M) prevented
most of these destructive effects, particularly in Schwann cells, axons, and neurons, there is
an indication of a relationship between inhibition by lead of heme biosynthesis in neural tis-
sue and the morphological changes observed.

Chronic administration of lead to neonatal rats indicates that at low levels of exposure,
with modest elevations of blood lead, there is a retarded growth in the respiratory chain
hemoprotein cytochrome C and disturbed electron transport function in the developing rat cere-
bral cortex (Bull et al., 1979). The study of Holtzman et al. (1981) indicates that the cyto-
chrome group affected and the brain region affected appear to differ with the age of the young
animal at the start of dosing and the duration of dosing. All measured changes involved
reduction at the p <0.05 level. Young rats fed lead from birth for 3 weeks showed reduction
in cytochrome aa; of cerebral mitochondria, while feeding for 4 weeks showed reduction in all
cerebellar mitochondrial cytochromes. When feeding commenced at 2 weeks, the range of effects
also depended on duration of exposure, with reduction of cytochrome b in cerebral mitochondria
after one week, reduction in cytochrome c + c; in cerebral mitochondria after 2 weeks, and
cerebellar cytochrome ¢ + ¢, reduction after two weeks. These effects on the developing
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orgahism are accentuated by increased whole body lead retention in both developing children
and experimental animals as well as by higher retention of lead in the brain of suckling rats
as compared to adults.

Heme oxygenase activity is elevated in lead-intoxicated animals (Maines and Kappas, 15976;
Meredith and Moore, 1979) in which relatively high dosing is employed. This indicates that
normal repression of the enzyme's activity is lost, further adding to heme reduction and loss
of regulatory control on the heme biosynthetic pathway.

The mechan{sm(s) underlying derangement of heme biosynthesis leading to ZPP accumulation
in lead intoxication can be ascribed to impaired mitochondrial transport of iron, ferrochela-
tase inhibition, or a combination of both. Lead-induced effects on mitochondrial morphology
and function, which are well known (Goyer and Rhyne, 1973; Fowler, 1978), may include impaired
jiron transport (Borovd et al., 1973). Moreover, the resemblance of lead-associated ZPP accu-
mulation to a similar effect of iron deficiency is consistent with the unavailability of iron
to ferrochelatase rather than with direct enzyme inhibition. However, the porphyrin pattern
seen in the congenital disorder erythropoietic porphyria, where ferrochelatase itself is af-
fected, is different from that seen in lead intoxication.

Several animal studies ‘indicate that the effects of lead on heme formation may involve
both ferrochelatase inhibition and impaired mitochondrial transport of iron. Hart et al.
(1980) observed that acute lead exposure in rabbits is associated with a two-stage hema-
topoietic response: an earlier phase that results in significant formation of free versus
zinc protoporphyrin with considerable hemolysis and a later phase (where ZPP is formed) that
otherwise resembles the common features of lead intoxication. Subacute exposure shows more of
the typical porphyrin response reported with lead. These data may suggest that acute lead
poisoning is quite different from chronic exposure in terms of the nature of hematological
derangement.

Fowler et al. (1980) maintained rats on a regimen of oral lead, starting with exposure of
their dams to lead in water and continuing through 9 months after birth at levels up to
250 ppm lead. The authors observed that the activity of kidney mitochondrial ALA-S and ferro-
chelatase, but not that of the cytosolic enzyme ALA-D, was inhibited. Ferrochelatase activity
was inhibited at 25-, 50-, and 250-ppm exposure levels; activity was 63 percent of the control
values at the 250-ppm level. Depression of state-3 respiration control ratios was observed
for both succinate and pyruvate. Ultrastructurally, the mitochondria were swollen and lyso-
somes were rich in iron. In this study, reduced ferrochelatase activity was observed in
association with mitochondrial injury and disturbance of function. The accumulation of iron
may have been the result of phagocytized dead mitochondria or it may have represented intra-
cellular accumulation of iron, owing to the inability of mitochondria to use the element.
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Ibrahim et al. (1979) have shown that excess intracellular iron under conditions of iron over-
load is stored in cytoplasmic lysosomes. The observation of disturbed mitochondrial respira-
tion suggests, as do the mitochondrial function data of Holtzman and Shen Hsu (1976) and Bull
et al. (1979) for the developing nervous system, that intramitochondrial transport of iron
would be impaired. Flatmark and Romsio (1975) demonstrated that iron transport in mitochondria
js energy linked and requires an intact respiration chain at the level of cytochrome C, by
which iron (III) on the C-side of the mitochondrial inner membrane is reduced before it is
transported to the M-side and utilized in heme formation.

The above results are particularly interesting in terms of the relative responses of dif-
ferent tissues. While the kidney was affected, there was no change in blood indices of hema-
tological derangement in terms of inhibited ALA-D activity or accumulation of ZPP. This
suggests that there is a difference in dose-effect functions among different tissues, particu-
larly with lead exposure during development of the organism. It appears that while blood
indicators of erythropoietic effects of lead may be more accessible, they may not be the most
sensitive indicators of heme biosynthesis derangement in other organs.
12.3.1.4 Effects of Lead on Coproporphyrin. An increased excretion of coproporphyrin in the
urine of lead workers and children with lead poisoning has long been recognized, and urinary
coproporphyrin measurement has been used as an indicator of lead poisoning. The mechanism of
this enhanced production of coproporphyrin may be direct enzyme inhibition, accumulation of
substrate secondary to inhibition of heme formation, or impaired intramitochondrial movement
of the coproporphyrin. Excess coproporphyrin excretion differs from EP accumulation as an
indicator of Tlead exposure. The former is a measure of ongoing lead intoxication without the
lag in response seen with EP (Piomelli and Graziano, 1980).

In experimental lead intoxication, there is an accumulation of porphobilinogen and eleva-
ted excretion in urine, owing to inhibition by lead of the enzyme uroporphyrinogen (URD)-I-
synthetase (Piper and Tephly, 1974). In vitro studies of Piper and Tephly (1974) using rat
and human erythrocyte and liver preparations indicate that it is the erythrocyte enzyme
URO-I-synthetase in both rats and humans that is sensitive to the inhibitory effect of lead;
activity of the hepatic enzyme 1is relatively insensitive. Significant inhibition of the
enzyme's activity occurs at 5 pM 1gfd and virtually total inhibition of activity occurs in
human erythrocyte hemolysates at 10 M. According to Piper and van Lier (1977), the lower
sensitivity of hepatic URO-I-synthetase activity to lead is due to a protective effect
afforded by a pteridine derivative, pteroylpolyglutamate. It appears that the protection does
not occur through lead chelation, since hepatic ALA-D activity was reduced in the presence of
lead. The studies of Piper and Tephly (1974) indicate that it is inhibition of URO-I-
synthetase in erythroid tissue or erythrocytes that accounts for the accumulation of its sub-’
strate, porphobilinogen.
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Unlike the case for experimental animals, accumulation of porphobilinogen in plasma and
urine of 1ead-exhosed humans has not been conclusively documented. Absence of porphobilinogen
in urine is a differentiating characteristic in ‘heme biosynthesis disturbance by lead versus
the hepatic porphyrias, acute intermittent porphyrin, and variegate porphyria (Eubanks et
al., 1983).

12.3.2 Effects of Lead on Erythropoiesis and Erythrocyte Physiology

12.3.2.1 Effects of Lead on Hemoglobin Production. Anemia is a manifestation (sometimes an

early one) of chronic lead intoxication. Typically, the anemia is mildly hypochromic and usu-
ally normocytic. It is associated with reticulocytosis, owing to shortened cell survival, and
the irregular presence of basophilic stippling. Its genesis lies in both decreased hemoglobin
production and an increased rate of erythrocyte destruction. Not only is anemia commonly seen
in children with lead poisoning, but it appears to be more severe and frequent among those
with severe lead intoxication (World Health Organization, 1977; National Academy of Sciences,
1972; Lin-Fu, 1973; Betts et al., 1973).

While the anemia associated with lead intoxication in children shows features of iron-
deficiency anemia, there are differences in cases of severe intoxication. These differences
include reticulocytosis, basophilic stippling, and a significantly lower total iron binding
capacity (TIBC). These latter features suggest that iron-deficiency anemia in young children
js exacerbated by lead. The reverse is also true.

In young children, iron deficiency occurs at a significant rate, based on national
(Mahaffey and Michaelson, 1980) and regional (Owen and Lippman, 1977) surveys, and it is known
to be correlated with increased lead absorption in humans (Yip et al., 1981; Chisolm, 1981,
Watson et al., 1980; Szold, 1974; Watson et al., 1958) and animals (Hamilton, 1978; Barton et
al., 1978; Mahaffey-Six and Goyer, 1972). Hence, prevalent iron deficiency can be seen to
potentiate the effects of lead in reduction of hemoglobin both by increasing lead absorption
and by exacerbating the degree of anemia. Also, in young children, there is a negative corre-
lation between hemoglobin level and blood lead levels (Adebonojo, 1974; Rosen et al., 1974;
Betts et al., 1973; Pueschel et al., 1972). These studies generally involved children under 6
years of age in whom iron deficiency may have been a factor.

In adults, a negative correlation was observed in several studies at blood lead values
usually below 80 ug/dl (Grandjean, 1979; Lilis et al., 1978; Roels et al., 1975a; Wada et
al., 1973), while several studies did not report any relationship below 80 pg/dl (Valentine et
al., 1982; Roels et al., 1979; Ramirez-Cervantes et al., 1978). In adults, iron deficiency
would be expected to play less of a role in this relationship; Lilis et al. (1978) reported
that the significant correlation between lead in blood and hemoglobin level was observed in
workers in whom serum iron and TIBC were indistinguishable from controls.
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The blood lead threshold for effects on hemoglobin has not been conclusively estab-
lished. In children, this value appears to be about 40 pg/dl (World Health Organization,
1977), which is somewhat lower than in adults (Adebonojo, 1974; Rosen et al., 1974; Betts et
al., 1973; Pueschel et al., 1972). Tola et al. (1973) observed no effect of lead on new work-
ers until the blood lead had risen to a value of 50 pg/dl after about 100 days. The regres-
sion analysis data of Grandjean (1979), Lilis et al. (1978), and Wada et al. (1973) show
persistence of the negative correlation of hemoglobin and blood lead below 50 pg/dl. Human
population dose-response data for the lead-hemoglobin relationship are limited. Baker et al.
(1979) calculated the following percentages of lead workers having a hemoglobin level of
<14.0 g/d1 blood at the specified blood lead concentrations: 5 percent at blood lead
values of 40-59 pg/dl; 14 percent at blood lead values of 60-79 pg/dl; and 36 percent at blood
lead values above 80 pg/dl. In 202 lead workers, Grandjean (1979) noted the following per-
centages of workers having a hemoglobin level below 14.4 g/dl at the specified blood lead
concentrations: 17 percent at <25 ug/dl; 26 percent at 25-60 pg/dl; and 45 percent at >60
pg/di.

The underlying mechanisms of lead-associated anemia appear to be a combination of reduced
hemoglobin production and shortened erythrocyte survival because of direct cell damage. Under
hemoglobin production, biosynthesis of globin, the protein moiety of hemoglobin, appears to be
inhibited as a result of lead exposure (Dresner et al., 1982; Wada et al., 1972; White and
Harvey, 1972; Kassenaar et al., 1957). In the study of White and Harvey (1972), two children
treated for lead intoxication were studied for reticulocyte ihcorporation of a labeled amino
acid into aipha and beta globin chains over a post-treatment period when blood lead was_
dec]ining.' These workers observed that a lag in de novo biosynthesis of alpha versus beta
chains diminished toward a normal ratio (1.0) as blood lead approached 20 pg/dl. These data
are in accord with the observation of Dresner et al. (1982), who noted a reduced globin syn-
thesis (76 percent of controls) in rat bone marrow suspensions exposed to 1.0 uM lead.

Disturbance of globin biosynthesis is a consequence of lead's effects on heme formation
because cellular heme regulates protein synthesis in erythroid cells (lLevere and Granick,
1967) and regulates the transiation of globin messenger RNA, which may also reflect the effect
of lead on pyrimidine metabolism (Freedman and Rosman, 1976).

12.3.2.2 Effects of Lead on Erythrocyte Morphology and Survival. It is ciear that there ig a
hemolytic component to lead-induced anemia in humans owing to shortened erythrocyte survivﬂ]ﬂ
the various aspects of this effect have been reviewed by Waldron (1966), Goldberg (1968);
Moore et al. (1980), Valentine and Paglia (1980), and Angle and McIntire (1982).

The relevant studies of shortened cell 1ife with lead intoxication include observations
of the response of erythrocytes to mechanical and osmotic stress under in vivo and in vitro
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conditions. Waldron (1966) has discussed the frequent reports of increased mechanical fragil-
ity of erythrocytes from lead-poisoned workers, beginning with the observations of Aub et al.
(1926). Increased osmotic resistance of erythrocytes from subjects with lead intoxication is
a parallel finding, both in vivo (Aub and Reznikeff, 1924; Harris and Greenberg, 1954;
Hbriguchi et al., 1974) and in vitro (Qazi et al., 1972; Waldron, 1964; Clarkson and Kench,
1956). Using an apparatus called a coil planet centrifuge, Karai et al. (1981) studied eryth-

| f rocytes of lead workers and found significant increases in osmotic resistance; at the same

time, mean corpuscular volume and reticulocyte counts were not different from controls. The
authors suggested that one mechanism of increased resistance involves impairment of hepatic
lecithin-cholesterol acyltransferase, leading to a build-up of cholesterol in the cell mem-
brane. This resembles the increased osmotic resistance seen in obstructive jaundice in which
increased membrane cholesterol has been observed (Cooper et al., 1975). Karai et al. (1981)
also reported an increased cholesterol-phospholipid ratio in lead workers' erythrocytes.

Fukumoto and coworkers (1983) studied the electrophoretic profiles of erythrocyte mem-
brane proteins of a group of lead workers and found that compared to controls there was a
significant negative correlation (r = -0.51, p <0.01) between blood lead and a membrane trans-
fer protein associated with Na® and water transport. It appears that one factor in reduced
erythrocyte membrane permeability with lead exposure is a decrease in this protein.

Erythrokinetic data in lead workers and children with lead-associated anemia have been
reported. Shortening of erythrocyte survival has been demonstrated by Hernberg et al. (1967a)
using tritium-labeled difluorophosphonate. Berk et al. (1970) used detailed isotope studies
of a subject with severe lead intoxication to determine shorter erythrocyte 1ife span, while
Leikin and Eng (1963) observed shortened cell survival in three of seven children. These
studies, as well as the reports of Landaw et al. (1973), White and Harvey (1972), Albahary
(1972), and Dagg et al. (1965), indicate that hemolysis is not the exclusive mechanism of ane-
mia and that diminished erythrocyte production also plays a role.

The molecular basis for increased cell destruction with lead exposure includes the inhi-
bition by lead of the activities of the enzymes (Na+, K+)~ATPase and pyrimidine-5'-nucleoti-
dase (ﬁy-B-N). Erythrocyte membrane (Na+, K+)-ATPase is a sulfhydryl enzyme and inhibition of
its activity by lead has been well documented (Raghavan et al., 1981; Secchi et al., 1968;
Hasan et al., 1967; Hernberg et al., 1967b). In the study of Raghavan et al. (1981), enzyme
activity was inversely correlated with membrane lead content (p <0.001) in lead workers with
or without symptoms of overt lead toxicity, while correlation with whole blood lead was poor.
With enzyme inhibition, there is irreversible loss of potassium ion from the cell with undis-
turbed input of sodium into the cell, resulting in a relative increase in sodium. Because the
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cells “shrink,"” there is a net increase in sodium concentration, which likely results in in-
creased mechanical fragility and cell lysis (Moore et al., 1980).

In lead-exposed persons as well as in persons with a genetic deficiency of the enzyme
Py-5-N, reduced activity 1leads to impaired phosphorolysis of the nucleotides cytidine and
uridine phosphate, which are then retained in the cell and cause interference with the conser-
vation of the purine nucleotides necessary for cellular energetics (Angle and McIntire, 1982;
Valentine and Paglia, 1980). A more detailed discussion of lead's interaction with this
enzyme is presented in Section 12.3.2.3.

In a series of experiments dealing with the hemolytic relationship of lead and vitamin E
deficiency in animals, Levander et al. (1980) observed that lead exposure exacerbates the
experimental hemolytic anemia associated with vitamin E deficiency by enhancing mechanical
fragility, i.e., by reducing cell deformability. These workers note that vitamin £ deficiency
is seen with children having elevated blood lead levels, especially subjects having glucose-6-
phosphate dehydrogenase (G-6-PD) deficiency, indicating that the synerg1st1c relationship seen
in animals may also exist in humans.

Glutathione is a necessary factor in erythrocyte function and structure. In workers ex-
posed to lead, Roels et al. (1975a) found that there is a moderate but significant decrease in
erythrocyte glutathione compared with controls. This appears to reflect lead-induced impair-
_ment of glutathione synthesis.
12.3.2.3 Effects of Lead on Pyrimidine-5'-~Nucleotidase Activity and Erythropoietic Pyrimidine

Metabolism. The presence in lead intoxication of basophilic stippling and an anemia of hemo-
lytic nature is similar to what is seen in subjects having a genetically transmitted defi-
ciency of Py-5-N, an enzyme mediating the phosphorolysis of the pyrimidine nucleotides, cyti-
dine and uridine phosphates. With inhibition, these nucleotides accumulate in the erythrocyte
or reticulocyte, ribonuclease-mediated ribosomal RNA catabolism is retarded in maturing cells,
and the resulting accumulation of aggregates of incompletely degraded ribosomal fragments ac-
counts for the phenomenon of basophilic stippling.

In characterizing the enzyme Py-5-N, Paglia and Valentine (1975) observed that its
activity was particularly sensitive to inhibition by certain metals, particularly lead, promp-
ting further investigation of the interplay between lead intoxication and disturbances of
erythropoietic pyrimidine metabolism. Paglia et al. (1975) observed that in subjects occupa-
tionally exposed to lead but having no evidence of basophilic stippling or significant fre-
quency of anemia, Py-5-N activity was reduced to about 50 percent of control subjects and was
most impaired (about 11 percent of normal) in one worker with anemia. There was a general
inverse correlation between enzyme activity and blood lead level. In this report, normal
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erythrocytes incubated with varying levels of lead showed detectable inhibition at levels ;3¢
low as 0.1-1.0 uM and showed consistent 50 percent inhibition at about 10 pM lead. Subse-
quently, Valentine et al. (1976) observed that an individual with severe lead intoxication hag
an 85 percent decrease in Py-5-N activity, basophilic stippling, and accumulation of pyrimi-
dine nucleotides, mainly cytidine triphosphate. Because these parameters approached values
seen in the congenital deficiency of Py-5-N, the data suggest a common etiology for the hemo-
lytic anemia and stippling in both lead poisoning and the congenital disorder.

Several other reports of investigations of Py-5-N activity and pyrimidine nucleotide
levels in lead workers have been published (Paglia et al., 1977; Buc and Kaplan, 1978). In
nine workers having overt lead intoxication and blood lead values of 80-160 upg/dl, Py-5-N
activity was significantly inhibited, and the pyrimidine nucleotides constituted 70-80 percent
of the total nucleotide pool, 1in contrast to trace levels in unexposed individuals (Paglia
et al., 1977). In the study of Buc and Kaplan (1978), lead workers with or without overt lead
intoxication all showed reduced activity of Py-5-N, which was inversely correlated with blood
lead when the activity was expressed as a ratio with G-6-PD activity to accommodate an en-
hanced population of young cells due to hemolytic anemia. Enzyme inhibition was observed even
when other indicators of lead exposure were negative.

Angle and McIntire (1978) observed that in 21 children 2-5 years old with blood lead
levels of 7-80 pg/dl there was a negative linear correlation between Py-5-N activity and blood
lead (r = -0.60, p <0.01). Basophilic stippling was only seen in the child with the highest
blood lead value and only two subjects had reticulocytosis. While adults tended to show a
threshold for inhibition of Py-5-N at a blood Tead level of 44 ug/dl or higher, there was no
clear response threshold in these children. In a related investigation with 42 children 1-5
years old with blood lead levels of <10-72 pg/dl, Angle et al. (1982) noted the following: (1)
an inverse correlation (r = -0.64, p <0.001) between the logarithm of Py-5-N activity and
blood lead; (2) a positive log-log correlation between cytidine phosphates and blood lead in
15 of these children (r = 0.89, p <0.001); and (3) an inverse relationship in 12 subjects
between the logarithm of enzyme activity and cytidine phosphates (r = -0.796, p <0.001).
Study of the various relationships at low levels was made possible by the use of anion-
exchange high performance liquid chromatography. In these studies, there was no threshold of
effects of lead on enzyme activity or cell nucleotide content even below 10 pg/di. Finally,
there was a significant positive correlation of pyrimidine nucleotide accumulation and the
accumulation of ZPP,

In subjects undergoing therapeutic chelation with EDTA, Py-5-N activity increased, while
there was no effect on pyrimidine nucleotides (Swanson et al., 1982). This indicates that the
pyrimidine accumulation was associated with the reticulocyte.
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The metabolic significance of Py-5-N activity inhibition and nucleotide accumulation with
lead exposure is that they affect erythrocyte membrane stability and survival by alteration of
cellular energetics (Angle and MclIntire, 1982). In addition to cell 1lysis, feedback inhibi-
tion of mRNA and protein‘synthesis may result through the alteration of globin mRNA or globin
chain synthesis by denatured mRNA. It was noted earlier that disturbances in heme producticn
also affect the translation of globin mRNA (Freedman and Rosman, 1976). Hence, these two
lead-associated disturbances of erythroid tissue function potentiate the effects of each
other.

12.3.3 Effects of Alkyl Lead on Heme Synthesis and Erythropoiesis
In the discussion of alkyl lead metabolism in Chapter 10, Section 10.7, it was noted that
transformations of tetraethyl and tetramethyl lead in vivo result in the generation not only

of neurotoxic trialkyl lead metabolites but also products of further dealkylation, including
jnorganic lead. One would therefore expect alkyl Tlead exposure to be associated with, in
addition to other effects, some of those effects classically related to inorganic lTead expo-
sure. ,

Chronic gasoline sniffing has been recognized as a problem habit among children in rural
or remote areas (Boeckx et al., 1977; Kaufman, 1973). When such practice involves 1ea6ed‘gasf
oline, the potential exists for lead intoxication. Boeckx et al. (1977) conducted surveys of
children in remote Canadian communities for the prevalence of gasoline sniffing and indi-
cations of chronic lead exposure. In one group of 43 children who all sniffed gasoline, mean
ALA-D activity was only 30 percent that of control subjects; there was a significant correla-
tion between the decrease in enzyme activity and the frequency of sniffing. A second survey
of 50 children revealed similar resuits. Two children having acute lead intoxication associ-
ated with gasoline sniffing showed markedly lowered hemoglobin, elevated urinary ALA, and
elevated urinary coproporphyrin. The authors estimated that more than haif of the disadvan-
taged children residing in rural or remote areas of Canada may have chronic lead exposure via
this habit; this estimate is consistent with the estimate of Kaufman (1973) of 62 percent for
children in rural American Indian communities in the Southwest.

Robinson (1978) described two cases of pediatric lead poisoning due to habitual gasoline
sniffing, one of which showed basophilic stippling. Hansen and Sharp (1978) reported that a
young adult with acute lead poisioning due to chronic gasoline sniffing not only had basophi-
lic stippling, but a sixfold increase in urinary ALA, elevated urinary coproporphyrin, and an
EP level about fourfold above normal. In the reports of Boeckx et al. (1977) and Robinson
(1978), increased Tead levels measured in urine in the course of chelation therapy indicated
that significant amounts of inorganic lTead were present.
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12.3.4 The Interrelationship of Lead Effects on Heme Synthesis and the Nervous System

Lead-associated disturbances in heme biosynthesis have been studied as a possible factor
in the neurological effects of lead because of (1) the recognized similarity between classic
signs of lead neurotoxicity and many, but not all, of the neurological components of the gene-
tically transmitted (autosomal dominant) disorder acute intermittent porphyria, and (2) some
unusual aspects of lead neurotoxicity. Both acute porphyria and lead intoxication with neuro-
logical symptoms are variably accompanied by abdominal pain, constipation, vomiting, paralysis
or paresis, demyelination, and psychiatric disturbances (Dagg et al., 1965; Moore et al.,
1980; Silbergeld and Lamon, 1980). According to Angle and McIntire (1982), some of the
unusual features of lead neurotoxicity are consistent with deranged hematopoiesis: (1) a lag
in production of neurological symptoms; (2) the incongruity of early deficits in affective and
cognitive function with the regional distribution of lead in the brain; and (3) a better
correlation of neurobehavioral deficits with erythrocyte protoporphyrin than with blood lead.
The third feature, it should be noted, is not universally the case (Hammond et al., 1980;
Spivey et al., 1979). '

Available evidence points to three specific connections between the heme biosynthetic
pathway and the nervous system in terms of the neurotoxic effects of lead: (1) the potential
neurotoxicity of the heme precursor, ALA; (2) heme deficiency in tissues external to the

nervous system, notably the liver; and (3) in situ impairment of heme availability in thei-"‘

nervous system.

While the nature and pattern of the derangements in heme biosynthesis in acute porphyria
and lead intoxication differ in many respects, both involve excessive systemic accumulation
and excretion of ALA, and this common feature has stimulated numerous studies of a connection
between hemato- and neurotoxicity. In vitro data (Whetsell et al., 1978) have shown that the
nervous system is capable of heme biosynthesis in the chick dorsal root ganglion. Sassa et
al. (1979) found that the presence of lead in these preparations increases production of por-
phyrinic material, i.e., there is disturbed heme biosynthesis with accumulation of one or more
porphyrins and, possibly, ALA. Millar et al. (1970) reported inhibited brain ALA-D activity
in suckling rats exposed to lead, while Silbergeld et al. (1982) observed similar inhibition
in brains of adult rats acutely exposed to lead. In the latter study, chronic lead exposure
was also associated with a moderate increase in brain ALA without inhibition of ALA-D, sugges-
ting an extra-neural source of the heme precursor. Finally, Dieter and Finley (1979) showed
marked ALA-D activity depression in brain regions of avian subjects. Moore and Meredith
(1976) administered ALA to rats and observed that exogenous ALA can penetrate the blood-brain
barrier. These reports suggest that ALA can either be generated in situ in the nervous system
or can enter the nervods system from elsewhere.
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Neurochemical investigations of ALA action in the nervous system have evaluated interac-
tions with the neurotransmitter gamma-aminobutyric acid (GABA). Interference with GABAergic
function by exposure to lead is compatible with such clinical and experimental signs of lead
neurotoxicity as excitability, hyperactivity, hyperreactivity, and, in severe lead intoxica-
tion, convulsions (Silbergeld and Lamon, 1980). Of particular interest is the similarity in
chemical structures of ALA and GABA; these structures differ only in that ALA has a carbonyy
group on the alpha carbon and GABA has a carbonyl group on the beta carbon.

While chronic lead exposure appears to alter neural pathways involving GABA function
(Silbergeld et al., 1879), this effect cannot be duplicated in vitro using various levels of
lead (Silbergeld et al., 1980a). fhis suggests that lead does not impart the effect by direct
interaction or that an intact multi-pathway system is required. In vitro studies (Silbergeld
et al., 1980a; Nicoll, 1976) demonstirate that ALA can displace GABA from synaptosomal mem-
branes associated with synaptic function of the neurotransmitter on the GABA receptor, but
that it is less potent than GABA by a factor of 10%-10%, suggesting that levels of ALA
achieved even with severe intoxication may not be effectively competitive.

A more significant role for ALA in lead neurotoxicity may well be related to the observa-
tion that GABA release is subject to negative feedback control through presynaptic receptors
on GABAergic terminals (Snodgrass, 1978; Mitchell and Martin, 1978). B8rennan and Cantrill
(1979) found that ALA inhibits K'-stimulated release of GABA from preloaded synaptosomes by
functioning as an agonist at the presynaptic receptors. The effect is evident at 1.0 pM ALA,
and it is abolished by the GABA antagonists bicuculline and picrotoxin. Of interest also is
the demonstration (Silbergeld et al., 1980a) that synaptosomal release of preloaded 3H-GABA,
both resting and K+-stimu1ated, is also inhibited in animals chronically treated with lead,
paralleling the in vitro data of Brennan and Cantrill (1979) using ALA.

Silbergeld et al. (1982) described the comparative effects of lead and the agent succi-
nylacetone, given acutely or chronically to adult rats, in terms of disturbances in heme syn-
thesis and neurochemical indices. Succinylacetone, a metabolite that can be isolated from the
urine of patients with hereditary tyrosinemia'(Lindb1ad et al., 1977), is a potent inhibitor
of heme synthesis, exerting its effect by ALA-D inhibition and derepression of ALA synthetase
(Tschudy et al., 1980, 1981). In vivo, both agents showed significant inhibition of high
affinity Na+-dependent uptake of !4C-GABA by cortex, caudate, and substantia nigra. However,,
/ neither agent affected GABA uptake in vitro. Similarly, both chronic and acute lead treatment
and chronically administered succinylacetone reduced the seizure threshold to the GABA antago-
nist, picrotoxin. While these agents may involve entirely different mechanisms of toxicity to
the GABAergic pathway, the fact remains that two distinct potent inhibitors of the heme bio-
synthetic pathway and ALA-D, which do not impart a common neurochemical effect by direct
action on a neurotransmitter function, have a common neurochemical action in vivo.
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Several important studies in experimental systems strongly indicate that the key factor
in the connection between heme biosynthesis and neurotoxicity may very well be a reduction ip
the levels of heme itself, rather than behavior of its precursor, ALA. Badawy (1978) first
described the role of tryptophan pyrrolase in the relationship of heme biosynthesis ang
neurotoxic manifestations of the hepatic porphyrias. Using a porphyric rat model, Litman and
Correia (1983) have reported that lead and the porphyrinic agent DDEP are both associated with
inhibition of the hepatic heme-requiring enzyme system, tryptophan pyrrolase, via reduction of
the free hepatic heme pool. This results not only in elevated plasma tryptophan but also in
significantly elevated brain levels of tryptophan, serotonin, and 5-hydroxyindoleacetic acid.
0f particular interest is the effect of subsequent infusion of heme, which reduced the
elevated levels of these substances to normal amounts. Since, as noted by the authors, heme
does not penetrate the blood-brain barrier, heme repletion had its effect in the liver. This
was confirmed by increases in both hepatic heme content and enzyme activity after heme
infusion. These data are relevant to some of the common features of acute porphyria and
disturbances in tryptophan metabolism noted by Litman and Correia (1983):

(1) Elevated tryptophan levels have been associated with human hepatic encephalo-
pathy.

(2) Elevation in circulating tryptophan in rats produces structural alterations of
brain astrocytes, oligodendroglia, and neurons, as well as Purkinje cell degen-
eration and axonal wasting. These neurohistological changes resemble those
seen in victims of acute porphyria attacks. :

(3) The pharmacological effects of serotonin in the central nervous system resemble
the neurological manifestations of acute porphyria attacks.

(4) Administration of tryptophan and serotonin to humans yields symptoms greatly
overlapping those of acute porphyria attacks: psychomotor disturbances,
abdominal pain, nausea, and dysuria.

(5) Porphyric subjects show abnormal tryptophan metabolism and urinary excretion of
large amounts of 5-hydroxyindoleacetic acid.

In the above study, phenobarbital induction of the enzyme system was employed. The
behavior of lead alone has not been investigated. In studies related to heme reduction in the
nervous system itself, Whetsell and Kappas (1981) and Whetsell et al. (1984) showed that co-

“administration of heme and lead prevented most of the neuropathic responses to lead in cul-

tured mouse dorsal root gangliion seen with lead alone (see Section 12.3.13). These results
strongly suggest that reduced heme levels in the neural tissue due to the presence of lead are
associated with the adverse effects observed. Because this tissue culture system is known to

12-36




siknia i AR O R SR T T
- AN o

carry out heme biosynthesis (Whetsell et al., 1978; Sassa et al., 1979), it is highly likely
that lead fmpairs neural heme biosynthesis.

Human data relating the hemato- and neurotoxicity of lead are limited. Hammond et al.
(1980) reported that the best correlates of the frequency of neurological symptoms in 28 lead
workers were urinary and plasma ALA, as well as blood lead levels, both of which showed a
higher correlation than EP. These data support a connection between heme biosynthesis
impairment and neurological effects of ALA. Of interest here is the clinical report of Lamon
et al. (1979) describing the effect of hematin [Fe(III)-heme] given parenterally to a subject
with lead intoxication. Over the course of treatment (16 days), urinary coproporphyrin and
ALA significantly dropped and neurological symptoms such as lower extremity numbness and
aching diminished. Blood lead Tlevels were not altered during the treatment. Although
remission of symptoms in this subject may have been spontaneous, the outcome parallels that
observed in hematin treatment of subjects with acute porphyria in similar reduction of heme
indicators and relief of symptoms (Lamon et al., 1979).

Taken collectively, all of the available data suggest the following:

(1) Delta-aminolevulinic acid formed in situ or entering the brain may well be
neurotoxic by impairing GABAergic function in particular. It inhibits K -
stimulated GABA release by interaction with presynaptic receptors, where ALA
appears to be particularly potent at very low levels (1.0 pm), based on in

vitro results.

(2) Decreased levels of heme in the liver due to lead exposure inhibit the activity
of tryptophan pyrrolase, resulting in elevations of tryptophan, serotonin, and
5-hydroxyindoleacetic acid in brain. Such increases are reversed by infusion
of heme.

(3) Heme reduction in neural tissue, as a result of lead's effect on heme biosyn-

thesis, is associated with tissue injury; such injury is prevented by heme co-
administration.

12.3.5 Interference with Vitamin D Metabolism and Associated Physiolngical Processes

A new dimension to the human toxicology of lead is presented by lead's interaction with
the vitamin D-endocrine system. Recent evidence of lead-induced disturbances in vitamin D
metabolism in humans and animals, particularly with respect to lead-related reductions in the
biosynthesis of the hormonal metabolite 1,25-dihydroxyvitamin D (1,25-(0H),D), are of special
concern for two reasons: (1) 1,25-(0H),0 appears to serve many more physiological roles than
just mediation of calcium homeostasis and metabolic function, and (2) even moderate levels of
lead exposure in children are associated with vitamin D disturbances that parallel certain
genetic metabolic disorders and other disease states, as well as severe kidney dysfunction.

It appears likely that lead-induced reductions in heme underlie the effects seen in the
vitamin D-endocrine system. This origin would account for the similarities in "thresholds"
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for the effects of lead on both erythrocyte protoporphyrin accumulation and decreases i
Tevels of 1,25-(0H),D. It also typifies a cascade of biological effects among various organ
and physiological systems of the body, effects that can ultimately encompass the entire
organism (this is graphically depicted in Chapter 13). Collectively, the interrelationships
of calcium and lead metabolism as well as lead's effects on 1,25-(0H),D provide one molecular
and mechanistic basis for the classic observation by Aub et al. (1926) that "lead follows the
calcium stream."

12.3.5.1 Relevant Clinical Studies. As initially reported by Rosen et al. (1980), lead in-
toxicated children with blood lead concentrations of 33-120 pg/d1 have a marked reduction in
serum levels of 1,25-(0H),D. The most striking decrease in circulating 1,25-(0H),D levels was
found in children whose blood lead levels were greater than 62 pg/dl. Nonetheless, highly
significant and profound depressions in circulating 1,25-(0H),D levels were found also in
children whose blood lead concentrations ranged from 33 to 55 pg/dl. Children whose blcod

lead values were above 62 pg/dl also showed a significant decrease in serum total calcium and
jonized calcium (Ca), while serum parathyroid hormone (PTH) concentrations were significantly
elevated. Under these conditions, and in the face of decreased dietary intake of calcium, it
is anticipated that the recognized modulators of 1,25-(0H),D synthesis (PTH, Ca2+, inorganic
phosphorus [Pi]) would enhance productiqn of the vitamin D hormone. Since there was in fact a
reduction in circulating concentrations of 1,25-(0H).D, this suggests that production of the
vitamin D hormone was actually impaired.

On the basis of significant negative correlations between blood levels of lead and serum
levels of 1,25-(0H),D and negative correlations between erythrocyte protoporphyrin and 1,25-
(OH)2D in children with blood lead concentrations of 33-120 ug/dl, it is reasonable to
conclude that the lead ion impairs the production of 1,25-(0H),D5, as aluminum does in chil-
dren undergoing total parenteral nutrition (Rosen and Chesney, 1983).

The 1-hydroxylation step to produce the vitamin D hormone is carried out in the mitochon-
dria of the renal tubule by a complex cytochrome P-450 enzyme system (Rosen and Chesney,
1983). The ingrédients of this enzyme system include intact mitochondria, Krebs cycle sub-
strates, cytochrome P-450 electron transport, oxidative phosphorylation, and generation of
NADPH (nicotinamide adenine dinucleotide phosphate, feduced). The biosynthesis of the vita-
min D hormone is controlled in large part by the functional integrity of mitochondria, by the
jonic (Ca, Pi) microenvironment of the extracellular fluid, and by the uptake of calcium by
mitochondria (including the delicate homeostasis characteristic of intracellular calcium con-
centrations and calcium pumps). It is clear, therefore, based upon lead's toxic effects on
mitochondria, cellular energetics, and cytochrome P-450 electron transport in several studies,
including some on children (Saenger et al., 1984; Piomelli et al., 1982), that lead most
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likely impairs the 1l-hydroxylase enzyme system, although altered peripheral metabolism of
1,25-(0H),D cannot be completely ruled out. As noted in Section 12.5, furthermore, lead inhi-
bits renal ferrochelatase with accumulation of EP leading to a reduction in the kidney heme
pool and reduced availability of heme for renal 1-hydroxylase (Fowler et al., 1980).

Lead's impairment of the 1l-hydroxylase enzyme system in lead intoxicated children is
strongly supported by additional information: 1) 1,25-(0H)o,D levels in serum returned to
normal values within two days following chelation therapy, while no changes were found in
25-(0H)D levels, and 2) a strong negative correlation between 1,25-(0H),0 values and blood
lead was found over the entire range (12-120 pg/dl) of blood lead levels measured in the study
(Rosen et al., 1980; Mahaffey et al., 1982). Furthermore, no change in the slope of the
regression line between 1,25-(0H),D and blood lead was found for blood lead values above or
below 30 pg/dl (Mahaffey et al., 1982). These findings provide considerable support for the
view that lead interferes with normal ionic transport in cells and with the functional integ-
rity of mitochondria that carry out this l-hydroxylation. In terms of ionic transport, cur-
rent information indicates that increasing extracellular and intracellular concentrations of
calcium depress production of the vitamin 0 hormone (Rosen and Chesney, 1983). If renal
tubule cells accumulate high concentrations of calcium after exposure to lead, as do hepato-
cytes (Pounds et al., 1982a, Pounds and Mittelstaedt, 1983), osteoclasts (Rosen, 1983, 1985),
and brain cells (Silbergeld and Adler, 1978), renal tubule cells may consequently “turn off"
1,25-(0H),D production. Such an effect is likely to be reversible when lead is decreased in
the extracellular fluid, as it is in children after therapy with CaNa,EDTA.

In summary, lead's effect(s) on the complex 1-hydroxylase enzyme system may be expressed
in one or several components of the enzyme (e.g., cellular energetics, integrity of mitochon-
dria). Simultaneously, lead may interfere with ionic regulation of 1,25-(0H),D, biosynthesis.
The fact that such effects can be reversed, at least insofar as 1,25-(0H),D levels may recover
to normal values after chelation therapy, does not suggest that these effects of lead are
necessarily transient or subject to physiological adaptation. Thus far, reversibility has
been known to occur only after medical intervention.
12.3.5.2 Experimental Studies. Smith et al. (1981) observed depressions of plasma
1,25-(0H),D in rats fed 0.82 percent lead as lead acetate. Moreover, lead ingestion totally
blocked the intestinal calcium transport response to the vitamin D hormone. Though the dose
of lead and the resulting blood lead concentrations were high in this study, it confirms the
effect(s) of lead on vitamin D metabolism reported in children. A recent study demonstrated
directly that renal production and tissue levels of the vitamin D hormone were reduced in a
dose-related fashion in chicks fed a diet supplemented with lead (Edelstein et al., 1984).
Previous studies have shown that vitamin D and 1,25-(0H),D; enhance lead acetate absorption in

the distal small intestine of the rat, whereas vitamin D-dependent calcium absorption occurs
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in the proximal duodenum (Smith et al., 1978; Mahaffey et al., 1979). It is likely that
vitamin D affects lead absorption in a manner somewhat different from the manner in which it
affects calcium absorption (Smith et al., 1978; Mykkdnen and Wasserman, 1982). It is of
interest that high doses of vitamin D and 1,25-(0H),D3 do not markedly increase lead absorp-
tion above that achieved with physiological doses (Smith et al., 1978).
12.3.5.3 Implications of Lead Effects on Vitamin D Metabolism
12.3.5.3.1 Direct Metabolic Consequences of Vitamin D Metabolism Interference in Children. A
lTower daily intake of calcium, as observed in lead intoxicated children (Sorrell et al., 1977;
Rosen et al., 1980), accompanied by a relative decrease in 1,25-(0H);D-stimulated formation of
calcium-binding protein (CaBP), may permit lead to compete favorably with calcium for mucosal
proteins and similar absorption sites in the intestine. In addition, experimental study with
animal CaBP has demonstrated a much greater affinity of this intestinal protein for lead than
for calcium (Fullmer et al., 1985). Such findings help explain the negative correlations
found between calcium intake and blood lead and between serum calcium and blood lead values
(Sorrell et al., 1977).

Furthermore, depression in serum jonized calcium during lead intoxication (Rosen et ai.,
1980) may enhance the movement of lead from hard tissue to critical organ sites in soft

tissues. In bone organ culture, decreasing the concentration of calcium in the medium
enhances mobilization of previously incorporated radioactive Tead from bone explants to the

medium (Rosen and Markowitz, 1980). Among other things, these findings indicate that reduced
1,25-(0H),D levels do not serve to "protect" soft target organs such as brain and kidney from
lead deposition by sequestering the metal in bone. Further, empirical support for this con-
clusion may be found in the results of Smith et al. (1981), who reported no consistent differ-
ences in rats' kidney lead content as a function of the presence or absence of a vitaminD
supplement in the diet. These investigators also found no significant differences in the
blood lead concentrations of the rats as a function of vitamin D supplementation. In summary,
there is 1ittle reason to suppose that reduced levels of 1,25-(0H),D might function as part of
a negative feedback process to reduce further absorption of lead or to mitigate its toxic
effects on various target organs.

12.3.5.3.2 Other Childhood Diseases Associated with a Reduction in Circulating 1,25-(0H),D
as a Reflection of Depressed Biosynthesis. At blood lead levels of 33-55 pg/dl (Rosen et al.,
1980), 1,25-(0H),D levels are reduced to levels comparable to those observed in children who
have severe renal insufficiency with loss of about two-thirds of their normal renal function
(Rosen and Chesney, 1983; Chesney et al., 1983). Also, at blood lead levels of 33-120 pg/dJ,
analogous depressions in 1,25-(0H),D concentrations (£20 pg/m1) are found in:
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(1) Vitamin D-dependent rickets, type I--an inborn error of vitamin D metabolism in

which the 1-hydroxylase enzyme system (or a component thereof) is virtually
absent;

(2) Oxalosis--an inborne error of metabolism in which calcium oxalate crystals

are deposited throughout the body, including the kidney, and result in chronic .
renal insufficiency; }

(3) Hormone-deficient hypoparathyroidism--thought to be an autoimmune disorder,
hereditary in some cases, that is characterized by parathyroid hormone defi-
ciency and, as a result, decreased production of the vitamin D hormone;

(4) Aluminum intoxication in children undergoing total parenteral nutrition--has
occurred when the casein hydrolysates used were contaminated with aluminum.

These disorders are reviewed by Rosen and Chesney (1983) and Chesney et al. (1983).

12.3.5.3.3 Physiological Functions of -1,25-(0H),D, at the Cellular Level. The vitamin D-
endocrine system is responsible in large part for the maintenance of extra- and intracellular
calcium homeostasis (Rasmussen and Waisman, 1983; Wong, 1983; Shlossman et al., 1982; Rosen
and Chesney, 1983). As a result, the integrity of cells of diverse function is preserved, as
are numerous calcium-mediated functions. It is known that calcium, an important participant
in the hormonal responses of many target cell systems (Rasmussen and Waisman, 1983), acts not
only as a second messenger, but also as a modulator of cyclic nucleotide metabolism. The tem-
poral and spatial regulation of cellular calcium is exceedingly important in the response of a
variety of cells to hormonal and electrical stimuli.

Lead alone (without hormones) produces an overamplification of calcium influx in hepato-
cytes (Pounds et al., 1982a), osteoclasts (Rosen, 1983, 1985), and brain slices (Silbergeld
and Adler, 1978) at relatively low concentrations.' As a result, calcium-mediated cell func-
tions are perturbed (Pounds et al., 1982b). Based upon these findings, it is reasonable to
conclude that modulation in cellular calcium metabolism induced by lead at relatively low
concentrations may have the potential of disturbing multiple functions of different tissues
that depend upon calcium as a second messenger. Perturbations in cellular calcium homeostasis
may thereby result from the effects of lead alone; but these effects may be enhanced when
coupled with decreased production of 1,25-(0H),D; and reduction in serum (and extracellular

/fluid) ionized calcium values observed in lead intoxicated children. J

Calmodulin is of central importance as an intracellular calcium receptor protein. Its
nearly universal distribution in mammalian cells emphasizes further that calcium serves as a
“universal" second messenger. As such, calmodulin regulates several enzyme systems and trans-
port processes. The list of calcium-sensitive reactions modulated by the calmodulin-calcium
complex is rapidly expanding (see review by Cheung, 1980). Recently, it has been shown that

12-41




lead can replace calcium in the activation of calmodulin-sensitive processes (Habermann et

al., 1983), including potassium loss from erythrocytes (Goldstein and Ar, 1983). Though at an
early stage of investigation, it is conceivable that a molecular model of lead toxicity may
include (in addition to those processes cited above) intracellular occupation of calcium-
binding sites on calmodulin. Since calmodulin regulates multiple cell activities, such a
mechanism may underlie some of the diverse effects of lead. Lead alone and lead's inter-
action(s) with calmodulin and intracellular calcium homeostasis are inherently coupled to the
vitamin D-endocrine system.

12.3.5.3.4 Cell Differentiation/Maturation. Tumor cell 1lines possess cytosol receptors to
which 1,25-(0H),D; binds specifically (Tanaka et al., 1982; Shiina et al., 1983; Honma et al.,
1983). Human promyelocytic leukemia cells (HL-60) can be induced to differentiate in vitro by
1,25-(0H),D;. Differentiation-associated properties, such as phagocytosis and (3 rosette
formation, were induced by as little as 0.12 nM 1,25-(0H),05. As-cells exhibited differentia-
tion, the viable cell number was decreased to less than half of the control (Tanaka et al.,
1982). A specific cytosol protein that bound 1,25-(0H),Ds was found in these HL-60 cells; its
physical and biochemical properties closely resembled those found in "classical" vitamin D
target tissues. These and other studies noted above indicated that 1,25-(0H);Ds induced
differentiation of HL-60 cells by a mechanism similar to that proposed for the classical con-
cept of steroid hormone action. This common mechanism of steroid hormone action includes
binding of hormone to a cytosol receptor (to form a hormone-receptor complex) and subsequent
movement of this complex into the nucleus where it binds to chromatin.

A recent study by Honma et al. (1983) showed that the survival time of syngeneic SL mice
inoculated with murine myeloid leukemia cells (ML) was markedly prolonged by 1-25-(0H),D;
treatment (12.5-50 pmol per mouse). Evidence indicated that induction of differentiation of
ML cells into macrophages in vitro was correlated with its effect in prolonging survival time;
and it was suggested that the role of 1,25-(0H),D; in decreasing leukemogenicity of ML cells
in vivo is due to its effect in suppressing proliferation and inducing differentiation of ML
cells in vitro (Honma et al., 1983). '

It is evident, therefore, that the differentiation in HL-60 cells (and other cell lines)
caused by 1,25-(0H),D3 is a manifestation of the normal action of this hormone to elicit
maturation of myeloid stem cells into macrophages. Because macrophages are thought to be the
precursor of bone resorbing osteoclasts, this is a logical mechanism whereby 1,25-(0H),03
brings about calcium resorption/homeostasis through recruitment of cells competent in bone re-
modeling. Moreover, parathyroid hormone is thought to act both directly to stimulate osteo-
clast production from myeloid precursors and on T-lymphocytes to cause the elaboration of
putative osteoclast-enhancing factors. It appears, therefore, that the vitamin D hormone

regulates calcium homeostasis and also participates directly in bone turnover by orchestrating
the population of cells within bone.
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12.3.5.3.5 Immunoregulatory Role of the Vitamin D Hormone. The widespread distribution of

receptors for 1,25-(0H),D; in tissues not thought to play a role in mineral metabolism has
made it clear that the vitamin U hormone plays a wider biologic role than was previously
thought (Kadowaki and Norman, 1984a,b; Stumpf et al., 1982; Clark et al., 1981; Gelbard et
al., 1980). Receptors for 1,25-(0H),D; are present in normal human monocytes and malignant
]ympﬁbcytes (Provvedini et al., 1983; Bhalla et al., 1983). It has also been shown that
macrophages from vitamin D-deficient mice have impaired phagocytic and inflammatory responses
correctable by 1,25-(0H),D5 repletion (Bar-Shavit et al., 1981).

T and B lymphocytes obtained from normal humans also expressed the 1,25-(0H),D4 réceptor
after the 1lymphocytes had been activated by mitogenic lectins and Epstein-Barr virus
(Provvedini et al., 1983; Bhalla et al., 1983). The mitogenic lectin phytohemagglutinin (PHA)
stimulates T lymphocyte proliferation and induces the production of various lymphokines,
jncluding interieukin-2 (IL-2), which is important for the growth of T cells. Recently, it
has been demonstrated that 1,25-(0H),D; (at picomolar concentrations) inhibits the growth-
promoting lymphokine IL-2 and the proliferation of PHA-stimulated lymphocytes obtained from
normal humans (Tsoukas et al., 1984). These results confirm and extend earlier evidence that
1,25-(0H),D5 receptors are expressed in T lymphocytes activated with mitogenic lectins
(Provvedini et al., 1983; Bhalla et al., 1983). 1In light of suggestions that calcium translo-
cation is involved in the mitogen-induced activation of lymphocytes and in view of the well-
recognized calcitropic effects of 1,25-(0H),D; on mineral-dependent target tissues, it may be
that the suppressive effect of the vitamin D hormone on IL-2 is mediated by calcium transloca-
tion (Tsoukas et al., 1984). However mediated, this effect demonstrates the immunoregulatory
role of 1,25-(0H),D, and, thus, another possible means by which lead could affect immunity
(see Section 12.8).

12.3.6 Summary and Overview

12.3.6.1 Effects of Lead on Heme Biosynthesis. The effects of lead on heme biosynthesis are

well known because of their clinical prominence and the numerous studies of such effects in
humans and experimental animals. The process of heme biosynthesis starts with glycine and
succinyl-coenzyme A, proceeds through formation of protoporphyrin IX, and culminates with the
insertion of divalent iron into the porphyrin ring to form heme. In addition to being a con-
stituent of hemoglobin, heme is the prosthetic group of many tiésue hemoproteins having vari-
able functions, such as myoglobin, the P-450 component of the mixed-function oxygenase system,
and the cytochromes of cellular energetics. Hence, disturbance of heme biosynthesis by lead
poses the potential for multiple-organ toxicity. ‘
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In investigations of lead's effects on the heme synthesis pathway, most attention has
been devoted to the following: (1) stimulation of mitochondrial delta-aminolevulinic acid
synthetase (ALA-S), which mediates formation of delta~aminolevulinic acid (ALA); (2) direct
inhibition of the cytosolic enzyme, delta-aminolevulinic acid dehydrase (ALA-D), which cata-
lyzes formation of porphobilinogen from two units of ALA; and (3) inhibition of insertion of
iron (I1) into protoporphyrin IX to form heme, a process mediated by ferrochelatase.

Increased ALA-S activity has been found in Tlead workers as well as in 1ead-expoéed ani-
mals, although an actual decrease in enzyme activity has also been observed in several experi-
mental studies using different exposure methods. It appears, then, that the effect on ALA-S
activity may depend on the nature of the exposure. Using rat liver cells in culture, ALA-S
activity was stimulated in vitro at lead levels as low as 5.0 uM or 1.0 pg/g preparation. The
increased activity was due to biosynthesis of more enzyme. The blood lead threshold for stim-
ulation of ALA-S activity in humans, based on a study using leukocytes from lead workers
appears to be about 40 pg/dl. Whether this apparent threshold applies to other tissues de-
pends on how well the sensitivity of leukocyte mitochondria mirrors that in other systems.
The relative impact of ALA-S activity stimulation on ALA accumulation at Tower lead exposure
levels appears to be much less than the effect of ALA-D activity inhibition. ALA-D activity
is significantly depressed at 40 pg/dl blood lead, the point at which ALA-S activity only
begins to be affected.

Erythrocyte ALA-D activity is very sensitive to inhibition by lead. This inhibition is
reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol, zinc, or
zinc and glutathione. Zinc levels that achieve reactivation, however, are well above physio-
logical levels. Although zinc appears to offset the inhibitory effects of lead observed in
animal studies and in human erythrocytes in vitro, lead workers exposed to both zinc and lead
do not show significant changes in the relationship of ALA-D activity to blood lead when com-
pared with workers exposed just to lead. Nor does the range of physiological zinc levels in
nonexposed subjects affect ALA-D activity. 1In contrast, zinc deficiency in animals signifi-
cantly inhibits ALA-D activity, with concomitant accumulation of ALA in urine. Because zinc
deficiency has also been demonstrated to increase lead absorption, the possibility exists for
the following dual effects of such deficiency on ALA-D acfivity: (1) a direct effect on acti-
vity due to reduced zinc availability; and (2) increased lead absorption leading to further
inhibition of-activity.

Erythrocyte ALA-D activity appears to be inhibited at virtually all blood lead levels
measured so far, and any threshold for this effect in either adults or children remains to be
determined. A further measure of this enzyme's sensitivity to lead is a report that rat bone
marrow suspensions show inhibition of ALA-D activity by lead at a level of 0.1 pg/g suspen-

sion. Inhibition of ALA-D activity in erythrocytes apparently reflects a similar effect in
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other tissues. Hepatic ALA-D activity in lead workers was inversely correlated with erythro-
cyte activity as well as blood lead levels. Of significance are experimental animal data
showing that (1) brain ALA-D activity is inhibited with lead exposure, and (2) this inhibition
éppears to occur to a greater extent in developing animals than in adults, presumably reflec-
ting greater retention of lead in developing animals. In the avian brain, cerebellar ALA-D
activity is affected to a greater extent than that of the cerebrum and, relative to lead con-
centration, shows inhibition approaching that occurring in erythrocytes.

Inhibition of ALA-D activity by lead is reflected by elevated levels of its substrate,
ALA, in blood, urine, and soft tissues. Urinary ALA is employed extensively as an indicator
of excessive lead exposure in lead workers. The diagnostic value of this measurement in pedi-
atric screening, however, is limited when only spot urine collection is done; more satisfac-
tory data are obtainable with 24-hr collections. Numerous independent studies document a
direct correlation between blood lead and the logarithm of urinary ALA in human adults and
children; the blood lead threshold for increases in urinary ALA is commonly accepted as 40
pg/d1. However, several studies of lead workers indicate that the correlation between urinary
ALA and blood lead continues below this value; one study found that the slope of the dose-
effect curve in lead workers depends on the level of exposure. : ,

The health significance of lead-inhibited ALA-D activity and accumulation of ALA at lower
lead exposure levels is controversial. The "reserve capacity" of ALA-D activity is such that
only the level of inhibition associated with marked accumulation of the enzyme's substrate,
ALA, in accessible indicator media may be significant. However, it is not possible to quan-
tify at lower levels of lead exposure the relationship of urinary ALA to target tissue levels
or to relate the potential neurctoxicity of ALA at any accumulation level to levels in indi- -
cator media. Thus, the blood lead threshold for‘neurotoxicity of ALA may be different from
that associated with increased urinary excretion of ALA.

Accumulation of protoporphyrin in erythrocytes of lead-intoxicated individuals has been
recognized since the 1930s, but it has only recently been possible to quantitatively assess
the nature of this effect via development of sensitive, specific microanalysis methods. Accu-
mulation of protoporphyrin IX in erythrocytes results from impaired placement of iron (II) in
the porphyrin moiety in heme formation, an intramitochondrial process mediated by ferrochela-
tase. In lead exposure, the porphyrin acquires a zinc ion in lieu of native iron, thus form-
ing zinc protoporphyrin (ZPP), which is tightly bound in available heme pockets for the life
of the erythrocytes. This tight sequestration contrasts with the relatively mobile nonmetal,

or free, erythrocyte protoporphyrin (FEP) accumulated in the congenital disorder erythropoiet-
ic protoporphyria.
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Elevation of erythrocyte ZPP has been extensively documented as exponentially correlated
with blood Tead in children and adult lead workers and is currently considered one of the best
indicators of undue lead exposure. Accumulation of ZPP only occurs in erythrocytes formed
during lead's presence in erythroid tissue; this results in a lag of at least several weeks
before its buildup can be measured. The level of ZPP accumulation in erythrocytes of newly
employed lead workers continues to increase after blood lead has already reached a plateau.
This influences the relative correlation of ZPP and blood lead in workers with short exposure
histories. Also, the ZPP Tevel in blood declines much more slowly than blood Tead, even after
removal from exposure or after a drop in blood lead. ZPP level also appears to be a more re-
liable indicator of continuing intoxication from lead resorbed from bone in former lead
workers long removed from heavy lead exposure.

The threshold for detection of lead-induced ZPP accumulation is affected by the relative
spread of blood lead and corresponding ZPP values measured. In young children (<4 yr o0ld),
the ZPP elevation associated with iron-deficiency anemia must also be considered. In adults,
numerous studies indicate that the blood lead threshold for ZPP elevation is about 25-30
pg/dl.  In children 10-15 years old, the threshold is about 16 pg/dl; for this age group, iron
deficiency is not a factor. In one study, children over 4 years old showed the same thresh-

old, 15.5 pg/dl, as a second group under 4 years old, indicating that iron deficiency_waS‘not _—

a factor in the study. At 35.2 pg/dl blood lead, 50 percent of the children had significantly
elevated FEP levels (2 standard deviations above the reference mean FEP).

At blood lead levels below 30-40 ng/dl, any assessment of the EP-blood lead relationship
is strongly influenced by the relative analytical proficiency of measurements of both blood
lead and EP. The types of statistical analyses used are also important. 1In a recent detailed
statistical study involving 2004 children, 1852 of whom had blood lead values below 30 ug/dl,
segmental line and probit analysis techniques were employed to assess the dose-effect thres-
hold and dose-response relationship. An average blood lead threshold for the effect using
both statistical techniques was 16.5 pg/dl for the full group and for those subjects with
blood lead below 30 pg/dl. The effect of iron deficiency was tested for and was removed. Of
particular interest was the finding that blood lead values of 28.6 and 35.2 pg/dl corresponded
to EP elevations of more than 1 or 2 standard deviations, respectively, above the reference
mean in 50 percent of the children. Hence, fully half of the children had significant ele-
vations of EP at blood lead levels around 30 pg/dl. From various reports, children and adult
females appear to be more sensitive to lead's effects on EP accumulation at any given blood
lead level; children are somewhat more sensitive than adult females.

Lead's effects on heme formation are not restricted to the erythropoietic system. Recent
data indicate that the reduction of serum 1,25-dihydroxyvitamin D seen with even Tow-level
lead exposure is apparently the result of lead-induced inhibition of the activity of renal
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1-hydroxylase, a cytochrome P-450 mediated enzyme. Moreover lead inhibits renal ferrochela-
tase activity, which, with elevated kidney EP, leads to a reduction of heme available for
heme-requiring enzymes such as renal 1l-hydroxylase. Reduction in activity of the hepatic
enzyme tryptophan pyrrolase and concomitant increases in plasma tryptophan as well as brain
tryptophan, serotonin, and hydroxyindoleacetic acid have been shown to be associated with
Jead-induced reduction of the hepatic heme pool. The heme-containing hepatic protein cytq}
chrome P-450 {an integral part of the hepatic mixed-function oxygenase system) is affected in
humans and animals by lead exposure, especially acute intoxication. Reduced P-450 content
correlates with impaired activity of detoxifying enzyme systems such as aniline hydroxylase
and aminopyrine demethylase. It is also responsible for reduced 6f-hydroxylation of cortisol
in children having moderate lead exposure.

Studies of organotypic chick and mouse dorsal root ganglion in culture show that the ner-
vous system has heme biosynthetic capability and that not only is this capability reduced in
the presence of lead but production of porphyrinic material is increased. In the neonatal
rat, depending on the age at dosing and the duration of dosing, chronic lead exposure result-
ing in moderately elevated blood lead is associated with retarded increases in the hemoprotein
cytochromes and with disturbed electron transport in the developing cerebral cortex. These
data parallel effects of lead on ALA-D activity and ALA accumulation in neural tissue. When
both of these effects are viewed in the toxicokinetic context of increased retention of lead
in both developing animals and children, there is an obvious and serious potential for
impaired heme-based metabolic function in the nervous system of lead-exposed children. .

As can be concluded from the above discussion, the health significance of ZPP accumula-
tion rests with the fact that it is evidence of impaired heme and hemoprotein formation in
many tissues that arises from entry of lead into mitochondria. Elevation of EP in children at
relatively low blood lead levels is considered by the pediatric medicine community to be a
matter of concern, and the Centers for Disease Control in their recent statement on lead poi-
soning in children (U.S. Centers for Disease Control, 1985) have noted that a blood lead level
above 25 pg/dl along with an EP level above 35 ug/dl whole blood is to be taken as early evi-
dence of lead toxicity. Such evidence for reduced heme synthesis is consistent with a great
deal of data documenting lead-associated effects on mitochondria. The relative value of the
lead-ZPP relationship in erythropoietic tissue as an index of this effect in other tissueﬂ”
hinges on the relative sensitivity of the erythropoietic system compared with other organ
systems. One study of rats exposed over their lifetime to low levels of lead demonstrated
that protoporphyrin accumulation in renal tissue was already significant at levels of lead
exposure which produced little change in erythrocyte porphyrin levels.
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Other steps in the heme biosynthesis pathway are also known to be affected by lead, al-
though.these have not been as well studied on a biochemical or molecular level. Coproporphy-
rin levels are increased in urine, reflecting active lead intoxication. Lead also affects the
activity of the enzyme uroporphyrinogen-I-synthetase in experimental animal systems, resulting
in an accumulation of its substrate, porphobilinogen. The erythrocyte enzyme has been re-
ported to be much more sensitive to lead than the hepatic species, presumably accounting for
much of the accumulated substrate. Unlike the case with experimental animals, lead-exposed
humans show no rise in urinary porphobilinogen, which is a differentiating characteristic of
lead intoxication versus the hepatic porphyrias. Ferrochelatase is an intramitochondrial
enzyme, and impairment of its activity either directly by lead or via impairment of iron
transport to the enzyme is evidence of the presence of lead in mitochondria.
12.3.6.2 Lead Effects on Erythropoiesis and Erythrocyte Physiology. Anemia is a manifesta-
tion of chronic lead intoxication and is characterized as mildly hypochromic and usually nor-
mocytic. It 1is associated with reticulocytosis, owing to shortened cell survival, and the
variable presence of basophilic stippling. Its occurrence is due to both decreased production
and increased rate of destruction of erythrocytes. In young children (<4 yr old), iron defi-
ciency anemia is exacerbated by lead uptake, and vice versa. Hemoglobin production is nega-
tively correlated with blood lead in young children, in whom iron deficiency may be a con-
founding factor, as well as in lead workers. In one study, blood lead values that were
usually below 80 pg/dl were inversely correlated with hemoglobin content. In these subjects
no iron deficiency was found. The blood lead threshold for reduced hemoglobin content is
about 50 pg/dl in adult lead workers and somewhat lower (about 40 ug/dl1) in children.

The mechanism of lead-associated anemia appears to be a combination of reduced hemoglobin
production and shortened erythrocyte survival due to direct cell injury. Lead's effects on
hemoglobin production involve disturbances of both heme and globin biosynthesis. The hemoly-
tic component to lead-induced anemia appears to be caused by increased cell fragility and in-
creased osmotic resistance. In one study using rats, the hemolysis associated with vitamin E
deficiency, via reduced cell deformability, was exacerbated by lead exposure. The molecular
basis for increased cell destruction rests with inhibition of (Na+, K+)-ATPase and pyrimi-
dine-5'-nucleotidase. Inhibition of the former enzyme leads to cell "shrinkage" and inhibi-
tion of the latter results in impaired pyrimidine nucleotide phosphorolysis and disturbance of
the activity of the purine nucleotides necessary for cellular energetics.

12.3.6.3 Effects of lead on erythropoietic pyrimidine metabolism. In lead intoxication, the
presence of both basophilic stippling and anemia with a hemolytic component is due to inhibi-
tion by lead of the activity of pyrimidine-5'-nucleotidase (Py-5-N), an enzyme that mediates

the dephosphorylation of pyrimidine nucleotides in the maturing erythrocyte. Inhibition of
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this enzyme by lead has been documented in lead workers, lead-exposed children, and experimen-
tal animal models. In one study of lead-exposed children, there was a negative correlation
between blood lead and enzyme activity, with no clear response threshold. A related report
noted that, in addition, there was a positive correlation between cytidine phosphate and blood
lead and an inverse correlation between pyrimidine nucleotide and enzyme activity.

The metabolic significance of Py-5-N inhibition and cell nucleotide accumulation is that
they affect erythrocyte stability and survival as well as potentially affect mRNA and protein
synthesis related to globin chain synthesis. Based on one study of children, the threshold
for the inhibition of Py-5-N activity appears to be about 10 ug/dl blood lead. Lead's inhibi-
tion of Py-5-N activity and a threshold for such inhibition are not by themselves the issue.
Rather, the issue is the relationship of such inhibition to a significant level of impaired
pyrimidine nucleotide metabolism and the consequences for erythrocyte stability and function.
The relationship of Py-5-N activity inhibition by lead to accumulation of its pyrimidine
nucleotide substrate is analogous to lead's inhibition of ALA-D activity and accumulation of
ALA.
12.3.6.4 Effects of Alkyl Lead Compounds on Heme Biosynthesis and Erythropoiesis. Tetraethy]

lead and tetramethyl 1lead, components of leaded gasoline, undergo transformation in vivo to
neurotoxic trialkyl metabolites as well as further conversion to inorganic lead. Hence, one
might anticipate that exposure to such agents may result in effects commonly associated with

“inorganic lead, particularly in terms of heme synthesis and erythropoiesis. Various surveys

and case reports show that the habit of sniffing leaded gasoline is associated with chronic
lead intoxication in children from socially deprived backgrounds 1in rural or remote areas.
Notable in these subjects is evidence bf_impaired heme biosynthesis, as indexed by signifi-
cantly reduced ALA-D activity. In several case reports of frank lead toxicity from habitual
leaded gasoline sniffing, effects .such as basophilic stippling in erythrocytes and signifi-
cantly reduced hemoglobin have also been noted. :

12.3.6.5 Relationships of Lead Effects on Heme Synthesis to Neurdtoxiciﬁx. The role of lead-

associated disturbances of heme biosynthesis as a possible factor in neurological effects of
lead is of considerable interest due to the following: (1) similarities between‘classical
signs of Tlead neurotoxicity and several neurological components of the congenital disorder
acute intermittent porphyria; and (2) some of the unusual aspects of lead neurotoxicity.
There are three possible points of connection between lead's effects on heme biosynthesis and
the nervous system. Associated with both lead neurotoxicity and acute intermittent porphyria
is the common feature of excessive systemic accumulation and excretion of ALA. 1In addition,
lead neurotoxicity reflects, to some degree, impaired synthesis of heme and hemoproteins in-
volved in crucial cellular functions; such an effect on heme is now known to be relevant °
within neural tissue as well as in non-neural tissue.
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Available information indicates that ALA levels are elevated in the brains of leag-
exposed animals and arise through in situ inhibition of brain ALA-D activity or through trans-
port of ALA to the brain after formation in other tissues. ALA is known to traverse the
blood-brain barrier. Hence, ALA is accessible to, or formed within, the brain during lead
exposure and may express its neurotoxic potential.

Based on various in vitro and in vivo neurochemical studies of lead neurotoxicity, it
appears that ALA can inhibit release of the neurotransmitter gamma-aminobutyric acid (GABA)
from presynaptic receptors at which ALA appears to be very potent even at low levels. In an
in vitro study, agonist behavior by ALA was demonstrated at levels as low as 1.0 uM ALA. This
in vitro observation supports results of a study using lead-exposed rats in which there was
inhibition of both resting and K+-stimu1ated release of preloaded 3H-GABA from nerve termi-
nals. The observation that in vivo effects of lead on neurotransmitter function cannot be
duplicated with in vitro preparations containing added lead is further evidence of an effect
of some agent (other than lead) that acts directly on this function. Human data on leac-
induced associations between disturbed heme synthesis and neurotoxicity, while limited, also
suggest that ALA may function as a neurotoxicant. '

A number of studies strongly suggest that lead-impaired heme production itself may be a
factor in the toxicant's neurotoxicity. In porphyric rats treated also with phenobarbital,
both lead and the organic agent DDEP inhibit tryptophan pyrrolase activity owing to reductions
in the hepatic heme pool, thereby leading to elevated levels of tryptophan and serotonin in
the brain. Such elevations are known to induce many of the neurotoxic effects also seen with
lead exposure. Of great interest is the fact that heme infusion in these animals reduces
brain levels of these substances and also restores enzyme activity and the hepatic heme pool.
It remains to be demonstrated that use of lead alone, without enzyme induction, would shcw
similar effects. Another line of evidence for the heme-basis of lead neurotoxicity is that
mouse dorsal root ganglion in culture manifests morphological evidence of neural injury with
rather low lead exposure, but such changes are largely prevented with co-administration of
heme. Finally, studies also show that heme-requiring cytochrome C production is impaired
along with operation of the cytochrome C respiratory chain in the brain when neonate rats are
exposed to lead. , ,
12.3.6.6 Summary of Effects of Lead on Vitamin D Metabolism There has recently been a grow-
ing awareness of the interactions of lead and the vitamin D-endocrine system. A recent study
has found that children with blood lead levels of 33-120 pg/dl showed significant reductions
in serum Jevels of the hormonal metabolite 1,25-dihydroxyvitamin D (1,25-(0H)zD). This
inverse dose-response relationship was found throughout the range of measured blood lead
values, 12-120 pg/dl, and appeared to be the result of lead's effect on the production of the
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vitamin D hormone. The 1,25-(0H);D levels of children with blood lead levels of 33-55 hg/d}
corresponded to the levels that have been observed in children with severe renal dysfunction.
At higher blood lead levels (>62 pg/dl), the 1,25-(0H),D values were similar to those that
have been measured in children with various inborn metabolic disorders. Chelation therapy of
the lead-poisoned children (blood lead levels >62 pg/dl) resulted in a return to normal
1,25-(0H)2D levels within a short period.

In addition to its well-known actions on bone remodeling and intestinal absorption of
minerals, the vitamin D hormone has several other physioclogical actions at the cellular level.
These include cellular calcium homeostasis in virtually all mammalian cells and associated
calcium-mediated processeé that are essential for cellular integrity and function. In addi-
tion, the vitamin D hormone has newly recognized functijons that involve cell differentiation,
immunoregulatory capacity, and other roles distinct from mineral metabolism. It is reasonable
to conclude, therefore, that impaired production of 1,25-(0H),D can have profound and
pervasive effects on tissues and cells of diverse type and function throughout the body.
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12.4 NEUROTOXIC EFFECTS OF LEAD
12.4.1 1Introduction

Historically, neurotoxic effects have long been recognized as being among the more severe
consequences of human lead exposure (Tanquerel des Planches, 1839; Stewart, 1895; Prendergast,
1910; Oliver, 1911; Blackfan, 1917). Since the early 1900s, extensive research has focused on
the elucidation of lead exposure levels associated with the induction of various types of neu-
rotoxic effects and related issues, such as critical exposure periods for their induction and
their persistence or reversibility. Such research, spanning more than 50 years, has provided
increasing evidence indicating that progressively lower lead exposure levels, previously ac-
cepted as "safe," are actually sufficient to cause notable neurotoxic effects.

The neurotoxic effects of extremely high exposures, resulting in blood lead levels in ex-
cess of 80-100 pg/dl, have been well documented, especially in regard to increased risk for
fulminant lead encephalopathy (a well-known clinical syndrome characterized by overt symptoms
such as gross ataxia, persistent vomiting, lethargy, stupor, convulsions, and coma). The per-
sistence of neurological sequelae in cases of non-fatal lead encephalopathy has also been wel)
‘established. The neurotoxic effects of subencephalopathic lead exposures in both human adults
and children, however, continue to represent a major area of interest and controversy. : Re-
flecting this, much research during the past 10-15 years has focused on the delineation of
exposure-effect relationships for the following: (1) the occurrence of overt signs and symp-
toms of neurotoxicity in relation to other indicators of subencephalopathic overt lead intoxi-
cation; and (2) the manifestation of more subtle, often difficult-to~detect indications of
altered neurological functions in apparently asymptomatic (i.e:, not overtly lead-poisoned)
individuals.

The present assessment critically reviews the available scientific literature on the neu-
rotoxic effects of lead, first evaluating the results of human studies bearing on the subject
and then examining pertinent animal toxicology studies. The discussion of human studies is
divided into two major subsections focusing on neurotoxic effects of lead exposure in (1)
adults and (2) children. Llead's effects on both the central nervous system (CNS) and the
peripheral nervous system (PNS) are discussed in each case. In general, only relatively brief
overview summaries are provided in regard to findings bearing on the effects of extremely
high-level exposures resulting in encephalopathy or other frank signs or symptoms of overt
lead intoxication. Studies concerning the effects of lower-level lead exposures are assessed
in more detail, especially those dealing with non-overtly lead intoxicated children. As for
the animal toxicology studies, particular emphasis is placed on the review of studies that
help to address certain important issues raised by the human research findings, rather than

attempting an exhaustive review of all animal toxicology studies concerning the neurctoxic
effects of lead.
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12.4.2 Human Studies

Defining exposure-effect or dose-response relationships between lead and particular
neurotoxic responses in humans involves two basic steps. First, there must be an assessment
of the internal lead burden resulting from external doses of lead received via various routes
of exposure (such as air, water, food, occupational hazards, house dust, etc.). Internal lead
burdens may be indexed by lead concentrations in blood, teeth, or other tissue, or by otherf

fbiologica] indicators. The second step involves an assessment of the relationship of internal
exposure indices to behavioral or other types of neurophysiological responses. The difficulty
of this task is reflected by current controversies over existing data. Studies vary greatly
in the quality of design, precision of assessment instruments, care in data collection, and
appropriateness of statistical analyses employed. Many of these methodological problems are
broadly common to research on toxic agents in general and not just to lead alone.

Although epidemiological studies of lead's effects have immediate environmental relevance
at the human level, difficult problems are often associated with the interpretation of the
findings, as noted in several reviews (Bornschein et al., 1980; Cowan and Leviton, 1980;
Rutter, 1980; Valciukas and Lilis, 1980; Needleman and Landrigan, 1981). The main problems
are the following: (1) inadequate markers of exposure to lead; (2) insensitive measures of
performance; (3) bias in selection of subjects; (4) inadequate handling of confounding co-
variates; (5) inappropriate statistical analyses; (6) inappropriate generalization and inter-
pretation of results; and (7) the need for "blind" evaluations by experimenters and techni-
cians. Each of these problems is briefly discussed below.

Each major exposure route--food, water, air, dust, and soil--contributes to a person's
total daily intake of lead (see Chapters 7 and 11). The relative contribution of each expo-
sure route, however, js difficult to ascertain; neurotoxic endpoint measurements, therefore,
are most typically evaluated in relation to one or another indicator of overall internal lead
bady burden. Subjects in epidemiological studies may be misclassified as to exposure level
unless careful choices of exposure indices are made based upon the hypotheses to be tested,
the accuracy and precision of the biological media assays, and the collection and assay pro-
cedures employed. Chapter 9 of this document evaluates different measures of internal expo-
sure to lead and their respective advantages and disadvantages. The most commonly used mea-

sure of internal dose is blood lead concentration, which varies as a function of age, sex, ¥

yace, geographic location, and exposure. The blood lead level is a useful marker of current
exposure but generally does not reflect cumu]ative body lead burdens as well as lead levels in
teeth. Hair lead levels, measured in some human studies, are not viewed as reliable indica-
tors of internal body burdens at this time. Future research may identify a more standard
exposure index, but it appears that a risk classification similar to that of the U.S. Centers
for Disease Control (1978) in terms of blood lead and free erythrocyte protoporphyrin (FEP)
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levels will continue in the foreseeable future to be the standard approach most often used for
lead exposure screening and evaluation. Much of the discussion below is, therefore, focused
on defining dose-effect relationships for human neurotoxic effects in terms of blood leag
levels; some ancillary information on pertinent tooth lead levels is also discussed.

The frequency and timing of sampling for internal lead burdens represent another impor-
tant factor in evaluating studies of lead effects on neurological and behavioral functions.
For example, epidemiological studies often rely on blood lead and/or erythrocyte protoporphy-
rin (EP) levels determined at a single point in time to retrospectively estimate or character-
jze internal exposure histories of study populations that may have been exposed in the past to
higher levels of lead than those indicated by a single current blood sample. Relatively few
prospective studies exist that provide highly reliable estimates of critical lead exposure
levels associated with observed neurotoxic effects in human adults or children, especially in
regard to the'effects of subencephalopathic lead exposures. Some prospective longitudinal
studies on the effects of lead on early development of infants and young children are cur-
rently 1in progress, but results of these studies are only beginning to become available
(see Section 12.4.2.2.2.5 below). The present assessment of the neurotoxic effects of
lead in humans must, therefore, rely most heavily on published epidemiological studies which
typically provide exposure history information of only limited value in defining exposure-
effect relationships and less-than-optimum cross-sectional study designs.

Key variables that have emerged in determining effects of lead on the nervous system in-
clude (1) duration and intensity of exposure and (2) age at exposure. Much evidence suggests
that young organisms with developing nervous systems are more vulnerable than adults with
fully matured nervous systems. Particular attention is, therefore, accorded below to discus-
sion of neurotoxic effects of lead in children as a special group at risk.

Precision of measurement is a critical methodological issue, especially when research on
neurotoxicity leaves the laboratory setting. Neurotoxicity is often measured indirectly with
psychometric or neurometric techniques in epidemiological studies (Valciukas and Lilis, 1980).
The accuracy with which these tests reflect what they purport to medsure (validity) and the
degree to which they are reproducible (reliability) are issues central to the science of mea-
surement theory. Many cross-sectional population studies make use of instruments that are
only brief samples of behavior thought to be representative of some relatively constant under-
lying traits, such as intelligence. Standardization of tests is the subject of much research
in psychometrics. The quality and precision of specific test batteries have been particularly
controversial issues in evaluating possible effect levels for neurotoxic effects of lead expo-
sure in children. Table 12A (Appendix 12A) lists some of the major tests used, together with
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their advantages and weaknesses. The following review places most weight on results obtained
with age-normed, standardized psychometric test instruments, and well-controlled, standardized
nerve conduction velocity tests. Other measures, such as reaction time, finger tapping, and
certain electrophysiological measures (e.g., cortical evoked and slow-wave potentials) are
potentially more sensitive indices, but are still experimental measures whose clinical utility
and psychometric properties with respect to the neurobehavioral toxicity of lead remain to be
more fully explored.

Selection bias is a critical issue in epidemiological studies in which attempts are made
to generalize from a small sample to a large population. Volunteering to participate in a
study and attendance at special clinics or schools are common forms of selection bias that
often 1imit how far the results of such studies can be generalized. These factors may need to
be balanced in lead neurotoxicity research since reference groups are often difficult to find
because of the pervasiveness of lead in the environment and the many non-lead covariates that
also affect performance. Selection bias and the effects of confounding can be reduced by
choosing a more homogeneous stratified sample, but the generalizability of the results of such
cohort studies is thereby Timited.

Perhaps the greatest methodological concern in epidemiological studies is controlling for
confounding covariates, so that residual effects can be more confidently attributed to lead.
Among adults, the most important covariates are age, sex, rate, educational level, exposure
history, alcohol intake, total food intake, dietary calcium and iron intake, and urban versus
rural styles of living (Valciukas and Lilis, 1980). Among children, a number of developmental
covariates are additionally important: parental socioceconomic status (Needleman et al.,
1979); maternal IQ (Perino and Ernhaft, 1974); pica (Barltrop, 1966); quality of the care-
giving environment (Hunt et al., 1982; Milar et al., 1980); dietary iron and calcium intake;
vitamin D levels; body fat and nutrition (Mahaffey and Michaelson, 1980; Mahaffey, 1981); and
age at exposure. Preschool children below the age of 3-5 years appear to be particularly vul-
nerable, in that the rate of accumulation of even a low body lead burden is higher for them
than for adults (National Academy of Sciences, Committee on Lead in the Human Environment,
1980). Potential confounding effects of covariates become particularly important when trying
to interpret threshold effects of lead exposure. Each covariate alone may not be significant,
but, when combined, may interact to pose a cumulative risk which could result in under- or
overestimation of a small effect of lead.

Statistical considerations important not only to lead but to all epidemiological studies
include adequate sample size (Hill, 1966), the use of multiple regression (Cohen and Cohen,
1975), and the use of multivariate analyses (Cooley and Lohnes, 1971). Regarding sample size,
false negative conclusions are at times drawn from small studies with low statistical power.
It is often difficult and expensive to use large sample sizes in complex research such as that
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on lead neurotoxicity. This fact makes it all the more important to use sensitive assessment
instruments which have a high level of discriminating power and can be combined into factors
for multivariate analysis. Multiple statistical comparisons can then be made while reducing
the likelihood of finding a certain number of significant differences by chance alone. This
is a serious problem, because near-threshold effects are often small and Variabie.

A final crucial issue in this and other research revolves around the care taken to assure
that investigators are isolated from information that might identify subjects in terms of
their lead exposure levels at the time of assessment and data recording. Unconscious biases,
nonrandom errors, and arbitrary data correction and exclusion can be ruled out only if a study
is perforhed under blind conditions or, preferably, double-blind conditions.

With the above methodological considerations in mind, the following sections evaluate
pertinent human studies. The discussion includes an overview of lead exposure effects in
adults, followed by a more detajled assessment of neurotoxic effects of lead exposures in
children.
12.4.2.1 Neurotoxic Effects of Lead Exposure in Adults.

12.4.2.1.1 Overt lead intoxication in adults. Severe neurotoxic effects of extreme exposures

to .high levels of Tlead, especially for prolonged periods that produce overt signs of acute
lead intoxication, are well documented in regard to both adults and children. The most pro-
found (CNS) effects in adults have been referred to for many years as the clinical syndrome of
lead encephalopathy, described in detail by Aub et al. (1926), Cantarow and Trumper (1944),
Cumings (1959), and Teisinger and Styblovd (1961). Early features of the syndrome that may
develop within weeks of initial exposure include dullness, restlessness, irritability, poor
attention span, headaches, muscular tremor, hallucinations, and loss of memory. These symp-
toms may progress to delirium, mania, convulsions, paralysis, coma, and death. The onset of
such symptoms can often be quite abrupt, with convulsions, coma, and even death occurring very
rapidly in patients who shortly before appeared to exhibit much less severe or no symptoms of
acute lead intoxication (Cumings, 1959; Smith et al., 1938). Symptoms of lead encephalopathy
indicative of severe CNS damage and posing a threat to life are Qenera]]y not seen in adults
except at blood lead levels well in excess of 120 pg/d1 (Kehoe, 196la,b,c). Other data (Smith
et al., 1938) suggest that acute lead intoxication, including severe gastrointestinal symptoms
and/or signs of encephalopathy can occur in some adults at blood lead levels around 100 pg/dl,
but ambiguities make the data difficult to interpret.

In addition to the above CNS effects, lead also clearly damages peripheral nerves at tox-
ic, high-exposure levels that predominantly affect large myelinated nerve fibers (Vasilescu,
1973; Feldman et al., 1977; Englert, 1980). Pathologic changes in peripheral nerves, as shown
in animal studies, can include both segmental demyelination and, in some fibers, axonal degen-
eration (Fullerton, 1966). The former types of changes appear to reflect lead's effects on
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Schwann cé]]s, with concomitant endoneurial edema and disruption of myelin membranes
(Windebank and Dyck, 1981). Apparently, lead induces a breakdown in the blood-nerve barrier
which allows lead-rich edema fluid to enter the endoneurium (Dyck et al., 1980; Windebank
et al., 1980). Remyelination observed in animal studies suggests either that such lead
effects may be reversible or that not all Schwann cells are affected equally (Lampert and
Schochet, 1968; Ohnishi and Dyck, 1981). Reports of plantar arch deformities due to old per-
ipheral neuropathies (Emmerson, 1968), however, suggest that lead-induced neuropathies of
sufficient severity in human adults could result in permanent peripheral nerve damage. Mor-
phologically, peripheral neuropathies are usually detectable only after prolonged high expo-
sure to lead, with distinctly different sensitivities and histological differences existing
among mammalian species.' In regard to man, as an example, Buchthal and Behse (1979, 1981),

-~ using nerve biopsies from a worker with frank lead neuropathy (blood lead = 150 pg/d1), found

histological changes indicative of axonal degeneration in association with reductions in nerve
conduction velocities that corresponded to loss of large fibers and decreased amplitude of
sensory potentials.

Data from numerous studies provide a basis by which to estimate lead exposure levels at
which adults exhibit overt signs or symptoms of neurotoxicity and to compare such levels with
those associated with other types of signs and symptoms indicative of overt lead intoxication
(Sakurai et al., 1974; Lilis et al., 1977; Tola and Nordman, 1977; Irwig et al., 1978a,b;
Dahlgren, 1978; Baker et al., 1979; Haenninen et al., 1979; Spivey et al., 1979; Fischbein
et al., 1980; Hammond et al., 1980; Kirkby et al., 1983). These studies evaluated rates of
various clinical signs and symptoms of lead intoxication across a wide range of lead exposures
among occupationally exposed smelter and battery plant workers.

Considerable individual biological variability is apparent among various study popula-
tions and individual workers in terms of observed lead levels associated with overt signs and
symptoms of lead intoxication, based on comparisons of exposure-effect and dose-response data
from the available studies. For example, Irwig et al. (1978a,b) and Zielhuis and Wibowo
(1976) discuss data for black South African lead workers indicative of increased prevalence of
neurological symptoms at 110 pg/d1 and gastrointestinal symptoms at blood lead levels in ex-
cess of 60 pg/dl. Analogously, Hammond et al. (1980) reported significant increases in neuro-
logical (both CNS and PNS) and gastrointestinal symptoms among American smelter workers with
blood lead levels often exceeding 80 pg/d1, but not among workers whose exposure histories did
not include levels above 80 pg/dl. Also, Kirkby et al. (1983) found no significant differ-
ences between 96 long-term lead smelter workers and 96 matched control subjects in prevalence
of self-reported symptoms of fatigue, headache, nervousness, sleep <isturbance, constipation,
or colic. Blood lead levels for the lead workers averaged 51 pg/dl (range 13-91 pg/dl),
whereas the control group averaged 11 pg/dl (range 6-16 pg/dl).
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In contrast to the above results, many other investigators have reported neurologic
symptoms and other overt signs and symptoms of lead toxicity at blood lead levels ranging wel
below 80 pg/dl. Lilis et al. (1977), for instance, found that CNS symptoms (tiredness,
sleeplessness, irritability, headaches) were reported by 55 percent and muscle or joint pain
by 39 percent of a group of lead smelter workers whose blood lead levels had never been ob-
served to exceed 80 pg/dl. Low hemoglobin levels (<14 g/d1) were found in more than 33
percent of these workers. In addition, Spivey et al. (1979) reported significant]y increased
neurological (mainly CNS, but some PNS) symptoms and joint pain among a group of 69 lead
workers with mean * standard deviation blood lead levels of 61.3 = 12.8 pg/dl in comparison to
a control group with 22.0 + 5.9 pg/dl blood lead values. Haenninen et al. (1979) similarly
reported significantly increased neurological (both CNS and PNS) and gastrointestinal symptoms
among 25 lead workers with maximum observed blood lead levels of 50-69 pg/dl and significantly
increased CNS symptoms among 20 lower exposure workers with maximum blood lead values below
50 pg/dl. Both groups were compared against a referent control group (N = 23) with blood lead
values of 11.9 + 4.3 pg/dl.

Additional studies (Baker et al., 1979; Fischbein et al., 1980; Zimmermann-Tansella et
al., 1983) provide evidence of overt signs or symptoms of neurotoxicity occurring at lead
exposure levels still lower than those indicated above. Baker et al. (1979) studied dose-
response relationships between clinical signs and symptoms of lead intoxication among lead
workers in two smelters. No overt toxicity was observed at blood lead levels below 40 pg/dl.
However, 13 percent of those workers with blood lead values in the range 40-79 pg/dl had
extensor muscle weakness or gastrointestinal symptoms; and anemia occurred in 5 percent of the
workers with 40-59 pg/d] blood lead levels, in 14 percent with levels of 60-79 pg/dl, and in
36 percent with blood lead levels exceeding 80 pg/dl. Also, Fischbein et al. (1980), in a
study of 90 cable splicers intermittently exposed to lead, found higher zinc protoporphyrin
levels (an indicator of impaired heme synthesis associated with lead exposure) among workers
reporting CNS or gastrointestinal symptoms than among other cable splicers not reporting such
symptoms. Only 5 percent of these workers had blood lead levels in excess of 40 pg/dl, and
the mean * standard deviation blood lead levels for the 26 reporting CNS symptoms were 28.4
+ 7.6 pg/dl and 30 % 9.4 pg/dl for the 19 reporting gastrointestinal symptoms. However,
caution must be exercised in accepting these latter blood levels as being representative of

/'averége or maximum lead exposures of this worker population, in view of the highly intermit-

tent nature of their exposure and the likelihood of much higher peaks in their blood lead
levels than those coincidentally measured at the time of their blood sampling.

Lastly, Zimmermann-Tansella et al. (1983) have independently confirmed and extended pre-
viously described findings of Haenninen et al. (1979). Three groups of 20 men each were
matched on age, education, marital status, chronic illnesses, personality characteristics, and
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length of employment. The control group had no history of occupational exposure to lead (mean
blood lead level = 20.4 + 6 pg/dl). The lead-exposed groups were composed of workers from an
electric storage battery plant, with the low-lead group averaging 31.7 + 2.9 ug/dl (range:
26-35 pg/dl) and the high-lead group 52.5 # 5.1 pg/dl (range: 45-60 pg/dl). None ever ex-
ceeded 60 pg/dl. In conjunction with other psychological testing (Campara et al., 1984), two
questionnaires were given that asked about a variety of emotional, neurclogical, and gastroA
intestinal symptoms similar to symptoms covered by the questicnnaire used by Haenninen et al.
(1979). The most clear~cut effects, in terms of significant and consistent dose-response
trends, were found in physical symptoms (such as loss of appetite, paresthesis in lower 1limbs,
weakness of upper 1imbs, and dropping of objects) with the most marked increases seen in rates
of neurological symptoms in the high-lead group. Coupled with the increased symptom rates
observed by Zimmermann-Tansella et al. (1983) were observations reported by Campara et al.
(1984) indicating that the high-lead workers did significantly more poorly on a variety of
psychometric tests (e.g., the WAIS), with general performance (on cognitive and visual-motor
coordination tasks) and verbal reasoning ability most markedly impaired. These findings,
consistent with earlier results of Haenninen et al. (1978, 1979), indicate that overt neurol-
ogical symptoms and impaired CNS functioning, as well as gastrointestinal symptoms, occur in
adults at blood lead Tlevels of 45-60 pg/dl.

Overall, the results reviewed above appear to support the following conclusions: (1)
overt signs and symptoms of neurotoxicity in adults are manifested at roughly comparable lead
exposure levels as other types of overt signs and symptoms of lead intoxication, such as gas-
trointestinal complaints; (2) neurological signs and symptoms are indicative of both central
and peripheral nervous system effects; (3) such overt signs and symptoms, both neurological
and otherwise, occur at markedly lower blood lead levels than levels previously thought to be
"safe" for adults; and (4) lowest observed effect levels for the neurclogical signs and symp-
toms in adults can most credibly be stated to be in the 40-60 pg/dl range. Insufficient in-
formation currently exists to estimate with confidence to what extent or for how long such
overt signs and symptoms persist in adults after termination of precipitating external lead
exposures, but at least one study (Dahlgren, 1978) has reported abdominal pain persisting as
long as 29 months after exposure termination among 15 smelter workers, including four whose
blood lead levels were between 40 and 60 pg/dl while working.

A2.4.2.1.2 Non-overt lead intoxication in adults. Of special importance for establishing
standards for exposure to lead is the question of whether exposures lower than those producing
overt signs or symptoms of lead intoxication result in less obvious neurotoxic effects in

_otherwise apparently healthy individuals. Attention has focused in particular on whether ex-

posures leading to blood lead levels below 80-100 pg/dl may lead to behavioral deficits or
other neurotoxic effects in the absence of classical signs of overt lead intoxication.
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In adults, one might expect neurobehavioral deficits to be reflected by performance mea-
sures in the workplace, such as higher rates of absences or reduced psychomotor performance
among occupationally exposed lead workers. Some epidemiological studies have investigateg
possible relationships between elevated blood lead and general health as indexed by recaords of
sick absences certified by physicians (Araki et al., 1982; Robinson, 1976; Shannon et 3]
1976; Tola and Nordman, 1977). However, sickness absence rates are generally poor epidemio-
logic outcome measures that may be confounded by many variables and are difficult to relate
specifically to lead exposure levels. Much more useful are studies that evaluate direct
measurements of central or peripheral neurological functions in relation to lead exposure.

A number of studies have employed sensitive neurological and/or psychometric testing pro-
cedures in an effort to demonstrate specific lead-induced neurcbehavioral effects in adults.
Disturbances in oculomotor function have been found in two studies of lead-exposed workers.
The first, a. prospective investigation by Baloh et al. (1979), found significantly decreased
saccade accuracy and similar but nonsignificant differences in saccade velocity and delay
times in lead workers (mean blood lead: ~61 pg/dl) compared to controls. A follow-up examina-
tion (Spivey et al., 1980) essentially replicated the original findings. A more recent
investigation of saccadic eye movements by Glickman et al. (1984) also found highly signifi-
cant decreases in saccade accuracy and fncreases in overshoots among lead workers (mean blood
lead: 57 pg/dl), particularly younger workers. The difference in saccade velocity fell just
short of statistical significance overall (p = 0.056), but was highly significant (p <0.004)
in the 20-29 year age group. Also, velocity and ZPP were significantly correlated overall
(r = -0.40, p <0.005).

Morgan and Repko (1974) reported deficits in hand-eye coordination and reaction time in
an extensive study of behavioral functions in 190 lead-exposed workers (mean blood lead Tevel
= 60.5 * 17.0 pg/dl). The majority of the subjects had been exposed between 5 and 20 years.
In a similar study, however, Milburn et al. (1976) found no differences between control and
lead-exposed workers on numerous psychometric and other performance tests. On the other hand,
several other studies (Arnvig et al., 1980; Grandjean et al., 1978; Haenninen et al., 1978,
Hogstedt et al., 1983; Mantere et al., 1982; Valciukas et al., 1978) have found disturbances
in reaction time, visual motor performance, hand dexterity, IQ test/cognitive performance,
mood, nervousness, or coping in lead workers with blood lead levels of 50-80 ug/dl. Hogstedt
et al. (1983) also found impaired memory and learning ability in workers with time-weighted
average blood lead levels of 27-52 pg/dl. Furthermore, Baker et al. (1983) found significant-
ly increased rates of depression, confusion, anger, fatigue, and tension among workers with
blood lead levels above 40 pg/dl, who did not differ from referent control workers in terms of
reported incidence of abdominal colic or other gastrointestinal symptoms characteristic of
overt lead intoxication. Other aspects of neurobehavioral function in the same workers were

MR
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also found to be impaired, including verbal concept formation, memory, and visual/motor per-
formance. A graded dose-effect relationship for ﬁon-overt CNS lead effects in otherwise
asymptomatic adults is indicated by such studies.

In addition to the above studies indicative of psychoneural dysfunctions in non-overtly
lead intoxicated adults, numerous investigations have examined peripheral nerve function by
measuring the conduction velocity of electrically stimulated nerves in the arm or leg. Nerve
conduction velocity (NCV) provides a readily accessible indication of neurophysinlogical
function in sensory as well as motor nerves. However, nerve temperature (and to some extent,
skin temperature and room temperature), age, and 1imb length affect conduction velocity and
thus may confound NCV measurements. Table 12-1 summarizes several studies of groups of
lead-exposed subjects and notes what was done to deal with the above cohfounding factors.

0f particular note are the positive findings of decreased NCVs at blood lead levels of
30-50 pg/dl from a prospective occupational study by Seppdldinen et al. (1983) in contrast to
the negative findings at blood lead levels of 60-80 ug/dl from a prospective study by Spivey
et al. (1980). Also contrasting are the results of two cross-sectional studies: Rosén et al.
(1983) observed significant slowing of NCVs as a function of average blood lead levels moni-
tored over 9 years, whereas Triebig et al. (1984) reported no apparent dose-effect relation-
ship on NCVs except at blood lead levels exceeding 70 pg/dl. Although Triebig et al. (1984)
did not examine as many neurophysiological varjables as Rosén et- al. (1983), they did incor-
porate many more lead-exposed subjects (N = 133) compared to most occupational lead studies of
NCV. Triebig et al. (1984) also noted that the earlier findings of Seppdldinen et al. (1975,'
1979) were confounded by age effects, since their lead-exposed subjects were older than the
controls, but no correction was made for the normal slowing of NCV with increasing age.
However, even if one allows .a decline of approximately 2 m/sec in NCV for each 10 years' in-
crease in age (based on Triebig et al., 1984), the age differences in Seppdldinen et al.
(1983) would not appear to be sufficient to account for the significant declines in NCV that
they found, except possibly at the four-year stage of their longitudinal study. Moreover,
Rosén et al. (1983) did include age as a covariate in their analyses and still found signi-
ficant effects of lead on NCV and other neurophysiological variables.

One difficulty in drawing conclusions from the studies presented in Table 12-1 is the
lack of consistency among studies, either in the nerves examined or in the significance of re-
sults obtained. No one nerve has been consistently used in all the studies dealing with lead
exposure and NCV measurements. Even when a particular nerve is singled out for consideration,
the results may not be in complete agreement. For example, Seppdldinen et al. (1975, 1979)
initially found the ulnar slow fiber NCVs to be a sensitive indicator of lead-induced impair-
ment. But more recent work by Seppdldinen et al. (1983) and some other investigators (e.g.,
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Rosén et al., 1983; Spivey et al., 1980) has failed to find significant effects with ulnar
slow fibers. Nevertheless, the preponderance of effects has been in the negative direction,
as reflected in the column of Table 12-1 showing the percent differences in NCVs between
lead-exposed and referent groups. Moreover, of the various nerves examined, the most con-
sistently decreased NCVs appear to involve the median motor nerve. Recent experimental work
with rats may help explain this finding. Bouldin et al. (1985) found that lead-treated rats
showed a greater susceptibility to demyelination in the sciatic nerve (a mixed nerve contain-
ing a large number of motor fibers) than in the sural nerve (a sensory nerve). Given the
dependence of nerve conduction on the functional integrity of the nerve's myelin sheath, this
difference in susceptibility would help explain the variability in results of NCV studies
examining different types of nerves and is consistent with the emergence of the median motor
nerve as the most prevalent indicator of reduced NCV in the studies listed in Table 12-1.

A problem inherent in nearly all NCV studies has been-the lack of experimental manipula-
tion of the presumed cause of lowered conduction velocities. Of interest in this regard is
the study of Araki et al. (1980), in which median motor NCVs were measured before and after
blood lead levels were lowered through chelation therapy. The investigators found that, de-
pending on a worker's initial NCV and the amount of change in blood lead level achieved
through chelation, significantly improved nerve conduction was measured in 7 of 14 lead-

. exposed workers. For all subjects considered together, the increase in NCV correlated sig-

nificantly with the decrease in blooed lead level (r = -0.573, p <0.001). The work of Araki et
al. (1980), as well as case studies reported by Feldman et al. (1977), indicate that lead-
induced impairment of nerve conduction is reversible, at least in part, by a reduction in
blood lead levels through chelation therapy. Although helpful in establishing a causal con-
nection between lead exposure and peripheral nerve function, these studies have not resolved
the dispute over whether such effects merely reflect mild, fully reversible impacts of lead
(Buchthal and Behse, 1981) or are true early warning signals of progressively more serious
neuropathy in otherwise undiagnosed lead intoxication (Feldman et al., 1977; Seppdldinen and
Hernberg, 1980).

Taken as a whole, the studies reviewed here indicate the likelihood of NCV effects at
blood lead levels below 70 pg/dl, possibly even as low as 30 pg/dl, although further prospec-
tive studies are needed to characterize these levels definitively. It is important to note
that even though many of the observed changes in NCV may fall within the range of normal
variation, these studies show significant effects in groups of subjects, not just individual
subjects. Thus, these effects clearly represent departures from normal neurological func-
tioning and should be seriously considered for their potential health significance.
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12.4.2.1.3 Other Hypothesized Neurotoxic Effects of Lead in Adults. There are several case

reports of previous overexposure to heavy metals, e.g. lead, in amyotrophic lateral sclerosis
(ALS) patients and patients dying of motor neuron disease (MND). These reports have led to
hypotheses concerning the relationship between such neurotoxic syndromes and lead exposure,
Conradi et al. (1976, 1978a,b, 1980), for example, found elevated lead levels in the cerebro-
spinal fluid of ALS patients as compared with controls. In addition, Kurlander and Patten
(1979) found that lead levels in spinal cord anterior horn cells of MND patients were nearly
three times that of control subjects and that lead levels correlated with illness durations;
despite chelation therapy for about a year, high lead levels remained in their tissue. On the
other hand, certain other studies (e.g., Manton and Cook, 1979; Stober et al., 1983) have not
found evidence to support an association of lead exposure with ALS. Thus, the evidence for
possible pathogenic significance of lead in ALS and motor neuron disease is at best mixed at
this time and the issue needs to be further explored by future research.

12.4.2.2 Neurotoxic Effects of Lead Exposure in Children.

12.4.2.2.1 Overt lead intoxication in children. Symptoms of encephalopathy similar to those
that occur in adults have been reported to occur in infants and young children (Prendergast,
1910; Oliver, 1911; Blackfan, 1917; McKhann and Vogt, 1926; Giannattasio et al., 19%2;
Cumings, 1959; Tepper, 1963; Chisolm, 1968), with a markedly higher incidence of severe en-
cephalopathic symptoms and deaths occurring among them than in adults. This may reflect the
greater difficulty in recognizing early symptoms in young children, thereby allowing intoxica-
tion to proéeed to a more severe level before treatment is initiated (Lin-Fu, 1973). In
regard to the risk of death in children, the mortality rate for encephalopathy cases was ap-
proximately 65 percent prior to the introduction of chelation therapy as standard medical
practice (Greengard et al., 1965; National Academy of Sciences, 1972; Niklowitz and Mandybur,
1975). The following mortality rates have been reported for children experiencing lead en-
cephalopathy since the inception of chelation_therapy as the standard treatment approach: 39
percent (Ennis and Harrison, 1950); 20-30 percent (Agerty, 1952); 24 percent (Mellins and
Jenkins, 1955); 18 percent (Tanis, 1955); and 5 percent (Lewis et al., 1955). These data, and
those tabulated more recently (National Academy of Sciences, 1972), indicate that once Tead
poisoning has progressed to the point of encephalopathy, a life-threatening situation clearly
exists and, even with medical intervention, is apt to result in a fatal outcome. Historically
there have been three stages of chelation therapy. Between 1946 and 1350, dimercaprol (BAL)
was used. From 1950 to 1960, calcium disodium ethylenediaminetetraacetate (CaNa,EDTA) com-
pletely replaced BAL. Beginning in 1960, combined therapy with BAL and CaNa,EDTA (Chisolm,
1968) resulted in a very substantial reduction in mortality.
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Determining precise values for lead exposures necessary to produce acute symptoms, such
as lethargy, vomiting, irritability, loss of appetite, dizziness, etc., or later neurotoxic
sequelae in humans is difficult in view of the usual sparsity of data on environmental lead
exposure levels, period(s) of exposure, or body burdens of lead existing prior to manifesta-
tion of symptoms. Nevertheless, enough information is available to permit reasonable esti-
mates to be made regarding the range of blood lead levels associated with acute encephalo-

‘ fpathic symptoms or death. Available data indicate that lower blood lead levels among children
than among adults are associated with acute encephalopathy symptoms. The most extensive com-
pilation of information on a pediatric population is a summarization (National Academy of
Sciences, 1972) of data from Chisolm (1962, 1965) and Chisolm and Harrison (1956). This data
compilation relates occurrence of acute encephalopathy and death in children in Baltimore to
blood lead levels determined by the Baltimore City Health Department (using the dithizone
method) between 1930 and 1970. Blood lead levels formerly regarded as '"asymptomatic" and
other signs of acute lead poisoning were also tabulated. Increased lead absorption in the
absence of detected symptoms was observed at blood lead levels ranging from 60 to 300 pg/dl
(mean = 105 pg/d1). Acute lead poisoning symptoms other than signs of encephalopathy were
observed from approximately 60 to 450 pg/dl (mean = 178 pg/dl). Signs of encephalopathy
(hyperirritability, ataxia, convulsions, stupor, and coma) were associated with blocod lead
levels of approximately 90 to 700 or 800 pg/dl (mean = 330 pg/dil). The distribution of blood
lead levels associated with death (mean = 327 pg/dl) was essentially the same as for levels
yielding encephalopathy. These data suggest that blood lead levels capable of producing death
in children are essentially identical to those associated with acute encephalopathy and that
such effects are usually manifested in children starting at blood lead levels of approximately
100 pg/dl. Certain other evidence from scattered medical reports (Gant, 1938; Smith et al.,
1938; Bradley et al., 1956; Bradley and Baumgartner, 1958; Cumings, 1959; Rummo et al., 1979),
however, suggests that acute encephalopathy in the most highly susceptible children may be
associated with blood lead levels in the range of 80-100 pg/dl. These latter reports are

“evaluated in detail in the 1977 EPA document Air Quality Criteria for Lead (U.S. EPA, 1977).

From the preceding discussion, it can be seen that severity of symptoms varies widely for
different adults or children at increasing blood lead levels. Some show irreversible CNS
damage or death at blood lead levels around 100 ug/dl, whereas others may not show any of the
usga] clinical signs of lead intoxication even at blood lead levels in the 100-200 pg/dl or
higher range. This diversity of response may be due to the following: (1) individual bio-
logical variation in lead uptake or susceptibility to lead effects; (2) changes in blood lead

values from the time of initial damaging intoxication; (3) greater tolerance for a gradually
accumulating lead burden; (4) other interacting or confounding factors, such as nutritional
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state or inaccurate determinations of blood lead; or (5) lack of use of blind evaluation pro-
cedures on the part of the evaluators. It should also be noted that a continuous gradation of
freguency and severity of neurotoxic symptoms extends into the lower ranges of lead exposure.

Morphological findings vary in cases of fatal lead encephalopathy among children
(Blackman, 1937; Pentschew, 1965; Popoff et al., 1963). Reported neuropathologic findings are

‘ﬂessentially the same for adults and children. On macroscopic examination the brains are often

{ eadematous and congested. Microscopically, cerebral edema, altered capillaries (endothelial
hypertrophy and hyperplasia), and perivascular glial proliferation often occur. Neuronal
damage is variable and may be caused by anoxia. However, in some cases gross and microscopic
changes are minimal (Pentschew, 1965). Pentschew (1965) described neuropathology findings for
20 cases of acute lead encephalopathy in infants and young children. The most common finding
was activation of intracerebral capillaries characterized by dilation of the capillaries, with
swelling of endothelial cells. Diffuse astrocytic proliferation, an early morphological re-
sponse to increased permeability of the blood-brain barrier, was often present. Concurrent
with such alterations, especially evident in the cerebellum, were changes that Pentschew
(1965) attributed to hemodynamic disorders, i.e., ischemic changes manifested as «cell
necrosis, perineuronal incrustations, and loss of neurons, especially in isocortex and basal
ganglia.

Attempts have been made to better understand brain changes associated with encephalopathy
by studying animal models. Studies of lead intoxication in the CNS of developing rats have
shown vasculopathic changes (Pentschew ahd Garro, 1966), reduced cerebral corfica] thickness
and reduced number of synapses per neuron (Krigman et al., 1974a), and reduced cerebral axonal
size (Krigman et al., 1974b). Biochemical changes in the CNS of lead-treated neonatal rats
have also demonstrated reduced 1ipid brain content but no alterations of neural lipid composi-
tion (Krigman et al., 1974a) and a reduced cerebellar DNA content (Michaelson, 1973). In
cases of lower level lead exposure, subjectively recognizable neuropathologic features may not
occur (Krigman, 1978). Instead there may be subtle changes at the level of the synapse
(Silbergeld et al., 1980a) or dendritic field, myelin-axon relations, and organization of
synaptic patternsv(Krigman, 1978). Since the nervous system is a dynamic structure rather
than a static one, it undergoes compensatory changes (Norton and Culver, 1977), maturation and
aging (Sotelo and Palay, 1971), and structural changes in response to environmental stimuli
(Coss and Glohus, 1978). Thus, whereas massive structural damage in many cases of acute en-
cephalopathy would be expected to cause lasting neurotoxic sequelae, some other CNS effects
due to severe early lead insult might be reversible or compensated for, depending upon age and
duration of toxic exposure. This raises the question of whether effects of early overt lead
intoxication are reversible beyond the initial intoxication or continue to persist.
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In cases of severe or prolonged nonfatal episodes of lead encephalopathy, there occur
neurological sequelae qualitatively similar to those often seen following traumatic or infec-
tious cerebral injury, with permanent sequelae being more common in children than in adults
(Mellins and Jenkins, 1955; Chisolm, 1962, 1968). The most severe sequelae in children are
cortical atrophy, hydrocepha]ué, convulsive seizures, and severe mental retardation (Mellins.
and Jenkins, 1955; Perlstein and Attala, 1966; Chisolm, 1968). Children who recover fro
acute lead encephalopathy but are re-exposed to lead almost invariably show evidence of per-
manent central nervous system damage (Chisolm and Harrison, 1956). Even if further lead expo-
sure is minimized, 25-50 percent show severe permanent sequelae, such as seizure disorders,
blindness, and hemiparesis (Chisolm and Barltrop, 1979).

Lasting neurotoxic sequelae of overt lead intoxication in children in the absence of
acute encephalopathy have also been reported. Byers and Lord (1943), for example, reported
that 19 out of 20 children with previous lead poisoning later made unsatisfactory progress in
school, presumably due to sensorimotor deficits, short attention span, and behavioral dis-
orders. These latter types of effects have since been confirmed in children with known high
exposures to lead, but without a history of life-threatening forms of acute encephalopathy
(Chisolm and Harrison, 1956; Cohen and Ahrens, 1959; Kline, 1960). Perlstein and Attala
(1966) also reported neurological sequelae in 140 of 386 children (37 percent) following lead
poisoning without encephalopathy. Such sequelae included mental retardation, seizures, cere- .
bral palsy, optic atrophy, and visual-perceptual problems in some children with minimal intel-
lectual impairment. The severity of sequelae was related to severity of earlier observed
symptoms. For 9 percent of those children who appeared to be without severe symptoms at the
time of diagnosis of overt lead poisoning, mental retardation was observed upon later follow-
up. Since no control group was included in their study, one may question whether the neuro-
logical effects observed by Perlstein and Attala (1966) were persisting effects of earlier
overt lead intoxication without encephalopathy; however, it is extremely unlikely that 37 per-
cent of any randomly selected control group from the general pediatric population would exhi-
bit the types of neurological problems observed by Perlstein and Attala (1966).

Numerous studies (Cohen et al., 1976; Fejerman et al., 1973; Pueschel et al., 1972; Sachs
et al., 1978, 1979, 1982) suggest that, in the absence of encephalopathy, chelation therapy
may ameliorate the persistence of neurotoxic effects of overt lead poisoning (especially cog-
nitive, perceptual, and behavioral deficits). On the other hand, one recent study found a
residual effect on fine motor performance even after chelation (Kirkconnell and Hicks, 1980).

In summary, pertinent Jiterature definitively demonstrates that lead poisoning with
encephalopathy results in a greatly increased incidence of permanent neurological and cogni-
tive impairments. Also, several studies further indicate that children with symptomatic lead
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poisoning in the absence of encephalopathy also show a later increased incidence of neurologi-
cal and behavioral impairments.

12.4.2.2.2 Non-overt lead intoxication in children. In addition to neurotoxic effects asso-
ciated with overt lead intoxication in children, substantial evidence indicates that lead ex-
posures not leading to overt lead intoxication in children can induce neurological dysfunc-
tions. This issue has attracted much attention and generated considerable controversy during
the past 10-15 years. However, the evidence for and against the occurrence of significant
neurotoxic deficits at relatively low levels of lead exposure has been quite mixed and largely
interpretable only after a thorough critical evaluation of methods employed in the various
important studies on the subject. Based on five of the criteria listed earlier (i.e., ade-
guate markers of exposure to lead, sensitive measures, appropriate subject selection, control
of confounding covariates, and appropriate statistical analysis), the population studies sum-
marized in Table 12-2 were conducted rigorously enough to wafrant at least some consideration
here. Even so, no epidemiological study is completely flawless and, therefore, overall inter-
pretation of such findings must be based on evaluation of the following: (1) the internal
consistency and quality of each study; (2) the consistency of results obtained across inde-
pendently conducted studies; and (3) the plausibility of results in view of other available
information.

Rutter (1980) has classified studies evaluating neurobehavioral effects of lead exposure
in non-overtly lead intoxicated children according to several types, including four categories
reviewed below: (1) clinic-type studies of children thought to be at risk because of high
lead levels; (2) other studies of children drawn from general (typically urban or suburban)
pediatric populations; (3) samples of children 1iving more specifically in close proximity to
Jead emitting smelters; and (4) studies of mentally retarded or behaviorally deviant children.
Major attention is accorded here to studies falling under the first three categories. A
final section discusses some initial results beginning to emerge from long-term prospective
studies, which attempt to relate effects on early neuropsychological development and later
neuropsychologic functioning to lead exposure histories for children documented back to birth
or even prenatally. ‘

12.4.2.2.2.1 Clinic-type studies of children with high lead levels. The clinic-type
studies are generally typified by evaluation of children with relatively high lead bady bur-
dens as identified through lead screening programs or other large-scale programs focusing on
mother-infant health relationships and early childhood development.

De la Burde and Choate (1972) observed neurological dysfunctions, fine motor dysfunction,
jmpaired concept formation, and altered behavioral profiles in 70 preschool children exhibit-
ing pica and elevated blood lead levels (in all cases above 30 pg/dl; mean = 59 pg/dl) in com-
parison with matched control subjects not engaging in pica. Subjects were drawn from the
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Collaborative Study of Cerebral Palsy, Mental Retardation, and Other Neurologic Disorders of
Infancy and Childhood (Broman et al., 1975), which was conducted in Richmond, Virginia, and
had a total population of 3400 mothers. All mothers. in this group were followed throughout
pregnancy and all children were postnatally evaluated by regular pediatric neurologic examina-
tions, psychological testing, and medical interviews. A1l children subject to prenatal, peri-
natal, and early postnatal insults were excluded from the study, and all had to have normal
neurologic examinations and Bayley tests at eight to nine months of age. These are important
points which add value to the study. It is unfortunate that blood lead data were not regu-
larly obtained; however, at the time of the study in the late 1960s, 10-20 ml1 of venous blood
was required for a blood lead determination and such samples usually had to be obtainmed by
either jugular or femoral puncture. The other control features (housing location and repeated
urinary coproporphyrin tests) would be considered the state of the art for such a study at the
time that it was carried out.

In a follow-up study on the same children (at 7-8 years old), de la Burde and Choate
(1975) reported continuing CNS impairment in the lead-exposed group as assessed by a variety
of psychological and neurclogical tests. In addition, seven times as many lead-exposed
children were repeating grades in school or being referred to the school psychologist, despite
many of their blood lead levels having by then dropped significantly from the initial study.
In general, the de la Burde and Choate (1972, 1975) studies appear to be methodologically
sound, having many features that strengthen the case for the validity of their findings. For
example, there were appreciable numbers of children (67 lead-exposed and 70 controls) whose
blood lead values were obtained in preschool years and who were old enough (7 years) during
the follow-up study to cooperate adequately for reliable psychological testing. The psycho-
metric tests employed were well standardized and acceptable as sensitive indicators of neuro-
behavioral dysfunction, and the testing was carried'out in a blind fashion (i.e., without the
evaluators knowing which were control or lead-exposed subjects).

The de la Burde and Choate {1972, 1975) studies might be criticized on several points,
but none provide sufficient grounds for rejecting their results. One difficulty is that blood
lead values were not determined for control subjects in the initial study; but the lack of
history of pica for paint and plaster, as well as tooth lead analyses done later for the
follow-up study, render it improbable that appreciable numbers of lead-exposed subjects might
have bgen wrongly assigned to the control group. Subjects in the control group did have a
history of pica, but not for paint. Also, results indicating no measurable coproporphyrins in
the urine of control subjects at the time of initial testing further confirm proper assignment
of those children to the nonexposed control group. A second point of criticism is the use of
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multiple chi-square statistical analyses, but the fact that the control subjects did signifi-
cantly better on virtually every measure makes it unlikely that all of the observed effects
were due to chance alone. One last problem concerns ambiguities in subject selection which
complicate interpretation of the results obtained. Because the lead-exposed group included
children with blood lead levels of 40-100 pg/dl, or of at least 30 ug/dl with "positive radio-
graphic findings of lead lines in the long bones, metallic deposits in the intestines, or
both," observed deficits might be attributed to blood lead levels as low as 30 ug/dl. Other
evidence (Betts et al., 1973), however, suggests that such a simple interpretation is probably
not accurate. That is, the Betts et al. (1973) study indicates that lead lines are usually
seen only if blood Tlevels exceed 60 pg/dl for most children at some time during exposure,
although some (about 25 percent) may show lead 1ines at blood lead levels of 40-60 pg/dl. 1In
view of this, the de la Burde and Choate results can probably be most reasonably interpreted
as showing persisting neurobehavioral deficits at blood lead levels of 40-60 ug/dl or higher.
In another clinic-type child study, Rummo (1974) and Rummo et al. (1979) found signifi-
cant neurobehavioral deficits (hyperactivity, lower scores on McCarthy scales of cognitive
function, etc.) among Providence, Rhode Island, inner-city children who had previously exper-
jenced high levels of lead exposure that had produced acute lead encephalopathy. Mean maximum
blood lead levels recorded for those children at the time of encephalopathy were 88 * 40
pg/dl.  However, children with moderate blood lead elevation but not manifesting symptoms of
encephalopathy were not significantly different (at p <0.05) from controls on any measure of
cognitive functioning, psychomotor performance, or hyperactivity. Still, when the data from
the Rummo et al. (1979) study for performance on the McCarthy General Cognitive Index or
several McCarthy Subscales are compared (see Table 12-2), the scores for long-term moderate-
exposure subjects consistently fall below those for control subjects and lie between the
latter and the encephalopathy group scores. Thus, it appears that long-term moderate lead
exposure, in fact, likely exerted dose-related neurobehavioral effects. The overall dose-
response trend might have been shown to be statistically significant if other types of
analyses were used, if ldrger samples were assessed, or if control subjects were restricted to
blood lead values below 10 pg/dl. However, control for confounding variables in the different
exposure groups would also have to be considered. Note that (1) the maximum blood lead levels
for the short-term and long-term exposure subjects were all greater than 40 pg/dl (means = 61
* 7 and 68 * 13 pg/dl, respectively), whereas control subjects all had blood lead levels below
40 pg/dl (mean = 23 + 8 ug/dl), and (2) the control and lead-exposed subjects were inner-city
children well matched for socioeconomic background, parental education levels, incidence of

pica, and other pertinent factors, but parental IQ was not ascertained and controlled for as a
potentially confounding variable.
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A somewhat similar pattern of results emerged from a study by Kotok et al. (1977) in
which 36 Rochester, New York, control-group children with blood lead levels less than 40 pg/dl
were compared with 31 children having distinctly elevated blood lead levels (61-200 pg/dl) but
no classical lead intoxication symptoms. Both groups were well matched on important back-
ground factors, notably including their propensity to exhibit pica. Again, no clearly statis-
tically significant differences between the two groups were found on numerous tests of cogni-
tive and sensory functions. However, mean scores of control-group children were consistently
higher than those of the lead-exposed group for all six of the ability classes listed, even
though the control group included children that had notably elevated blood lead values by
current medical standards. Kotok (1972) had reported earlier that developmental deficiencies
(using the comparatively insensitive Denver Development Screening test) in a group of children
having elevated lead levels (58-137 pg/dl) were identical to those in a control group similar
in age, sex, race, environment, neonatal condition, and presence of pica, but whose blood lead
levels were lower (20-55 pg/dl). Children in the lead-exposed group, however, had blood lead
levels as high as 137 pg/dl, whereas some control children had blood lead levels as high as 55
pg/dl.  Thus, the study essentially compared two groups with different degrees of markedly
elevated lead exposure rather than one of lead-exposed versus nonexposed control children.

Perino and Ernhart (1974) reported a relationship between neurobehavioral deficits and
blood Tead levels ranging from 40 to 70 pg/dl in a group of 80 inner-city preschool black
children, based on the results of a cross-sectional study including children detected as
having elevated lead levels via the New York City lead screening program. Gne key result
reported was that the high-lead children had McCarthy Scale IQ scores markedly lower than
those of the low-lead group (mean 1Q = 80 versus 90, respectively). Also, the normal correla-
tion of 0.52 between parents' intelligence and that of their offspring was found to be reduced
to only 0.10 in the lead-exposed group, presumably because of the influence of another factor
{lead) that interfered with the normal intellectual development of the lead-exposed children.
Another possible explanation for the reported results, however, might be differences in the
educational backgrounds of parents of the control subjects when compared with lead-exposed
subjects, because parental education level was found to be significantly negatively related to
blood lead levels of the children participating in the Perino and Ernhart (1974) study. The
importance of this point lies in the fact that several other studies (McCall et al., 1972;
?1ardo et al., 1975; Ivanans, 1975) have demonstrated that higher parental education levels
are associated with more rapid development and higher intelligence quotients (IQs) for their
children.

Ernhart et al. (1981) were able to trace and carry out follow-up evaluations on 63 of the
80 preschool children of the Perino and Ernhart (1974) study once they reached school age,
using the McCarthy IQ scales, various reading achievement tests, the Bender-Gestalt test, the
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Draw-A-Child test, and the Conners Teacher's Questionnaire for hyperactivity. The children's
blood lead levels were reported to be significantly correlated with FEP (r = 0.51) and dentine
lead levels (r = 0.43), but mean blood lead levels of the moderately elevated group had de-
creased after five years. When control variables of sex and parental IQ were extracted by
multivariate analyses, the observed differences were reported to be greatly reduced byt
remained statistically significant for three of seven tests on the McCarthy scales in relation
to concurrently measured blood lead levels but not in relation to the earlier blood leag
levels or dentine lead levels for the same children. This led Erphart et al. (1981) to re-
interpret their 1974 (Perino and Ernhart, 1974) 1Q results (in which they had not controlled
for parental education) as either not 1ikely being due to lead or, if due to lead, then repre-
senting only minimal effects on intelligence.

The Perino and Ernhart (1974) and Ernhart et al. (1981) studies were evaluated by an
expert committee convened by EPA in March, 1983. The committee reported (Expert Committee an
Pediatric Neurobehavioral Evaluations, 1983) certain methodological problems associated with
the analyses published by Perino and Ernhart (1974) and Ernhart et al. (1981).. The committee
further recommended that -the Ernhart data set be reanalyzed to deal with the methodological
problems. Results of reanalyses of the data have been submitted by Ernhart (1983, 1984,
Ernhart et al., 1985). Reanalysis of relationships between preschool-age c¢hildren's blood
lead levels and concurrently obtained McCarthy Scales scores (which included corrections of
errors made in the earlier, published analyses for certain data calculations and degrees of
freedom used to determine statistical significance) revealed no statistically significant dif-
ferences (at p <0.05) due to lead; however, lower scores for the higher lead exposure group on
the General Cognitive Index (GCI) did approach significance at p <0.09. Also, reanalysis of
relationships between preschool lead levels and S-year later school-age outcome variables
yielded no indication of persisting lead effects in terms of reading test results or scores on
the McCarthy GCI or most of the McCarthy Subscales (except for a p-value of 0.10 obtained for
Verbal Index scores). The reanalysis of relationships between school-age blood lead levels
(newly corrected for hematocrit variation effects) and concurrent reading test and McCarthy
Scales scores only found significant differences attributable to lead for lower McCarthy
Verbal Index scores (p <0.036 with a "deviant case" included in the analysis and p <0.07 with
the case excluded). Similar results were obtained with a different analysis employing a "lead
construct index" as a measure of lead exposure which combined preschool and school-age blood
lead levels and free erythrocyte protoporphyrin levels. Based on these results, Ernhart
et al. (1985) concluded that "the reanalyses provide no reasonable support for an interpreta-
tion of lead effects in these data." However, she also noted that it is recognized that there
was a certain level of unreliability in the measures used and that the sample size limited the
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power of the statistical analyses. Given such limitations and extensive attention accorded to
statistical control of potentially confounding variables in the reanalyses, it is notable that
an association between lead and lower Verbal Index scores was nevertheless observed across
several of the analyses (at p values ranging from <0.04 to 0.10) and that an association
between preschool lead levels and General Cognitive Index scores approached significance qt
p <0.09. These observations (possibly due to chance alone from among the large number of
statistical analyses conducted) do not provide much evidence for associations between neuro-
psychologic deficits and lead exposures at the levels experienced by children in the Ernhart
study population; conversely, however, results of the reanalyses do not allow for a definitive
conclusion of "no-effect," either (as noted by Ernhart, 1983).

Other investigators (Shapiro and Marecek, 1984; Marecek et al., 1983) studied relation-
ships between lead exposures and psychometric testing outcomes among black children who had
been members of the Philadelphia Collaborative Perinatal Project (CPP), which included mainly
families of low socioeconomic status. From among a large target sample of eligible children
(those young enough to have deciduous teeth and no past history of head trauma, mental retar-
dation, or lead poisoning) invited to participate in the study (2,568 letters of invitation
were mailed), 199 families enrolled their children. Each child was scheduled for neuropsycho-
logic testing immediately following the loss of a tooth; primary and/or circumpulpal dentine
lead levels from shed deciduous teeth (mainly molars) were employed to provide an index of
lead exposure for the 188 children (aged 10.6 to 14.7 yr; X = 11.8 yr) who underwent neuropsy-
chologic testing. Data on socioeconomic status and several other potentially confounding
variables were obtained from CPP records, and IQ scores were obtained for the parents of a
subset of the children studied. Data analyses (hierarchical multiple regression analyses)
first evaluated relationships between dentine lead exposure indices and test scores obtained
several years earlier (at age 7 yr) on the Bender-Gestalt, Wechsler Inte11igencek5ca1e for
Children (WISC) subtests, and certain other neuropsychologic tests; analyses were also per-
formed using dentine lead data and results from concurrently administered psychometric tests.
For the age-seven tests, significant associations were reported between dentine lead and per-
formance IQ scores, but not for WISC verbal IQ scores. Similarly, significant relationships
(at p <0.05) were reported between dentine lead values and concurrently obtained test results
for performance abilities on the Bender-Gestalt, WISC, and other tests but not for verbal
abilities. This study, while qualitatively suggesting lead may affect performance abilities,
suffers from several methodological problems, including inadequate control for sampling bias,
retrospective estimation of age-seven lead exposure levels, poor control of covarying social
factors, and inadequate control for parental IQ influences for all children studied.

Oderbro et al. (1983) studied psychological development of children (aged 3-6 yr) seen in
Chicago Department of Health Clinics (August, 1876 - February, 1977), evaluating scores on the
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Denver Developmental Screening test and two subtests of the Wechsler Preschool and Primary
Scale of Intelligence (WPPSI) in relation to blood lead levels obtained by repeated sampling
during the three previous years. A significant correlation (r = -0.435, p <0.001) was re-
ported between perceptual visual-motor ability and mean blood lead levels. Statistically sig-
nificant (p <0.005) deficits in verbal productivity and perceptual visual motor performance
(measured by the WPPSI) were found for groups of children with mean blood lead levels of
30-40 pg/dl and 40-60 pg/dl versus control children with mean blood lead levels <25 pg/dl,
using two-tailed Student's t-tests. On the other hand, significant associations (p <0.05)
between blood lead levels and developmental retardations in language and fine-motor functicns
were found only for the 40-60 pg/dl group, using the Denver Development Screening test and
chi-square analyses. These results are most clearly suggestive of neuropsychologic deficits
being associated with blood lead levels of 40-60 pg/dl in preschool children. However, par-
ental IQs were not measured and questions can be raised regarding the adequacy of the statis-
tical analyses employed, especially in regard to lack of use of multivariate analyses that
sufficiently control for confounding covariates such as parental education and socioceconomic
status.

In another study (Molina et al., 1983), high-risk children from families making lead-
glazed pottery in a Mexican village were evaluated for lead-associated neuropsychologic defi-
cits, using an appropriately adapted Spanish language version of the revised WISC (WISC-R)
test and the Bender-Gestalt test. Test results for 33 high-lead children (X age: 10 yr, 7
mo + 2 yr, 7 mo) randomly selected from 64 school children with blood lead levels above 40
pg/dl (X: 63.4 + 15.8 ug/dl) were compared with those for 30 lower lead children (X age:
10 yr, 2 mo + 2 yr, 6 mo) with blood lead levels below 40 ug/dl (X: 26.3 % 8.0 pg/dl), using
the two-tailed Student's t-test and the Mann-Whitney U test. The high-lead children were
found to have significantly lower WISC-R full-scale IQ (p <0.01), verbal IQ (p <0.01), and
performance IQ (p <0.025) than did the low-lead control children, who were drawn from among
the same low socioceconomic class families as the high-lead children. A significant negative
linear correlation was also observed for the same categories of test scores among the high-
lead children, but not for such scores among the low-lead children. These results, highly
suggestive of lead-related neuropsychologic deficits in children with blood lead values over
40 pg/dl, must be viewed with caution in 1ight of the failure to include parental IQ Tlevels
and the lack of multivariate statistical analyses that explicitly controlled for age, sex, or
other confounding factors.

In summary, the studies reviewed above generally found that high-risk lead-exposure
groups did more poorly on IQ or other types of psychometric tests than referent control groups
with distinctly lower lead exposures. It is true that many of the studies did not control for
important confounding varjables or, when such were taken into account, differences between
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Jead-exposed and control subjects were reduced and, at times, often no longer statistically
significant. Still, the consistency of finding lower IQ values and other types of neuropsy-
chologic deficits among at-risk higher lead exposure children across most of the studies re-
viewed lends credence to cognitive deficits occurring in apparently asymptomatic children with
markedly elevated blood lead Tevels (i.e., starting at 40-60 pg/dl and ranging upwards to
' 70-80 pg/d)l and higher values). ,

The magnitude of lead's effects on IQ at the high exposure levels evaluated in these
studies is difficult to estimate precisely due to variations in measurement instruments used,
variations in the extent to which various confounding factors were controlled for in the sta-
tistical analyses, and the fact that many of the referent control groups tended to have what
are now recognized to be elevated blood lead Tlevels (i.e., averaging in the 20-40 pg/dl
range). Focusing on estimates of full-scale IQ deficits, Rummo (1974; Rummo et al., 1979)
observed a decrement of approximately 16 IQ points on the McCarthy GCI for postencephalopathic
children with blood lead values exceeding 80 pg/dl. Asymptomatic children with Tong-term Tead
exposures yielding mean blood lead values of 68 pg/dl experienced an average 5-point IQ (GCI)
decrement, whereas short-term lead-exposed subjects with blood lead levels around 60 ug/dl
showed no decrement compared to controls. The de la Burde subjects, with blood lead levels
averaging 58 pg/dl, had a mean Stanford-Binet IQ decrement of 5 points upon first testing (de
la Burde and Choate, 1972) and 3 points upon follow-up testing several years later (de la
Burde and Choate, 1975). Ernhart originally reported an average 10 point IQ (GCI) decrement
for children with blood lead values in the 40-70 ug/dl range upon first testing (Perino and
Ernhart, 1974) and 12 points upon follow-up 5 years later (Ernhart et al., 1981). However,
these reported large decrements appear to be due in part to confounding by uncontrolled
covariates in the original published data calculations and, upon reanalysis of the data (with
better control for confounding variables and with errors corrected), are apparently notably
reduced, although the amount of the reduction was not clearly specified in the submitted
reanalyses. While it could be argued that the Rummo and de la Burde decrements would also be
reduced in size if better control for confounding variables were employed, use of control
subjects with lower lead exposures (e.g., <10 pg/dl) could also logically be expected to re-
sult in offsetting influences on IQ. Thus, it seems warranted to conclude that the average
decrements of about 5 IQ points observed in the de la Burde and Rummo studies represent a
reasonable estimate of the magnitude of full-scale IQ decrements associated with notably
elevated blood lead levels (X = 50-70 pg/dl) in asymptomatic children.

12.4.2.2.2.2 General population studies. These studies evaluated samples of non-overtly

lead intoxicated children drawn from and thought to be representative of the general pediatric
population. They generally aimed to evaluate asymptomatic children with lower lead body bur-
dens than those of high-risk children evaluated in most of the above clinic-type studies.
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A pioneering general population study was reported by Needleman et al. (1979), who used
shed deciduous teeth to index lead exposure. Teeth were donated from 70 percent of a tota)
population of 3329 first and second grade children from two towns near Boston. Almost all
children who donated teeth (2146) were rated by their teachers on an 1l-item classroom be-
havior scale devised by the authors to assess attention disorders. An apparent dose-response
function was reported for ratings on the behavior scale, not taking potentially confounding
variables into account. After excluding various subjects for control reasons, two groups
(<10th and >90th percentiles of non-circumpulpal dentine lead levels) were provisionally
selected for further in-depth neuropsychologic testing. Later, some provisionally eligible
children were also excluded for various reasons, leaving 100 low-lead (<10 ppm dentine lead)
children for comparison with 58 high-lead (>20 ppm dentine 1lead) children in statistical
analyses reported by Needleman et al. (1979). A preliminary analysis on 39 non-lead variables
showed significant differences between the low- and high-lead groups for age, maternal IQ and
education, maternal age at time of birth, paternal SES, and paternal education. Some of these
variables were entered as covariates into an analysis of covariance along with lead. Signifi-
cant effects (p <0.05) were reported for full-scale WISC-R IQ scores, WISC-R verbal IQ scores,
for 9 of 11 classroom behavior scale items, and several experimental measures of perceptual-
motor behavior. )

Additional papers published by Needleman and coworkers have reported results of the same
or further analyses of the data discussed in the initial paper by Needleman et al. (1979).'
For example, a paper by Needleman (1982) provided a summary overview of findings from the
Needleman et al. (1979) study and findings reported by Burchfiel et al. (1980) that are dis-
cussed later in Section 12.4.2.2.2.7 concerning EEG patterns for a subset of children included
in the 1979 study. Needleman (1982) summarized results of an additional analysis of the 1979
data set reported elsewhere by Needleman et al. (1982). More specifically, cumulative fre-
guency distributions of verbal IQ scores for low- and high-lead subjects from the 1979 study
were reported by Needleman et al. (1982), and the key point made was that the average IQ
deficit of four points demonstrated by the 1979 study did not just reflect children with al-
ready low IQs having their cognitive abilities further impaired. Rather, the entire distribu-
tion of IQ scores across all IQ levels was reported to be shifted downward in the high-lead
group, with none of the children in that group having verbal IQs over 125. Another paper, by
Bellinger and Needleman (1983), provided still further follow-up analyses of the original
(Needleman et al., 1979) data set, focusing mainly on comparison of the low- and high-lead
children's observed versus expected IQs based on their mother's IQ. Bellinger and Needleman
reported that regression analyses showed that 1Qs of children with elevated levels of dentine
lead (>20 ppm) fell below those expected based on their mothers' IQs and that the amount by

12-86




gt
R i

e
il

R T R e
i :M;;%E}ﬂ{?%;ﬁw@.,,_r )

T

which a child's 1Q fell below the expected value increased with increasing dentine lead levels
in a nonlinear fashion. Scatter plots of IQ residuals by dentine lead levels, as illustrated
and discussed by Bellinger and Needleman (1983), indicated that regressions for the control
children with dentine lead below 10 ppm and for high-lead children with 20~29.9 ppm dentine
lead did not reveal significant associations between increasing lead levels in that range and
IQ residuals. This is in contrast to statistically significant (p <0.05) correlations found
between IQ residuals and dentine lead for high-lead group children with 30-39.9 ppm dentine
lead levels.

The Needleman et al. (1979) study and spin-off analyses published later by Needleman and
coworkers were critically evaluated by the same Expert Committee on Neurobehavioral Evalua-
tions noted above that was convened by EPA in March, 1983, to evaluate the Perino and Ernhart
{1974) and Ernhart et al. (1981) studies. The Committee's report (Expert Committee, 1983)
noted methodological problems with certain of the the published analyses and findings reported
by Needleman et al. (1979) or in subsequent papers by Needleman and coworkers concerning addi-
tional analyses of the same data set. The Committee also recommended that the Needleman data
set be reanalyzed. Reanalyses carried out in response to the Committee's recommendations have
been reported by Needleman (1984), Needleman et al. (1985), and U.S. EPA's Office of Policy
Analysis (1984) as confirming the published findings on significant associations between
elevated dentine lead levels and decrements in IQ, after correcting errors in data calcula-
tions detected in earlier published analyses and using alternative model specifications that
incorporated better control for potentially confounding factors.

The average magnitude of the full-scale IQ decrement attributable to lead was estimated
in the original published Needleman analyses to be about 4 points after control for confound-
ing factors. Based upon the reanalyses submitted, the size of the full-scale lead effect
appears to remain about the same (i.e., around 4 points) after controlling for confounding
variables. It is, however, extremely difficult to define with confidence quantitative dose-
response relationships based on the Needleman data, beyond the statement that average IQ de-
crements of about 4.0 points appear to be associated with lead exposure levels experienced by
the Needleman high-lead group. Among that group, statistically significant (p <0.05) IQ de-
crements appear to remain (after controlling for confounding variables) for children with
30-39.9 ppm dentine lead levels, but not for children with 20-29.9 ppm or lower dentine lead

aﬂeve1s, as reported by Bellinger and Needleman (1983). Only limited data exist by which one

might attempt to estimate blood lead values likely associated with the observed IQ gffects;
and the available information points broadly toward an average blood lead concentration in the
30-50 pg/dl range. An average 4-point full-scale IQ decrement associated with average blood
lead values in that range would be consistent with the mean 5-point decrement estimated
earlier to occur at somewhat higher average blood lead levels of 50-70 pg/dl.
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Recently, Bellinger et al. (1984b) followed up on the academic performance of a subset
of the children initially evaluated by Needleman et al. (1979). Of the 118 first and second
grade children who were classified into low (<10 ppm) and elevated (220 ppm) dentine lead
groups by Needleman et al. (1979), 70 were available for study 4 years later. In addition,
71 children with midrange tooth lead levels (10.0-19.9 ppm) were included in the follow-up in-

. vestigation. Contemporary blood lead levels could not be obtained. Four types of outcome
f f measures were assessed: (1) standardized IQ measures, viz., the most recently available
" scores for the Otis-Lennon Mental Ability Test, as routinely administered by the school
system; (2) teacher ratings, comprising a 24-item pupil-rating scale and the same 1l-item
scale used by Needleman et al. (1979); (3) indices of school failure, i. e., remedial in-
struction or grade retention; and (4) direct observation of classroom behavior patterns re-
flecting inattention, distractibility, etc. Various statistical analyses suggested that only
grade retention was clearly associated with past dentine Tead levels; other outcomes tended to
be in the predicted direction of effect but generally at p values between 0.05 and 0.15. Of
some note is the fact that the teacher rating scale revealed no effect of lead, a finding that
contrasts with earlier results of Needleman et al. (1979) and a more recent replication
(albeit without control for social factors) by Yule et al. (1984).

A study of urban children in Sydney, Australia (McBride et al., 1982) involved 454 pre-
schoolers (aged 4-5 yr) with blood lead levels of 2-29 pg/dl. Children born at the Women's
Hospital in Sydney were recruited via personal letter. No blood Tead measures were available
on non-participants. Blood levels were evaluated at the time of neurobehavioral testing, but
earlier exposure history was apparently not assessed. Using a multiple statistical comparison
procedure and Bonferroni correction to protect against study-wise error, no statistically sig-
nificant differences were found between two groups with blood lead Tevels more than one stand-
ard deviation above and below the mean (>19 ug/dl versus <9 pg/dl) on the Peabody Picture
Vocabulary IQ Test, on a parent rating scale of hyperactivity devised by Rutter, or on three
tests of motor ability (pegboard, standing balance, and finger tapping). In one test of fine
motor coordination (tracking), five-year old boys in the higher lead group performed worse
than boys in the lower lead group. In one test of gross motor skill (walking balance), results
for the two age groups were conflicting. This study suffers from many methodological weak-
nesses and cannot be regarded as providing evidence for or against an effect of low-level lead

[exposures in non-overtly lead intoxicated children. For example, a comparison of socio-
“economic status (father's occupation and mother's education) of the study sample with the
general population showed that it was higher than Bureau of Census statistics for the
Australian work force as a whole. Also, there was apparently some self-selection bias due to
a high, proportion of professionals living near the hospital, and certain other important demo-
graphic variables, such as mother's IQ, were not evaluated.
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Another recent large-scale study (Smith et al., 1983) of tooth lead, behavior, intelli-
gence, and a variety of other psychological skills was carried out in a general population
sample of over 4000 children aged 6-7 years in three London boroughs. Of the 2663 children
who donated shed teeth for analysis, 403 children were selected to form six groups, one each
of high (8 pg/g or more), intermediate (5-5.5 pg/g), and low (2.5 pg/g or less) tooth lead
levels for two socioeconomic groups (manual versus non-manual workers). Parents were inten
sively interviewed at home regarding parental interest and attitudes toward education and
family characteristics and relationships. The early history of the child was then studied in
school using tests of intelligence (WISC-R), educational attainment, attention, and other cog-
nitive tasks. Teachers and parents completed the Conners behavior questionnaires. Results
showed that intelligence and other psychological measures were strongly related to social fac-
tors, especially social grouping. Lead level was linked to a variety of factors in the home,
especially the level of cleanliness and, to a lesser extent, maternal smoking. Before cor-
recting for confounding factors, there were significant associations between lead and full-
scale 1Q scores; however, upon correcting for confounding factors, there were no statistically
significant associations between lead level and IQ or academic performance. Also, when rated
by teachers (but not by parents), there were small, reasonably consistent (but not statisti-
cally significant) tendencies for high-lead children to show more behavioral problems after
the different social covariables were taken into account statistically. '

The Smith et al. (1983) study has much to recommend it: (1) a well-drawn sample of ade-
quate size; (2) three tooth lead groupings based on well-defined classifications minimizing
overlaps of exposure groupings based on whole tooth lead values, including quality-controlled
replicate analyses for the same tooth and duplicate analyses across multiple teeth from the
same child; (3) blood lead levels on a subset of 92 children which correlated reasonably well
with tooth lead levels (r = 0.45); (4) cross-stratified design of social groups; (5) extensive
information on social covariates and exposure sources; and (6) statistical control for poten-
tially confounding covariates in the analyses of study results. It should also be noted that
further statistical analyses of the Smith data, using tooth lead as a continuous variable or
finer-grain categorization of subjects into eight tooth lead exposure groups, have recently
been reported (Pocock and Ashby, 1985) to confirm no statistically significant associations
between tooth lead and IQ across the entire spectrum of lead exposure levels present among the
study population. 1Interestingly, the average full-scale 1Q values for the medium- and high-
lead groups in the Smith study were 2 points below the average value for the control group.
Also, blood lead values for subsets of the children in the medium and high groups averaged
12-15 pg/dl (with all but one <30 pg/dl) upon sampling within a few months of neuropsychologic
testing around age six. Somewhat higher blood lead values may have been obtained if sampled
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at earlier ages for these children (given typical peaking of blood leads seen in preschoo]
children), but likely would have still fallen mainly in the 15-30 pg/d1 range.

Harvey et al. (1983, 1984) also recently reported on a study involving 189 children,
average age 2.5 years and 15.5 pg/dl blood lead, from the inner city of Birmingham, England.
The investigators utilized a wide range of psychometric tests, behavioral measures of activity
level, and psychomotor performance. They found that blood lead made no significént contribu-
tion to IQ decrements after appropriate allowance had been made for social factbrs, although,
consistent with findings from the Lansdown et al. (1986) study discussed below, a stronger
correlation between IQ and blood lead levels was found in children of manual workers (r =
-0.32) than in children of non-manual workers (r = +0.06). Strengths of this study are the
following: (1) a well-drawn sample; (2) extensive evaluation of 15 confounding social
factors; (3) a wide range of abilities evaluated; and (4) blind evaluations. The finding of
no significant associations between lead and IQ decrements at the relatively low blood levels
evaluated are consistent with the Smith study results discussed abave for children in the same
exposure range.

Yule et al. (1981) carried out a pilot study on the effects of low-level lead exposure on
85 percent of a population of 195 children aged 6-12 years, whose blood lead concentrations
had been determined some nine months earlier as part of a European Eccnomic Community survey.
The blood lead concentrations ranged from 7 to 32 upg/dl, and the children were assigned to
four quartiles encompassing the following values: 7-10 pg/dl; 11-12 pg/d1l; 13-16 pg/dl; and
17-32 ug/dl. The tests of achievement and intelligence were similar to those used in the
Lansdown et al. (1974) and Needleman et al. (1979) studies. Significant associations were
reported between blood lead 1levels and decrements in IQ (full-scale iQ scores averaged ~7
points lower for the highest lead group), as well as lower scores on tests of reading and
spelling, but not mathematics (Yule et al., 1981). These differences in performance {although
reduced in magnitude) largely remained statistically significant at p <0.05 after age, sex,
and father's occupation were taken into account. However, other important potentially con-
founding social factors such as parental IQ were not controlled in‘this study, and the inves-
tigators cautioned against interpretation of their. results as evidence of relationships
between lead and IQ or functioning at school without further confirmatory results obtained
after better control of social factors and other confounding variables.

Lansdown et al. (1986) replicated their earlier pilot study (Yule et al., 1981) with 1394
children (X age = 8.8 yr) living in a predominantly working area of London near a busy road-
way. In this second, better designed study,'a lengthy structured interview yielded data on
sources of exposure, medical history, and many potentially confounding variables, including
parental IQ and social factors. Analyses of covariance were used to evaluate the effects of
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lead and other factors on WISC-R verbal, performance, and full-scale IQ scores, as well as
reading accuracy and comprehension scores, for children with Yow (7-12 ug/dl) versus elevated
(13-24 ug/d1) blood lead levels. No significant effect of lead was evident.even before con-
sidering social class. However, there was some suggestion of a trend in effects on IQ in the
manual working-class children when compared with non-manual working-class children.

In another study, Yule and Lansdown (1983) evaluated 302 children (X age = 9 yr) living
in Leeds, England. Tests and procedures similar to those employed in the previous two studies
were used and, in addition, a reaction time test was employed (Hunter et al., 1985). The
Leeds children were divided, for statistical analyses of the data, by (1) social class (manual
versus hon-manua]) and (2) blood lead level (low = 5-11 pg/dl; high = 12-26 pg/dl). As in the
London replication study, no statistically significant relationships for any of the IQ or
reading performance scores were found even before social class was controlled for in the sta-
tistical analyses. The high-lead children averaged essentially identical or very slightly
better than control subjects on several outcomes. On the other hand, small but statistically
significant (p <0.05) changes in reaction time (shorter for 3-sec delays; longer for 1l2-sec
delays) were found and appeared to parallel a. similar pattern of reaction time effects of
larger magnitude reported by Needleman et al. (1979) for American children with higher lead
expasures. Analyses of covariance, controlling for age, revealed that the reaction-time dif-
ferences between low- and high-lead children in Leeds were only s?gnificant for the younger
children (aged 6-10 yr) but not for the older children (aged 11-14 yr).

Another paper by Yule et al. (1984) reported on the use of three different teacher ques-
tionnaires (Needleman, Rutter, and Conners) to assess attention deficits in the same children
evaluated in their earlier report (Yule et al., 1981). While there were few differences be-
tween groups on the Rutter Scale, the summed scores on the Needleman guestionnaire across the
blood lead groupings approached significance (p = 0.096). Three of the questionnaire items
showed a significant dose-response function ("Day Dreamer," "Does not Follow Sequence of
Direction," '"Low Overall Functioning"). Nine of 11 items were highly correlated with
children's IQ. Therefore, the Needleman questionnaire may be tapping IQ-related attention
deficits as opposed to measures of conduct disorder and socially maladaptive behavior (Yule et
al., 1984). The hyperactivity factors on the Conners and Rutter scales were reported to be
related to blood lead levels (7-12 versus 13-32 pg/dl), but the authors noted that caution is
necessary in interpreting their findings in view of the crude measures of social factors
available and the differences between countries in diagnosing attention deficit disorders.
Moreover, since the blood lead values reported were determined only once (nine months before
psychological testing), earlier lead exposure may not be fully reflected in the reported blood
lead levels. However, even if somewhat higher earlier, it is likely that the blood leads
still mainly fell in the 15-30 ug/dl range for the higher two quartile groups.
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Two recent reports by Schroeder and his colleagues (Schroeder et al., 1985; Schroeder and
Hawk, 1986) are of particular importance to the issue of lead's effects on childfen‘s cogni-
tive functioning. Although these studies dealt with children who had been identified through
lead~screening programs or who were potentially at risk for elevated lead exposure, the actual
blood lead levels measured in these children were, overall, in line with or not much higher
than the levels in the general population studies discussed above.

Schroeder et al. (1985) evaluated 104 lower SES children, ages 10 months to 6.5 years.
Approximately half of the children (age <30 months) were tested on the Bayley Scales of Menta)
Development; the remainder of the subjects (age >30 months) were tested on the Stanford-Binet
Intelligence Scale. Several other variables were also assessed, including Caldwell and
Bradley (1979) HOME scores and parental IQ, SES, education, and employment. Venous blood
samples obtained on the day of testing were analyzed for lead concentrations and ranged from 6
to 59 pg/dl (X = 30 pg/dl). Statistical analysis of the data involved a form of hierarchical
backward stepwise regression. Lead was found to be a significant (p <0.01) source of the ef-
fect on 1Q scores in these children after controlling for SES, HOME score, maternal IQ, and
other social factors. SES was the only other variable to reach statistical significance
(p <0.001); other variables apparently failed to reach significance because of collinearity
with SES. A corollary study of the same children by Milar et al. (198la) found no association
between lead exposure and hyperactivity. '

Fifty of the children were re-examined 5 years later, at which time all blood lead levels
were 30 pg/dl or lower. In addition to re-evaluating the children with the Stanford-Binet IQ
test, the investigators repeated SES and maternal IQ (but not HOME) measurements. Although
the 5-year follow-up IQ scores were negatively correlated with both contemporary and initial
blood lead levels, the effect of lead was not significant after covariates (especially SES)
were included in the regression model. It is interesting to note also that the correlation
between maternal and child IQ was only about 0.06 for children with initial blood lead levels
of 31-56 pg/d}, but returned to a nearly normal value of 0.45 after 5 years, when blood lead
levels had dropped. - Similar findings have been reported by Perino and Ernhart (1974) and
Bellinger and Needleman (1983), and have been used to argue that an environmental factor
(i.e., lead) disrupts the normal mother-child IQ correlation of about 0.50. Thhs, Schroeder
et al.'s (1985) finding provides further, indirect evidence of lead's disruptive effect on
children's cognitive functioning at blood lead levels in the range of approximately 30-60
pg/dl.

Schroeder and Hawk (1986) replicated the above study with 75 Black children, all of low
SES and ranging in age from 3 to 7 years. Blood lead levels averaged 21 ug/dl (range: 6-47
pg/dl). Backward stepwise multivariate regression analysis revealed a highly significant re-
lationship between contemporary blood lead level and IQ (p <0.0008); the effect was nearly as
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striking (p <0.002) whether maximum or mean blood lead values (from health department records)
were used. No other covariate achieved significance at p = 0.05 in this analysis, although
maternal IQ was closest. SES was not a significant covariate in this study because SES was
uniformly low. (Further analyses showed HOME scores to be significantly correlated with blood
lead levels and to be collinear with maternal IQ and SES.) As Figure 12-2 indicates, the
effect of blood lead level on IQ appeared to extend linearly across the entire range of blood

lead concentrations. In fact, 78 percent of the subjects had blood lead levels below 30
pg/di.

120 [ o
°
110 |-
¢ °
100 }-e S o g0 *

STANFORD-BINET
10 SCORE

50 L1
5 10 15 20 25 30 35 40 45 50

BLOOD LEAD LEVEL, ug/di
Figure 12-2. Regression of 1Q scores against blood lead levels, with 95%
confidence band. Double values indicated by triangle.

Source: Schroeder and Hawk {1986).

Another recent investigation that should be noted here has been reported by Silva et al.

(1986b). This preliminary study investigated cognitive development and behavior problems in
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579 1l-year-old children in Dunedin, New Zealand. Higher SES groups were significantly over-
represented in this sample, but the correlation between blood levels and SES was near zero
The mean blood lead level at age 11 was 11.1 pg/dl (SD = 4.91). No significant effects on 1Q
were evident from an analysis of WISC-R scores. Regression analyses and multiple correlations
were performed on scores from a reading ability test, the Rutter parent and teacher question-
naires, and other assessments of children's inattention and hyperactivity derived from parent
and teacher reports. The contribution of blood lead levels to the explained variance for the
reading ability scores was nonsignificant. However, five of the six remaining assessments of
children's behavior showed significant increases in the amount of explained variance when the
blood lead variable was added. Although blood lead accounted for only 0.8-1.2 percent of the
additional variance, the results nonetheless indicate some association between lead exposure
and small but significant adverse effects on behavior in older children, even after allowance
for certain background factors (e.g., maternal verbal ability, maternal depression, a com-
posite index of social disadvantage). A complementary report by Silva et al. (1986a) noted
that some of the children in the Dunedin pilot study had had significant exposure to lead
through paint-stripping activities in the home. Although only two subjects had blood lead
levels above 30 pg/dl at the time of testing, this backgorund information points up the need
for earlier and more precise characterization of long-term lead exposure for an accurate in-
terpretation of the Dunedin findings.

None of the general population studies reviewed here individually provide definitive evi-
dence for or against neuropsychologic deficits being associated with relatively low body lead
burdens 1in non-overtly lead-intoxicated children repreéentative of general pediatric popula-
tions. The recent report by Schroeder and Hawk (1986) indicates a highly significant linear
relationship between a measure of IQ and blood lead levels over the range of 6 to 47 pg/dl.
This effect was almost equally as strong regardless of whether contemporary, past maximum, or
mean blood lead levels were used in the analysis. Because the subjects were all Black chil-
dren of uniformly low socioeconomic status, SES was not a significant covariate in the analy-
sis. On the other hand, this feature of the study 1imits the applicability of the findings to
the general U.S. population of children. It is possible that SES and lead exposure interact
such that IQ is affected by blood lead at lower SES levels but not at higher SES levels (cf.
Schroeder et al., 1985). Findings of stronger correlations betweenllq and blood lead levels
in children of manual working class fathers (Harvey et al., 1983, 1984; Yule and Lansdown,
1983; Lansdown et al., 1986) are consistent with this supposition (cf. Winneke and Kraemer,
1984). If true, this interactive relationship would suggest that lower socioeconomic status
places children at greater risk to the deleterious effects of low-level lead exposure on
cognitive ability. However, as results from Schroeder et al. (1985) and Schroeder and Hawk
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(1986) indicate, other variables such as HOME scores and maternal IQ may covary with SES.
Other work (e.g., Milar et atl., 1980; Dietrich et al., 1985b) points to the home environment
as a significant predictor of lead exposure. This close relationship between SES, quality of
home environment, and lead exposure suggests that SES may not be the sole determiner of in-
creased risk for cognitive impariment. Further research is needed to disentangle the re]atiwé
contributions of these variables to the neurctoxic effects of lead.

0f the other studies reviewed here, the Needleman analyses may be interpreted as provid-
ing acceptable evidence for full-scale IQ deficits of about 4 points and other neurobehavioral
deficits being associated with lead exposures of American children resulting in dentine lead
values that exceed 20-30 ppm and likely average blood lead values in the 30-50 ug/dl range.
The report of recent analyses by Schroeder et al. (1985) supports this conclusion, even after
the major influence of SES was allowed for in the analyses. However, their findings indicate
that the effect of blood Tead on I1Q could not be detected five years after the original as-
sessment. A follow-up by Bellinger et al. (1984b) of the children studied by Needleman et al.
(1979) suggests that other measures of classroom performance may show long-term effects of
early lead exposure more effectively than IQ measures (see also Silva et al., 1986b). Shaheen
(1984) has alsc questioned the sensitivity of IQ scores and has suggested that the variability
in outcomes of studies of lead's effects on neuropsychological functioning in children may
originate with differences in the ages at which children are subjected to toxic lead expo-
sures.

For the most part, the remaining general population studies reviewed in this section
report a lack (with a few exceptions) of statistically significant effects on IQ or other
neuropsychologic measures. Most of the remaining studies found slightly lower 1Q scores for
higher-lead exposure groups than for low-lead control groups before correcting for confounding
variables, but the differences were typically reduced to 1-2 IQ points and were non-signifi-
cant (usually even at p <0.10) upon correction for confounding factors. The following con-
clusions may be stated about these latter results: (1) they are -suggestive of relatively
minimal (if any) effects of lead on IQ in general populations, especially in comparison to the
much larger effects of other factors (e.g., social variables), at the exposure levels evalu-
ated in these studies (blood lead values mainly in the 15-30 pg/dl range); and (2) they are
not incompatibie with findings of significant lead effects on IQ at higher average blood lead
levels (230 pg/dl).

The few exceptions to the general pattern noted above warrant comment here. The pilot
study by Yule et al. (1981, 1984), which found significant (6-7 point) IQ decrements and
poorer ratings on several categories of classroom behavior, has certain methodological limi-
tations; specifically, the study provided only relatively crude control for socioeconomic
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factors (as noted by the authors) and it failed to take parental IQ into account at all. 1j
comparison to other studies, the reported IQ decrements of about 6-7 points are consistent
with neither (1) the maximum 1-2 point 1Q differences seen in other general population studies
of children with comparable lead exposures (mainly in the 15-30 pg/d) blood lead range), nor
(2) the results of clinic studies showing 4-5 point IQ decrements at distinctly higher lead
levels (i.e., at >30 pg/d1). However, the findings of altered reaction time patterns by
Hunter et al. (1985), which parallel those reported by Needleman at higher exposure levels,
are- somewhat more credible and appear to argue for probable effects of lead on attentjon or
vigilance functions at 1levels extending below 30 pg/dl and, possibly, down to as Tlow as
15-20 pg/dl.

12.4.2.2.2.3 Smelter area studies. The smelter studies evaluated children with elevated
lead exposures associated with residence in cities or elsewhere in close proximity to lead-
emitting smelters. Most of the early studies, conducted in the 1970s, found mixed results
even though evaluating children with blood Tead levels typically in excess of 30 pg/dl. Be-
cause of methodological weaknesses, however, virtually all of the early studies must be viewed
as inconclusive.

For example, in an early study of this type Lansdown et al. (1974) reported a relation-
ship between blood lead level in children and the distance they lived from lead-processing
facilities, but no relationship between blood lead level and mental functioning. However,
only a minority of the lead-exposed cohort had blood lead levels markedly differing from
control subjects with elevated blood lead levels (<40 ug/d1). Furthermore, this study failed
to adequately consider important confounding factors such as socioeconomic status.

In another study, Landrigan et al. (1975) found that lead-exposed children living near an
E1 Paso, Texas, smelter scored significantly lower than matched controls on measures of per-
formance IQ and finger-wrist tapping. The control children in this study were, however, not
well matched by age or sex to the lead-exposed group, although the results remained statisti-
cally significant after adjustments were made for age differences. In contrast, McNeil and
Ptasnik (1975) found little evidence of lead-associated decrements in cognitive abilities in
another sample of children living near the same lead smelter in E1 Paso. These children who
were generally comparable medically and psychologically to matched controls living elsewhere
in the same city except for the direct effects of lead (blood lead level, free erythrocyte
protoporphyrin levels, and X-ray findings). An extensive critique of these two E1 Paso
studies was performed by another expert committee (see Muir, 1975), which concluded that no
reliable conclusions could be drawn from either of the published studies in view of various
methodological and other problems affecting their conduct and statistical analyses.

A later study by Ratcliffe (1977) of children 1iving near a battery factory in Manches-
ter, England, found no significant associations between blood lead levels sampled at two years
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of age (28 pg/dl versus 44 pg/dl in low- versus high-lead groups) and testing done at age five
on the Griffiths Mental Development Scales, the Frostig Developmental Test of Visual Percep-
tion, a pegboard test, or a behavioral questionnaire. The differences in scores, although
small, were somewhat better for the low-lead exposure children than for the higher exposure
group. The small sample size (23 low-lead and 24 high-lead children), inadequate control for
parental IQ, and the fajlure to repeat blood lead assays at age five weaken this study.
Variations in blood lead levels occurring after age two among control children may have less-
ened exposure differences between the low- and high-lead groups, and larger sample sizes would
have better allowed for detection of any lead effects present.

The more recent smelter studies, described next, provide assessments that generally ac-
cord somewhat greater attention to control for potentially confounding factors. Also, some of
the studies assessed larger samples of children, presumably allowing more accurate estimation
of any lead effects present.

Two studies by Winneke and colleagues, the first a pilot study (Winneke et al., 1982a)
and the second an extended study (Winneke et al., 1983), employed tooth lead analyses anal-
ogous to some of the studies already discussed above. In the pilot study, incisor teeth were
donated by 458 children aged 7-10 years in Duisburg, Germany, an industrial city with airborne
lead concentrations between 1.5 and 2.0 pg/m3. Two extreme exposure groups were formed, a

“low-lead group with 2.4 pg/g mean tooth lead level (n = 26) and another, high-lead group with

7 pg/g mean tooth lead level (n = 16). These groups were matched for age, sex, and father's
occupational status. The two groups did not differ significantly on confounding covariates,
except that the high-lead group showed more perinatal risk factors. Parental IQ and quality
of the home environment were not among the 52 covariables examined. The authors found a mar-
ginally significant decrease (p <0.10) of 5-7 IQ points and a significant decrease in percep-
tual-motor integration (p <0.05), but no significant differences in hyperactivity as measured
by the Conners Teachers' Questionnaire administered during testing. As with the Yule et al.
(1981) study, the inadequacy of statistical or other control for background social variables
and parental IQ (as well as group differences in perinatal factors) weaken this study; the in-
vestigators cautioned against intérpretation of their results as evidence for low-level lead
exposure effects in the absence of further, confirmatory results from larger, better con-
trolled studies (such as those conducted by them e]séwhere as described below).

In their second study, Winneke et al. (1983) evaluated 115 children (X age = 9.4 years)
living in the lead smelter town of Stolberg, Germany. Tooth lead (X = 6.16 ppm, range =
2.0-38.5 ppm) and blood lead levels (X = 13.4 ug/dl; range = 6.8-33.8 pg/dl) were signifi-
cantly correlated (r = 0.47; p <0.001) for the children studied. Using stepwise multiple
regression analysis, the authors found significant (p <0.05) or marginally significant (p
<0.10) associations between tooth lead levels and measures of perceptual-motor integration,
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reaction-time performance, and four behavioral rating dimensions, including distractibility
This was true even after taking into account age, sex, duration of labor at birth, and
socio-heredity background as covariates. However, the proportion of explained variance due tq
lead never exceeded 6 percent for any of these outcomes, and no significant association was
found between tooth lead and WISC verbal IQ after the effects of socio-hereditary background
were eliminated.

A third study by Winneke et al. (1984) evaluated neuropsychologic functioning and neuro-
physiological pérameters for 122 children (aged 6-7 yr) living in the Nordenham, FRG area.
Performance on a variefy of neuropsychologic tests (shortened form of the Hamburg-Wechsler Iq
test; reaction-behavior and reaction-time tests, etc.) was evaluated in relation to both con-
currently sampled blood lead values (X = 8 pug/dl; max. = 23 pg/dl) and umbilical cord blood
lead levels (max. = 31 pg/dl1). A variety of potentially confounding factors (such as socio-
hereditary variables, pre- and postnatal risk factors, etc.) were also assessed and taken into
account in a series of stepwise multiple regression analyses in which the effects of confound-
ing factors were successively eliminated and the effects of lead then checked for signifi-
cance. No significant associations (at p <0.05) were found between either umbilical cord or
current blood lead levels and verbal, performance, or total IQ scores estimated from the
Hamburg-Wechsler subtests (only the correlation for performance IQ with current blood lead

Tevel reached p <0.10). On the other hand, much larger and highly significant correlations . .

were found between socio-hereditary factors and all three types of IQ scores. The investi-
gators remarked on the heavy dependence of the IQ measurements on the social environment and
noted that, as in their prior large-scale study (Winneke et al., 1983), it was not possible to
convincingly show a lead-dependent decrease in intelligence. Nor were any lead effects found
on the Goettinger shape reproduction test of psychomotor performance or for various reaction-
time measures. Only in the case of reaction behavior, as indexed by increased errors on the
Wiener (Vienna) serial stimulus reaction test, were significant deficits in neuropsychological
functioning detected at the low exposure levels (<25-30 ug/dl) evaluated in this study. Cer-
tain statistically significant effects on electrophysiological measures of neurophysiological
functioning were also observed (as described below in Section 12.4.2.2.2.7).

The above smelter area studies generally do not provide much evidence for cognitive or
behavioral deficits being associated with lead exposure in non-overtly lead exposed children,
except perphaps for the reaction-behavior deficits reported by Winneke et al. (1984). The
lack of convincing evidence for IQ deficits at the blood lead levels (generally 15-30 pg/dl)
typifying the pediatric populations studied by Winneke comport well with the same type of
findings reported by British investigators (Yule; Smith; Harvey) for general population groups
with similar lead exposure ranges. At the same time, the possibility of small neuropsy-
chologic deficits being associated with lead exposure in apparently asymptomatic children at
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the exposure levels studied cannot be completely ruled out, given the overall pattern of re-
sults obtained with the cross sectional study designs employed by Winneke and the British in-
vestigators. Small, 1-2 point differences in IQ seen in some of their studies between control
and lead exposure groups might in fact be due to lead effects masked by much larger effects of
socioeconomic factors, home environment, or parental IQ. At the same time, the very small or
nil differences in IQ seen in these studies for children with blood lead levels mainly in the
15-30 ug/dl range suggest that, if the IQ decrements are in fact due to lead, then it is ex~
tremely unlikely that any IQ effects (of presumably even smaller magnitude) would be convinc-
ingly detectable at lower blood lead levels.

12.4.2.2.2.4 Studies of neuropsychiatrically disordered children. Rather than starting
with a known Tlead-exposed pobu]ation and attempting to discover evidence of neurobehavioral
dysfunction, a number of studies have first identified a population with some recognized dis-
order and then looked for evidence of elevated lead exposure. For example, a series of
studies by David et atl. (1972; 1976a,b; 1977; 1979a,b; 1982a,b; 1983; 1985) measured lead
levels in diagnosed hyperkinetic children and showed an association between hyperactivity and
elevated lead levels. However, whether a disorder such as hyperactivity is the effect or the
cause of elevated lead exposure is a difficult issue to resolve. It isvpossible, for example,
that hyperactive children might ingest more lead than normal children because of a greater
incidence of pica or even because they stir up more dust-borne lead by their activity. How-
ever, David et al. (1977) reported that blood lead levels of hyperactive children with a
probable etiology of an organic nature were lower than those of children with no apparent
cause (other than lead). This finding suggests that hyperactivity does not necessarily result
in elevated lead exposure, but it does not rule out the possibility of a third factor causing
both hyperactivity and elevated blood lead levels (see discussion of Gittelman and Eskenazi,
1983, below). Also, a problem common to the studies in question is the lack of adequate in-
formation on the children's past exposure to lead, particularly during preschool years when
children tend to be at greatest risk to higher exposure levels. As David et al. (1976a) have
acknowledged, it is difficult to establish an etiological relationship between lead and
behavioral disorders on the basis of retrospective estimations of lead exposure.

A recent study by David et al. (1983) appeared to obviate some of the problems of the
correlational approach by experimentally manipulating body lead levels, i.e., by reducing
b]90d lead concentrations through the administration of a chelating agent, penicillamine. The
obﬁective was to determine if decreases in body lead would be accompanied by improvements in
children's hyperactive behavior, and in short, this was essentially the conclusion drawn by
David and his colleagues. In addition, the study compared the effect of the chelating agent
with a therapeutic drug of known efficacy, methylphenidate, and found the two treatments to be
roughly equivalent in reducing symptoms of hyperactivity.
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Although this study by David et al. (1983) was in many respects well designed and exe-
cuted, certain problems nevertheless cloud its interpretation. As noted by Needleman and
Bellinger (1984), the number of subjects per treatment group was rather limited (maximum of
31) and quite unbalanced due in part to a high and disproportionate subject attrition rate
Subjects were particularly prone to drop out of the placebo group, and this imbalance was

. exacerbated by a "chance preponderance" of subjects assigned to the penicillamine treatment

j and by later reassignment of some placebo and methylphenidate subjects to the penicillamine
group. Questions might also be raised concerning the appropriatenesé of the statistical
treatment of data by David et al. (1983). For example, multivariate analysis of variance
(MANOVA) would seem to be more appropriate than separate ANOVAs and multiple t-tests applied
to the various outcome measures used to assess the children's behavior. Use of MANOVA would
also have helped alleviate the problem of regression toward the mean, which in this case may
have created the false impression that "improvements" in behavior, i.e., changes toward more
normal behavior, were due to an effect of the treatment. Rutter (1983, p. 313) has also noted
that David's multiple group comparisons are not as convincing as an analysis that would util-
ize individual blood lead and behavior scores (presumably, multivariate regression analysis).
Finally, as David et al. (1983) themselves point out, it is clear that lead could be only one
of several etiological factors in the causation of hyperkinesis or attention deficit disorders
in children and that, at best, their findings pertain only to recognized hyperactive children,
not to the general population.

An attempt by Gittelman and Eskenazi (1983) to replicate earlier work by David et al.
(1972; 1977) was only partly supportive of the latter's findings. A large group of hyper-
active children (n = 103) showed a trend (p = 0.06) toward higher chelated lead levels in
their urine, but a clear-cut (p = 0.02) elevation in lead levels was evident only in paired
comparisons with 33 nonhyperkinetic siblings. As Gittelman and Eskenazi (1983) noted, this
finding raises the question of why the hyperactive children had higher lead levels than their
siblings, given that they shared the same water, air, and home environment. The possibility
of a third factor, e. g., a metabolic difference that might affect the ability to excrete lead
as well as the occurrence of hyperactivity, cannot be dismissed.

A study of 98 Swedish children with various minor neuropsychiatric disorders (e.g., per-
ceptual-motor dysfunctions, speech disorders, attention deficit problems) found no correlation

/between the children's disorders and their tooth lead tevels (Gillberg et al., 1982). How-
ever, comparing the 10 highest and 10 lowest lead-burdened children did reveal a significant
difference in a clinical measure of their mean reaction times. ~

Youroukos et al. (1978) compared the blood lead as well as ALA-D values of 60 Greek
children with mental retardation of unknown etiology against 30 mentally retarded children
with a known etiology and 30 normal children. The average values of the mentally retarded
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patients were significantly different from both of the control groups in two regards: blood
lead level was higher (30 pg/dl versus 21 pg/dl in both control groups) and, in 14 patients
with elevated (2 40 pg/dl) blood lead levels, ALA-D activity was significantly lower.
Although pica was noted to be common in both groups of mentally retarded children, no child in
the study was known to have ever been lead-poisoned. ]

Work in Scotland has provided information tending to link prenatal lead exposures to the
later development of mental retardation. Beattie et al. (1975) identified 77 retarded chil-
dren and 77 normal children matched on age, sex, and geography. The residence during the ges-
tation of the subject was determined, and a first-flush morning sample of tap water was ob-
tained from the residence. O0f 64 matched pairs, no normal children were found to come from
homes served with water containing high lead levels (>800 pg/liter), whereas 11 of the 64 re-
tarded children came from homes served with such high-lead water. The authors concluded that
pregnancy in a home with high lead in the water supply increases by a factor of 1.7 the risk
of bearing a retarded child. In follow-up work, Moore et al. (1977) obtained lead values from
blood samples drawn during the second week of life from children studied by Beattie et al.
The samples had been obtained as part of routine screening for phenylketonuria and kept stored
on filter paper. Blood samples were available for 41 of the retarded and 36 of the normal
children 1in the original study by Beattie et al. Blood lead concentrations in the retarded
children were significantly higher than values measured in normal children: the mean for
retardates was 1.23 * 0.43 pmol/liter (25.5 % 8.9 pg/dl) and for normals was 1.0 * 0.38
pymol/liter (20.9 + 7.9 pg/dl). The difference in lead concentrations was- significant (p =
0.02) by the Mann-Whitney test.

These Jatter two studies suggest that lead exposure to the fetus during the critical
period of brain development may cause perturbations in brain organization that are expressed
later in mental retardation syndromes, and they raise for careful scrutiny the issue of post-
natal risks associated with intrauterine exposure to lead. Long-term prospective studies of
the type described next are beginning to produce results which address that issue.

12.4.2.2.2.5 Prospective Studies of Neurobehavioral Effects of In-Utero or Early Post-
natal Lead Exposures. During recent years a number of prospective studies have been initiated
in the United States and abroad (Europe, Australia, etc.). These studies emphasize the
following: (1) the documentation of lead exposure histories during pregnancy, at birth, and/
or postnatally well into later years of childhood; and (2) the evaluation of relationships
between such lead exposures and delays in ear]y‘postnata] physical or neurological development

and, also, subsequent alterations in normal neuropsychological and neurophysiological func-
tions. Progress in a number of these studies was discussed at the Second International Con-
ference on Prospective Lead Studies held in April, 1984 (Bornschein and Rabinowitz, 1985).
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Initial results have been obtained from two of these studies and are of particular interest
here.

As part of a longitudinal study of early developmental effects of lead, Bellinger et al.
(1984a) administered Bayley Scales of Infant Development at age 6 months to infants born at a
Boston hospital. The infants were classified into three groups according to umbilical cord
blood lead levels obtained at birth: Tlow (i = 1.8 p/d1); middle (X = 6.5 pg/d1); and high (X =
14.6 pg/dl; none exceeded 30 ug/dl). Multiple regression analyses indicated that the "high"
cord blood-lead levels were significantly associated with lower covariance-adjusted scores on
the Bayley Mental Development Index, but scores on the Psychomotor Development Index were not
related to cord blood-lead levels. Infant blood-lead levels sampled at 6 months of age were
not associated with scores on either the Mental or Psychomotor Development Index. These data
were interpreted by Bellinger et al. (1984a, 1985) as being compatible with the hypothesis
that low levels of lead delivered transplacentally to the fetus are toxic to the newborn
infant. However, although the results suggest that in utero exposure may result in delays in
early development during the first 6 months postnatally, the results do not allow estimation
of the persistence of the observed delays in postnatal neurobehavioral development.

Dietrich et al. (1985a) also recently reported initial results emerging from a long-term
prospective study of infants born in Cincinnati, Ohio. The Bayley Mental Development Index
(MDI), Psychomotor Development Scale (PDS), and Infant Behavior Record (IBR) were administered
at 3, 6, 12, and 24 months to infants not born at significant biological risk due to non-lead
factors (such as low birth weights, etc.). The Home Observation for Measurement of the Envi-
ronment (HOME) scales (Caldwell and Bradley, 1979) were used to assess and statistically con-
trol for relevant factors 1in the rearing environments of the infants, and blood samples were
obtained at birth (umbilical cord blood), 10 days, and every three months thereafter. Geo-
metric mean blood lead levels increased from 6.11 pg/dl at 3 months to 14.87 pg/dl at 12
months and included maximum values of 28, 33, 55, and 46 pg/dl at the 3, 6, 9 and 12 month
sampling points. Based on regression analyses between blood lead values at those time points
and MDI scores at 3, 6, and 12 months, only an unadjusted negative lag correlation between
blood levels at 3 months and MDI at 6 months was significant; but that correlation was sub-
stantially reduced and no longer significant after adjustment for HOME scores. Free erythro-
cyte protoporphyrin levels at 6 months were significantly correlated to 6-month MDI scores and
remained so after correction for HOME scores. As for IBR data, only "Sensory Interest" at
12 months was significantly negatively correlated with 6 or 12 month blood lead levels (at
p <0.05 and p <0.01, respectively). The lag correlation between 6 month blood leads and 12
month IBR “Sensory Interest" was not significant after adjustment for HOME scores, but the
correlation with 12 month blood leads remained significant after adjustment for HOME scores.
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The investigators concluded, based on these initial results, that low to moderate lead expo-
sure during the first year of 1ife has only a small impact (if any) on early sensorimotor
development.

(More recent significant results from these other longitudinpal studies are reviewed and
assessed in the Addendum to this document.)

12.4.2.2.2.6 Studies of association of neuropsychologic effects and hair lead levels.

Several studies have reported significant associations between hair lead levels and behavioral
or cognitive testing endpoints (Pihl and Parkes, 1977; Hole et al., 1979; Hansen et al., 1980;
Capel et al., 1981; Ely et al., 1981; Thatcher et al., 1982; Marlowe et al., 1982, 1983, 1985;
Marlowe and Errera, 1982). Measures of hair lead are easily contaminated by external expo-
sure and are generally questionable in terms of accurately ref]ecting internal body burdens
(see Chapter 9). Such data, therefore, cannot be credibly used to evaluate relationships
between absorbed lead and nervous system effects and are not discussed further here.
12.4.2.2.2.7 Electrophysiological studies of lead effects in children. In addition to

psychometric and behavioral approaches, electrophysiological studies of lead neurotoxicity in
non-overtly lead-intoxicated children have been conducted. One such study (Thatcher et al.,
1984) reported significant effects on various measures of auditory and visual evoked poten-
tials in lead-exposed children, but the only measure of lead exposure was hair lead, which,
as previously noted, is not a suitable index of lead exposure.

" Burchfiel et al. (1980) used computer-assisted spectral analysis of a standard EEG exam-
ination on 41 children from the Needleman et al. (1979) study and reported significant EEG
spectrum differences in percentages of alpha and low-frequency delta activity in spontaneous
EEGs of the high-lead children. Percentages of alpha and delta frequency EEG activity and
results for several psychometric and behavioral testing variables (e.g., WISC-R fuil-scale 1Q
and verbal 1Q, reaction time under varying delay, etc.) for the same children were then
employed as input variables (or "features") in direct and stepwise discriminant analyses. The
separation determined by these analyses for combined psychological and EEG variables
{p <0.005) was reported to be strikingly better than the separation of low-lead from high-lead
children using either psychological (p <0.041) or EEG (p <0.079) variables alone. Unfortun-
ately, no dentine lead or blood lead values were reported for the specific children from the
Needleman et al. (1979) study who underwent the EEG evaluations reported by Burchfiel et al.
(1980). Lead-exposure levels associated with the observed EEG effects would appear likely to
fall within the same broad 30-50 ug/dl blood lead range estimated earlier for the Needleman IQ
deficit observations.

Guerit et al. (1981) examined 79 ll-year-old children attending three different schools
in the vicinity of a lead smelter and presenting blood lead levels up to 44 pg/dl (averaging
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less than 30 pg/d1). Children from two distant urban and rural schools served as controls. A
neurophysiological function score for each child was based on measures of EEGs, visual evoked
potentials, brainstem auditory evoked potentials, and eye movements. Neurophysiological
scores were negatively correlated (p <0.05 by Spearman rank correlation coefficient) with
blood lead and FEP 1levels for the children from one of the smelter area schools, but the
authors attributed this finding to the inclusion of four children who were left-handed or
suffering from external ear pathology. Chi-square tests of neurophysiological scores as a
function of blood lead or FEP groupings based on the total study population were all non-
significant. Note that comparatively low power nonparametric statistical tests were employed
in this study because of the qualitative or ordinal nature of the data. However, the use of
more detailed quantitative measures of neurophysiological function would have enabled the in-
vestigators to employ more powerful parametric statistics, with possibly different outcomes
from their analyses.

The relationship between low-level lead exposure and neurobehavioral function (including
electrophysiological responses) in children aged 13-75 months was extensively explored in
another study, conducted at the University of North Carolina in collaboration with the U.S.
Environmental Protection Agency. Psychometric evaluation revealed a significant lead-related
IQ decrement at the time of initial evaluation (Schroeder et al., 1985), as noted previously.

No relationship between blood lead and hyperactive behavior (as indexed by standardized play--

room measures and parent-teacher rating scales) was observed in these children (Milar et al.,
1981a). On the other hand, electrophysiological assessments, including analyses of slow cort-
jcal potentials during sensory conditioning (Otto et al., 1981) and EEG spectra (Benignus et
al., 1981), did provide evidence of CNS effects of lead in the same children. A significant
linear relationship between blood lead (ranging from 6 to 59 pg/dl) and slow wave voltage
during conditioning trials was observed (Otto et al., 1981), as depicted in Figure 12-3.
Analyses of quadratic and cubic trends, moreover, did not reveal any evidence of a threshold
for this effect. The slope of the blood lead x slow wave voltage function, however, varied
systematically with age. No effect of blood lead on EEG power spectra or coherence measures
was observed, but the relative amplitude of synchronized EEG between left and right hemis-
pheres (gain spectra) increased relative to blood lead levels (Benignus et al., 1981). A
significant cubic trend for gain between the left and right parietal lobes was found with a
major inflection point at 15 pg/dl. This finding suggests that EEG gain is altered at blood
lead levels as low as 15 pg/dtl, although the clinical and functional significance of this mea-
sure has not been established.

A follow-up study of slow cortical potentials and EEG spectra in a subset (28 children
aged 35-93 months) of the original sample was carried out two years later (Otto et al., 1982).
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Figure 12-3. (a) Predicted slow wave voltage and 95% confidence
bounds in 13- and 75-month-old children as a function of blood
lead level. (b) Scatter plots of slow wave data from children aged
13 to 47 months with predicted regression lines for ages 18, 30,
and 42 months. (c) Scatter plots for children aged 48 to 75
months with predicted regression lines for ages 54 and 66 months
These graphs depict the linear interaction of blood lead and age.

Source: Otto etal. {(1981).
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Slow wave voltage during sensory conditioning again varied as a linear function of blood lead,
even though the mean lead level had declined by 11 pg/dl (from 32.5 pg/d1 to 21.1 ug/dl).
Although the EEG gain effect did not persist, the similarity of slow wave voltage results ob-
tained at initial and follow-up assessments suggests that the observed alterations in this
parameter of CNS function were persistent, despite a significant decrease in the mean blood
lead Tevel during the two-year interval.

'p In a five-year follow-up study on a subset of the same children, Otto et al. (1985) found
'that slow wave voltage varied as a function of current blood lead level during active condi-
tioning, but not during the passive conditioning test used in earlier studies. In the passive
test, a tone was paired with a short blackout of a silent cartoon. The active test was simi-
lar except that children pressed a button to terminate the blackout and resume the cartoon.
Although the brain response elicited by the active test is greater than that produced by the
passive test, the active test cannot be performed reliably by children under five years of
age.

In addition to the experimental conditioning tests, Otto et al. (1985) used two clini-
cally validated measures of sensory function, the pattern-reversal visual evoked potential
(PREP) and the brainstem auditory evoked potential (BAEP). Exploratory analysis of PREPs
revealed increased amplitude and decreased latency of certain components as a linear function
of original blood lead levels. Although these results were contrary to predictions, the find-
ings are consistent with the results of Winneke et al. (1984), who found an association
between increased blood lead level and decreased latency in the primary positive component of
PREPs in children. BAEP results of the five-year follow-up study also indicated significant
associations between original blood lead levels and increased latencies of two components
(waves III and V), indicative of auditory nerve conduction slowing.

Otto and his coworkers (Otto, 1986; Robinson et al., 1985) recently reported the results
of a replication study with an independent group of children 3 to 7 years old. Blood lead
levels ranged from 6 to 47 pg/dl at the time of testing. Psychometric data from this study
(Schroeder and Hawk, 1986) have been reviewed above. Sensory conditioning was limited to the
passive test due to the age range of the children. Contrary to earlier findings (Otto et al.,
1981, 1982), slow wave voltage did not vary with blood lead levels. Differences bétween the
two groups studied, however, may have contributed to the discordant results. Children in the
7ar1ier studies were somewhat younger (1-6 versus 3-7 years) and were exposed by different
routes (secondary occupational exposure versus lead paint and contaminated soil) than children
in the replication study (see review by Otto, 1986). Until further studies are undertaken to
clarify the inconsistent slow wave results, earlier findings must be interpreted cautiously.
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Inconsistencies in PREP and BAEP results between the five-year follow-up and replication
studies were also found. Only one PREP amplitude measure varied systematically with blood
Jead levels 1in the replication study, and this was in the opposite direction from previous
findings. BAEP results of the replication study were considerably more complex and only par-
tially consistent with the five-year follow-up study. Several BAEP latency measures showed a;
curvilinear relationship to maximal blood lead levels, whereas a simple linear relationshiﬁ
was observed in the earlier study. That is, BAEP latencies in the replication study decreased
as blood lead levels rose from 6 to 25 ug/dl, but increased at higher PbB levels. The des-
cending limb of this curve paralleled the findings of Winneke et al. (1984), who observed
faster peripheral nerve conduction velocities as well as decreasing latency in the primary
positive PREP component of children with blood lead levels up to 23 pg/dl. On the other hand,
the ascending limb of the BAEP latency curve was consistent with the five-year follow-up
results. Moreover, the I-V interpeak latency, a measure of central transmission time in the
auditory pathway, increased linearly with increasing blood lead levels in the replication
study. In addition, hearing threshold, a reflection of peripheral auditory system function,
increased directly with lead levels. Although hearing threshold did not vary with blood lead
level in the five-year follow-up study (Otto et al., 1985), this finding bears further in-
vestigation in view of other reports suggesting impaired auditory processing in lead-exposed
children (de la Burde and Choate, 13875; Needleman et al., 1979). ,

In summary, these electrophysiological studies provide suggestive evidence of lead-
related effects on CNS function in children at blood lead levels considerably below 30 ug/dl,
but inconsistent findings across studies require clarification. Linear dose-response rela-
tions have been observed in slow-wave voltage during conditioning (Otto et al., 1981, 1982,
1985), BAEP latency (Otto et al., 1985), PREP latency (Otto et al., 1985; Winneke et al.,
1984), and PREP amplitude (Otto, 1986; Otto et al., 1985a), although the specific components
affected and direction of effect varied across studies. Sensory evoked potentials, in parti-
cular, hold considerable promise as sehsitive, clinically valid nervous system measures un-
affected by social factors that tend to confound traditional psychometric measures (Halliday
and McDonald, 1981; Prasher et al., 1981). BAEPs, for instance, are not altered by changes in
attention or level of consciousness. Reliable BAEPs can be recorded in (sedated) children
between the ages of one and five, the most vulnerable period for lead poisoning as well as the
most difficult period for most types of neurobehavioral testing. The current electrophysio-
logical evidence concerning lead exposure and brain function in children, however, is too
fragmentary to draw any firm conclusions. The use of evoked potential measures in prospective
pediatric lead studies would provide a very useful adjunct to other neurobehavioral tests and
would help to resolve current uncertainties regarding the neurobehavioral threshold of lead
toxicity.
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The adverse effects of lead on peripheral nerve function in children remain to be con-
sidered. Lead-induced peripheral neuropathies, although often seen in adults after prolonged
exposures, are rare in children. Several articles (Anku and Harris, 1974; Erenberg et al.,
1974; Seto and Freeman, 1964), however, describe case histories of children with lead-induced
peripheral neuropathies, as indexed by electromyography, assessment of nerve conduction velac-
ity, and observation of other overt neurological signs, such as tremor and wrist or foot
drop. Frank neuropathic effects have been observed at blood lead levels of 60-80 pg/dl
(Erenberg et al., 1974). 1In one case study (Seto and Freeman, 1964), signs indicative of
peripheral neuropathy were reported to be associated with blood lead values of 30 pg/dl; how-
ever, lead lines in long bones suggested probable past exposures leading to peak blood lead
levels at least as high as 40-60 ug/dl and probably in excess of 60 ug/dl (based on the data
of Betts et al., 1973). 1In all of these case studies, some, if not complete, recovery of
affected motor functions was reported after treatment for lead poisoning. A tentative associ-
ation has also been hypothesized between sickle cell disease and increased risk of peripheral
neuropathy as a consequence of childhood lead exposure. Half of the cases reported (10 out of
20) involved inner-city Black children, several with sickle cell anemia (Anku and Harris,
1974; Lampert and Schochet, 1968; Seto and Freeman, 1964; Imbus et al., 1978). In summary,
evidence exists for frank peripheral neuropathy in children, and such neuropathy can be
associated with blood lead levels at least as low as 60 ug/dl and, possibly, as Tow as 40-60
pg/dl.

Further evidence for lead-induced peripheral nerve dysfunction in children is provided by
two studies by Feldman et al. (1973a,b, 1977) of inner city children and from a study by
Landrigan et al. (1976) of children living in close proximity to a smelter in Idaho. The
nerve conduction velocity (NCV) results from the latter study are presented in Figure 12-4 in
the form of a scatter diagram relating peroneal nerve conduction velocities to blood lead
levels. No clearly abnormal conduction velocities were observed, although a statistically
significant negative correlation was found between peroneal NCV and blood lead levels (r =
-0.38, p <0.02 by one-tailed t-test). These results, therefore, provide evidence for signi-
ficant slowing of nerve conduction velocity (and, presumably, for advancing peripheral neuro-
pathy as a function of increased blood lead levels), but do not allow clear statements re-
garding a threshold for pathologic slowing of NCV.

In a recent study mentioned earlier, Winneke et al. (1984) evaluated neurophysiological
functions as well as neuropsychologic performance in children from Nordenham, FRG. Results
from a standard neurological examination and sensory nerve conduction velocities of the radial
and median nerves were analyzed in relation to concurrent blood lead values and umbilical cord
blood lead levels sampled approximately six years earljer. Contrary to expectations, in
creasing conduction velocities for radial and median nerves were found to be significantly
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associated with current blood lead levels (at p <0.01 and <0.10, respectively). As noted
above, visual evoked potentials showed a significantly decreased latency in one component,
which suggested more rapid conduction in the visual pathway, consistent with the peripheral
nerve conduction findings. Somatosensory evoked potentials showed no significant effect; nor
were associations found between any of the electrophysiological measures and cord blood lead
levels or any of a number of socio-hereditary background variables (the latter of which were
strongly related to neuropsychologic outcome results).

The lead-associated increases in nerve conduction observed by Winneke et al. (1984) for
children with blood lead levels below 25-30 pg/dl differ from previously noted findings of
slowed NCVs being associated with increasing blood lead values above 30 pg/d1. However, the
apparently paradoxical findings were noted by the investigators as being consistent with those
of Englert (1978), who similarly found an increase in the motor NCV of the median nerve among
lead-exposed children in Nordenham. Winneke et al. (1984) nevertheless cautioned that these
findings still require experimental confirmation before a bi-phasic effect of lead on peri-
pheral nervous functions can be assumed.

12.4.3 Animal Studies

The following sections focus on recent experimental studies of lead effects on behav-

joral, morphological, physiological, and biochemical parameters of nervous system development
and function in laboratory animals. Several basic areas or issues are addressed: (1) behav-
jorial toxicity, including the question of critical exposure periods for concurrent induction
or later expression of behavioral dysfunction in motor development, learning performance, and
social interactions; (2) alterations in morphology, including synaptogenesis, dendritic deve-
lopment, myelination, and fiber tract formation; (3) perturbations in various electrophysiolo-
gical parameters, e.g., ionic mechanisms of neurotransmission or nerve conduction velocities
in various tracts; (4) disruptions of bijochemical processes such as energy metabolism and
chemical neurotransmission; (5) the persistence or reversibility of the above types of effects
beyond the cessation of external lead exposure; and (6) the issue of "threshold" for neuro-
toxic effects of lead.

Since the initial description of lead encephalopathy in the developing rat (Pentschew and
Garro, 1966), considerable effort has been made to define more closely the extent of nervous
system involvement at subencephalopathic levels of lead exposure. This experimental effort
has focused primarily on exposure of the developing organism. The interpretation of a large
number of studies dealing with early in vivo exposure to lead has, however, been made diffi-
cult by variations in certain important experimental design factors across available studies.

One of the more notable of the experimental shortcomings of some studies has been the
occurrence of undernutrition in experimental animals (U.S. Environmental Protection Agency,
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1977). Conversely, certain other studies of lead neurotoxicity in experimental animals have
been confounded by the use of nutritionally fortified diets, i.e., most commercial rodent
feeds (Michaelson, 1980). 1In general, deficiencies of certain minerals result in increased
absorption of lead, whereas excesses of these minerals result in decreased uptake (see Chapter
10). Dietary mineral and vitamin components are known to alter certain neurotoxic effects of
lead (Woolley and Woolley-Efigenio, 1983). Commercial feeds may also be contaminated by vari-
able amounts of heavy metals, including as much as 1.7 ppm of lead (Michaelson, 1980). Ques-
tions have also been raised about possible nutritional confounding due to the acetate radical
in the lead acetate solutions often used as the source of lead exposure in experimental animal
studies (Barrett and Livesey, 1982).

Another important factor that varies among many studies is the route of exposure to lead.
Exposure of the suckling animal via the dam would appear to be the most "natural” method, yet
may be confounded by lead-induced chemical changes in milk composition. On the other hand,
intragastric gavage allows one to determine precisely the dose and chemical form of admin-
istered lead, but the procedure is guite stressful to the animal and does not necessarily re-
flect the actual amount of lead absorbed by the gut. Injections of lead salts (usually per-
formed intraperitoneally) do not mimic natural exposure routes and can be complicated by local
tissue calcinosis at the site of repeated injections.

Another variable in experimental animal studies that merits attention concerns species
and strains of experimental subjects used. Reports by Mykkdnen et al. (1980) and Overmann et
al. (1981) have suggested that hooded rats and albino rats may differ in their sensitivity to
the toxic effects of lead, possibly because of differences in their rates of maturation and/or
rates of lead absorption. Such differences may account for variability of lead's effects and
differences in exposure-response relationships between different species as well.

Each of the above factors may lead to widely variable internal lead burdens in the same
or different species exposed to roughly comparable amounts of lead, making comparison and in-
terpretation of results across studies difficult (Shellenberger, 1984). The force of this
discussion, then, is to emphasize the importance of measurements of blood and tissue concen-
trations of lead in experimental studies. Without such measures, attempts to formulate dose-
response relationships are futile. This problem is particularly evident in later sections
qgaling with the morphological, biochemical, and electrophysiological aspects of lead neuro-
toxicity. In vitro studies reviewed in those sections, in contrast to in vivo studies, are of
limited relevance in dose-response terms. The in vitro studies, however, provide valuable
information on basic mechanisms underlying the neurotoxic effects of lead.

The following sections discuss and evaluate the most recent studies of nervous system in-
volvement at subencephalopathic exposures to lead. Most of the older studies are reviewed in
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the previous Air Quality Criteria Document for Lead (U.S. Environmental Protection Agency,
1977).
12.4.3.1 The Behavioral Toxicity of Lead: Critical Periods for Induction and Expression of

Effects. The perinatal period of ontogeny has been generally recognized as a particularly
critical time for the initiation of neurobehavioral pertubations by exposure to lead (U.S.
Environmental Protection Agency, 1977; Reiter, 1982; Kimmel, 1984). This view is based in

f fpart on the metabolic characteristics of young organisms, which show comparatively greater
i

‘absorption and retention of lead (see Chapter 10). In addition, a number of behavioral
studies have compared the effects of lead exposure at different times during ontogeny and have
often found effects associated only with perinatal exposure (e.g., Brown, 1975; Brown et al.,
1971; Padich and Zenick, 1977; Shigeta et al., 1977; Snowdon, 1973).

On the other hand, several studies have demonstrated that alterations in behavior can
result from exposure after weaning or maturation in rats (Angell and Weiss, 1982; Bushnell and
Levin, 1983; Cory-Slechta and Thompson, 1979; Geist and Mattes, 1979; Geist et al., 1985;
Kowalski et al;, 1982; Lanthorn and Isaacson, 1978; MclLean et al., 1982; Nation et al., 1982;
Ogilvie and Martin, 1982; Shapiro et al., 1973). Similar findings have been noted in adult
subjects of other species, including pigeons (Barthalmus et al., 1977; Dietz et al., 1979) and
fish (Weir and Hine, 1970).

The fact that Tlate developmental exposure to lead can induce behavioral effects in
animals does not mean, of course, that early exposure is less effective or important. As the
following sections will show, the toxic effects of lead may be induced at various stages of
life, with the expression of these effects following closely or, in some cases, after con-
siderable delay.

12.4.3.1.1 Development of motor function and reflexes. A variety of methods have been used

to assess the effect of lead on the ability of experimental animals to respond appropriately,
either by well-defined motor responses or gross movements, to a defined stimulus. Such res-
ponses have been variously described as reflexes, kineses, taxes, and "species-specific" be-
havior patterns. The air righting reflex, which refers to the ability to orient properly with
respect to gravity while falling through the air and to land on one's feet, is only one of
several commonly used developmental markers of neurobehavioral function (Tilson and Harry,
1982). Overmann et al. (1979) found that development of this particular reflex was slowed in

at pups exposed to lead via their dams (0.02 or 0.2 percent lead acetate* in the dams' drink-
‘ing water). However, neither the auditory startle reflex nor the ability to hang suspended by
the front paws was affected.

*Concentrations are presented here as originally reported by authors. Note that a 0.2 percent
solution of lead acetate contains 0.1 percent lead. Also, for comparative purposes, a con-
centration of 0.1 percent equals 1000 ppm.
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Grant et al. (1980) exposed rats indirectly to lead in utero and during lactation through
the mothers' milk and, after weaning, directly through drinking water containing the same lead
concentrations their respective dams had been given. In addition to morphological and physi-
cal effects [see Sections 12.5, 12.6, and 12.8 for discussions of this work as reported by
Fowler et al. (1980), Kimmel et al. (1980), Faith et al. (1979), and Luster et al. (1978)],
there were delays in the development of surface righting and air righting reflexes in‘subjecté
exposed under the 50- and 250-ppm lead conditions; other reflexive patterns showed no effect.
Locomotor development generally showed no significant alteration due to lead exposure, but
body weight was significantly depressed for the most part in the 50- and 250-ppm pups.

Rabe et al. (1985) used a similar experimental paradigm to evaluate developmental land-
marks in rat pups exposed via their dams to a 0.5 percent lead acetate solution. Although
this concentration of lead was much higher than the drinking water solutions used by Grant
et al. (1980), Rabe et al. (1985) found no apparent delays in the development of surface
righting and negative geotaxis reflexes, nor in the age at which the pups' eyes opened. Body
weight of the pups was reduced slightly at birth, but by postnatal day (PND) 30 the Tlead-
exposed pups had attained normal average weight. In comparing these two studies, it should
also be noted that the mean blood lead level at PND 16 was only 20 pg/dl for pups exposed
indirectly to 2500 ppm lead by Rabe et al. (1985), as opposed to a median of 35 pg/dl at PND
11 for pups exposed indirectly to 50 ppm lead by Grant et al. (1980). These differences are
probably attributable to the different diets used in the studies (see Mylroie et al., 1978).

The ontogeny of motor function in lead-exposed rat pups was also investigated by Overmann
et al. (1981). Exposure was limited to the period from parturition to weaning and occurred
through adulteration of the dams' drinking water with lead (0.02 or 0.2 percent lead acetate).
The development of swimming performance was assessed on alternate days from PND 6 to 24. No
alterations in swimming ability were found. Rotorod performance was also tested at PND 21,
30, 60, 90, 150, and 440. Overall, the ability to remain on a rotating rod was significantly
impaired (p <0.01) at 0.2 percent and tended to be impaired (0.10 > p > 0.05) at 0.02 percent
(blood lead values were not reported). However, data for individual days were statistically
significant only on PND-60 and 150. An adverse effect of lead exposure on rotorod performance
at PND 30-70 was also found in an earlier study by Overmann (1977) at a higher exposure level
of 30 mg/kg lead acetate by intubation (average blood lead value at PND 21: 173.5 # 32.0;
1#g/d1). At blood Tead concentrations averaging 33.2 + 1.4 pg/dl, however, performance was not
impaired. Moreover, other studies with average blood lead concentrations of approximately 61
ug/d1 (Zenick et al., 1979) and 30-48 pg/dl (Grant et al., 1980) have not found significant
effects of lead on rotorod performance when tested at PND 21 and 45, respectively. Compari-
sons between studies are confounded by differences in body weight and age at time of testing
and by differences in speed and size of the rotorod apparatus (Zenick et al., 1979).
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Kishi et al. (1983) evaluated reflex development and motor coordination in male rats ex-
posed to lead acetate by gavage on PND 3-21. The air righting reflex was significantly
delayed in all three lead exposure groups (the lowest level producing an average blood lead
level of 59 ug/dl at PND 22). The startle reflex showed no effect, and eye opening was accel-
erated in the Towest exposure group. Rotorod performance at PND 53-58 was significantly
impaired in the highest exposure group (average blood lead level: 186 pg/dl at PND 22).
Ambulation was assessed at PND 59-60 and showed a high degree of variability across the lead
exposure groups (very low or very high levels or movement); other measures of activity showed
no differences. The effects on ambulation were not evident at PND 288-289.

Delays in the development of gross activity in rat pups have been reported by Crofton et
al. (1980) and by Jason and Kellogg (1981). It should be noted that very few studies have
been designed to measure the rate of development of activity. Ideally, subjects should be
assessed daily over the entire period of development in order to detect any changes in the
rate at which a behavior pattern occurs and matures. In the study by Crofton et al. (1980)
photocell interruptions by pups as they moved through small passageways into an "exploratory
cage" adjacent to the home cage were automatically counted on PND 5-21. Pups exposed in utero
through the dams' drinking water (200 mg/1 solution of lead chloride) lagged controls by ap-
proximately one day in regard to characteristic changes in daily activity count levels start-
ing at PND 16. (Blood lead concentrations at PND 21 averaged 14.5 * 6.8 ug/dl for represen-
tative pups exposed to lead in utero and 4.8 * 1.5 pg/dl for controls.) Another form of
developmental lag in gross activity around PND 15-18, as measured in an automated activity
chamber, was reported by Jason and Kellogg (1981). Rats were intubated on PND 2-14 with lead
at 25 mg/kg (blood lead: 50.07 % 5.33 pg/dl) and 75 mg/kg (blood lead: 98.64 * 9.89 pg/dl).
In this case, the observed developmental lag was in the characteristic decrease in activity
that normally occurs in pups at that age (Campbell et al., 1969; Melberg et é]., 1976); thus,
lead-exposed pups were significantly more active than control subjects at PND 18.

One question that arises when ontogenetic effects are discovered concerns the possible
contribution of the lead-exposed dam to her offsprings' slowed development through, for exam-
ple, reduced or impaired maternal caregiving behavior. A detailed assessment of various
aspects of maternal behavior in chronically lead-exposed rat dams by Zenick et al. (1979),
discussed more fully in Section 12.4.3.1.4, and other studies using cross-fostering techniques
(Crofton et al., 1980; Mykkidnen et al., 1980) suggest that the deleterious effects observed in
young rats exposed to lead via their mothers' milk are not ascribable to alterations in the
dams' behavior toward their offspring. Chronically lead-exposed dams may, if anything, tend
to respond adaptively to their developmentally retarded pups by, for example, more quickly

retrieving them to the nest (Davis, 1982) or nursing them for longer periods (Barrett and
Livesey, 1983).

12-114



L5
i

12.4.3.1.2 Locomotor activity. The spontaneous actijvity of laboratory animals has been meas-

ured frequently and in various ways as a behavioral assay in pharmacology and toxicology
(Reiter and MacPhail, 1982). Such activity is sometimes described as gross motor activity or
exploratory behavior, and is distinguished from the motor function tests noted in the previous
section by the lack of a defined eliciting stimulus for the activity. With reports of hyper-
activity in lead-exposed children (see Section 12.4.2), there has naturally been considerable
interest in the spontaneous activity of laboratory animals as a model for human neurotoxic ef-
fects of lead (see Table 12-3). As a previous review (U.S. Environmental Protection Agency,
1977) of this material demonstrated, however, and as other reviews (e.g., Jason and Kellogg,
1980; Michaelson, 1980; Mullenix, 1980) have since confirmed, the use of activity measures as
an index of the neurotoxic effects of lead has been fraught with difficulties.

First, there is no unitary behavioral endpoint that can be labeled "activity." Activity
is, quite obviously, a composite of many different motor actions and can comprise diverse be-
havior patterns including (in rodents) ambulation, rearing, sniffing, grooming, and, depending
on one's operational definition, almost anything an animal does. These various behavior pat-
terns may vary independently, so that any gross measure of activity which fails to differen-
tiate these components will be susceptible to confounding. Thus, different investigators'
definitions of activity are critical to interpreting and comparing these findings. When these
definitions are sufficiently explicit operationally (e.g., activity as measured by rotations
of an "activity wheel"), they are frequently not comparable with other operational definitions
of activity (e.g., movement in an open field as detected by photocell interruptions). More-
over, empirical comparisons (e.g., Capobianco and Hamilton, 1976; Tapp, 1969) show that dif-
ferent measures of activity do not necessarily correlate with one another quantitatively.

In addition to these rather basic difficulties, activity levels are influenced greatly by
numerous variables such as age, sex, estrous cycle, time of day, novelty of environment, and
food deprivation. If not controlled properly, any of these variables can confound measure-
ments of activity levels. Also, nutritional status has been a frequent confounding variable
in experiments examining the neurotoxic effects of lead on activity (see reviews by U.S.
Environmental Protection Agency, 1977; Jason and Kellogg, 1980; Michaelson, 1980). In
general, it appears that rodents exposed neonatally to sufficient concentrations of lead ex-
perience undernutrition and subsequent retardation in growth; as Loch et al. (1978) have
shown, retarded growth per se can induce increased activity of the same type that has been
attributed to lead alone in some earlier studies. ‘

In view of the various problems associated with the use of activity measures as a behav-
ioral assay of the neurotoxic effects of lead, the discrepant findings summarized in Table
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TABLE 12-3.

EFFECTS OF LEAD ON ACTIVITY IN RATS AND MICE

Increased

Decreased

Age-dependent,
qualitative, mixed or
no change

Baraldi et al. (1985)

Czech and Hoium (1984)

Driscoll and Stegner (1978)

Golter and Michaelson (1975)

Kostas et al. (1976)

Overmann (1977)

Petit and Alfano (1979)

Sauerhoff and Michaelson
(1973)

Silbergeld and Goldberg
(1973, 1974a,b)

Weinreich et al. (1977)

Winneke et al. (1977)

Booze et al. (1983)
Driscoll and Stegner (1976)
Flynn et al. (1979)

Gray and Reiter (1977)
Reiter et al. (1975)
Verlangieri (1979)

Alfano and Petit (1985)
Barrett and Livesey (1982, 1985) :
Brown (1975) ;
Collins et al. (1984)
Crofton et al. (1980)
Dolinsky et al. (1981) ;
Dubas and Hrdina (1978) "
Geist and Balko (1980)
Geist and Praed (1982)
Grant et al. (1980)
Gross-Selbeck and
Gross-Selbeck (1981)
Hastings et al. (1977)
Jason and Kellogg (1981)
Kishi et al. (1983)
Kostas et al. (1978)
Krehbiel et al. (1976)
Loch et al. (1978)
McCarren and Eccles (1983)
Minsker et al. (1982) .
Mullenix (1980) 3
Ogilvie and Martin (1982) f
Rabe et al. (1985) é
Rafales et al. (1979) '
Schlipkdter and Winneke
(1980)
Shimojo et al. (1983)
Sobotka and Cook (1974)
Sobotka et al. (1975)
Zimering et al. (1982)
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12-3 should come as no surprise. Until the measurement of "activity"” can be better standar-
dized, there appears to be little basis for comparing, or utility in further discussing, the
results of studies listed in Table 12-3.

12.4.3.1.3 Llearning ability. When animal learning studies related to the neurotoxic effects

of lead were reviewed in 1977 (U.S. Environmental Protection Agency, 1977), a number of criti-

cisms of existing studies were noted. A major limitation of early work in this field was the
lack of adequate information on the exposure regimen (dosage of lead, how precisely adminis-
tered, timing of exposure) and the resulting body burdens of lead in experimental subjects
(concentrations of lead in blood, brain, or other tissue; time course of blood or tissue lead
levels; etc.). A review of studies appearing since 1877 reveals a notable improvement in this
regard. A number of more recent studies have also attempted to control for the confounding
factors of litter effects and undernutrition--variables that were generally not controltled in
earlier studies.

Unfortunately, other criticisms are still valid today. The reliability and validity of
behavioral assays remain to be established adequately, although progress is being made. The
reliability of a number of common behavioral assays for neurotoxicity is currently being de-
termined by several independent U.S. laboratories (Buelke-Sam et al., 1985). The results of
this program should help standardize some behavioral testing procedures and perhaps create
some reference methods in behavioral toxicology. Also, as well-described studies are repli-
cated within and between laboratories, the reliability of certain experimental paradigms for
demonstrating neurotoxic effects is effectively established.

Some progress is also being made in dealing with the issue of the validity of animal be-
havioral assays. As the neurological and biochemical mechanisms underlying reliable behav-
ioral effects become better understood, the basis for extrapolating from one species to
another becomes stronger and more meaningful. An awareness of different species' phylogene-

tic, evolutionary, and ecological relationships can also help elucidate the basis for compar-

_ing behavioral effects in one species with those observed in another (Davis, 1982).

Tables 12-4 and 12-5 summarize exposure conditions, testing conditions, and results of a
number of recent studies of animal learning (see U.S. Environmental Protection Agency, 1977,
for a summary of earlier studies). The variety of exposure measures and testing paradigms
makes it impossible to organize these studies in a coherent dose-response fashion. Conse-
9uent1y, the tables present, respectively, rodent and primate studies arrénged alphabetically
by author and/or chronologically where appropriate. One point of obvious interest is the
lowest level of exposure at which behavioral effects are clearly evident. Such a determina-
tion is best done on a species-by-species basis. Rats seem to be the experimental animal

12-117



0.°0 :%a4

*$5-) ueyy (uoLjeudadl e 0°0 :'qd (d33EM)
uayjo ssa| -bis swae 55-2 snoauey AM L 6/6r o :3 (9) %ad  (3%341p) ad (e861)
paJoidxaun asoys sS > 85-%q4 -uods) azew pue ‘g (P L9) (9) 'q4 9g wdd 001 (@-S) uLAd] pue
-%qq pue -*qq yiog 30 ‘m°g wae |eLpey ‘S 'y unm-:mmgm 4 (9) 3 ~12 ONd 40 01 ey L13uysng
(%20ys
plLoAe 03
"5 043 sjuawyjaeduwod (iloueyia
9 -u0d> |oueyla ueyy 2 Jo T ut s43171| (£2) ®ad %51)
i aoueploAe jo uoty $5-2 > utewat) ¢T wody (v2) 'aq (-3°s) 131 (e861)
-ud313J4 4auood B1s $5-q4 aoueplLoAe uoL}dalas (g2) 51y 3ouo 6% /6w (vve-4) ‘e
4 pamoys sajewaj-Tqq jo "m-g 3ALssed P 81 1 wopued (v2) uou ‘S (Nd g Jo ¢ ey 13 3zoog
*SI¥I J33Joys o
pey (0-44d) : —
buiueamaud pasod (13341p)
-x3 dnoub lsawy) ¥9 :ad-qd 0€T-12 ~
asuadsay-Jajul Buiueam (01-43 6 :0-9d 3L1ds ‘g maqu q4-94 J0/pue
Jabuo| pey (qd -3sod ‘m°q -01-13 99 :q4-0 : (¥2) o-ad Oittu (dajem) (2861)
-ad ‘ad-0) Bujueam Jamo| ‘Bis aldyy(nu) P 0OtT Lp/6d z :0-0 Lds ‘g { (02) ad-0 s,wep) ¢(ov)ad a-n SSlaM %
-1sod pasodxa sdnoay S a4-Gd juedadp -85 *(POET) 84ad ; (02) 0-0 12-€ ONd R0 ey L 1abuy
(uoijeuuayje
*s§-9 ueyy sno3uejuods) p g2t
U0LjBUJI}| B SNO3U azeuw-) -101
-vjuods ssa| ‘bis t(¥o0ys
pawdojaad sdnodb pLoae 09
q4 yyog °s,°) sjuaujaed
ueyy J43jaoys °Bis s$-2q4 -wod z jo 1 s|aA3| gqd (18 (0s) %ad (32941p
sayouale| *qq4 !,s5-3 pue_-03 UL uiewad) -equasaudaa Joj 5 (05) 'qq pue (pooy) (s861)
ueyy J4ajuoys ‘Hys < 55-5) asuepLoae P 00T (6/6T) oury|y g (0g) °'2  wep eir)  €Qlad %b (3-1) 31134 pue
$5-q4 jo salduae] 0 'm°g JALssed -99 ®? 11334 99§ 8 (ov) nnu G2-T ONd 40 $°0 18y ouey |y
s3Nsad §329}J9 (xse3) butysay (paanseaw abe) dnoub (uv) (91nod)  (wnipaw) (utedis 4o 3DUBLDIY
|BAOLARYRG |eJdoLARYAq wbpeded e aby pea| anssij Jaad sdnoub poLdad *Ju0d s3Loads)
-UoN Burysag $493717 Juawyeas] aunsodxa peal |ewiue
Lejuauiaadx3y
eS1N300Y NI ONIN¥YIT NO S133343 S,0v¥37 40 SIIANLS AD0T0IIXOL TWWINYV INIIJ¥ “¥-21 318Vl
i [A

' J VR

I f

S b e b i s e s g . e = A%



*s33ed asuods
*sajed asuods
-3J UL 3dulJayyLp

1 :fqq
1670 :%q4
1£°0 :tad

Tt

ou padnpoad potdad 6,60 Tp°0 i)
aunsodxa jo0 uoljeu :(p 9¢€)
-BULUDY d3B| "SA qd-uteag
Ajaey  -sodxa q4 jo
uoijouny 3d3dLp e 06~ :€ad ‘Mt J40)
9jed XEW Yowad 0} 05~ :%ad pasue|eq (9) %adq (32341p) (493em) (€861)
SUOLSS3s JO Jaqunu ov~ :laqd ‘quaw (9) %ad ste (4 2(ov)ad 1e 39
1sg-q4 uL sajed (viw 1-14) Lp/bd 2> i) -ubsse (9) *a4 40 ggT (® 005 40 (3-1)  ewds
asuodsad aaybiy JuUoN jueaadp P &S :(xeuw) gad uopued (9) 2 -1¢ ONd 00T ‘0§ ey -A10)
*1043U0D a
SN|NWils |euJdaIxd —
Aq aouewsoydad o
anouadut 03 aunjiey 080T-02¢ :%ad —
{sa1ouaje| asuodsau (ss3ad-aeq 2bT-0v :lad (433eM) (1861)
paseasdul !suoljednp uojeanp 6/6u 9z-p1 :2 Juaw (5) %ad ¢(oy)ad g LIRE
asuodsad paseaddap wnwLuLa) P ¢ :(¥s93-3150d) ~ubisse (5) ‘ad -T2 wdd gog (a-5) [ 3URCIES
cpaaiedut sdnoub qg AUON juedadp -GG qqd-uiedg wopued (%) 2 QaNd 40 00T ey -A109
(9) a4
a9 2
:qg
"pajeuiwud) aunspdxa (v) a4
J3lje PaAsLaAL  'qd oAmv 2
Ui s329332 ‘dnoab 1qz {4a7em)
®gq vl ajed 3suodsad b~ qg (9) ad E(ay)ad
paseaudap "mqmoga 12~ Q2 (¥ 2 wdd (6261)
Zqq pue *qd L~ :q1 ‘qr (32341p) 0001 (€ uosduoy },
y30g ut A3111qetdea g~ Bl Juaw () ad 0sT (4 Jo k§
" S-3juL pue 3jed (225 0E-14) P ovl Lp/BA g~ ) -ubtsse o1 2 40 0f (2 ‘g0t (2 (0-s)  eydals
3suodsad paseaddu] 3UoN juedadg -GG :(p 0ST) 944 wopued H:3 -0Z ONd ‘05 (1 ey -£10)
S3LNsad §109343 (1se1) 6utysay (pasnseau abe) dnoub (u) (93nod)  (wntpaw) (uteaas 40 3JuaL3}RY
LedoLAryag |eJdataey3q wbpesed e aby pea| anssL) J4ad sdnoub potsad *JU0d satoads)
-UoN fuiysa} $437317 UBWIRAU | aansodx@ peay |ewiue
|ejuautaadxy
(panutjuod) “¢-gT 318YL

il e



2rens

(3ooys 3233
ptoae 03 J43y30
07 juawiJdedwod
U0 wWod) IAOW)

(abeaeb)

€€ ONd a4 By/Bu

e A vt et e g e A e o

*s5-) pue aoueploae je paddoys (g 1dadxa
$5-Q4d UIIM}IQ patleubys P 09 (0T1) 94 1daoxa aaoge  aJaoge se
aJuaJdayytp “Bis oN 3UoN X0q-3[{331Nys -86 anoqe 3as v t (ot) 2 se Jwes awes € "3dx3
(39341p)  (4aieM)
UOLJRULWAIY - Z(oy)aq
(¥o0ys Buueam ¥62°0
*juawjsaedwod ,34es, pLoae 03 ‘(12341p) *(3beaed)
woJdj SUOLSJNIXI sjuawiaedwod burueam qd
Lerided damay “Bis ¢ Jo T ut - ylaiq by/bw szz
apew 55-q4 INQ ‘uoLd uLewad) 68°1 :q4 ‘(wep eLa)  ‘(43gem)
-21L43 03 S[etdy ul adueploae P 86 6/61 €170 2 9 (21) a4 ydtq - 2(av)ad
acuauayyip Bis on JUON 9A155Rd -6b (P 9£-G¢L) 9 (21) 2 uolydasuodauyyg %0 2 "3dx3
"S341p "Bis ou
'S3J0uUaL3YLp (P vE-0E)
J43y3o ou  (uoLjeuady(e b/6r 4/1°0 :q4
_ 's§-) pue £55-3 >  snoauejueds) 0~ ) (wep eLA) (433eM) T "3dx3  (6L61)
55-Qd uaamlaq $5-q4 Jo0 JzeWw wde (p£) 0t (o1) ad ¢¢ ONd - 2(av)ad (3-1 ‘e 33
8ouadayLp ‘bis oN *SIM uledg {eLpey é qd-uledg 8 (8) 7 uoL3dasuodaug %5°0 ey uufL4
"1593 e Q
"M dues (32341p uayy —
*juawleady Juwe 0} Padnpau ‘Butueam (L3un o~
-39ydwe-p Japun 3jed §6-) 1159} wep eia) —~
asuodsad ur A3LLLq 01 Jotud uoLjeutuddl (4a3em)
-eLaea 43ybry pamoys M T J3m0| (v) ad 03 uoL} qad
§G-Qd 59384 pJEMaU ‘m°q sS-q4 ow g ¢ ¢ mﬁcv 2 -dajuodadgd wdd g5z (@3)z "vdx3
JUBJ344Lp UL NS (sassauad-aeq
j0uU pLp Ing .mw-u uaamlaq (abeaeb)
ui ueyy ss-qd 295-0¢ ow 12 (32341p) (ov)qd (8461)
uL juaeaaud aJow wnwiulw) J0 2Lds ‘2 ﬂﬁmv qd 0€-£ 6 /6w (3-1)1 "3dx3 ML)
(23s $5) SL¥1 oysS 3UON juedadp ow ¢ ¢ ' (92 ONd 00¢ ey z391Q
y6Lam Joj
'SU0LSS3s Oy ISJ4i4 02-ST :qd padue(eq (32341p) (s861)
Butanp ss-q4 Aq s1yf e/ 1> 13 ‘quauw uoLieu (433em) ‘ie 39
J3jJdoys pue 3jed (ulw 1-14) :(p 981 -ubsse (21) a4 -eUtwaal  ¥(oy) qq (3-1)  ewa3ls
asuodsad aaybly -6is JUON juesadp P 0§ ‘€Y1 ‘66) 84d uopued 1) 2 -12 aNd udd gz ey - -K407)
s3Lnsad 5323449 (¥sey) butysay (paanseaw abe) dnoub (u) (dno4)  (wnipaw) (uteays 40 3dU3J3}IY
[edotaeyag [edoLARYdg wbipeaed e aby pea| anssi] J43d sdnoub potuad “3u0D satoads)
-UON Buiysal S4333L1 JuawIead | ainsodxa pea’ |ewtue
{ejudw} Jadx]3
(P3nuLjuod)  “p-2ZT 318Vl



6 :%qq

S :lqq
| )
"SR] ‘wi4dsip :(p 09)
PasJdaaad Jo 2b %qq
Leuibiao Butuaea (-wiaosip 62 :'qq SJ4a3L | (Alle (433eM)
Ul s5-3 pue ssaujybr.aq Lp/6A 11 :9 6 Wody  (21) g4 s ,wep) Z(oy)qq (LL67)
$S-44 U3amiaq 3ALSS3IINS) P 981 ‘(P 02) uoiydayas (21) *qq 12 wdd Gpg a-n ‘e 19
S32ua4ay1p ‘Bis oy auoN juedadg -06~ aqd wopue. (e1) 2 -0 ONd 410 601 ey sButysey
'$5-3 ueyy 9% :qq (wep era)
ajed Jaybry je L6 1) (9) a4 butueam -
Passaad-aeq s5-qq " u ou f.g (P 0T1~) ¢ (9) 2 uot3dadsuodaug " i
fratL 's§-) ueyy (1861)
sasuodsau papaemas g L°22 :q4 ¥28q|as
433e3.b pey sg-qq p/br 2.9 1 (303.41p) (pooy) -Ssodp p
(%4 AL(eLoadsa) (hya) (P 081~) (9) a4 vorjeurwiay - Z(av)qq (M) daqas
%4 pue 1y yjog auopy Juedadg 1Lnpy 994 ¢ (9) 3 buturamysoy 6%1/6 1 'y ey ~5$504p
—
'X0q 14e3s 3Aea) ~
01 55-.q4 0 Aduaje| (xoq -
J43340ys 40j daoxa Leob 07 Aem ™~
3daoxa azew M-H ut put}) azew —
SaouaJayylp -bis oy Swei[[iM-qqay P ep1 (491em)
"sS-qd Ul padnpau *(uotyeusay e (9) %q4 (32341p) (av)qd (5861)
‘bLs uotieuasy e snoaurjuods) (9) 'qq 59 wdd gg (g-s) ‘| 32
snoauejuods jo ajey auoy 3Zew-| P19 ¢ 4 (9) 2 ~1¢ ONd 40 G2 gLt istap
‘dZew 3suanedy (xoq
03 s$5-) ueyy Leob 07
Jamo|s s5-2qq Aem pury) (4191EM)
*$5-) ueyy saouda azew (£) %qq (34Lp)  Z(oy)qq (6/61)
adouw Brs apew sueL[[ipM (2) a4 uorreuiwiay udd gg (0-5) saiey ¥
s5-2q4 pue -Tqq 3uoN -q93y P (-85 é ¢ ()2 -€2 ONd 40 67 1] 1513
S3|nsaq $323443 (dsey) burysay (p3unseaw abe) dnoub (u) (31no4) (unypauw) (utedys ao CRICNETEN]
LeJoLAeyag ledoLaeyaq wb|peaed e aby pes| anssy) Jad sdnoub potaad ‘Juod $ai2ads)
’ -uopN Buiysag S433319 juawyraa ) aansodxa peaq Lewiue
lejuawiaadxy

(panutjuos)

‘T-21 318vL




(34nsodxa
*3203}}3 pajequadlexa J0 j4e3s
uoljealudap pooy (QUITELIT Jajje (2861)
£$5-) uByy s40JJ3 Letjeds) PED) (91) a4  (32341p) (Ja3eM) 6} ‘e 32
adow apew sS-qq SUON  JZRW-]| JIJEM 3Lnpy é é (s1) 3 Ilnpy  q4 wdd 2 asnok Lys | emoy
-butureay
140 $0 puad e sg
-J ueyy 43333q sS
-%qq 1daoxa sajed
asuodsaJd uedw (1x3 (s
UL SajuadajiLp 29s-0Z T¥Q (¥ 98T :fqq (4a3em)
‘bLs oN "sS-Eqq 1X3 (¢ 261 :%ad (6) tadq LK
pue 'q4 Aq Buipuods _ 0z ¥4 (2 65 :'ad (o1) 2%ad 6/6d (€861)
-ad Jy3 uL L3119 $5-3 > S§ 443 () Lp/6r o1 :3 uoL3d3|3S (o1) ‘a4 (abeaeb) 081 J40 M) ‘e 3@
-eLuaeA Jajeaub 6i1s  -Fad jo "m°g juesadg  p 0/2-G¢ :(pge) 8ad wopued (o1) 2 T12-£ ONd ‘06 ‘St ey Lysiy
2y :J%qq
6 ° ”nm
¢ -'qd
§ ) (32341p) N
. ‘s|eldy uaamyaq sasuods ("42sLp LenstA :(P.06) uoljeu i
-3J papJemaJ-uou jo “3Lnwes (2 ov ”muna -3y (q o
J43qunu pue s|3A3| 994 {s|esJdanad {S * %q4 q 40 —
02-Aep uaamiag uotje| 9ALSS3IINS o€ :'qq S43331 | (€2) m«na O Lw (433eM)
-a440> -sod ‘Bis 4oy Yitm "aIsLp Lp/brd g 3 6y wody (22) “%ad s,wep)  %(oy)qq (v861)
3daox? aduewdoyaad ul Letyeds (1) (P o) uoL3dalas (s2) 'q4 o€ (8 %0270 40 (3-1) ‘e 3@
saduadayytp ‘bis oN SUON jueJdadg P 06~ gqd wopueJ (22) 3 03 0 ONd %01°0 ey sbulysey
59 :%q4
sysey 62 :'qd
‘wiads1p ob-ousob (»se3 ob-ou/ob) bl 6-21 @)
pUE 3ALSSIIONS UO juedadp (¢ P Oft (p 02)
$3duasayyIp ‘bis ou (‘wraosip qd-uLedg
$)sey uoLjeULWLUISLP *SLA °5$5322nS) (437eM)
LenstA snoaueynuts azew-y (2 P 0L2 69 :%q4 S4333L L Oritu 2(av)ad
uo sS5-3 ueyy (wiaosip 62 :'q4 ST woJj (c1) %ad s ,uep) %0 (6£61)
UoLJIILAD YIedd 0} "SLA C3|huwls) Lp/6H [T :3 uol3d3|as (11) ‘ad Jo (3-1) ‘|e 32
Jamols “Bis s§-Zqq auoN jueaadp (1 P 021 :(p 02) 84d wopued (€2) 3 12-0 ONd 20°0 ey sbulisey
s3Lnsad $329})3 (1se3) burysa (paanseaw abe) dnoJb (u) (93n04)  (wnipaw) (uteays 40 3JuaualIY
LedoLARY3g LedoLABY3q wbLpeaed e aby pea| anssi) Jad sdnouab potdad "JuU0d saldads)
-uoN Bulysay S437317 Juawedd | 3ansodxa pea’ |ewiue

Lejuawiiadx3

(panulquod) ~p-2T Ji8vl




(tensia (¢ P LI1-56
Lol (¢ P S0T-£8
“WiadsIp_9l3dey teljeds (1) p 10[-6L
uo Afuo s§-j yeyy ‘WLISLp
asdom ‘Bts sg.t 2qq azew-3
sasuodsad 31qlyul 0} (asuodsad
pajtey sdnoub qd (LY 1Lqiyut)
*aouepioae aatssed uedadg P 68-19
404 ‘sjjip ‘6is ou 1°92¢ :%q4
{asuodsaa aoueptoae (aatssed (z G LT :%qd ‘ed  fqq (abeaeb)
BALIOR JO UOLIIULIXD aaLyoe (1) 2°¢t tad G2 %q4 Z(oy)qd
pue uoyjisinboe ul Guiuotytpuod 1p/61 ST 33 RAGERL Y (32341p) 06 o0 a-n (Le61)
aamoys bLs sS-fqq JUON ALSIBAY P 62-92 (P 12) 894 é J 12-€ ONd ‘0 ‘o1 ey UUPULIIAQ
*$5-3 ut
ueyl SS-g4 Ul aJow (31npayds 1A
Butpuodsaa ajeys apdiyinu uo Sut
-Apeays pajydnastp -puodsaa jo (32341p)
3¥20ys {eILu4yI3ad uolssaaddns uoiy (pooy) (2861)
Yila pajeiaosse pauoi3ipuod) (8) ad -eULulLdY qd 'm°q (a-s) ‘el
3U0} jO UOL1BIUISIN( BUON jueaadp p 95T é é (8) 2 -00T GNd  Bx/Buw o1 ey uoiieN
€21 :%qd (abeaeb)
_ _ (s43a3] £9 :%qd ¥ (9) a4 ad )
_"sS-q4 pue s§-fq4 ur  uorjeUEY(E 9z :'ad 4 (v) %ad “m°q By/6u (arget) o
$$-) udeMlaq  3jed yjmodb teieds) tp/bd g :3 14 (5) 'ad (32341p) 00¢ 40 (3-7) ‘te 3@
sajuadsagyip "6is oN asmots Bis jueaadp P 0§ :(p 2¢) 894 £ (om) 2 T€-% ONd  “00T ‘SZ ey TR0 P
(34nsodxa
*§5-) 0} pased 0 Jaeys (433em)
-1802 3duRWMO} L (rwradsip NERY1] (91) %ad qd (2861)
Uy JuawaAodm) tetaeds) P ol) (91) ‘ad (12241p)  wdd 0002 (ss1ms) ‘e 18
ou pamoys sS-qq UON  3zPuw-[ JIEM 1Lhpy A A (s0) 2 Hnpy 10 02 dSNoW uea ol
(-wiaosip i
*}sey wiads|p terjeds (¢
{eryeds 3ST uo Afuo "WLaIS1p
$5- ueyy Jamols ‘°q jo Wb (2
-b1s s5-qq ‘uoly SS0| 404 1oty
-BUJID} | Sshoaurjuods {043U02 03 -BUJAY|B SNO (8261)
30 3jed a3amo| pa3j-ajed .auejuods (T) (9) a4 (10941p) (133eM) (3-71) uosoees]
*bLs pey ss-q4 $§-3 azew-| 1Lhpy i A (¥ 2 IPY qd 270 ey 7§ udoyjueT
s3Nsaa $323)39 (dsey) Butysay (paunseau abe) dnoub (u) (93n04)  (wnipaw) (uieays 40 33uUdNIY
{edotaeyag LedotAaeyaq wb Lpeaed je aby pea anssi| J4ad sdnoab potdad *2u02 s9123ds)
-UON Butysay S4333LY EUETGA-EXY] Jansodxa pea] lewiue
{ejuawiaadx3
(penuiiuod)  "p-Z1 318VL
-

- ) e e i s

I i A B AUTRRE. LI Ter S ets )



e i

[N

(ss-2
paj-ared 0Z_«qd
sapn[out) 6 1)
ya41q (Les4anal H(p 91) s D) a4 Aumw_mmww (aarem) (586T)
‘SU0443 [BSJIAIL e sS. ‘raosip 86_:9d 31105 14 ! \
mgmgcwpwpmpzaum w menw leLieds) Lp/6A o1 :% 1) ‘yoea ¢49) huu uotydas NAu<vmm a-1n 12 39
UL sy “bis oN Jo "m'g azeu-| LA (P 1) 894 2 (90)7%)  -uodauy %5°0 ey 2qey
*aoueploae (%20ys proae
aAlssed Yo asuom s§-Tqq 0} juau
- a Bis_s5-"Zqq 1ng uL “sIm -jaedwod uy
$S-"3 = s5-'qq pauaeau uredq aamo| uLewad) suoly1puod
-JUdWYD AU fysey $s5-2q4 ulL aoueploae (3uauwydtu
asuepLane antssed uo £1101x%07 aaLscey -u3) 3, s
$§-7) ueyy |ny 55046 (xoq pue uoly (22) ,Nnm
-$$300NS $53| 55-q4 1§5-9 < Leob 03 1621 :%q4 ~elosl) (22) I%q4 (3122u41p
paJeas-uolie|ost s5-Tqqd Kem puiy) €€ a4 wly 404 (22) w:: pue wep
tbuiudea| azew uy sg ‘s5-3 > azeuw tp/bd 2 1y 31l1ds (22) .~ma BLA) (pooy) (646T)
~J Pue -q4 u3amiaq $5-2qq Sweltm P STT (P 52) fyoea (22) 19 S2-T %0394 ¥ (3-1) oueyiy %
‘341p bis oN jo 'm-g -qq3H -99 944 L~ (22) *) ONd 40 70 ey 11334
'sS-]
UBY] SJ40JJD JIM3)
‘b1s apew s§.qq N
eyl 3daoxa ‘syyip squliy —
‘BLs ou ‘uoyissas . puiy jo o
pag Aq :(sJdodud eLXEIP 3woS —
10U Inq ‘ajea pue ‘ Juawanow (xoq (&)
paads jo swuaj ul) pamols ‘31eb Leob 0} Aem (*d*1) sAep %(ay)aq (z861)
uolllsinboe uamo|s padJLedul pulj) azew (L) a4 G Jano ‘M°q (outqie) ‘e 33
pamoys ss-qd ‘sso| "m°g 111 A3yse é é é )2 sawiy ¢  by/6w gg ey ualzuag
(ALuo 32341p)
UOLIPULWIY
03 Butueay
0
f(30941p pue
Wep BiA)
*juawad tnbad uoljeulwday (q
0Z Y4 2313|dwod 03 410
J43buoy “61s joo3 pue *Butueam 03 S (01) ad-94 (wep e1a) (493eM) (LL61)
$Sasuodsad papaemad _Y341q wouy [ (o1) 0-94 butueam (e 2(ov)ad yoLuayz
43may ‘bls pey  s5.9 > s5-qq (0z ¥4) S (01) ad-0 03 by /6w (a) pue
dnoub qq-q4 Jo 'm'g jueaadg P -2y i S (0T) 0-0 uoyydasuodauy 0S¢ 18y yotpey
S3|nsad $323J 43 (yse3) Buiysay (paunseaw abe) dnoub (u) (3nos)  (wnypaw) (uteays uo  aduauayay
|edoLAeyag LeaoLARY3q wbipeaed e aby pea| anssi| Jad sdnoub _poLaad *3u0d $31o9ds)
-uay Butysay S433317 Juawyeau | aunsodxa peaq |ewtue
. lejuawtaadxy
(panuiquod)  p-z1 31gvyL
M~



*(55-2 -
%0 "SA) yM T J3}4E
159794 pajley os(e (wradsip q q (32341p pue (poay)
%6¢ *(55-2 0T ‘SA) Le1jeds) 9°8Z :,"ad (01) rad wep BLA) Q4
U0143714d Yorad 0} azew 84T + *qd (01) a4 o/ - wdd g/
paltes ss-*ad 4o %GE 4 1331eM " (po21) ¢ (o1) 2 Lejeudad 40 G2 y "3dx3
81 (ouw /)
6°62 (PqI2)
:95qq
__ 's§-) pue 8°0¢ (ou /) (v1) Jeqq
$5-%q4 usamiaq 6762 (P,I2) (+1) ‘a4
sajuadayyLp ‘6is oN i " " i tqq é (¢b1) 3 -----Z "3dx3 se aweS....- £ "3dx3
(wep eLa)
2°6 (ow ¢) buiueam
- 2'62 Aunﬁwv -lejeudad (9
's§ 17%q4 q 30341p
-%qd Aq uoy3tyadau 0722 (ow /) (o1) p%ad pue wep (pooy)
40443 Ul 3seaddut 2762 (P,I2) (o1) "%a4 BLA) oW / q4
(010> d) “Bis-uoN é u " 17244 ¢ (01) 0 -Le3eUalq (B wdd g/ z "3dxg
021
("wiaosip ‘(ow ¢)
_ azLs) S’'6¢ (32341p pue
*s§-Tqd Aq pueys ‘(P 12) taq (wep elA) (pooy) T 3dx3  (0861)
uoljtiadad 40443 Budunf Lp/Br 6> 3 (le (1) 'ad 021 ONd - qd (&) dauum 3
ut aseasdut °Big é Aapysel ow 7 1944 ¢ (01) 2 uor3daduodaly wdd 6z 1By J4330%dL1Y2§
*(5S-J ueyy ISJIOM 0
pawdojdad ‘-a'1) -+
$910Ude| JIJJIOYS o~
*BLs pey p QST 3® —
auly IS4ty paysay
s5-%q4 "sy|npe (do0ys proae
58 pa}1s33ad UM 03 sjuawiJded
jou 3nq *sS-Tqq 4oy -wed Z jo 1
asuepioae aAgssed Ul ulewad)
uo Aouaje| J3buo)| p 0§ 433j® ajuepLoAe 8 :%qq
*6Ls  'sS (aLnpe) ‘Bts jou aatssed G %)
2qq4 40 (Bunok) g ‘p_sz ‘(swie g Jo p OST (2 (P OBT)  4y1ds <z { (g8) %qd €3]
taq Jayjla oy 3e $5-)  ydea ul pooy  Jo/pue 8GT :'qq ’ (8) 2 (cd-1)y  *(ov)ad (5861)
azew wue [(Blped Uo > $5-q4d puty) azew P 05 tp/ér ¢ 112 auds ‘p pnmﬁv qq ALtep ‘Mq 3-1 ‘e 33
saouasajyLp bis oN Jo ‘m°g wie-jeipey -0t (1 :(p 12) gad : (91) "2 ‘0z-1 aNd  Bw/Bw ot Y uasoy
s$3|nsad $723)49 (yse3) burysay (paanseaw abe) dnoab (w) (93noa) = (wnipaw) (uleajs 4o 3JU3aI3SIY
|eJolaryag LedoLARYaq wb\pesed je aby peaj anssij J3d sdnoub potaad ‘2U02 satdads)
' -UON Burysay s491111 JudWIRAL | 3ansodxa peal Lewiue
|ejuawlaadxy

(panuiiuod)

RATASERL AN




et st e et

-asuodsad 43j40ys ‘P05 (wiadsip P £9
‘BLS YILM SU0UdD 031 y3dLq adeys (2 -GS (doqeM)
adou “61s apew wouy $5-3 ‘WLaIsLp (wep e1A) t(ov)ad (8L61)
55-qd ‘sasel > $S-qd  a1lym-yde(q (1) P oY S (01) ad burueam - 63 /6w ((14))] e 3@
‘WL43sSLp yioq ug 40 "M°g  9Zew-| JIEM -0t 4 S (01) 2 uoidaduodady 0001 ey yoluaz
‘WL4dsSLp AZLs (2 "1dx3 40y
udea| 03 s§-) (wradsip 3zLs) dnoub 'q4 ou (01) fad
ueyy Jamo|s -Bis pueys bBurdunfl P 052 tpaddoap (QT) %ad
$5-q4 2 "3dx3 KaLysen -061 é sojewsdy) (o1) 2 -1 "1dx3 jo uoijenuijuo)- 2 "3dx3
(¥20ys -"323|3
8T°T :®qd pLoae 03 jusu uoly
26°T :*q4 -3Jedwod auo -1puod Jad (3034Lp
*asuodsau 92°¢ :taq wod) aaow) s4933Ll  (91) Fa4 pue (pooy)
2DUEPLOAR UJBD| /N s0°L 22 aJueploae 9-G wouy (91) %ad wep elA) qd wdd T "1dx3 (azss1)
03 $§-) Ueyy 43jse) P 06 palieubls P 00T uot3dalas  (91) 'ad bulysay - 05, Jo (M) LR 39
Bts s5-q4 1 "1dx3 1 g-viv X0Q-2133nYyS -0L é wopued (91) 3 uor3dasuodauy 052 ‘08 ey IYIUULM
“(4sey ©
Asea A|aAlje|du (3zts(2 o~
B) "wlJosip uory *S4913L|  uoliejuarao(y —
-ejualao uo sdnoub -9 >  :sn|nui}s jo G'82 44 (sdnd : ou
9 pue qq uaamiaq S43711L 1 ‘wLJISLp (P 061~) atew Q1L (30941p (poo}) —
3duUs4ajylLp ou 55-0d jJo Lensia) 9°9¢ :qad woujy pue 19Lp
‘UoLjeULWLUISIP 3ZLS ‘JaAamoy pueis lp/6d £°T 3 uoL1da(as wep eLA) 6y Jod (2261)
9Z1s uded| 01 s§-) < S§-Q4 Burdunf P 002 {(p 91~) wopued) (02) a4 bulysay - Z(oy)aq (M) ‘e 39
Jamo|s ‘Bis 55-G4 J0 ‘Mg Aayse) -001 g9ad ¢ (02) 3 uoridaduodady b ge’1 18y EXEIUNY Y
‘papJemad
Jabuo| ou asuodsau
uaym ysinburixa (ayons
03 Jamo|s °Bis Aup pue
sdnoub a4 yjoq wep ydead 66t :%q4 6% (¥) %ad (421em)
g ‘asuodsas 0} Aaj|e 2°8¢ :'ad 6% ) ® (wep eLA)  °(2y)qq (2861)
40 uot3tsinboe ut 9542AR4Y) p/Br e ) 68 (91) ‘ad butueam - |/bu Q0¥ (i) ‘e 32
S33uduayLp "6is oN BUON Aemuny P11 (P 12) 994 69 (21) 2 uorydaduodauy 40 002 ey JojAe]
s3{nsad §123343 (¥se1) Bulysay (paanseauw abe) dnoab (v (a3n04)  (wnipauw) (ujedys 40 dduaddyay
{eJdoLARYag LeaoLARY3q wb Lpesed e aby pea| anssi| J4ad sdnoub polJad *3U0d saloads)
-uop Burysay S43131) quaunead aansodxa pea) |ewiue
{ejuawiaadxy

(panuLyquod) .21 318Y1L



‘SUOL3IRJIUAIUOD q4 Jaybiy pey jalp IUBL31J3p-duLZ Ue ST 331 313(da4-DULZ uo S 404

"3dodads uL uoLyewaOsuL wouy paduau]g

3
*$10J43U0d vwcuams-a:m_mzw

'$1043U0D pauajem- pue pay-Jieg

p

"LOURYId 25T yItm padaful s5.Sty ‘pajoaful weys mm-ouu

‘Ydea g Jo sual3L| wouy sdnoub qd Y3109 0T jo sua33L| wody $5-07, ‘yoed sdnd ¢ jo SJ333L| wody 3uwed mm-nun

snjededde Buiysay |edauab ULSUODSLIM V19M awly asuodsaa Jajul 141
JeysiM M uotydalul [eauoy taadeaguy *det
[BAJI3UL 3|qeldeA 1A oLjed paxty ¥4
sa3Ad04y3hua 431y x ulw/yly aowr L/n LBAJR]UL paxly 14
Ino awiy 01 bvE-43ydsL 4 vve-4
pea| [Ayjaiuy 131 uotjedauab |eyq1y pug 2
Ka|me(Q anbeadg a-s uotjedauab eyt 3st 1y
uol32alur snoaueynagns '2°s uotyouLIxa 1X3
323fqns 5 Sd1BJ 3suodsad MO[ Jo JUBWAIIOJULAL leLljuaaayyLp TH0
Aep |ejeu-3sod QNd sajed 3suodsaua ybry o JusBWadJojuLad [BLIUBUR Y Lp HYQ
33PU0qJeD pea| £00ad asuodsad yoea Joy Juswaddojulad snonutquod 442
pea| poo|gq 944 Kameg-anbeuds jo uLeaisqns a
ajejaoe pea| 2(ay)qd dnoub |oajuod )
(uol31puo> |ejuawiaadxa Jayjo 1ybram Apoq ‘Mg
40 13A3] aunsodxa sajeoipul 3diddsqns) dnoub pasodxa-pea| qd asedpAyap ploe Jlul|naajoutwe e3|ap a-v1v
suea3-buoy 3-1 Jdodad ul uaaLb jou uoljewdojut ¢
'S oqwAs pue mco_umw>mgnn<m
(12241p pue
wep etaA)
uoLjeulwaay (q
*sdnoub g-g Jo ‘Bulueam 07 Jo
0-9d ueyl suoLssas y3Jdiq wody (wep ela) (4a1eMm)
$S04J® S3suOdsay $S=0 > S (&) ad-qd butueam (e 2(ay)qq (6461)
papJemas Jamay sS-q4 (Vtw 1-14) S ¢) 0-9d 0} 63 /6w (02) ‘(e 32
"bis pey dnoub qq-qq J0 'm'g juedadg P (-2 ¢ S (¢) 0-0 uoridadsuodauy 0SL 1oy LRITED4
s3Insad LRREFSE] (dseq) Buiysay (paunseauw abe) dnoub (u) (31n04) (wnipaw) (uleays uo  aduaaayoy
LeLoLARYag LeJdolLARYyq wb1peaed e aby pea| anssi) Jad sdnoub _Ppolaad *JU0d saldads)
-uoyN Butysa) S493317 judwiead | aunsodxa peaq lewiue
’ {eJuawLaadxy

(Panutjuo0d)

‘f-¢T 378VL

12-127

T I

ARRAE - b b S sl



(sand
INdLLp
asou
‘butudea| 9y :%qq
LesdaAad 6T :'qd
"|BSJ3AAL ST uo “43s51p) Lp/6n g~ 1) ow 27 3P pajeulwual ainsodxa Jajye
papJelas s5-2qq 9uoN V19M ow G ((ow 9T) 99d ~--------2 "30X3 JO UOLIBNULIUO)--mmewenn € 1s91
‘Bututeay
-43A0 J0l4d jo s$$3|
-paebad s|es4dAad (swa|qoad
ST uo padsieduy *ADSLp
s5-%qq [BS4dAL
tbuluaea| [esSJaAaL b jo
uL papJelads §3148s) ow 2T
sdnoub qq y3iog 3UON V1OM -G --------2 "3dX3 jo uol3enuljuo)- 2 1531
‘(s40708y
4070W 40 [BUOLY
-eatjow Aq Bulpunoy sgqd 33b 0
-uod a|qissod 40y pJaemad -J4e] Ule} V]
1043U0d 07 paeMad pooj -uou -utew 03 N
pue jysej juauay (Buluaea) paisnipe oJ
-31p butsn T *3dx3 LBSJdaAal 59 :%qq (1iw) a4 -
SWILJUOD) |BSUdAIL EELI) 2e :'aqd () a4 (32341p) 6% /6w
ST U0 papdelad azeuw o Gy Lp/BH §~ :3 (¢) 'ad W1 90°1 T 31s3)
‘Bys s5-2qq duoN adtoys-Z 51 Fq(34 35T) 894 (v) 2 - Uy o G270~ 2 "idx3
sgqd 330
‘Bululesjdano -dey utey
Buimo| |0} |BS4dAddL -ulew 0}
35T 'uo pasiedul paisnipe
Al |eLoadsa s5-2q4 (Butuses 85 :%qq (i) o4 T "3dx3
‘buLusea| |es [CANELEN L€ 'qd (¢) %q4 (12841p) 6y /6w (e6L6T)
~J3A3J4 UL papdelad ‘WLLDSLp ow QT Lp/6H G~ :) (¢) 'aqd JA T ST'T eyle[nhw ueuwmog %
sdnoub a4 yjog auoN wi0y) VIOM - uat; 1ST) 844 ) 2 - yaLg  Jdo g6°0~ CEERLT LL3uysng
s}|nsad $303) 43 (asel) buiysay (paanseaw abe) (u) (a3nou)  (wnipaw) saLdadg 3JU4DY
LeaolARyag LedoLAey2q wbLpeded qe aby pea| anssi] sdnoub polaad *2U02
-uoN Burysa) JU3WIRAL ] auansodxa ped)

eS31VWI¥d NI ONINYVYIT

NO S133443 $,0V31 340 S3IONLS AJ0T0JIXOL TYWINV IN3J3¥ °G-2T 318Vl



270t :fad

*sS-2 5'62 :%ad
pue -%q4 uaamiaq ( ‘6uajaanc 8L '‘qd
aJjuauayytp Bis ou yim :q v 92
‘ow 9] e |BSJ4IAJ HNRWETY] :(ow 9T
Uuo UOLJdLJI Yoeaud Inoyy3im e (as|nd § oruoayd) 0°gg faq (319341p) (¥11w)
0} 43M0|S (pasodxa :Buruaea (Aluo dtuoaya) $°g5 %q4 (p) ©qd a5 T qd ‘m°q
as|nd) Fq4 pue lqq [esd3aad (fiuo asind) 9-g :'qd (¥) %ad ~4141q 6y /6w g 0~ (e861)
o 21 e S$S-9) pue g4 *J4Istp) ow 91 :q \p/6A g 2 (#) ‘a4 J0/pue J40/pue e313e[NW ‘le 33
UIMIIG S3JUALISJLP ON JUoN ViOM ow 71 :® :(ow 21) 8ad )2 9-G syaap By/bu o1~ ERLEE utybney
‘8 jo
UoLJaY LD YItm A3nd (saxoq GG :%q4 (433eM)
-1441p Lenba pey sg 8 Japun 0t :'ad (¥) %a4 (43yj0w elA) ¥(ay)ad
tte s5.) pue -gq ul pooy puty) 4K 1p/br g 13 (€) 'ad yag - by /6w
s3JuaJdayyLp "bis oy 3uoy auesg G-b :(y341q) gqd (6) 3 uoiydasuodauy g a0 ¢
(96461 ‘uveuwmog g {(3uysng Jo ¢ °3dx] Jo uoLienuiiuol) z "3dx3 mu
-
{saxoq 9 4apun or
*(syeadaa jnoyyLm pooy puly) 58 :3q4 (e646T ‘uewmog g [L3uysng Jo g -1dx3 jo uoljenuijuol) T "3dx3 —
$3X0Q 9 JULWEXI) jysey youeas ot :'qq4 (£) %aq4 T (3%8p) (M1w) q4 (€ge1)
UoLU3ILUD Yoedd 03 uo?} | Lwey ak tp/6d 6~ 3 (y) ‘aq JA T by/bw gg-Q ejjeinu uewmog
aamos ‘bBts sg-qq 3uoN V194 S-p :(ah 3sT) 8494 () 2 ~ ydtg 40 $2°0 BIRIRY pue uLaa
. 5%
2qd + 'q4 ut paanp 1T :%qd (€) %a4
<34 ‘6is Bugpuodsaua g :'qq (g) ‘o4
40 uaayjed 14 ut (uiw 1-14) 1p/6r £ 33 (%) 2 eljeinw (v861) "L®
Uol3BJ4a{3dJe Jo ey JuoN jueaadp ow gf t(ow ££) 8ad --(BELET) uewMOg 7§ ||AYSNY JO UOLIELNULIUOD-- BIPORY 13 3|y
‘43l (483 4L 2 wouy
yioM Butjedado 4oy .
uJa333ed J0j30W ULERIBU (butuaeay
03 pattey sS-%qq4 ¢ (LEREYCN 9 :%q4
. ‘Butuaeay jes MISLp s :'q4 (96.6T)
~J3ABL UL papJeldd tetyeds) oW §g \p/BA § :3 ejje|nu ueumog %
sdnoub q4 yiog SUON VIOM -6b :(ow 95) 9qd --(®6LET) uewmog 7§ {1dUYsng JO UOLIeNULIUO)-- BJBIRyY L13uysng
s3|hsad $333443 (yse3) Bulysay (paanseaw abe) (u) (anoa)  (wn)paw) sataads ERIENETEY]
|eJdOLARYDG |eJdOL ABYIQ wbpeaed e aby peaj anssijy sdnoab potdad *IU0d
-UON Butrysay JuUaWIBAL | 3uansodxa pea3q
(panugqued) 521 318Vl
-

e . re 4 At et e aas

- i e AR



e e i

o s m— b L

{jueaaladal 40]02

*S|SJIAIL | B O ‘lesdaaad "daIs1p 1°€T :%qd
sG-J ueyy_asaom bis wt0) (€ 60T :'qd
$5-2q4 $s§- se yonm {(BSJ4aA34 “UDSLP 62 2
se aaoadwt j0u pLp 40100 (2 1(31e35 Apeals)
‘3L ‘sysey ¢ ote (A43s1wayd L1esS43A3d v'52 :%qd
404 S|BS43AAL GT JO poo|q pue *dISLp v°6T :lad (5) %ad (32341p) (A19) a4 StJey
b 358 Uo SS-J_ueyj LIC Y wioy (1) 4K Lp/6d g'g ) (8) 'ad a1l basbr go1 -na1osey
asaom ‘B1s s5-Tqq 3uoN juedadq v-£ :(aead) gad (02 - yaLg 40 0§ eyedey  (®G86T) 31y
“ysey
Butyojew 40102 uo
540443 3A1jRUBAISIA
opew s5-q4 “Ae|ap (uotjysod (2
0 1® Jo uoljLsinb Jol0d (T 82t :4qd
-JB Ul 3dudJajjLp ou :40} 3| dwes :(31e3s Apeals)
ybnoyj e ‘s5-) ueyy 03 buiyajew £°65 ‘qd (32341p) Ol L) StJe|
asdom s sysey pakeiap) g 1p/6d 6> ) (v) a4 3j1l  qd "m°q -nJ1dsey ‘
y30q pauwdojuad ss-q4 auoN jueaadg -€ :(yead) gqq ) 2 - ymag Ba/br gog eoeded  (¥86T) 251y
*(papaemaaun)
1no-auwty
Buianp 3aow puodsau
07 papuaj pue
‘SIY] 43140ys pey (0L-14 (6L61)
‘sajea a3ybry e a|diynu) L€ Lp/bd gg-02 ‘le 19
papuodsau s5-q4d 3uoN Juesadg -5°2 *(p +00) 944 ~=ace—-=—=(6L6T) SALLIM ' 3D1Y JO UOLIBNULIUODwmcomroeaan Ly
05-02 :qd
(P oob)
(Lestanaa 0L-G¢ :qd Ol tw)
*SLeSA3A3L TWLAISLP ip/6r 6> ) (323u41p) qd ‘m°q stae| (6£61)
3A1SS3J0NS udea| 03 w104 ) P b1¢ (P 002) (t) ad 3Ly By /6 -niLosey SALLLM B
J49M0]S S§-44 3UON VI9M -12¢ gqd )2 - yatg 005 ejedey LY
s3|nsad §323)43 (yseq) furysal (paanseauw abe) (u) (a3noa)  (unpaw) saloadg ERIENEYE]
LedoLAeyag {edotaeyaq wb Lpeaed e afy peaj anssyy sdnouf poisad 12U0D
-uoy fuiysay Juswiead) aunsodxa peal
(P3nuL3u0d)  °G-ZT 318YL
pa—

-130



! R "S$1043U02 UwzuawElomwu

S

*(8461) Llaysng wouy pauieyqo sabedaae |enuue vaauaggoua

I snjededde Huiysay (edauab uisuodsiy V19M
323lans S
pea( pooiq 494
3313308 pea| t(ov)ad
(uol31puod [ejuawlJadxa 43y3o 40 [IA3| Iunsodxd s3ajedipui 3d1aosqgns) dnoab pasodxa-peay qd
Wiy asuodsau dajul 141
otjed paxi) E]
{BA4aqUL paxLy I4
S37P4 3sU0dSad MO| JO JUAWIILOJULAL (RLIUILISSLP 140
dnoab |oaquod o}
Jybtam Apoq Ly
:suoljetAalaay,
(32241p)
pZr-g  (wuted)
(sws|qoud afe wouy qq By /bu
"wLAIsLp 96 :%ad (+) *4q P EIT-£ (2 o0t (2
*SJ044D subts sninuLys ot oy tad 2) % Jo ouw g-9 40
30 J3GUNU uedW Ul Leatutyd 30 53143s) ow g (2 tp/od 21 3 mvv Tag abe woay by /Bw e}y nw (0861)
aduaadyytp "bis oy SNOLJBA Y19M ow 91-GT (I H(rwsa)) gad uan ] M £2-0T (T 00g (T eJeJey ‘1® 33 %007
. (£861)
(30341p ‘e 39
*sdnosb q4 y3oq (swayqoad v 1L :%qd pue Jayjouw (pooy) teyual i iy
UL uoLjemsoy 33s "wladsLp 9g L°1s tad (3) %ad4 BLA) (e3eu  2(dy)qq 1(e861)
buiuaea) ur sjLoLjep 40 saLdas) tp/6d 9°g ) (5) ‘a4 -3sod ow G- wdd Q9 rlle{na ‘fe 33
paje|ad-asop -Big i V194 é :(3s593-3s0d) gqd (9) 7 uvolidasuodadd 4o 0GE LELRT NjIUVLM
SUOLSSaS |eULWMd} -
buranp asuemdoy —
-a3d uy AjLpLqetdea ~
Uo15535-03-U0LSSIS —
Jajeauab -bis
os{e lajed moy e stde| (sg61)
puodsaa 03 Buludaea| (1¥a) -no1asey 143q{ 19
uL asdom -Bis s§-qq auoy WRLIAD e e e (BGEET) IOLY SO UOLIBNULIUO e cmmm e ccacsmamann ededey pue a3}y
*3jed asuods
-a4 jo AjLitqeLdea
4332346 pue 3jed (¥4-14 0°€E :ad
asuodsaas 13ybLy e :q G°¢ 93
‘s3] 493doys “6is {0b-01 ¥4 40 4K (23315 Apeays) (L)
pey sS-qd ‘4L y-¢ e ute 2 ¥-£ :q 0°STT :4d (12341p) qd_"m’q stde|
t49buoy -Bis pasned 14 e) ‘ow ip/6d 1°¢ ) (9) 94 iy by /brt -nJ13sey
sS-qd ‘oW §-0 W uojN juesadg 6-0 ‘e 1(#ead) g94 (9) 2 - yuiig 000¢ ededey  (95861) a2}y
$3|nsad §303449 (1se3) buirysay (pasnseau abe) (u) (a3n0d)  (wnipaw) saLoadg ERITCNEYE ]
Ledo ARYydg LeJoLARY3q wb pesed e afy pea} anssi) sdnouab potaad *JU02
-uoy Bulysay UL L-TNY | 3unsodxa peal
(panutiued) °G-ZT 318VL :




it e o MO T 400 P B Y AT T e S A v

RS E

selected for the great majority of the behavioral studies, despite concerns that have re-
peatedly been expressed concerning the appropriateness of this species as a subject for be-
havioral investigation (e.g., Lockard, 1968, 1971; Zeigler, 1973).

A number of studies have reported alterations in learning task performances by rats with
blood lead levels below 30 pg/dl. The lowest exposure level to be significantly associated
with a behavioral effect was reported by Bushnell and Levin (1983), who exposed rats from PND
21 (postweaning) to a drinking water solution of 10 ppm lead for 35 days. Although blood lead
concentrations were not measured, brain lead levels at PND 57 (the day following termination
of lead exposure) averaged 0.05 pg/g. By comparison with other studies in which lead levels
in blood as well as brain were determined at a similar age (Collins et a].; 1984; Grant et
al., 1980; Bull et al., 1979), it would appear that the animals in question probably had
maximum blood lead levels under 20 ug/dl.

The behavior assessed by Bushnell and Levin (1983)--spontaneous alternation in a radial
arm maze--could be described as a form of natural or unrewarded learning, since there was no
experimenter-imposed contingency of reinforcement for alternafing between different arms of
the maze before reentering a previously selected arm. Other testing paradigms have also re-
vealed behavioral alterations in subjects exposed to quite Tow levels of lead. For example,
Cory-Slechta et al. (1985) repoéted significant effects in rats exposed postweaning to a
25-ppm lead acetate solution for their drinking water. Exposure continued throughout the
course of the experiment, with blood lead levels stabilizing at 15-20 pg/dl by PND 99 (the
first point of measurement), by which time the behavioral effects were already evident. In
this case, the outcome was a significantly higher response rate in the lead-exposed animals on
a fixed-interval operant schedule of food reinforcement. Consistent with this finding, the
interval between bar-press responses was also significantly shorter in the lead-exposed rats.
Cory-Slechta and her colleagues obtained similar results at higher exposure levels in a series
of earlier studies (Cory-Slechta and Thompson, 1979; Cory-Slechta et al., 1981, 1983), even
when the operant schedule or contingency for reinforcement was rather different. For example,
in the experiment by Cory-Slechta et al. (1981), a bar-press of a cértain minimum duration was
required before the rats could be rewarded. Subjects exposed to 100 or 300 ppm lead acetate
solutions for drinking water were impaired in their ability to meet this response reguirement.

A tendency to respond more rapidly (higher response rate, shorter inter-response times,
shorter response latencies) or to respond even when inappropriate (when no reward is provided
for responses or when reward is specifically withheld for responding) has been reported in
quite a few other studies of lead-exposed rats (Alfano and Petit, 1985; Angell and Weiss,
1982; Cory-Slechta and Thompson, 1979; Cory-Slechta et al., 1983; Dietz et al., 1978;
Gross-Selbeck and Gross Selbeck, 1981; Hastings et al., 1984; Nation et al., 1982; Overmann,
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1977; Padich and Zenick, 1977; Rosen et al., 1985; Taylor et al., 1982; Winneke et al., 1982b;
Zenick et al., 1978). In many of these investigations the lead exposure levels were rather
low, resulting in blood Tead concentrations under 30 pg/dl at the time of assessment (although
peak levels may have been considerably higher).

Additional forms of impairment have been reported in studies using other behavioral test-
ing paradigms. Winneke and his associates (Winneke et al., 1977, 1982b; Schlipkdter and
Winneke, 1980) employed an apparatus requiring the subjects to discriminate between stimuli of
different sizes and found that lead-exposed rats were slower to learn the discrimination or
tended to repeat errors more than control subjects. In these studies, exposure occurred in
utero as well as via the dam's milk and directly through the subjects' drinking water post-
weaning. Blood lead levels around PND 16 were less than 30 pug/dl in the study of Winneke
et al. (1977). A number of other reports have also noted impaired discrimination acquisition
or performance in various testing paradigms with rats (Booze et al., 1983; Geist and Mattes,
1979; Hastings et al., 1979; Kowalski et al., 1982; Mclean et al., 1982; Overmann, 1977;
Penzien et al., 1982; Zenick et al., 1978).

Nonhuman primates have been studied in several studies of the effects of lead on learning
ability (Table 12-5). For the most part, these studies have exposed monkeys directly to lead
from birth and then analyzed the subjects' ability to discriminate stimuli differentially
associated with rewards. A number of these studies were conducted by Bowman and his col-
leagues (Bushnell and Bowman, 1979a,b; tLevin and Bowman, 1983; lLaughlin et al., 1983; Mele
et al., 1984). Using a variety of tasks and different groups of subjects (as well as the same
subjects followed for several months or years after exposure terminated), these investigators
have consistently found evidence of impaired learning ability in monkeys, even after the sub-
jects' blood lead levels had dropped to control values, i.e., ~5 pg/dl (see Section 12.4.3.1.5
for further discussion on the persistence of neonatal exposure effects). One type of test
that has been frequently used to detect lead-induced impairment in primates is the discrimina-
tion reversal task. Discrimination reversal tasks require the subject to correctly respond to
one of two stimuli associated with reward and then, once that task has been mastered, to make
the reverse discrimination, i.e., respond only to the cue formerly unpaired with reward.
Greater difficulty in learning such reversals by 1éad-exposed monkeys has been shown repeated-
ly by Bowman and his colleagues.

The above findings have been generally confirmed and extended by Rice and her colleagues
(Rice, 1984, 1985a,b; Rice and Willes, 1979; Rice and Gilbert, 1985; Rice et al., 1979).
Although Rice's studies used operant conditioning tasks to a greater extent than Bowman's
studies, impaired learning ability was consistently demonstrated, even in some cases where the
monkeys' peak blood lead levels reached only 15 pg/dl and steady state levels were only 11
pg/dl.  Rice (1985a) particularly noted the consistency of her results with Bushnell and
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Bowman's (1979a,b) finding of impaired ability to learn discrimination reversal tasks. Simi-
lar results were also obtained with rats by Driscoll and Stegner (1976), but not by Hastings
et al. (1984) or Rabe et al. (1985). 1In addition, a relatively high degree of response varia-
bility was found in Rice's lead-treated monkeys as was found in lead-treated rats (Cory-
Slechta et al., 1985; Cory-Slechta et al., 1981, 1983; Cory-Slechta and Thompson, 1979; Dietz
et al., 1978).

Another finding from Rice's studies that is consistent with the results of other studies
is the tendency of 1lead-treated subjects to respond excessively or inappropriately. For
example, lead-exposed monkeys tended to respond more than control subjects during "time-outs"
in operant schedules when responses were unrewarded (Rice and Willes, 1979). They also tended
to have higher response rates and shorier interresponse times on fixed-interval operant sched-
ules (Rice, 1985b). Where the schedule of reinforcement required a low rate of responding
before reward could be delivered, the lead-treated subjects were significantly slower than
controls to learn the appropriate pattern of responding (Rice and Gilbert, 1985). Such sub-
jects also made more perseverative errors on operant "matching-to-sample" tasks that required
them to direct their responses according to stimulus colors (Rice, 1984).

These findings bear striking resemblence to the results of several studies of lead-

exposed rats which, as mentioned above, tended to respond excessively or more rapidly than
controls or than conditions of the experiment would have otherwise produced. Such tendencﬁes,
have been characterized as "hyper-reactivity" by some investigators (e.g., Winneke et al.,

1982b). However, this concept (not to be confused with hyperactivity per se) is only descrip-
tive, not explanatory. Speculation about the neural mechanisms responsible for such behavior
has tended to focus on the hippocampus, because of the behavioral similarities with animals
having experimental lesions of the hippocampus (Petit and Alfano, 1979; Petit et al., 1983)
(see also Sections 12.4.3.2.1 and 12.4.3.5). It should be noted that, at sufficiently high
exposure levels, increased response tendencies give way to decreased responding (e.g., Cory-
Slechta and Thompson, 1979; Angell and Weiss, 1982). Cory-Slechta et al. (1983) have argued
that this curvilinear dose-response relationship may be due at least in part to differences in
the time required for response rates to reach their maximum as a function of different expo-
sure levels. In their study, rats exposed to higher concentrations of lead took longer to
reach their peak response rate; consequently, assessing performance earlier would make the re-
sponding of the higher lead exposure group appear depressed, while responding of a lower expo-
sure group would appear to be elevated relative to controls (Cory-Slechta et al., 1983). Of
course, at sufficiently toxic doses, responding obviously declines if the subjects are no
longer able to perform the necessary motor responses.
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It seems clear from the above studies that alterations in the behavior of rats and
monkeys occur as a consequence of chronic exposure to relatively low levels of dietary lead.
In a number of instances (e.g., Mele et al., 1984; Bushnell and Bowman, 1979b) these perturba-
tions were evident even after blood lead concentrations had returned to nearly normal levels,
although earlier exposure had probably been much higher. One study reported learning distur-
bances in monkeys whose average steady-state blood lead level was around 11 pg/dl and whose
peak level reached only about 15 pug/dl (Rice, 1985a). A number of studies with rats found
evidence of behavioral deficits at blood lead levels below 30 pg/dl, and in at least one case
the blood lead level probably did not exceed 20 pg/dl.
12.4.3.1.4 Effects of lead on social behavior. The social behavior and organization of even
phylogenetically closely related species may be widely divergent. For this and other reasons,
there is little or no basis to assume that, for example, aggressiveness in a lead-treated
rhesus monkey provides a model of aggressiveness in a lead-exposed human child. However,
there are other compelling grounds for including animal social behavior in the present review.
As in the case of nonsocial behavior patterns, characteristics of an animal's interactions
with conspecifics may reflect neurological (especially CNS) impairment due to toxic exposure.
Also, certain aspects of animal social behavior have evolved for the very purpose (in a non-
teleological sense) of indicating an individual's physiological state or condition (Davis,
1982). Such behavior could potentially provide a sensitive and convenient indicator of toxi-
cological impairment. _

Two early reports (Silbergeld and Goldberg, 1973; Sauerhoff and Michaelson, 1973) sug-
gested that lead exposure produced increased aggressiveness in rodents. Neither report, how-
ever, attempted to quantify these observations of increased aggression. Later, Hastings et
al. (1977) examined aggressive behavior in rats .that had been exposed to lead via their dams'
milk. Solutions containing 0, 0.01, or 0.05 percent lead as lead acetate constituted the dams'
drinking water from parturition to weaning at PND 21, at which time exposure was terminated.
This lead treatment produced no change in growth of the pups. Individual pairs of male off-
spring (from the same treatment groups) were tested at PND 60 for shock-elicited aggression.
Both lead-exposed groups (average blood lead levels of 5 and 9 pug/dl and brain lead levels of
8 and 14 pg/100g) showed significantly less aggressive behavior than the control group. There
were no significant differences among the groups in the flinch/jump thresholds for shock,
which suggests that the differences seen in shock-elicited aggression were not caused by dif-
ferences in sensitivity to shock.

A study by Drew et al. (1979) utilized apomorphine to induce aggressive behavior in 90-
day-old rats and found that earlier lead exposure aftenuated the drug-induced aggressiveness.
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Lead exposure occurred between birth and weaning primarily through the dams' milk or through
food containing 0.05 percent lead as lead acetate. No blood or tissue concentrations of lead
were measured. There were no significant differences in the weights of the lead-treated and
control animals at PND 10, 20, 30, or 90.

Using laboratory mice exposed as adults, Ogilvie and Martin (1982) also observed reduced

levels of aggressive behavior. Since the same subjects showed no differences in vitality or

fopen field activity measures, the reduction in aggressiveness did not appear to be due to a
general effect of lead on motor activity. Blood lead levels were estimated from similarly
treated groups to be approximately 160 pg/dl after 2 weeks of exposure and 101 pg/dl after
4 weeks of exposure.

Cutler (1977) used ethological methods to assess the effects of lead exposure on social
behavior in laboratory mice. Subjects were exposed from birth (via their dams' milk) and
post-weaning to a 0.05 percent solution of lead as lead acetate (average brain lead concentra-
tions were 2.45 nmol/g for controls and 4.38 nmol/g for experimental subjects). At 8 weeks of
age social encounters between subjects from the same treatment group were analyzed in terms of
a number of specified, identifiable behavioral and postural elements. The frequency and dura-
tion of certain social and sexual investigative behavior patterns were significantly lower in
lead-treated mice of both sexes than in controls. Lead-exposed males also showed significant-
1y reduced agonistic behavior compared with controls. Overall activity levels (nonsocial as
well as social behavior) were not affected by the lead treatment. Average body weights did
not differ for the experimental and control subjects at weaning or at the time of testing.

A more recent study by Cutler and coworkers (Donald et al., 1981) used a similar
paradigm of exposure and behavioral evaluation, except that exposure occurred either only pre-
natally or postnatally and testing occurred at two times, 3-4 and 14-16 weeks of age. Sta-
tistically significant effects were found only for the postnatal exposure group. Although
total activity in postnatally exposed mice did not differ from that of controls at either age
of testing, the incidence of various social activities did differ significantly. As juveniles
(3-4 weeks old), lead-treated males (and to some extent, females) showed decreased social in-
vestigation of a same-sex conspecific. This finding seems to be consistent with Cutler's
(1977) earlier observations made at 8 weeks of age. Aggressive‘behavior, however, was almost
nonexistent in both control and lead-treated subjects in the later study, and so could not be

ompared meaningfully. Although the authors do not comment on this aspect of their study, it
seems likely that differences in the strains of laboratory mice used as subjects could well
have been responsible for the lack of aggressive behavior in the Donald et al. (1981) study
(see, e.g., Adams and Boice, 1981). Later testing at 14-16 weeks revealed that lead-exposed

female subjects engaged in significantly more investigative behavior of a social or sexual
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natﬁre than did control éubjects, while males still showed significant reductions in such
behavior when encountering another mouse of the same sex. This apparent disparity between
male and female mice is one of relatively few reports of gender differences in sensitivity to
lead's effects on the nervous system (cf. Cutler, 1977; Verlangieri, 1979). In this case,
Donald et al. (1981) hypothesized that the disparity might have been due to differences in
brain lead concentrations: 74.7 umol/kg in males versus 191.6 pmol/kg in females (blood 195d
concentrations were not measured).

The social behavior of rhesus monkeys has also been evaluated as a function of early lead
exposure. A study by Allen et al. (1974) reported persistent perturbations in various aspects
of the social behavior of lead-exposed infant and juvenile monkeys, including increased cling-
ing, reduced social interaction, and increased vocalization. However, exposure conditions
varied considerably in the course of this study, with overt toxicity being evident as blood
lead levels at times ranged higher than 500 pg/dl.

A more recent study consisting of four experiments (Bushnell and Bowman, 1979c) also
examined social behavior in infant rhesus monkeys, but under more systematically varied expo-
sure conditions. In experiments 1 and 2, daily ingestion of lead acetate during the first
year of life resulted in blood lead levels of 30-100 pg/dl, with consequent suppression of
play activity, increased clinging, and greater disruption of social behavior when the play
environment was altered. Experiment 3, a comparison of chronic and acute lead exposure (the
latter resulting in a peak blood lead concentration of 250-300 pg/dl during weeks 6-7 of
life), revealed little effect of acute exposure except in the disruption that occurred when
the play environment was altered. Otherwise, only the chronically exposed subjects differed
significantly from controls in various categories of social behavior. Experiment 4 of the
study showed that prenatal exposure alone, with blood lead concentrations of exposed infants
ranging between 33 and 98 pg/dl at birth, produced no detectable behavioral effects under the
same procedures of evaluation. Overall, neither aggressiveness nor dominance was clearly
affected by lead exposure.

Another aspect of social behavior--interaction between mothers and their offspring--was
examined in lead-exposed rafs by Zenick et al. (1979). Dams chronically received up to 400
mg/kg lead acetate in their drinking water on a restricted daily schedule (blood lead concen-
trations averaged 96.14 + 16.54 pg/dl in the high-exposure group at day 1 of gestation). Dams
and their litters were videotaped on PND 1-11, and the occurrence of certain behavior patterns
(e.g., lying with majority of pups, lying away from pups, feeding) was tabulated by the exper-
imenters. In addition, dams were tested for their propensity to retrieve pups removed from
the nest. Neither analysis revealed significant effects of lead exposure on the behavior of
the dams. However, restricted access to drinking water (whether lead-treated or not) appeared
to confound the measures of maternal behavior.
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A-more recent investigation of maternal behavior and offspring development in rats ex-
posed via their food revealed significant lead-related alterations in the behavioral inter-
actions between pups and their dams (Barrett and Livesey, 1983). Pups whose blood lead levels
ranged from 20 to 60 pg/dl at weaning were slower to leave the nest area to find the dam for
suckling or to climb into food hoppers for solid food. The lead-exposed dams, with blood lead
values of 30-60 pg/dl at weaning, in turn spent more time in the nest than control dams.

These findings are consistent with other observations of retarded pup development and in-.

creased retrieval of pups to the nest by dams exposed to low levels of lead (Davis, 1982). As
Barrett and Livesey (1983) note, the net effect of this altered motor-infant interaction is
difficult to predict. While extra maternal care could help compensate for slowed development
caused by lead, it could also exacerbate the situation by depriving the pups of the outside
stimulation needed for normal development (Levitsky et al., 1975).

The above studies suggest that animal social behavior or behavioral interactions may be
altered in various ways by exposure to lead. Aggressive behavior in particular is, if any-
thing, reduced in laboratory animals as a result of exposure to lead. Certain other aspects
of social behavior in laboratory mice, namely components of sexual interaction and social in-
vestigation, also appear to be reduced in lead-treated subjects, although there may be gender
differences in this regard following chronic post-maturational exposure. In additon, young
rhesus monkeys appear to be sensitive to the disruptive effects of lead on various aspects of
social behavior. These alterations in social behavior in several mammalian species are indi-
cative of altered neural functioning as a consequence of lead exposure,
12.4.3.1.5 Persistence of neonatal exposure effects. The specific question of persisting,

long-term consequences of lead exposure on the developing organism has been addressed in a
number of studies by carrying out behavioral testing some time after the termination of lead
exposure. . For example, such evidence of long-term effects has been reported for rhesus
monkeys by Bushnell and Bowman (1979b). Their subjects were fed lead acetate so as to main-
tain blood lead levels of either 50 # 10 (low-lead) or 80 #* 10 pg/dl (high-lead) throughout
the first year of life (actual means and standard errors for the year were reported as 31.71 £
2.75 and 65.17 * 6.28 pg/dl). Lead treatment was terminated at 12 months of age, after which
blood lead levels declined to around 5-6 ug/dl at 56 months. At 49 months of age the subjects
were re-introduced to a discrimination reversal training procedure using new discriminative
stimuli. Despite their extensive experience with the apparatus (Wisconsin General Test

Apparatus) during the first two years of life, most of the high-lead subjects failed to retain

the simple motor pattern (pushing aside a small wooden block) required to operate the ap-
paratus. Remedial training largely corrected this deficit. However, both high- and low-lead
groups required significantly more trials than the control group (p <0.05) to reach criterion
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performance levels. This difference was found only on the first discrimination task and nine
reversals of it. Successive discrimination problems showed no differential performance ef-
fects, which indicates that with continued training the lead-treated subjects were able to
achieve the same level of performance as controls.

Other studies with monkeys have also shown behavioral alterations some time after blood
Tead concentrations have returned to essentially normal levels (Laughlin et al., 1983; Levin
and Bowman, 1983; Mele et al., 1984). Some evidence suggests that rats may show similar
effects (e.g., Angell and Weiss, 1982; Gross-Selbeck and Gross-Selbeck, 1981), but other
evidence implies that behavioral effects eventually disappear after lead exposure ends (e.g.,
Flynn et al., 1979; Hastings et al., 1977, 1984; Padich and Zenick, 1977; Rosen et al., 1985;
Schlipkdter and Winneke, 1980). Even if some behavioral changes are reversible, it does not
follow, of course, that all behavioral effects of early lead exposure are reversible. Most
likely, neurotoxic outcomes differ in their persistence, and these differences account for any
apparent inconsistency in the above findings.
12.4.3.2 Morphological Effects
12.4.3.2.1 In vivo studies. Recent key findings on the morphological effects of in vivo lead
exposure on the nervous system are summarized in Table 12-6.* It would appear that certain
types of of glial cells are sensitive to lead exposure, as Reyners et al. (1979) found a de-
creased density of oligodendrocytes in cerebral cortex of young rats exposed from birth to 0.1
percent lead in their food. Exposures to higher concentrations (0.2-0.4 percent lead salts),
especially if begun during the prenatal period (Bull et al., 1983), can reduce synaptogenesis
and retard dendritic development in the cerebral cortex (McCauley and Bull, 1978; McCauley et
al., 1979, 1982) and the hippocampus of developing rats (Campbell et al., 1982; Alfano and
Petit, 1982). Some of these effects, e.g., those on the hippocampus, appear to be transient
(Campbell et al., 1982) and may be related to lead-induced alterations in size and/or bio-
availability of sub-cellular zinc pools (Sato et al., 1984). Interestingly, an apparent com-
pensatory hypertrophy of both neurons and neuropil appears in certain areas of the hippocampus
of 90-day old rats who were exposed perinatally to lead (Kawamoto et al., 1984).

*Concentrations of lead reported in the following sections are given as percent lead salt.
For pomparison with exposure concentrations discussed in other sections of this document,
multiply by 10,000 to obtain value in parts per million (ppm). Example: 1¥ = 10,000 ppm.
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TABLE 12-6. SUMMARY OF KEY STUDIES OF MORPHOLOGICAL EFFECTS OF IN VIVO LEAD EXPOSURE*
Peak blood Observed
Species Exposure protocol lead level effect Reference
Young rats 0.1% Pb2” in chow Decreased density of Reyners et al. (1979).
PND 0-90 oligodendrocytes in cerebral
cortex
0.1% Pb(Ac); in Focal necrosis of photoreceptor Santos-Anderson et al.
dams' drinking cells and cells in inner (1984)
water PND 0-60 nuclear layer of retina
0.1% Pb(Ac), in Significant inhibition in Stephens and
dams' drinking myelin deposition and Gerber (1981)
water PND 0-32 maturation in whole brain
0.2% PbC1, in dams' 80 pg/dl Less mature synaptic profile McCauley and Bull
drinking water from (at birth) in cerebral cortex at PND 15 (1978); McCauley
gestation thru PND 20 et al. (1979)
30% reduction in synaptic McCauley et al. (1982)
density in cerebral cortex
at PND 15 (returned to normal
at PND 21)
0.2% Pb(Ac), in 15-30% reduction in Campbell et al. (1982)
dams' drinking synaptic profiles in
water PND 0-25 hippocampus
0.4% PbCO; in 300-400 pg/dl Retardation in temporal Alfano and Petit
dams' drinking (PND 28) sequence of hippocampal (1982); Petit et al.
water PND 0-30 dendritic development (1983)
0.5% Pb(Ac); in 10-15% reduction in number Tennekoon et al
dams' drinking of axons in optic nerve; (1979)
water PND 0-21 skewing of fiber diameters
to smaller sizes
1X PbCO; in chow 385 pg/dl Retardation of cortical Averill and Needleman
PND D-860 (PND 21) synaptogenesis over and (1980)
above any nutritional
effects
4% PbCO; in dams' 258 pg/dl 13% reduction in Petit and
chow PND 0-28 (PND 28) cortical thickness LeBoutillier (1979)
and total brain weight;
reduction in synaptic
density
4% PbCO; in dams' Reduction in hippocampal Alfano et al. (1982)
chow PND 0-25 length and width; similar
reduction in afferent
projection to hippocampus
dul t 4% PbCO; in chow Delay in onset and pe@k Ohnishi and Dyck
Adult rats for 3 mos. of Schwann cell division (1981)
and axonal regrowth in-
regenerating nerves
4% PbCO; in chow 300 pg/dl Demyelination of peri- Windebank et al.
PND 0-150 (PND 150) pheral nerves beginning (1980)
PND 20-35
*Abbreviations
PND: postnatal day
Pb(Ac),: lead acetate

PbCO;,:

Yead carbonate



Suckling rats subjected'to increasing exposures of lead exhibit more pronounced effects,
such as reduction in the number and average diameter of axons in the optic nerve at 0.5 per-
cent Tead acetate exposure (Tennekoon et al., 1979), a general retardation of cortical syn-
aptogenesis at 1.0 percent lead carbonate exposure (Averiil and Needleman, 1980), or a reduc-
tjon in cortical thickness at 4.0 percent Tlead carbonate exposure (Petit and LeBoutillier,
1979). This Tlatter exposure concentration also causes a delay in the onset and peak of

1 Schwann cell division and axonal regrowth in regenerating peripheral nerves in chronically
exposed adult rats (Ohnishi and Dyck, 1981). 1In short, both neuronal and glial components of
the nervous system appear to be affected by neonatal or chronic lead exposure.

Organolead compounds have also been demonstrated to have a deleterious effect on the mor-
phological development of the nervous system. Seawright et al. (1980) administered triethyl
Tead acetate (Et3Pb) by gavage to weanling (40-50 g) and "young adult" (120-150 g) rats.
Single doses of 20 mg EtsPb/kg caused impaired balance, convulsions, paralysis, and coma in
both groups of treated animals. Peak levels in blood and brain were noted two days after ex-
posure, with extensive neuronal necrosis evident in several brain regions by three days post-

- treatment. Weekly exposures to 10 mg EtsPb/kg for 19 weeks resulted in less severe overt
signs of intoxication (from which the animals recovered) and moderate to severe loss of neu-
rons in the hippocampal region only.
12.4.3.2.2 In vitro studies. Bjorklund et al. (1980) placed tissue grafts of developing ner-
vous tissue in the anterior eye chambers of adult rats. When the host animals were given 1 or
2 percent Tead acetate in their drinking water, the growths of substantia nigral and hippocam-
pal, but not cerebellar, grafts were retarded. Grafts of the developing cerebral cortex in
host animals receiving 2 percent lead exhibited a permanent 50 percent reduction in size
(volume), whereas 1 percent lead produced a slight increase in size in this tissue type. The
authors felt that this anomalous result might be explained by a hyperplasia of one particular
cell type at lower concentrations of lead exposure.

Organolead compounds have also been demonstrated to affect neuronal growth (Grundt et
al., 1981). Cultured cells from embryonic chick brain were exposed to 3.16 pM triethyllead
chloride in the incubation medium for 48 hr, resulting in a 50 percent reduction in the number
of cells exhibiting processes. There was no observed effect on glial morphology.

Other investigations have focused on morphological aspects of the blood-brain barrier and
fits possible disruption by lead intoxication (Kolber et al., 1980). Capillary endothelial
cells isolated from rat cerebral cortex and exposed to 100 pM lead acetate in vitro
(Silbergeld et al., 1980b) were examined by electron microscopy and X-ray microprobe analysis.
Lead deposits were found to be sequestered preferentially in the mitochondria of these cells
in much the same manner as calcium. This affinity may be the basis for lead-induced disrup-
tion of transepithelial transport of ca2® and other ions.
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12.4.3.3 Electrophysiological Effects.
12.4.3.3.1 In vivo studies. Recent key findings on the electrophysiological effects of in

vivo lead exposure are summarized below in Table 12-7. The visual system appears to be par-
ticularly susceptible to perturbation by neonatal lead exposure. Suckling rats whose dams
were given drinking water containing 0.2 percent lead acetate had significant alterations in
their visual evoked responses (VERs) and decreased visual acuity at PND 21, at which time

f their blood lead levels were 65 pg/dl (Cooper et al., 1980; Fox et al., 1977; Impelman et al.,

1982; Fox and Wright, 1982; Winneke, 1980). Both of these observations are indicative of
depressed conduction velocities in the visual pathways. These same exposure levels also in-
creased the severity of the maximal electroshock seizure (MES) response in weanling rats who
exhibited blood lead levels of 90 pg/dl1 (Fox et al., 1978, 1979). The authors speculated that
neonatal lead exposure acts to increase the ratio of excitatory to inhibitory systems in the
developing cerebrospinal axis. Such exposure can also lead to lasting effects on the adult
nervous system, as indicated by persistent decreases in visual acuity and spatial resolution
in 90-day old rats exposed only from birth to weaning to 0.2 percent lead acetate (Fox et al.,
1982). A 38-percent decrease in the number of cholinergic receptors in the visual cortex of
adult rats treated in this manner (Costa and Fox, 1983) may represent the morphological basis
for this finding.

The adult nervous system is also vulnerable to lead-induced perturbation at low levels of
exposure. For example, Hietanen et al. (1980) found that chronic exposure of adult rabbits to
0.2 percent lead acetate in drinking water resulted in an 85 percent inhibition of motor con-
duction velocity in the sciatic nerve; adult rabbits fed 165 mg lead carbonate per day for 5
days (Kim et al., 1980) showed a 75‘percent increase in Ca2+ retention time in incubated brain
slices, indicating that lead inhibits the mediated efflux of caz”.
12.4.3.3.2 In vitro studies. Palmer et al. (1981) and 0lson et al. (1981) looked at intra-
ocular grafts of cerebellar tissue from 14- to 15-day-old rats in host animals treated for 2
months with drinking water containing 1 percent lead acetate, followed by plain water for 4-5
months. They found no alterations in total growth or morphology of cerebellar grafts in
treated versus control hosts, yet the Purkinje neurons in the lead-exposed grafts had almost
no spontaneous activity. Host cerebellar neurons, on the other hand, and both host and graft
neurons in control animals, all exhibited significant levels of spontaneous activity. It

[should be noted that when these investigators looked at the effects of lead on intraocular

A grafts of other areas of fetal rat brain, i.e., substantia nigra, hippocampus, and parietal
cortex, they found significant delays in the growth of these grafts (Olson et al., 1984).
Furthermore, attempts by this group to replicate their findings in vivo by using neonatal rats
exposed from gestation to PND 20 to 0.5 percent lead acetate in drinking water have been un-
successful (Palmer et al., 1984). —

12-142



Tt

asuodsad paryoA3 [ensia *43A
3NZ L3S YO0YS04ID|2 [RULXRW 1SN
ajejade pea|  :%(dy)ad
Aep [ejeujsod *ONd
15UOLIRLA3UQQY

JAd3U DLQBLDS . SYOooM ¢

(086T) 40 A3120[3A UOL}ONPUOD 40J Jda3eM BuljuLuap

*{® 19 udueldLY

J030W UL UoL}donpad %G8

uotyouny o1doqods

ut 2(ay)qd %0

1iqQed 3|npy

40 sso| :A2eundde Lp/br gg 69¢-0 QONd
(L16T) UOLJBULWLAISLP jO (09 aONd) pooj ut sAajuow
‘le 2@ [|auysng Jududtedul 343A9S tp/6d poe suolIn|os 2(oy)qd snsaya Bunop
06 ONd
1B UOLIN[0Sa4 [Bl3edS
(¢861) pue A3Lnde (ens(A UL
‘e 13 x04 S3SEaJLI3p Judlstisdsad (§
1(2861) A3inde (ensiA 21doj02s
bLam pue xo4 ul 9s5eauddp %06-G¢ (€
(086T) SMBUULM ‘sAemyzed
-(0861) LBNSLA UL S3L3LJ0{aA
‘e 13 J4adoo) Uuo132npuod paseaudsp (2
$(z861) ‘Y3A 40 siuaduodwod
‘|e 19 uew|adug A4epuodas pue Asewiad 12-0 ONd
Y(LL6T) J0 sapniLidwe paseaddep (12 ONd) Jarem Buiyutap | swep
‘1B 19 %04 pue s3iouadje| paseaddul (1 1p/brl g9 ut 2(2y)qd %2°0
asuodsad 3K 02-0 ONd
(6461 ‘816T) 40 A3142A3s paseaudul pue (02 aNd) 493eM Buyuiup  swep
‘LB 19 X04 aouedeadde pided adoy Lp/6r 06 ut 3(oy)ad %2°0  1ed Buipyons
ERIENEIED 12943 [2AB] peal {030304d 3unsodx] sataadg
paAJ4dsqQ poo(qg jead

x34NS0dX3 QYI1 OATA NI 40 $133443 TWOI9010ISAHAOELITTT 40 SIIANLS AIN 40 AUVWWAS "£-ZT Iiavl

12-143



Taylor et al. (1978) recorded extracellularly from cerebellar Purkinje cells in adult
rats both in situ and in intraocular grafts in an effort to determine what effect lead had on
the norepinephrine (NE)-induced inhibition of Purkinje cell spontaneous discharge. Applica-
tion of exogenous NE to both in situ and in oculo cerebellum produced 61 and 49 percent inhi-
bitions of spontaneous activity, respectively. The presence of 5-10 pM lead reduced this in-
hibition to 28 and 13 percent, respectively. This "disinhibition" was specific for NE, as
responses to both cholinergic and parallel fiber stimulation in the same tissue remained the
same. Furthermore, application of lead itself did not affect spontaneous activity, but did
inhibit adenylate cyclase activity in cerebellar homogenates at the same concentration re-
quired to disinhibit the NE-induced reduction of spontaneous activity (3-5 uM).

Fox and Sillman (1979) and Sillman et al. (1982) looked at receptor potentials in the
isolated, perfused bullfrog retina and found that additions of lead chloride caused a rever-
sible, concentration-dependent depression of rod (but not cone) receptor potentials. Concen-
trations as low as 1 pM produced an average 5 percent depression, while 25-60 pM produced an
average 34 percent depression. ’ ‘

Evidence that lead does indeed resemble other divalent cations, in that it appears to
interfere with chemically-mediated synaptic transmission, has also been obtained in studies of
peripheral nerve function. For example, lead is capable of blocking neural transmission at
peripheral adrenergic synapses (Cooper and Steinberg, 1977). Measurements of the contraction. -
force of the rabbit saphenous artery following stimulation of the sympathetic nerve endings
indicated that lead blocks muscle contraction by an effect on the nerve terminals rather than
by an effect on the muscle. Since the response recovered when the Ca?” concentration was in-
creased in the bathing solution, it was concluded that lead does not deplete transmitter
stores in the nerve terminals, but more likely blocks NE release (Cooper and Steinberg, 1977;
Pickett and Bornstein, 1984; Kober and Cooper, 1976).

It has also been demonstrated that lead depresses synaptic transmission at the peripheral
neuromuscular junction by impairing acetylcholine (ACh) release from presynaptic terminals
(Kostial and Vouk, 1957; Manalis and Cooper, 1973; Cooper and Manalis, 1974). This depression
of neurotransmitter release evoked by nerve stimulation is accompanied by an increase in the
spontaneous release of ACh, as evidenced by the increased frequency of spontaneous miniature
endplate potentials (MEPPs) (Atchison and Narahashi, 1984; Kolton and Yaari (1982) and Manalis
et al. (1984) found that this increase in MEPPs in the frog nerve/muscle preparation could be
induced by lead concentrations as low as 5 pM and is probably due to competitive inhibition of
ca2t binding (Cooper et al., 1984). ‘

The effects of lead on neurotransmission within the central nervous system have also been
studied. For example, investigation of the in vitro effects of lead on caz” binding on cau-
date synaptosomes was carried out by Silbergeld and Adler (1978) . They determined that 50 pM
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lead caused an 8-fold increase in 45Ca2” binding and that in both control and lead-treated
preparations the addition of ATP increased binding, while ruthenium red and cazt decreased it.
Further findings in this series of experiments demonstrated that lead inhibits the Na+-
stimulated loss of Ca2+ by mitochondria and that blockade of dopamine (DA) uptake by 5 uM
benztropine reversed the lead-stimulated increase in Ca?" uptake by synaptosomes. The authors
concluded that lead affects the normal mechanisms of Ca2® binding and uptake, perhaps by che-
lating with DA in order to enter the nerve terminal. By inhibiting the release of ca?” bound
to mitochondria there, lead essentially causes an jncrease jn the Ca2+ concentration gradient
across the nerve terminal membrane. As a result, more Ca2’ would be expected to enter the
nerve terminal during depolarization, thus effectively increasing synaptic neurotransmission
at dopaminergic terminals without altering neuronal firing rates.

12.4.3.4 Biochemical Alterations. The majority of previous investigations of biochemical

alterations in the nervous system following exposure to lead have focused on perturbations of
various neurotransmitter systems, probably because of the documentation extant on the neuro-
physiological and behavioral roles played by these transmitters. Recently, however, somewhat
more attention has been centered on the impact of lead exposure on energy metabolism and other
cellular homeostatic mechanisms such as protein synthesis and glucose transport. A signifi-
cant portion of this work has, however, been conducted in vitro.

12.4.3.4.1 1In vivo studies. Recent key findings on the biochemical effects of in vivo expo-
sure are summarized in Table 12-8. Although the majority of recent work has continued to
focus on neurotransmitter function, it appears that the mechanisms of energy metabolism are
also particularly vulnerable to perturbation by lead exposure. McCauley, Bull, and coworkers
have demonstrated that exposure of prenatal rats to 0.02 percent lead chloride in their dams'
drinking water leads to a marked reduction in cytochrome content in cerebral cortex, as well
as a possible uncoupling of energy metabolism. Although the reduction in cytochrome content
is transient and disappears by PND 30, it occurs at blood lead levels as low as 36 pg/dl
(McCauley and Bull, 1978; Bull et al., 1979); delays in the development of energy metabolism
may be seen as late as PND 50 (Bull, 1983). [See Section 12.2.1.3 for a discussion of lead
effects on mitochondrial function.] '

There -does not appear to be a selective vulnerability of any particular neurotransmitter
system to the effects of lead exposure. Pathways utilizing dopamine (DA), norepinephrine
(NE), serotonin (5-HT), y-aminobutyric acid (GABA), and acetylcholine (ACh) as neuro-
transmitters are all reported to be affected in neonatal animals at lead-exposure con-
centrations of 0.2-2.0 percent lead salts in dams' drinking water (see Shellenberger, 1984 for
an exhaustive review of this literature). Although the blood lead values reported following
exposure to the lower lead concentrations (0.2-0.25 percent lead acetate or lead chloride)
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TABLE 12-8. SUMMARY OF KEY STUDIES ON BIOCHEMICAL EFFECTS OF IN VIVO LEAD EXPOSURE
Peak blood
Subject Exposure protocol lead level Observed effect Reference
Suckling rat 0.004% Pb(Ac), in - Decline in synthesis and Govoni et al.
; dams' drinking water turnover of striatal DA (1979,
! f PND 0-35 1980); Memo
. et al.
(1980a,
1981)
0.02% PbCl, in dams' 80 pg/dl 1) Transient 30% reduction McCauley and
drinking water from (at birth) in cytochrome content of Bull
gestation thru PND 36 ug/dl cerebral cortex; (1978);
21 (PND 21) 2) possible uncoupling of McCauley
energy metabolism et al.
3) delays in development of (1979);
energy metabolism Bull et al.
(1879);
Bull (1983)
0.2% Pb(Ac), in 47 ug/dl 1) 23% decrease in NE levels Goldman et
dams' drinking water (PND 21) of hypothalamus and al. (1980)
PND 0-21 striatum;

0.2% Pb(Ac), in
dams' drinking water
PND 0-20

0.25% Pb(Ac), in
dams' drinking water
PND 0-35

0.25% Pb(Ac), in
dams' drinking water
PND 0-35

0.25% Pb(Ac), in
dams' drinking water
PND 0-35

0.25% Pb(Acy) in
dams' drinking water
PND 0-56
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2) increased turnover of
NE in brainstem

8% decrease in AChE
activity in cerebellum

Decline in synthesis
and turnover of striatal
DA

Increase in DA synthesis
in frontal cortex and
nuc. accumbens{10-30%
and 35-45%, respectively)

1) 50% increase in DA-specific
binding to striatal
D, receptors;

2) 33% decrease in DA-specific
binding to nuc. accumbens
D, receptors

1) Decline in uptake of DA
by striated nerve endings

2) Elevated DA uptake in
nuc. accumbens

Gietzen and
Woolley
(1984)

Govoni et al.
(1978a)

Govoni et al.
(1979,
1980; Memo
et al.
(1980a,
1981)

Lucchi et al.
(1981)

Missale
et al.
(1984)
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TABLE 12-8. (continued)

Peak blood
Subject Exposure protocol  Tead level Observed effect Reference
0.25% Pb(Ac), 71 pg/dl 27% decrease in DA-specific Govoni et al.
dams' drinking water (PND 56) binding to pituitary D, (1984)
PND 0-56 receptors
0.25% Pb(Ac), in 87 ug/dl 1) 31% increase in GABA Govoni et al.
dams' drinking water (PND 42) specific binding in (1978b,
PND 0-42 cerebellum; 53% increase 1980)
in GMP activity;
2) 36% decrease in GABA-
specific binding in striatum;
47% decrease in GMP activity
0.25% Pb(Ac)s in - 1) 12 and 34% elevation of Memo et al.
dams' drinking water GABA binding in cerebellum {1980b)
PND 0-21; 0.004% or for 0.004% and 0.25%,
0.25% until PND 42 respectively;
2) 20 and 45% decreases in
GABA binding in striatum for
0.04 and 0.25%, respectively
0.5-1% Pb(Ac), in - 1) Increased sensitivity Silbergeld
drinking water to seizures induced et al.
PND 0-60 by GABA blockers; (1979,
2) increase in GABA synthesis 1980a)
in cortex and striatum;
3) inhibition of GABA uptake
and release by synaptosomes
from cerebellum and basal
ganglia;
4) 70% increase in GABA-
specific binding in
cerebellum
0.25-1% Pb(Ac), in 72-91 g/d1 1) 40-50% reduction of Modak et al.
drinking water (PND 21) whole-brain ACh by PND 21; (1978)
PND 0-60 2) 36% reduction by PND 30
(return to normal values
by PND 60)
75 mg Pb(Ac)a/kg 98 pg/dl 1) 20% decline in striatal Jason and
b.w./day via (PND 15) DA Tevels at PND 35; Kellogg
gastric intubation 2) 35% decline in striatal (1981)

PND 2-14
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TABLE 12-8. (continued)

Peak blood
Subject Exposure protocol  lead level Observed effect Reference
Young rat 2% Pb(Ac), in dams' - 1) non-dose-dependent Dubas et al.
drinking water PND 0-21 elevations of NE in (1978)
then 0.002-0.008% until midbrain (60-90%) and
PND 56 DA and 5-HT in midbrain,
striatum and hypothalamus
(15-30%);
2) non-dose-dependent depression
of NE in hypothalamus and
striatum (20-30%).
*Abbreviations:
PND: postnatal day DA: dopaT1ne . ‘ ACh: acetylcholine
Pb(Ac),: Tlead aceta?e GABA: y-am1n?butyr1c acid AChE: acetylcholinesterase
PbC1,: lead chloride GMP: guanosine monophosphate b.w. - body weight
NE: norepinephrine 5-HT: serotonin

range from 47 upg/dl (Goldman et al., 1980) to 87 ug/dl (Govoni et al., 1980), a few general
observations can be made:

(1) Synthesis, turnover, and uptake of DA and NE are depressed in the striatum, and
elevated in midbrain, frontal cortex, and nucleus accumbens. This seems to be
paralleled by concomitant increases in DA-specific binding in striatum and
decreases 1in DA-specific binding in nucleus accumbens, possibly involving a
specific subset (D) of DA receptors (Lucchi et al., 1981). These findings are
probably reflective of sensitization phenomena resulting from changes in the
availability of neurotransmitter at the synapse.

(2) The findings for pathways utilizing GABA show similar parallels. Increases in
GABA synthesis in striatum are coupled with decreases in GABA-specific binding
in that region, while the converse holds true for the cerebellum. 1In these
cases, cyclic GMP activity mirrors the apparent changes in receptor function.
This increased sensitivity of cerebellar postsynaptic receptors (probably a
response to the lead-induced depression of presynaptic function) is likely the
basis for the finding that 1lead-treated animals are more susceptible to
seizures induced by GABA-blocking agents such as picrotoxin or strychnine
(Silbergeld et al., 1979).
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12.4.3.4.2 1In vitro studies. Any alterations in the integrity of the blood-brain barrier can
have serious consequences for the nervous system, especially in the developing organism.
Kolber et al. (1980) examined glucose transport in isolated microvessels prepared from the
brains of suckling rats given 25, 100, 200, or 1000 mg lead/kg body weight daily by intra-
gastric gavage. On PND 25, they found that even the lowest dose blocked specific transport
sites for sugars and damaged the capillary endothelium. In vitro treatment of the preparation
with concentrations of lead as low as 0.1 uM produced the same effects. | ﬁ

Purdy et al. (1981) examined the effects in rats of varying concentrations of 1ead ace-
tate on the whole-brain synthesis of tetrahydrobiopterin (BH4), a cofactor for many important
enzymes, including those regulating catecholamine (e.g., DA or NE) synthesis. Concentrations
of lead as low as 0.01 pM produced a 35 percent inhibition of BHs synthesis, while 100 pM in-
hibited the BHy salvage enzyme, dihydropteridine reductase, by 40 percent. This would result
in a decreased conversion of phenylalanine to tyrosine and thence to DOPA (the initial steps
in dopamine synthesis), as well as decreases in the conversion of trytophan to its 5-hydroxy
form (the initial step in serotonin synthesis). These decrements, if occurring in vivo, could
not be ameliorated by increased dietary intake of BHy, as it does not cross the blood-brain
barrier.

Lead has also been found to have an inhibitory effect on mitochondrial respiration in
the cerebrum and cerebellum of immature or adult rats at concentrations greater than 50 pM
(Holtzman et al., 1978). This effect, which was equivalent in both brain regions at both
ages studied, 1is apparently due to an inhibition of nicotinamide adenine dinucleotide
(NAD)-1inked dehydrogenases within the mitochondrial matrix. These same authors found that
this Tlead-induced effect, which is an energy-dependent process, could be blocked in vitro by
addition of ruthenium red to the incubation medium (Holtzman et al., 1980b). In view of the
fact that Ca2® uptake and entry into the mitochondrial matrix is also blocked by ruthenium
red, it is possible that both lead and a2’ share the same binding site/carrier in brain mito-
chondria. These findings are supported by the work of Gmerek et al. (1981) on adult rat cere-
bral mitochondria, with the exception that they observed resp1ratory inhibition at 5 uM lead
acetate, which is a full order of magnitude lower than the Holtzman et al. (1978, 1980b)
studies. Gmerek and co-workers offer the possibility that this discrepancy may have been due
to the inadvertent presence of EDTA in the incubation medium used by Holtzman and co-workers.

Organolead compounds have also been demonstrated to have a deleterious effect on cellular
metabolism in the nervous system. For example, Grundt and Neskovic (1980) found thatdcthen-
trations of triethyl lead chloride as low as 5-7 uM caused a 40 percent decrease in the {ncor-
poration of S04 or serine into myelin galacto-lipids in cerebellar slices from 2-week-old
rats. Similarly, Konat and coworkers (Konat and Clausen, 1978, 1980; Konat et al., 1979) ob-
served that 3 uM triethyl lead chloride preferentially inhibited the incorporation of-leucine
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into myelin proteins in brain stem and forebrain slices from 22-day-old rats. This apparent
inhibition of myelin protein synthesis was twofold greater than that observed for total pro-
tein synthesis (approximately 10 versus 20 percent, respectively). In addition, acute intoxi-
cation of these animals by i.p. injection of triethyl lead chloride at 8 mg/kg produced equi-
valent results accompanied by a 30 percent reduction in total forebrain myelin content.

Interestingly, while a suspension of cells from the forebrain of these animals (Konat et
al., 1978) exhibited a 30 percent inhibition of total protein synthesis at 20 uM triethyl lead
chloride (the lowest concentration examined), a cell-free system prepared from the same tissue
was not affected by triethyl lead chloride concentrations as high as 200 yM. This result,
coupled with a similar, although not as severe, inhibitory effect of triethyl lead chloride on
oxygen consumption in the cell suspension (20 percent inhibition at 20 uM) would tend to indi-
cate that the inhibition of rat forebrain protein synthesis is related to an inhibition of
cellular energy-generating systems. _

The effects of organolead compounds on various neurotransmitter systems have been inves-
tigated in adult mouse brain homogenates. Bondy et al. (1979a,b) demonstrated that micromolar
concentrations (5 pM). of tri-n-butyl lead (TBL) acetate were sufficient not only to cause a 50
percent decline in the high affinity uptake of GABA and DA in such homogenates, but also to
stimulate a 25 percent increase in GABA and DA release. These effects were apparently selec-

tive for DA neurons at lower concentrations, as only DA uptake or release was affected at 0.1

uM, albeit mildly so. The effect of TBL acetate on DA uptake appears to be specific, as there
is a clear dose-response relationship down to 1 puM TBL (Bondy and Agrawal, 1980) for inhibi-
tion (0-60 percent) of spiroperidol binding to rat striatal DA receptors. A concomitant
inhibition of adenyl cyclase in this dose range (50 percent) suggests that TBL may affect the
entire postsynaptic binding site for DA. ‘

12.4.3.5 Accumulation and Retention of Lead in the Brain. A1l too infrequent]y, experimental
studies of the neurotoxic effects of lead exposure do not report the blood-lead levels
achieved by the exposure protocols used. Even less frequently reported are the concomitant
tissue levels found in brain or other tissues. From the recent information that is available,
however, it 1is possible to draw some limited conclusions about the relationship of exposure
concentrations to blood and brain lead concentrations. Table 12-9 calculates the blood lead/
brain lead ratios found in recent studies where such information was available. It can be
seen that, at exposure concentrations greater than 0.2 percent and for exposure periods longer

than birth until weaning (21 days in rats), the ratio generally falls below unity. This

suggests, that, even as blood lead levels reach a steady state and then fall due to excretion
or some other mechanism, lead continues to accumulate in brain.
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TABLE 12-9. INDEX OF BLOOD LEAD AND BRAIN LEAD LEVELS FOLLOWING EXPOSURE?
Species Time of Blood lead, Brain lead, Blood:brain
(strain) Exposure assay pg/dl pg/100g lead ratio Reference
Suckling rat 0.0005% PbC1, PND 21 12 8 1.5 Bull et al.
(Charles in water (1979)
River-CD) PND 0-21
0.003% PbC1, PND 21 21 11 1.9
in water
PND 0-21
Suckling rat 0.005% Pb(Ac), PND 11 22 3 7.0 Grant et al.
(Charles in water from PND 30 18 11 1.6 (1980)
River) conception
0.01% Pb(Ac), PND 11 35 7 5.0
in water from PND 30 48 22 2.2
conception '
Suckling rat 0.02% PbCl, PND 21 36 25 1.4 Bull et al.
(Charles in water (1979)
River-CD) PND 0-21
Suckling rat 0.02% Pb(Ac). PND 10 21. 6. 3.4 Fox et al..
(Long-Evans) in water (1979)
PND 0-21 PND 21 25. 13 1.9
Suckling rat 0.02% Pb(Ac), PND 21 29 29 1.0 Hastings
(Long-Evans) in water from et al.
PND 0-21 (1979)
Suckling rat 0.05% Pb(Ac), PND 21 12 20 0.6 Goldman
(Holtzman- in water et al.
albino) PND 0-21 (1980)
0.1% Pb(Ac), PND 21 20 50 0.4
in water
PND 0-21
Suckling rat 0.2% Pb(Ac), PND 21 65 65 1.0 Hastings et
in water al. (1979)
PND 0-21
Suckling rat 0.2% Pb(Ac), PND 21 47 80 0.6 Goldman
(Holtzman- in water et al.
albino) PND 0-21 (1980)
Suckling rat 0.2% Pb(Ac), PND 10 49, 19 2.6 Fox et al.
(Long-Evans) in water (1979)
PND 0-21 PND 21 89. 82 1.1
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TABLE 12-9. (continued)
Species Time of Blood lead, Brain lead, Blood:brain
(strain) Exposure assay pg/dl pg/100g lead ratio Reference
Suckling rat 0.2% Pb(Ac), PND 21 65.0 53 1.2 Fox et al.
(Long-Evans) in water (1977)
PND 0-21
Suckling rat 0.2% Pb(Ac), PND 21 65.1 53 1.2 Cooper
(Long-Evans) in water et al.
PND 0-21 (1980)
Suckling mice 0.25% Pb(Ac)2 PND 21 72 230 0.3 Modak et al.
(ICR Swiss in water (1978)
albino) PND 0-21
Suckling rat 0.2% Pb(Ac), PND 30 115° 84 1.4 Shigeta
(Wistar) in water b et al.
PND 2-60 PND 60 35 99 0.4 (1979)
0.5% Pb(AC)» PND 30 308b 172 1.8
in water b
PND 2-60 PND 60 73 222 0.3
Suckling rat 0.25% Pb(Ac), PND 42 87 85 1.0 Govoni
(Sprague- in water from et al.
Dawley) gestation until (1980)
PND 42
0.5% Pb(Ac), PND 21 70 280 0.25
in water
PND 0-21
1% Pb(Ac), PND 21 91 270 0.3
in water
PND 0-21
Suckling rat 0.5% Pb(Ac), PND 7 70 36 1.9 Mykkdnen et
(Wistar albino) in diet PND 21 335 127 2.6 al. (1979)
PND 0-365 PND 35 291 124 2.3 .
PND 49 94 122 0.8
PND 90 76 123 0.6 Mykkédnen et
PND 180 78 111 0.7 al. (1982)
PND 365 103 161 0.6
Suckling rat 4% PbCO3 PND. 27 --- 1.36 --- Wince et al.
(Sprague- in water (1980)
Dawley) PND 0-27
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TABLE 12-9. (continued)
Species Time of Blood lead, Brain lead, Blood:brain
(strain) Exposure assay Kg/dl ug/100g lead ratio Reference
Suckling rat 0.1 mg/kg Pb(Ac), PND 28 9.5 12.1 0.78 Collins et
(Sprague~ by gavage PND 42 13.8 11.1 1.2 al. (1984)
Dawley) PND 3-56 PND 56 12.7 10.2 1.3
Suckling rat 25 mg/kg Pb(Ac), PND 15 50 40 1.3 Jason and
(Long-Evans) by gavage Kellogg
PND 2-14 (1981)
75 mg/kg Pb(Ac), PND 15 98 60 1.6
by gavage
PND 2-14
Young mice 0.25% Pb(Ac), PND 60 91 410 0.2 Modak et al.
(ICR Swiss in water (1978)
albino) PND 0-60
0.5% Pb(Ac), PND 60 194 360 0.5
in water
PND 0-60
1% Pb(Ac), PND 60 223 810 0.3
in water PND 0-60
Weanling rats 0.0025% Pb(Ac), 18 7 2.6 Cory-Slechta
(Long-Evans) in water from et al.
PND 22 (1985)
0.005% Pb(Ac), 20 30 0.7
in water from
PND 22
0.01% Pb(Ac)s 40 50 0.8
in water from
PND 22
0.05% Pb(Ac), 100 120 0.8
in water from
PND 22
Adult rat 0.0005% Pb(Ac), 9 10 0.9 Bull et al.
(Charles in water for 21 days (1979)
River-CD)
0.003% Pb(Ac), 11 12 0.9
in water for 21 days
0.02% Pb(Ac), 29 100 0.3

in water for 21 days
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TABLE 12-9. (continued)

Species Time of Blood lead, Brain lead, Blood:brain
(strain) Exposure assay pg/dl ug/100g lead ratio Reference
Adult rat 0.15% Pb(Ac) 31 12-18°¢ 2.6-1.7° Ewers and
(Wistar) in water for 3 months Erbe
(1980)
0.4% Pb(AC), 69 16-34° 4.3-2.0°

in water for 3 months

1% Pb(Ac)s 122 37-72° 3.3-1.7¢
in water for 3 months

dpbbreviations:
PND: post-natal day
Pb(Ac)s: lead acetate
PbCl,:  Tead chloride

bExpressed as pg Pb/100g blood.
CDepending on region.

Further evidence bearing on this was derived from a set of studies by Goldstein et al.
(1974), who reported that administration of a wide range of doses of radioactive lead nitrate
to one-month-old rats resulted in parallel linear increases in both blood and brain lead
levels during the ensuing 24 hours. This suggests that deposition of lead in brain occurs
without threshold and that, at least initially, it is proportional to blood lead concentra-
tion. However, further studies by Goldstein et al. (1974) followed changes in blood and brain
lead concentrations after cessation of lead exposure and found that, whereas blood lead levels
decreased dramatically (by an order of magnitude or more) during a 7-day period, brain lead
levels remained essentially constant over the one-week postexposure period. Thus, with even
intermittent exposures to lead, it is not unexpected that brain concentrations would tend to
remain the same or even to increase although blood lead levels may have returned to "normal"
levels. Evidence confirming this comes from findings of two studies: (1) Hammond (1971),
showing that EDTA administration causing marked lead excretion in urine of young rats did not
significantly lower brain lead levels in the same animals; and (2) Goldstein et al. (1974),
showing that although EDTA prevented the in vitro accumulation of lead into brain mito-
chondria; if lead was added first EDTA was ineffective in removing lead from the mitochondria.
These results, overall, indicate that, although lead may enter the brain in rough proportion
to circulating blood lead concentrations, it is then taken up by brain cells and tightly bound
into certain subcellular components (such as mitochondrial membranes) and retained there for
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quite long after initial external exposure ceases and blood lead levels markedly decrease.
This may help to account for the persistence of neurotoxic effects of various types noted
above long after the cessation of external lead exposure.

The uptake of lead into specific neural and non-neuronal elements of the brain has also
been studied and provides insight into possible morphological correlates of certain lead
effects discussed above and below as being observed in vivo or in vitro. For example, Collins
et al. (1984) observed preferential accumulation of lead in the hippocampus of suck]ingjkats
fed 0.1 mg/kg Pb(Ac), per day by gastric intubation from PND 3-56. In another study, Stumpf
et al. (1980), via autoradiographic localization of 210Pb, found that ependymal cells, glial
cells, and endothelial cells of brain capillaries concentrate and retain lead above background
levels for several days after injections of tracer amounts of the elements. These cells are
non-neural elements of brain important in the maintenance of "blood-brain barrier" functions,
and their uptake and retention of lead, even with tracer doses, provides evidence of a morpho-
logical basis by which lead effects on blood-brain barrier functions may be exerted. Again,
the retention of lead in these non-neuronal elements for at least several days after original
exposure points towards the plausibility of lead exerting effects on blood-brain barrier func-
tions long after external exposure ceases and blood lead levels decrease back toward normal
levels. Uptake and concentration of lead in the nuclei of some cortical neurons even several
days after administration of only a tracer dose of 210Pb was also observed by Stumpf et al.
(1980) and provide yet another plausible morphological basis by which neurotoxic effects might
be exerted by lead long after external exposure terminates and blood lead levels return to
apparently "normal" levels.

12.4.4 Integrative Summary of Human and Animal Studies of Neurotoxicity

An assessment of the impact of lead on human and animal neurobehavioral function raises a
number of issues. Among the key points addressed here are the following: (1) the internal
exposure levels, as indexed by blood lead levels, at which various adverse neurobehavioral
effects occur; (2) the reversibility of such deleterious effects; and (3) the populations that
appear to be most susceptible to neural damage. In addition, the question arises as to the
utility of using animal studies to draw parallels to the human condition.
12.4.4.1 Internal Exposure Levels at Which Adverse Neurobehavioral Effects Occur. Markedly
elevated blood lead levels are associated with neurotoxic effects (including severe, irﬁévFr-

sible brain damage as indexed by the occurrence of acute and/or chronic encepha]opathic“symp-
toms) in both humans and animals. For most adult humans, such damage typically does not occur
until blood lead levels exceed 120 pg/dl. Evidence does exist, however, for acute encephalo-
pathy and death occurring in some human adults at blood lead levels below 120 ug/dl, down to
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about 100 pg/dl. In children, effective blood Tead levels for producing encephalopathy or
death are somewhat lower, encephalopathy signs and symptoms having been reported for some
children at blood lea